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Abstract

This paper presents an innovative mathematical model for assessing the dynamics and
optimal control of Nipah virus (NiV) with imperfect vaccination. The model formulation
considers transmissions through contaminated food and human-to-human contacts. It
also incorporates the potential virus transmission through contact with a deceased body
infected with NiV. Initially, the NiV model is assessed theoretically, identifying three dis-
tinct equilibrium states: the NiV-endemic equilibrium state, the NiV-free equilibrium state,
and the equilibrium state involving infected flying foxes. Furthermore, the stability results
of the model in the case of constant controls are thoroughly analyzed at the NiV-free
equilibrium. Some of the parameters of the model are estimated based on the infected
cases documented in Bangladesh from 2001 to 2017. We further perform sensitivity anal-
ysis to determine the most influential parameters and formulate effective time-dependent
controls. Numerical simulations indicate the optimal course of action for eradicating the
disease and provide a comparative analysis of controlling the infection under constant
and time-varying interventions. The simulation confirms that the implementation of time-
varying interventions is effective in minimizing disease incidence.

1 Introduction

NiV has become a significant paramyxovirus transmitted by bats over the last two decades,
resulting in encephalitis and severe respiratory diseases in both humans and animals. NiV

is included in the World Health Organization’s Blueprint list of priority viruses due to its
severe nature, potential for human-to-human transmission, complex zoonotic character-
istics, and the absence of effective therapeutic interventions [1]. The first identification of
NiV can be traced back to a significant occurrence of respiratory sickness and encephalitis

in Sungai Nipabh, a village in Malaysia. This virus was carried by pigs, infecting pig farmers
and causing the epidemic [2,3]. NiV outbreaks appeared in Bangladesh, Malaysia, and India
from 1998 to 2018. In 2018, an outbreak was reported in Kerala, India, which is located 2,800
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km away from the Bangladeshi border. NiV belongs to the Paramyxoviridae family and has
the potential to cause zoonotic diseases affecting animals and humans. The virus poses a sig-
nificant threat due to its ability to cause severe illnesses including brain inflammation and
respiratory infections. Additionally, this virus is highly contagious and can spread rapidly
through infected animals and humans. In the early first two weeks following viral exposure,
an infected person can suffer symptoms such as fever, headaches, and fatigue. Confusion

and disorientation arrive shortly after these symptoms, and sometimes in rare cases they can
even result in a coma in less than two days [4,5]. In the current situation, no vaccine exists

for NiV. However, trials in African Green monkeys using the Hendra virus vaccine are show-
ing promise against NiV [6,7]. Further, there are no effective treatments for people or animals
other than supportive care. As a result, government efforts focus on prevention by increasing
public awareness. The only viable interventions include proper hospitalization, administer-
ing palliative care, and segregating affected animals to mitigate or minimize infection. Fur-
thermore, the most optimal measure to control the incidence of NiV is to implement educa-
tional and awareness campaign to inform people about the virus and its transmission. This
approach can significantly minimize the incidence of infection and its associated complica-
tions [8]. According to Halpin et al. [10], the Pteropus genus, more precisely the Pteropodidae
family of flying foxes, acts as the primary host for the virus. South and Southeast Asian coun-
tries are home to more than 50 different species of Pteropus bats (Chattu et al., on Nipah virus
[8]). The primary mode through which humans contract Nipah virus infection is from ani-
mals. Pteropid bats, known as flying foxes, are the natural reservoirs of this virus. Humans can
acquire the virus either via direct contact with flying foxes or indirectly via contact with infec-
tious animals. Moreover, NiV can potentially be transmitted between individuals through
unhygienic contact with the body of an infectious individual prior to their funeral or burial
[3,8-10].

In Bangladesh, the focus has been on surveillance and promptly identifying cases, along
with implementing public health measures to prevent the transmission of the NiV. A few of
these actions include putting in place quarantine regulations, putting sick animals to death,
and launching awareness campaigns in public to inform people about the dangers of the ill-
ness and how to stop it from spreading. The ecological aspects of the NiV, especially its trans-
mission patterns between bats, intermediate animals (such as pigs) and people, has been the
focus of research efforts [11,12]. Eating fruits or fruit products contaminated by flying foxes
can expose humans to the NiV in Bangladesh [13]. Howsoever, according to [14,15], a major-
ity of NiV in Singapore and Malaysia are associated with direct exposure to infectious pigs.

In the 2004 outbreak recorded in Bangladesh evidence of human-to-human transmission

of the virus were found [16]. People who were directly exposed to the bodily fluids of NiV
infected individuals or who came into interaction with contaminated objects like towels, bed-
sheets, etc., contracted the sickness. This includes family carers, hospital visitors, and medical
professionals [17].

Computational mathematical modeling is a valuable tool for exploring the dynamics of
real-life problems, including epidemics [18-22]. These models usually employ various types
of differential equation systems, analyzing insights into controlling disease outbreaks [23,24].
Mathematical modeling and optimal control intervention has been recently applied for con-
trolling various epidemics [25-31]. The integration of optimal and cost-effective analysis
plays an important role in epidemiology. These analysis help in identifying the most eftective
strategies for eradicating an infectious disease outbreak. In recent studies [32-35], researchers
applied these techniques to Lassa fever using real statistical data from Nigeria. They further
studied the importance of combining mathematical modeling with real-world data to design

PLOS ONE | hitps://doi.org/10.1371/journal.pone.0317408  April 16, 2025 2/ 26



https://doi.org/10.1371/journal.pone.0317408

PLOS ONE

Optimal control analysis for the transmission of Nipah infection with imperfect vaccination

interventions that are both effective and economical in mitigating the spread of infectious
diseases.

Recent literature has seen the formulation and analysis of numerous compartmental mod-
els describing the propagation dynamics of NiV outbreaks in different regions around the
globe. In [36], optimal preventive measures and controls for NiV in the Bangladesh popu-
lation were identified. Several studies have explored transmission dynamics and prevention
strategies. For instance, Mondal et al. [37] utilized an SEIR model to analyze the impact of
new prevention techniques on disease dynamics. Shah et al. [38] developed an SEI compart-
mental model considering various transmission routes, including person-to-person infection
and via unsafe interaction with deceased NiV patients. Some recent literature for analyzing
and controlling of this infection with real statistics can be found in [39-42].

