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Modeling the Transmission Dynamics and Stability of Nipah Virus

Mamta Kumari

ABSTRACT: Nipah virus (NiV) is a zoonosis characterized by high transmission and death rates. Existing SIR,
SEIR and SIRD-type models mainly focus on transmission from living infectious individuals and from dead
bodies of infected persons that are not handled safely. The SEIR model by Lakshmi and Sabarmathi, though,
does not include disease-induced mortality or corpse-mediated transmission, which may lead to results, such
as an overestimation of the epidemic peak and an underestimation of the outbreak duration. In this work,
the existing framework is extended by the addition of an infectious deceased compartment. An SEIRD model
is developed that considers both direct human-to-human and corpse-mediated transmission. Estimations of
parameters are taken from recent outbreaks, and the basic reproduction number, R p, is derived analytically.
Python programs are used for mathematical simulations. The results show that when corpse-mediated trans-
mission is included, the projected epidemic peak is lower, and there is a delay in the time to reach the peak.
The model also provides a better estimate of the total outbreak size compared to the classical SEIR model.
Sensitivity analysis using partial rank correlation coefficients (PRCC) shows that direct transmission (81) and
corpse removal rate (w) are the most influential parameters. The SEIRD model, by including postmortem
transmission, matches observed outbreak patterns more closely and highlights the need to combine isolation
with safe burial practices to control NiV epidemics.

Keywords: Nipah virus, SEIRD model, reproduction number, stability, corpse-mediated transmis-

sion.
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1. Introduction

Nipah virus (NiV) is a deadly zoonotic pathogen responsible for frequent outbreaks mainly in the
southern and southeastern regions of Asia, including Bangladesh and India, where the fatality rate ranges
from 40-75% [1,2,3]. NiV is classified as a zoonosis [4,5] and is characterized by high transmission and
death rates [1,6]. The main mode of transmission is human-to-human contact, but other cultural practices
such as care-giving and funeral rituals further increase the spread [7,8]. Therefore, understanding NiV
dynamics is important for planning effective interventions, and mathematical modeling is one of the
useful methods [9,10]. Most researchers have used compartmental epidemic models [11] to study NiV
transmission. SEIR-type approaches [12,13,14] and SIRD-type models [15] have been used to analyze
transmission mechanisms and to identify isolation of individuals as a main strategy for controlling the
disease [16,17,18]. Existing SEIR-type models mainly concentrate on transmission from living infectious
individuals (I) [12,13,14]. However, epidemiological studies have also indicated that there is significant
transmission risk from dead bodies of infected persons that are not handled safely [7,6]. Despite this
evidence, in most of these models, it is assumed that the disease spreads only through infected individuals
(I), without considering transmission through the dead bodies of individuals who have died from the
infection. As a result, classical SEIR models, including that of Lakshmi and Sabarmathi [14], tend to
overestimate the epidemic peak and underestimate the outbreak duration, thereby limiting the evaluation
of control measures such as safe burial practices. In this work, this limitation is addressed by introducing
an additional variable for deceased but unburied individuals (D.). This leads to an SEIRD model in
which both living infectious individuals and corpses contribute to new infections. The basic reproduction
number, R p, includes separate terms for direct and corpse-mediated transmission, providing a better
assessment of outbreak potential [19,20,21]. Simulation and sensitivity analyses show that incorporating
corpse-mediated transmission delays the occurrence of the epidemic peak, lowers its magnitude, and
reduces the total number of cases compared to SEIR estimates. These results highlight that corpse
removal, safe burial practices, and targeted interventions play a crucial role in controlling NiV outbreaks.
Consequently, the SEIRD framework provides a more realistic and practical tool for outbreak assessment
and control.

2. Model Formulation

The SEIRD compartmental model is used to analyze the spread of NiV. The total population is
divided into five compartments, which are as follows:

1. S, -This variable indicates the susceptible individuals who are at risk of contracting NiV.

2. FE.- This variable indicates the exposed individuals who have come into contact with infected
individuals but are not yet showing any symptoms.

3. I. — This variable indicates the infected individuals .

4. R. — This variable indicates the recovered individuals who have recovered from the illness.

5. D. — This variable represents deceased individuals whose remains have not yet been buried or
handled with appropriate care
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Figure 1: Flow chart of the SEIRD model for Nipah virus

In this study, a homogeneous population is presumed, in which each individual is equally likely to
contract the disease through contact with infectious or deceased infected individuals.
Table 1 presents a summary of the models’ variables and parameters, together with their epidemiological
meanings.