Continuing the previously discussed literature, this study utilizes computational math-
ematical modeling to evaluate the effects of both constant and variable intervention strate-
gies on NiV dynamics, particularly under imperfect vaccination. It includes the normalized
sensitivity results in order to indicates the most important model parameters and to formu-
late a control problem incorporating six control variables. It is universally believed that the
use of a vaccine may be necessary to effectively curtail and eliminating infection including
NiV in human populations. In our study, we focused on using a novel mathematical model
to assess the impact of constant and time-dependent rates of a hypothetical imperfect vaccine
on infection control. The study is organized into several sections. In the subsequent section
we describe the parameters and details the formulation of the new model. Data fitting is dis-
cussed in Section 3. Section 4 includes qualitative analysis, covering equilibrium points, local
and global stabilities, and the fundamental reproduction number. Section 5 focuses on sensi-
tivity analysis of the proposed model. Optimal control analysis is the main topic of Section 6.
Section 7 presents numerical simulations and graphical findings, while Section 8 provides the
final conclusion.

2 Model formulation

This section briefly explains the procedure for developing a transmission model focusing

on the dynamic features of NiV with imperfect vaccination. It is assume that the vaccinated
human can catch infection. The virus primarily spreads through two modes: direct trans-
mission from infected human to susceptible individuals, and transmission via contaminated
food ingestion. The NiV model is constructed with eight distinct compartments. These com-
partments include the viral concentration V, susceptible flying foxes and human denoted by
Srand Sy, respectively, infected flying foxes I, vaccinated humans Vj,, infectious humans Iy,
recovered humans Ry, and deceased humans due to NiV Dj,. The total population of flying
foxes is determined by the sum of susceptible and infected individuals, represented as Ny =
S¢ + Ir. Similarly, N, = Sy, + Vi, + I, + Ry, denotes the entire human population. Details for each
of these compartments are provided below.

2.1 Modeling the dynamics of the NiV

The level of virus shedding in flying foxes that are infected is represented by the variable p,
which decreases over time at a rate denoted by 8. We can express this relationship as a differ-
ential equation as:

V(t):plf—GV. (1)
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2.2 Modeling the dynamics of flying foxes

Ay represents the rate of recruitment and dy represents the natural mortality rate in the sus-
ceptible flying foxes. These vulnerable flying foxes are infected at a rate of 8; upon viral expo-
sure. The natural mortality in infected flying foxes is recorded at a rate dy. Thus, we have the
following subsystem.

S ()= Ar- B Sr- dgs;

) (2)
If (t) = %Sf— def.

2.3 Modeling the dynamics of human population

The rate of food-borne viral transmission to susceptible humans is denoted by f3,, while the
rate of transmission through interaction between infected humans and susceptible individ-
uals is represented by ;. Furthermore, coming into contact with infected corpses increases
the spread of the virus at a rate of 84. Using these parameters, the force of infection may be

computed as follows:

_ B2V + By + ByxDy,

A
h N,

€)

where a fraction denoted by x represents the portion of improperly handled dead bodies con-
tributing to the transmission of NiV. The parameter A, accounts for the recruitment rate of
humans. The class of S;,(t) has been added by the recovered individuals due to loss of immu-
nity ¥ and decreases at the infection rate A;, vaccinating rate £, and the natural mortality rate
dy. The resulting differential equation is:

S;(t):Ah—/lhsh—(dh+§)sh+th. (4)

Susceptible individuals are added to the vaccinated population at the vaccination rate
denoted by £. The vaccinated population decreases due to the natural death rate, d, and the
force of infection, n4y,, where 7 represents the reduction in infection transmission achieved
through vaccination. Accordingly, the dynamics of the vaccinated class are described by the
following differential equation:

Vi, (8) = ESp =02y Viy - dp V. (5)

The rate of increase in the infected human population compartment is driven by the influx
of vaccinated individuals at a rate of 74, and susceptible individuals at a rate of 4. Con-
versely, this compartment decreases due to rates d;, «, and dj, attributed to disease-induced
mortality, recovery rate, and natural death, respectively.

L (t) =nAn Vi, + S = (o + dy + dy) I, (6)

Recovery rate of individuals is denoted by a. The rates of immunity loss and death are
denoted by y and dj, respectively. Thus dynamics of recovered human can be described by

Ry, (t) =aly, - (y +dp) Ry (7)
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To model the dynamics of deceased human class, it is worth mentioning that the inclusion
of natural deaths from the infected class I;,(¢) into the deceased population Dy (t) was also
considered because individuals in the infected class, even if they die due to natural causes (or
other unrelated reasons), still carry the infection and can contribute to its transmission. This
aligns with the primary objective of our study, which is to understand and model the trans-
mission dynamics of diseases where deceased individuals play a significant role in spreading
the infection. On the other hand, individuals from other compartments who die naturally do
not carry the infection and therefore do not contribute to disease transmission. Thus, the time
behavior of the deceased human population is modeled by the following equation, where v
represents the rate at which dead human bodies are being buried.

DL(t)=(d1 +dh)Ih—7)Dh. (8)

The system of nonlinear differential equations that may be created by combining all of
above equations can be used to describe the behavior of the NiV.

V' () =pl;- 6V,

§;(1) = A= B8-Sy

I (1) = B8y il

S, (1) = Ay - %’wsh - (dn+&)Su+ ¥Ry

©))
V), () = &S - ﬂ—(ﬁzw'gsﬁ;&w}‘) Vi = dp Vs
I, (t) =B ElboD) y, o BoVeB i BED) 5, (o 4+ dy +d)y) I,
R, (t) =aly— (¥ +du) Ry,
D; (l’) = (dh + dl) I, - vDy,.
With respective to initial conditions (ICs) as
V(0) = V5> 0,5¢(0) = Spp > 0,1(0) = Iy > 0, 5,(0) = Spo >0, (10)
Viu(0) = Vi > 0,1,(0) = Ing > 0, R (0) = Ry > 0,D;,(0) = Dy > 0.

The flow among different compartments is shown by flow chart displyed in Fig 1.

3 Fitting and estimation of model’s parameters

In Bangladesh, this infection significantly impacted human health. Several outbreaks were
recorded in Bangladesh from 2001 to 2015. The fatality rate from the illness is high, ranging
from 40% to 75%.

3.1 Clinical overview and technique of estimating parameters

A portion of the parameters embedded in the NiV model are calculated based on clinical data.
The average life expectancy in Bangladesh population is 73.57 years, as evident in [43]. The
natural death rate, dj, is calculated to be dj, = m per day. The reported recovery rate
from NiV is 22.457%, while the case fatality rate is particularly high, ranging from 73% to 77%
[44]. As a result, the estimated recovery rate is or; = 0.22457 and the estimated mortality rate
caused by NiV is d; = 0.7700 [44]. The equation Ay = Nj,(0) X dj, is used to calculate Ay, which

PLOS ONE | hitps://doi.org/10.1371/journal.pone.0317408  April 16, 2025 5/ 26



https://doi.org/10.1371/journal.pone.0317408

PLOS ONE

Optimal control analysis for the transmission of Nipah infection with imperfect vaccination

dy

v

Fig 1. Diagram showing flow between compartments of NiV model for both flying fox and human population.

https://doi.org/10.1371/journal.pone.0317408.9001

Table 1. Explanation and numerical values of the NiV model’s parameters.

Parameter |description Value per day |Reference

Ay Rate of recruiting people who are susceptible 6295.16 Estimated [46]
As Rate of recruiting flying foxes who are susceptible 300.1 [47]

dp, Human natural death rate ﬁ Estimated [46]
ds Flying foxes natural death rate 0.025 [47]

v Rates for burying or cremating the dead 0.500 [48]

p Viral production rate in I class 0.472 fitted

Gl Rate at which viruses vanish 0.091 fitted

4 Getting less immune 0.851 [48]

B The occurrence rate of St infections 0.292 fitted

B The occurrence rate of Sy, infections 0.650 [47]

B3 Rate of interaction between Sy, and I, 0.751 [48]

Ba Rate of interaction between Sy, and Dy, 0.651 [48]

a Rate of recovery from a contaminated class 0.091 [48]

d Mortality rate due to disease in the infected class 0.771 [49]

x S, contact rate with deceased 0.350 [47]

7 reduction in risk of infection due to vaccination 0.050 [49]

13 Vaccination rate among susceptible individuals 0.061 [48]

https://doi.org/10.1371/journal.pone.0317408.t001

reflects the recruitment rate of the human population. In this relation, N;,(0) denotes the pop-
ulation of Bangladesh reported in 2015 [45]. Using real data and clinical information, some of
the parameters values can be approximated using the same process and are listed in Table 1.
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Fig 2. The black solid plot is a model fitting curve, while the red stars represent real data.
hitps:/doi.org/10.1371/journal.pone.0317408.9002

3.2 Validation of the model using actual data

The fitting process of the suggested model using the actual data set provided in [45] is pre-
sented in this section. As explained in [20], we utilized the technique minimizing the resid-
ual values between the statistical and simulated data points in order to estimate the param-
eter values. MATLAB version R2020b is used to carry out the minimization process, and the
“Isqcurvefit” technique is employed based on the subsequent relation:

n
A . — 2
Q= argmmz (Hi, -Hy,)

J=1

where n represents all of the data points, H;t, signifies the real data, and Hjf, represents the
simulated cases at temporal point #,. Fig 2 shows the simulated fitted curve to the reported
cases.

4 Analysis of the NiV model using qualitative methods
4.1 Feasibility of biological region
Theorem 1. The model (9) with ICs stated in (10) has a consistently positive region in E = Er X

Ey, where
- Ag PA
Z={(v. 8 ) €RL:N;= 3V < dTef}
— Ay (di+d
.:.hZ{(Sh, Vh,Ih,Rh,Dh)ERiiNh:Sh+Ih+Rh+VhS%,DhS%:h)}.
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4.2 Investigation of threshold parameter and equilibria

The mathematical model represented by Eq (9) exhibits three points of equilibrium. The first
point of equilibrium, referred to as the NiV free equilibrium point (NIFE), can be expressed
as:

N Ay A€
B = (V0,819,890 v0 10 RO p0) = 0, =L, 0, 2%, 255 6.0,0]. 11
( fof h h) df a cd, (11)

The calculation of the basic reproduction number R can be determined through the
application of next-generation technique [50]. The resulting expression for R can be
obtained by following a specific set of procedures.

R = max {R%, RY} = max {RY, RY, +RY, } = maX{Pﬁl Paldy+8n) | cafarc(dy + §1) }

Ody ’ €162 Vel
(12)

where, c; = (§ +dy,), co=(aa+d; +dp),c3=(y+dp) and ¢y = (dy + dy).

For 7 =0, (in case of perfect vaccination) the reduced reproduction number is obtain as
RO — Bady n cafBaxcdy

. The reproduction number can be interpreted as follows:
c162 451%3

o« If Ry = R}), then note that an increase in the rate at which the virus is produced by Iy leads
to a higher reproduction number (RY?). This, in turn, results in a higher disease incidence.
Conversely, the reproduction number has an inverse relationship with 6. Consequently,
an increased rate of virus decay leads to a reduced reproduction number, resulting in a
decrease in disease incidence.

o If Ry =R), then an increase in transmission rates 8; and S, leads to a higher reproduction
number (Rg). Furthermore, observe that there is an inverse relationship between v and the
reproduction number. This shows the reduction in reproduction number with the timely
and safely burial of deceased people infected with NiV.

4.3 Stability of the model

It is feasible to verify NIFE’s local stability after using the Jacobian method on it within the
framework of the system (9).

Theorem 2.  The stability of the NIFE in system (9) is determined by the value of Ro. If Ro < 1,
the NIFE is stable locally asymptotically (LAS).

Proof: The LAS at the NIFE can be found by examining the system (9) Jacobian matrix Js.
The Jacobian matrix at this point is as follows:

6 0 p 0 0 0 0 0
By -d 0 0 0 0 0 0
B 0 -ds 0 0 0 0 0
w| B0 0 @ 0 sy e
0 0 0 £ d, 0 0 0
,82 0 0 0 0 ﬁ3 -G 0 541{
0 0 0 0 0 a —(d+y) O
0 0 0 0 0 Cy 0 -V
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In the above matrix, the eigenvalues —dy, —dj,, —(dj, + &), and —(d), + y) are negative. Further,
we have the following sub-matrix

-6 p 0 0
b1 -df 0 0
B 0 Bs-co Pax
0 0 Cy4 -V

Ja=

The characteristic equation of the J, is given by

14 + 81/13 + Bzﬂ.z + 83/1 + B4 =0,

where,

Bi=c(1-R),)+ (d+6+v),

By=ver(1-Ry)) +6dy(1 - R})) +(0+d)((1-R},) +v),

B;=do(1- R})) +(c(1-RY) +v) +ver(1-R},) (6 + dy),

By =dove,(1-R))(1- Rfo)

Obviously, the coefficients B;, i = 1, -, 4, are positive for R° < 1. Further, the necessary
conditions of Routh-Hurwitz can be verified. Thus, it confirm the required proof. O

4.4 Infected flying fox-free equilibrium state I

Theorem 3.  When, R} > 1, 3 a unique infected flying fox-free equilibrium (IFFE) point for the
Nipah computational model (9).

Proof: The following expression for the (IFFE) point can be attained by simultaneously
. . . . . A
evaluating the equations (9) in terms of the viral and human compartments, with Sy = e Ir=
0, and V=0 as follows:

Ar
* % * % * % % % * % * %
Eh :(O’df)o’sh ’Vh ’Ih ’Rh ’Dh ),
such that
§F* = CZC3A;*(_nl;*_dh)
h aynEA*-(nAr* +dy) (cacs(c1+A7* )-ayAf*)’
V** _ 7{,‘2635/\;*
h r)/ljf*(ay(/lij*+5)}:iz*cj\(*ciﬁ(-/lazz—/g(c;q(cﬁ/l{[*)—d]//l,f*) >
ok _ Ay Ny (A, +E§)+ay
L= ;7/1;,**(cZC3(c1+/1;f*)—oty(/l;f*(+§())+dh(§c)ﬂ3(c)1+/1,’,’*)—ay/l,’f*)’ (13)
—a A AT ((Af T +E)+d),
R** = Aty Dy h ,
h naAx* (ay(l;*+§)—czc;(*ci;r\i}z’*() )(—Ad:,*(czga(c:l+)/lﬁ* )—ayit;:*)
*% _ —c3cqhy Dy (N\Ap - +§)+ay
Dy = S @ D) nalah ) ) v (oo (@ i) -ar i)
Consider
* % * %
3 + 4k D
/1;:* _ ﬁ h ‘8 h ) (14)

N;*
Further, putting (13) in (14), we obtain

2
A+ a "+ ag = 0;
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with coeficient values

a = n(a+c),
a; = v(a+c)mE+dy)+an(av-(Bsv+facux)),
ap = C3C1C2‘I/<1 —Rg).

The following conclusions are obtained from above

(i) There exists a unique point E;* called IFFE if a; > 0 and ao < 0 if and only if R > 1.

(ii) E;* will be a unique point if (a; <0 A ag=0) v ai - 4aga, = 0.

(iii) The model has two IFFE if a; <0, ap > 0 and has the positive discriminant.

(iv) An IFFE not available elsewhere.

Following the criteria in (i), the proposed model exhibits a unique IFFE. O

4.5 NiV-endemic equilibrium point
The Nipah virus endemic equilibrium (NVEE) can be derived by simultaneous solution of
system (9) at steady state in terms of 4.

E** _ (V**, S;*,I;*, Szx-’ VZ*,IZ*)RZ*’DZ*) s

such that
. p/lf**Af**
e;\if*(fﬁdf)’
S** — \f ,
S
Ir* = AT A
f df(ﬂf*-i-df) ’
S** — CZC3AZ*(’77/1;*’dh)
h O{yng/‘[;’e—(nlif*+dh)(6263(51+ﬂ»;*)—a)//1;*)’ (15)
V** _ —CzC3§A;*
h ﬂl;*(ay(/l;*+§)—czf3(q +AZ*))—Iuh(CzC3(CI +A;*)—ocy/1;:*) >
7 = ady Ay (n(A5 " +§) +dy)
h 7}}.;* (czg(c1+lﬁ*)—O{y(/lﬁ"+§))+dh(czc3(cwﬂ.,’,‘*)—ocyﬂ,’f*) >
R** = _O{APT*A;*(W(A}T*‘*g)*'dh)
h 7 A (ay (A +&) - (a+A;*))-dp(c2cs (a1 +A;* ) -ayA;*)°
Do e AL (0(3+) )
b ™ par* (ay (A7 +&)-cacs (e1+4; ) )-vun (cacs (a1 +45F ) -ay A %)
where,

_ ﬁzv** + ‘831;* + 54KD;*
N '

e (16)

Further, putting (15) in (16), we obtain
bl 4 byl 4 b + by = 0

with coefficient values

by = nv(a+c)n,

by = BonAw (1-Ry) (cacs - ay) + (a+c3) Ayv (€ +dp) + csniy (v - (B3v + Pacakc))
b = B (1-Ry)dy (c2cs —ay) + BanAp (1-Ry) (c1626 - ay€) + crcacsviy (1-Ry),
by = PBacicacsApy (1 - Rf) dy.
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Clearly, cac3 —ay > 0 and c;co¢3 — ay§ > 0. The conclusions regarding the existence of NVEE
can be followed from [51].

4.6 Global dynamics of NiV

Theorem 4. The NIFE for the special case of the system (9) with 1) = 0, is globally asymptotically
stable (GAS) if Ry is less than 1.

Proof: To obtain the required GAS of the system (9), the Lyapunov function V is designed
as:

V= Al V+ A21f+ A_@,Ih + A3Dh,

where, the values of A, A,, A3, and A4 will be determined later.

Taking the time derivative of V gives us:

V' =A, V' + AZIJL + AzI, + AyD;,

V' = Al(plf— QV) + Az(%Sf— dflf) + Aj {Shw - Czlh}

+A4{C4Ih - VDh}.

Since Sy< Nyand Sp, < Nj.

V' < {Asf1 + A3y - A1}V + {A1p - Aoyl + {Asfs + Ascs - A3 [T

+{A3B4% - Ay} Dy,

Which can be simplified

V' < {Mafy + Az~ MO}V + {Arp— Agdi}l+ {% - 1}1h

+{As3B4% - Ayv}Dy.

Letting the values of A; = w, A, = AT;P, Az =d,, Ay = AsBik (ve arrived

v
’ 1 0
V' < A {Rhc - I}Ih,
where is the reduced reproduction number.
Hence, V' <0 if and only if R)‘ < 1, i.e., the Lyapunov function (V') has a negative deriva-
tive if in the reduced system’s basic reproductive number is less than one. Thus, the LaSalle’s

Invariance Principle reveal that the NIFE of the system at special case with 7 = 0 is GAS. O

5 Parameters sensitivity analysis

Normalized sensitivity analysis is a useful statistical technique for identifying parameters that
play key roles in the spread of a disease outbreak. We use the parametric technique [52] to
perform this analysis on different model parameters affecting the basic reproductive num-
ber. Sensitivity indices are assessed to indicate the degree to which corresponding parameters
affect infection incidence and control. The normalized forward sensitivity index of a specific
parameter is obtained as follows:

X 5720

Q.= Ry ox (17)

Using the method applied to (17), Table 2 displays the corresponding normalized sensi-
tivity indices for R and R}’ with respect to the model’s embedded parameters. The results of
the sensitivity index indicate whether a parameter affects the fundamental reproduction num-
ber positively or negatively. This aids in examining both direct and inverse linkages between
the threshold reproduction number and the model parameters. With positive indices, the
parameters 31, p, 83, B4, 9, and x directly influence Rg and RJ(B. This means that Rg and R})
values will increase when these parameters are elevated. In contrast, the negative indices of
the parameters dj, 6, dy,, a, v, and d, indicate an inverse relationship with the fundamental
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Table 2. Sensitivity indices of model’s parameters.

Symbol index value of R}’ Index value of Rg
B1 1

p 1

df -1

0 -1

Bs 0.6816
B4 0.3184
7 0.9993
a -0.1046
dy -0.5769
v -0.3184
K 0.3184

1

0.8

0.6

0.4

0.2

-0.2

Sensitivity Indices

-0.4

-0.6

-0.8

Model Parameters

Fig 3. Sensitivity indices of the system’s parameters versus basic reproduction number in terms of Bar plot.
Values of parameters are given in Table 1.

https://doi.org/10.1371/journal.pone.0317408.g003

reproduction number. Consequently, R}, and 'R}) values will decrease as these parameters
increase. In addition, a bar graph representing the model parameters’ sensitivity indices is dis-
played in Fig 3. To mitigate the occurrence of disease, this graph underscores the significance
of enhancing treatment choices, reducing the rate of effective contact between susceptible and
infected populations, and enhancing the effectiveness of vaccines.

6 Developing the optimal control NiV model

In the NiV model shown in (9), we added six control factors to mitigate this infection at the
population level. To ensure the accuracy and efficacy of the model (9), these six variable con-
trol measures, namely vy, V3, v3, V4, v5, and vg, have been implemented. A brief detail of each

PLOS ONE | hitps://doi.org/10.1371/journal.pone.0317408  April 16, 2025 12/ 26



https://doi.org/10.1371/journal.pone.0317408.t002
https://doi.org/10.1371/journal.pone.0317408.g003
https://doi.org/10.1371/journal.pone.0317408

PLOS ONE

Optimal control analysis for the transmission of Nipah infection with imperfect vaccination

control measure is provided below, highlighting their importance in achieving the desire
objectives.

o vy: Efforts on decreasing access of fruit bats or flying foxes to date palm sap sites and other
fresh food products with protective coverings

« v, : Implementing targeted culling of infections flying foxes, particularly in areas where
outbreaks have been identified to reduce the population of infected flying foxes

« v3: Control the zoonotic virus transmission from infected flying foxes to people by contam-
inating food

o vy : Efferent used to reducing the risk of human-to-human transmission through personal
protections

« v5: Adopt measures to increase the proportion of people who are vaccinated against NiV

« Vg : Evaluate the effort necessary for health treatment of the infected human

The system structure, as previously defined by Eq (9), is presented below for the above control
variables

V' (1) = ply- 6V,
/ Bv)s
Sf(t) =N~ lNiff(l -v) - dasSy,
(B1V)Sy

() = B (-w) - (dr+ w1
Sj (£) = A = B8 (1 = vy) - BABED (1 ) — (dy +v5) Sy + YRy

Vi (6) =58 - (B2 (1 - vy) + EBUDIVE (1)) - 4V, (18)
L (1) = B (1 - vy) + BB (1 )

+n(ﬁZN—Vth(1 —vy) + Bl BDVy () —v4)) — (v +dy +dy) I

R}, (t) = el = (v + dn) Ry,

D;l (t) = (d1 + dh)Ih -vDy,.

Based on the baseline circumstances given in (10), our primary goal is to reduce the
infected flying fox and human populations, while concurrently increasing the individuals who
have recovered. This can be accomplished by putting in place the proper control mechanisms.

To obtain the best control outcome for a controlled system (18), we investigate a set
of control variables v(t) = (v1, V2, v3, V4, v5,v6) € U, which rely on the state variables
V. If, S, Shs Ins Vi, Ry, Dy, is defined as a control period. This approach is aimed at achieving an
optimal control result for the system. Control variables v, v,, v3, V4, v5 and vg are all bounded
and Lebesgue measurable over the closed interval [0, 1] with U = {(v1, v2, v3, v4, V5, v5)[0 < ¥; <
1,t€[0,T],i=1,2,3,4,5,6}, where T is the final time. To this end, we have developed the
objective functional that follows:

T 1
](Vl, V2, V35 V4, Vs, ‘V6) = A (Al V+ AzIf + A3Ih + E(Bﬂ/% + Bzv% + B3V§ + B4Vi + BsV% + B6Vé))dt,
(19)

In the objective functional (19), the controls v;, i =1, -+, 6 are quadratic because the costs
of these interventions follow a nonlinear pattern. The cost of implementing control measures
often does not scale linearly with the intensity of the intervention. Further, this assumption
is based on published literature suggesting that the relationships between the effects of inter-
ventions and the cost of the interventions for the infected populations are nonlinear [53,54].
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The objective functional (19) involves several weight constants (A;, A,, As, By, B;, B3, By, Bs,
and Bg), which are associated with various factors such as virus and active infections in fly-
ing foxes, active infections in human patients, interaction, mortality, contamination, control,
vaccinations, and treatment. Terms like %Blv%, %Bzvﬁ, 1B3v3, %Bwﬁ, %B5v§, and %B@/é are
used to express the costs associated with various control strategies. The expenses are thought
to be squarely related to the relevant control measure. Finding the best control measures
(v, v3,v3, vy, vi, v¢ ) that can reduce overall costs while maintaining the intended outcomes
is the primary goal of the suggested optimal control problem.

J(vi,v3, vy, vy, ve,vg ) = min{J(vy, vy, v3, vy, Vs, Vs ), (V1, V2, V3, V4, v5, V6 ) EU . (20)
The control set defined for the system presented by (18)
U = {(v1,v2, V3,4, V5,5 ) |v,(¢) is Lebesgue measurable over [0,1],t=1,..,6}. (21)

The optimal controls and the necessary conditions are derived using Pontryagin’s Max-
imum Principle [55]. The analysis begins with a focus on the Hamiltonian H and the
Lagrangian L associated with the control problem formulated in (18) - (20). The Lagrangian
for the proposed control problem is expressed as follows:

1
L:mV+my+&u+;&ﬁ+&@+&@+mﬁ+&@+&@) (22)

We seek to identify the minimum value of the aforementioned L. The Hamiltonian (H) is
introduced as follows

av de dIf ds, dvy dI, dR;, dDy,
H=L+Ali—+lh—+A3— +A4— +ls— +Ag— + Ay — + Ag——, 23
T T T T s T e T T a T 3)
let, 11,45, ..., A3 be the associated adjoint variables. The next thing we need to do is show that
the system has an optimal control (18).

Theorem 5.  Let u* = (vy,vy,v;,vs,vs,ve ) and ] be the objective functional on a given control
set U. Then an optimal control u* € U exists for system (18) with nonnegative initial conditions,
such that

* * * * * * .
](Vl >V V35 V5 Vs, Vg ) = mm(vl,Vz,%m%)vﬁ)eU](vl, V2, V35 V4, Vs, V6).

Proof: In order to prove the above theorem, we rely on the findings from the work of Lukes
and Afeez et al. [56,57]. It is noteworthy that the objective functional J satisfies the required
convexity for this minimization problem, and that control measures and the state values are
both non-negative [57]. The set of control measures (vy, vz, V3, va, vs, v ) € U is also, by defini-
tion, closed and convex [57]. To provide the necessary compactness for the existence of opti-
mum control, the optimal system is likewise constrained. Finally, the integrand in Eq (22) is
convex over the control set U, and it can be easily verified that there exist a positive constant
¢ > 1, as well as v; > 0 and v, > 0, which satisfy the required conditions.

e
J(v1,v2, V3, V4, V5, V) 27/1(|V1|2 + |V2|2 + |V3~|2 + |V4|2 + |V5|2 + |V6|2)2 -2
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the existence of the proposed optimal control can be inferred, which serves as conclusive evi-
dence of the proof. The detailed steps for the proof of the aforementioned condition can be
easily derived from a similar NiV epidemic model [42]. O

The approach of Pontryagin’s principle has been employed to determine the optimal solu-
tion for a given problem. This involves utilizing specific conditions on H to calculate the
adjoint variables and control functions.

The Hamiltonian (H) is subjected to the conditions mentioned earlier in order to derive
the required outcomes.

Theorem 6. Let V¥, S, I, Sy, Vi, I, Ry, and Dy be the state solutions with associated opti-
mal controls v{, v, v, vy, Vi, v regarding the optimal control system denoted by (18) and (19).

Afterward, the adjoint variables A1, ..., Ag satisfied the following:

dll _ —Al + 9/1 Sf(lfvl)frl(/lzf/l?a) + Sh(l—V3)£:(A4—/16) + 7](1—V3)V1;<If2(/15—ﬂ.5)

>

d/12 d l VIf(l 141 )Ile (/12—}.3) ,

f
d/13 =-A, -pA + (df+ Vz)/1 + W,
f

dh = dpda +vs (Mg = 2s) + 5= {(V(1=v3) B> + (1= va) (Ins + kDpbs)) A}

Nz {(VB2(v3=1) + (v4 - 1) (InBs +xDpPs)) (Shds + 9 Vids + (In + Ry = Vi + Vi) A6) }
dﬂs =dyds + N2 {0 (T + Ry) (V(1=v3) Bo + (1= v4) (Ins + kDufa)) (4s - A6) }

Ni b {2LydpAs + 2dy (Ry+ Vi) As + B2V (v3 = 1) (Ag=nAs + (n - 1)A6) }

% {+(va-1) (InBs + kDuPa) (Aa-nds + (n - 1)A6) },

dl(s =V (2'6 —2,7) + (d1 + dh) (/16 —/18) A3
(V(V3 1)B2+(va-1) (I83-NyB3+xDpB4) ) (S (A4~ /16)+th(/15*/16))

Nh

= yda+ (v +dn) A7 + Nz (Vi (V(vs = 1) Bo + (va=1) (InBs + kDppa)) (A5 = 46))

Nh b {((va=1) (InBs + kDppa) (A = 2A6) = B2V (v3 - 1) (Aa + 46)) }»

dig _ k(1-va)Bs(Sy(A4-26)+1Vii(45-46)) | Vg,
dt

N,
accompanied by transversalzty or boundary conditions

A(T)=0,i=1,...,8.

In addition to this, the optimal controls vi, v, v3, vy, vi and v{ are provided by

, Vs
vi = max {min(g- (A - 1) 51fo, 1),0},

V; = max {mln(Blz If/13) 1)’ 0}’
As=A4) VS As=A5) VYV
Ba( 6N4) n, Ban( < )V ,1),0},

h
Vi = max {mi”(B% (16-/14)5h(£27<Dh+ﬁ31h) N ﬂ(ﬂé—/IS)VhI(\IK:MDHﬁsIh)] ,1),00,

Vi = max {min(B—l5 (A4 =2A5) S, 1),0},
Vg = max {min(B—l6 (A6 =7) I, 1),0}.

vi = max {min(;

Proof: The Hamiltonian function denoted by H in Eq (23) can be utilized to calculate the
optimality conditions and the adjoint system with appropriate boundary values. The adjoint
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equations can be derived using Pontryagin’s maximum principle, where the value of

d(t)  OH dhy(t)  OH  dig(t) O

dt oV’ dt oSy > dt 4Dy

and 4,(T) =0 where i = 1,2, ..., 8 are the final boundary time conditions.
To obtain the optimality variables as defined in above equation, we can employ the set of
equations given below:

M _ M _ oM GM_ M oW _
avl_ )aVZ_ ’51/3_ ’61/4_ ’61/5_ ’aVG_

0.
Utilizing the control space property of U within the control set’s inside, we can successfully

attain the desired outcome. m]

7 Simulation and discussion

This section aims to conduct a comprehensive simulation results comparing the impact of

the suggested preventive measures using time-dependent and constant controls by simulating
models (18) and (9). These simulation are essential for exploring and analyzing the of differ-
ent interventions in controlling the incidence of the NiV. For this propose, both the models
were solved numerically using the well-known forward-backward fourth-order Runge-Kutta
iterative scheme. The specific input parameters utilized in this simulation are given in Table 2.
The balancing and weight constants, which are critical in the formulation of the optimal con-
trol problem, were estimated with the following values: A; = 0.002, A, = 0.5, A5 = 0.5, B; =200,
B, =90, B3 = B¢ = 100, B, = 200, and Bs = 50. These values were chosen to balance the trade-
offs between different objectives, such as minimizing the number of infections and the cost of
interventions. Further, it is important to note that the weights used in the simulation are the-
oretical and were selected solely to depict the impact of the proposed control strategies sug-
gested in this study. The aforementioned theoretical weights provide a basis for understanding
how different control measures can influence the dynamics and control of NiV transmission
and the potential effectiveness of time-varying versus constant control strategies on disease
eradication with time.

We consider six strategies by taking different set of control variables in order to investi-
gate efficacy of each control and to set the optimal intervention for the early eradication of the
infection. It should be noted that in each scenario the sub-figure (i) displays the control pro-
file corresponding to its occurrence. The blue dashed trajectories depict the dynamics with
optimum control, whereas the red solid plots reflect the dynamics without control. There
are eight classes in each section of the graphs. The graphical dynamics of each class is cate-
gories as follows: (a) Virus class; (b) Flying Foxes that are susceptible to the virus; (c) Flying
Foxes that have been infected with the virus; (d) Humans who are susceptible to the virus; (e)
Humans who have been vaccinated against the virus; (f) Humans who have been infected with
the virus; (g) Humans who have recovered from the virus; (h) Humans who have died from
the virus.

7.1 Strategy 1: Evaluating the effect of all control measures at the same
time, i.e.,v; £0,fori=1,...,6

In the first scenario, we simulate the extended model (18) to assess the population-level effects
of all aforementioned time-dependent control measures on both flying foxes and humans.
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Fig 4. Dynamics of the NiV model under utilization of constant controls and all time-dependent controls simultaneously, where (a) V() (b) Sf( t),
(c) If(1), (d) Sy (), (&) Vi (1), (f) I (), (8) Ry, (2), (h) Dy (t). The profile of all control variables are depicted in subplot (i).

https://doi.org/10.1371/journal.pone.0317408.g004

Simultaneously, we simulate the models (9) and (18) to provide a comparative analysis of
both constant and time-varying control measures, aiming for better eradication of the infec-
tion. The graphical results of this strategy are depicted in Fig 4(a-h), with the corresponding
control profile demonstrated in Fig 4(i). It is observed that with the implementation of vari-
able controls, the viral concentration decreases significantly compared to constant control
parameters, as seen in Fig 4(a). The density of infected flying foxes and humans diminishes
rapidly in the presence of time-dependent controls, while in the absence of these controls (i.e.,
with constant control parameters), the population levels in both compartments increase, as
shown in Figs 4(c) and 4(f). This comparative analysis reveals the efficacy of variable controls
in the eradication of the disease. Fig 4(d) demonstrates that most of the susceptible humans
are protected with optimal vaccination or other non-pharmaceutical controls. As a result,
with variable controls, the population level in the susceptible class decreases while it increases
dramatically in the vaccinated class, highlighting the significance of variable controls (see
Figs 4(d) and 4(f)). Further, with the implementation of variable treatment interventions, the
density of the recovered population increases significantly, as observed in Fig 4(g). With the
suggested control measures, the population in the deceased humans class with NiV infection
remains very low compared to constant control parameters (see Fig 4(h)). Additionally, the
time behavior of the corresponding control profile is analyzed in Fig 4(i). From Fig 4(i), we
can observe that for the effective elimination of disease, almost all controls are implemented
at their maximum level in the first days and then gradually decrease over the entire course of
implementation. This information can assist policymakers and health professionals in deter-
mining and implementing the appropriate and most effective control measures based on the
infection’s severity and the associated containment costs.
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Fig 5. Dynamics of the NiV model under implementation of constant controls and all time-dependent controls except v;, where (a) V() (b) Sf( £),
(€) If(1), (d) Sy(t), (&) Vi, (1), (f) I (1), (g) Ry, (¢), (h) Dy (t). The control profile of strategy 2 is depicted in subplot (i).

https://doi.org/10.1371/journal.pone.0317408.g005

7.2 Strategy 2: When v, = 0, and other controls are hold i.e., v; # 0, where,
i=2,3,4,5,6

In this approach, we activate all control interventions simultaneously, except for v;, and simu-
late the extended NiV model (18) to assess the population-level impact on the dynamics and
control of the illness. Fig 5(a)-5(h) graphically presents the dynamics of both populations

to illustrate this scenario. The behavior of the corresponding control profile for this case is
analyzed in Fig 5(i). As a result of this strategy, although the infected flying fox population
showed a significant decrease in the presence of variable controls, they vanish over a longer
period compared to the previous strategy see Fig 5(c). Further, the dynamics of the human
classes remain the same as observed in the first strategy see Fig 5(d)-5(h). This indicates that
the absence of v; has no impact on the dynamics and control of the human classes. Over-

all, the simulation of this case suggests that this strategy can be implemented for the early
eradication of infection in the human population.

7.3 Strategy 3: When v, =0,and v; #0, for i = 1,3,4,5,6

In the present scenario, the NiV model is simultaneously simulated by considering all con-
trols except for the targeted culling of infected flying foxes, i.e., v, = 0. The graphical repre-
sentation of this case, analyzing the variations in the dynamics of the flying fox and human
populations, is depicted in Fig 6(a)-6(h). The corresponding behavior of the control profile

is shown in Fig 6(i). It can be observed from the simulation that without implementing the
targeted culling of infected flying foxes control (v,), the population of infected flying foxes
grows, although at a slower rate compared to the use of constant controls. This reveals that the
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Fig 6. A comparative dynamics of the NiV model under implementation of constant controls and all time-dependent controls except v,, where (a)
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https://doi.org/10.1371/journal.pone.0317408.9006

present strategy is not effective in curtailing the infection among flying foxes (see Fig 6(c)).
However, similar to previous strategies, the current set of controls is beneficial in eradicating
infection incidence in humans (see Fig 6(d)-6(h)).

7.4 Strategy 4: When v; =0,and v; #0, fori=1,2,4,5,6

This strategy implements all controls with the exception of v5 to mitigate NiV. The simula-
tion of this case, for the flying fox and human populations, is depicted in Fig 7(a)-7(h). The
corresponding time variation in the control profile is shown in Fig 7(i). The graphical results
for this case indicate outcomes similar to those of the first strategy. However, the curve for
infected humans is slightly higher and takes a longer period to decline, as shown in Fig 7(f). In
summery, this strategy can still be effectively implemented for the eradication of the infection
in both flying fox and human populations.

7.5 Strategy 5: When, v, =0,and v; # 0, fori=1,2,3,5,6

In the fifth scenario, we set the control variable v4 to zero and implement the remaining con-
trol measures concurrently to minimize NiV infection in both populations. Fig 8(a)-8(h)
shows a visual representation of the current strategy. The time behavior and intensity of the
control profile over time are analyzed in Fig 8(i). Similar results are observed as in strategy 4.
Although, in the presence of time-varying controls, the solution trajectory of infected humans
is slightly higher compared to strategy 1 and takes a longer period to decline, as shown in

Fig 8(f). However, the overall findings of this scenario indicate that it can be effectively uti-
lized for the eradication of infection in both populations.
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https://doi.org/10.1371/journal.pone.0317408.g008
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https://doi.org/10.1371/journal.pone.0317408.g009

7.6 Strategy 6: In the sixth condition, v; # 0, fori=1,2,3,4,5,6,and vs =0

In the implementation of strategy 6, all control interventions except for the vaccination con-
trol vs were simultaneously activated while simulating the extended NiV model (18). The
resulting simulations for viral concentration and both populations are depicted in Fig 9, with
subplots (a-h). Subplot 9(i) demonstrates the time variation and level of implementation of all
controls except vs. Although, this set of controls has no significant impact on the dynamics

of the flying fox population as provided in strategy 1, the human population dynamics show
a different trend. Without the vaccination control (vs), the susceptible class increases rapidly,
as shown in Fig 9(d). This is because of fewer people are protected with vaccination, as seen
in Fig 9(e), leading to a longer time for the infected human population to decline to zero, as
depicted in Fig 9(f). Therefore, we conclude that without the variable vaccination control,

the implementation of the remaining controls takes comparatively longer time to completely
eradicate the infection from the community.

7.7 In the seventh condition, v; £ 0, fori=1,2,3,4,5,and v, = 0
Finally, in the seventh scenario, the NiV model is simulated by considering the entire control
measures except v to assess the dynamics and control of the illness in both population with

the help of this case. The simulations are presented in Fig 10(a)-10(h), demonstrating the
dynamics of viral concentration, flying fox population, and human population, respectively.
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https://doi.org/10.1371/journal.pone.0317408.g010

Fig 10(i) shows the corresponding control profiles for this approach. Similar to previous dis-
cussions, although in the case of variable controls, the curves for infected and deceased indi-
viduals grow comparatively higher in initial days than in strategy 1 and take slightly longer
time to vanish, as seen in Fig 10(f) and 10(h).

Overall, from above simulation we claim that the first strategy is the most effective inter-
vention and potentially reducing the incidence and impact of NiV outbreaks.

8 Conclusion

The present study aimed to develop a novel compartmental model for analyzing and control-
ling NiV in both flying fox and human populations. Unlike the existing literature, this model
is formulated using imperfect vaccination in humans. Moreover, various routes of virus trans-
mission, including human-to-human and transmission through contaminated food were
incorporated into the model formulation. We examined several potential mathematical prop-
erties of the model, such as the feasible region, positivity of the solutions, the threshold num-
ber, and equilibria. The findings indicate that the model exhibits three distinct equilibrium
states: one where there is no infection, another where there are no infected flying foxes, and a
third where the infection is endemically present. Furthermore, the local and global stabilities
of the model at the infection-free state are proven using linearization and nonlinear Lyapunov
approaches. The model is validated with the statistical data of the infection in Bangladesh,
and parameter estimation procedures are performed. We conducted a normalized sensitivity
analysis to identify the parameters with the strongest influence on the reproduction numbers
(R} and Rj?). Based on this sensitivity analysis, we extended the model by incorporating six
time-dependent control variables as detailed in the optimal control section. Furthermore, to
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analyze the efficacy of each control and to determine the optimal intervention for the early
eradication of the infection, we presented seven intervention sceneries, each using a differ-
ent set of control variables. Based on the findings from all seven strategies, we concluded that
while certain scenarios show potential for controlling the infection, the optimal intervention
for achieving early and effective eradication of NiV in both flying fox and human populations
is the first strategy, which incorporates all control measures simultaneously. The present find-
ings provide valuable insights for policymakers and health officials in developing effective
intervention strategies for the control of the infection outbreak. In the future, to enhance the
practical relevance of this study and uncover the economic feasibility, we aim to perform a
cost-effective analysis of the proposed control strategies.
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