Symbol | Description

Se(t) Number of susceptible individuals at time ¢

E.(t) Number of exposed individuals (in the incubation period) at time ¢

I.(t) Number of infectious individuals at time ¢

R.(t) Number of recovered individuals at time ¢

D.(t) | Number of unburied deceased individuals at time ¢

N(t) Total living population at time ¢, N = S, + E. + I. + R,
II Constant recruitment rate
A Force of infection, incorporating contributions from both infectious and deceased individuals
651 Transmission rate from infectious individuals to susceptibles
523 Transmission rate from improperly handled corpses to susceptibles
o Rate of progression from exposed to infectious class (inverse of the incubation period)
vy Recovery rate of infectious individuals
1) Disease-induced mortality rate among infectious individuals
I Natural death rate (unrelated to NiV)
« Burial or safe disposal rate of deceased individuals
0 Rate of waning immunity, returning recovered individuals to the susceptible class
w Proportion of corpses not safely handled, contributing to secondary infections

Table 1: Parameters and variables of the SEIRD model, along with their epidemiological interpretations.

The force of infection, A, is given by

_ Bljc(t) wﬂ2Dc(t)
- ON@) N(t)

A , (2.1)

and represents the rate at which susceptible individuals contract the infection. In this model, I.(¢) denotes
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the number of infectious individuals, D.(¢t) denotes the number of unburied deceased individuals, N ()
is the total number of living individuals, and w represents the proportion of deceased individuals that
contribute to secondary transmission.

3. SEIRD Model Equations

The following system of ordinary differential equations governs the time-based dynamics of the SEIRD
model, using the variables and parameters defined in Section 2.

d;c =~ (A+p)S. +0R,,
dE,
= " - E,
7 AS. — (o + p)E,,
dI,
I =0E.— (v +6+p)l, (3.1)
dR,.
= Ic - cy
g = e (p+OR
dD,
= Ic - Dcv
7 1) «

4. Equilibria and Stability Analysis
4.1. Disease-Free Equilibrium and Feasible Region

The state in which there is no infection is represented by the disease-free equilibrium (DFE) of sys-
tem (3.1). Initially, it is confirmed that all solutions are non-negative so that the biological accuracy of
the model is ensured.

Theorem 4.1 (Non-negativity of Solutions) Consider the SEIRD system (5.1) subject to the fol-
lowing initial conditions

Se(0) =S >0, B.(0)=Fy>0, L(0)=1Iy>0, Re(0)=Ry>0, D.0)=Dy>0.
Then, for all t > 0, the solution path
{Se(t), Ee(t), Le(t), Re(t), De(t) }

remains non-negative.

Remark 4.1 Throughout the epidemic, this theorem ensures that the results of variables in every com-
partment maintain their biological significance.

The feasible region for the model is

II o II
Q= {(SmEmIcaRcaDC) € RE)ZO Sc +Ec+1c +Rc =N S ;; Dc S a : E}
The set 2 is shown to be positively invariant, meaning that any solution starting in ]R520 ultimately moves

into © and remains restricted within it.
Assume that N(t) = Sq(t) + E.(t) + I.(t) + R.(t) is the total number of living individuals. Then,

dN
— = —uN—-06I. <II —uN
dt
is obtained by adding the first four equations of system (3.1).
By integrating this inequality, we obtain

I il
< = — D )e Mt =
N < (NO ’u)e . No=N(0),
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which shows that the living population satisfies N(t) < II/u as t — co.
For the deceased compartment, we have

dD- =0l.—aD, < (5E —aD,,
dt I
so that 5 I 5 I
Do(t) < =4 (Do = =+~ e,
a p a p
Consequently,

I
&V = <M,o,o,0,o>

is the disease-free equilibrium (DFE).

Next-Generation Matriz and the Basic Reproduction Number Rp Consider the vector of infected com-

partments
X = (E.,I.,D.)".

Following the standard next-generation approach [19,20,21], let F' denote the matrix of new infection
terms and V represent the matrix of transitions among infected compartments.
FV~! then results in the next-generation matrix:

Bio + w20 (p+90) B1 + w26 wpa
1 (kt+o)(pt+v+0) (uto)(pty+d)a  y+d+p ' (vHi+p)a a
FV™—" = 0 0 0
0 0 0

The spectral radius (dominant eigenvalue) of F'V ! represents the basic reproduction number Rp.
On solving we get,
b n wPa0d
(hto)p+y+0)  (u+o)(p+y+d)a

Rp gives the expected number of secondary infections which may be caused by a single infected person
in a population that is fully susceptible [20].
Interpretation:

Rp =

o If Rp < 1, the disease-free equilibrium is locally asymptotically stable.
e if Rp > 1 then the disease-free equilibrium is unstable.
4.2. Stability Analysis of the Disease-Free Equilibrium (DFE)
Theorem 4.2 The disease-free equilibrium (DFE) of system (3.1) is

11
50: (7 07 07 07 O)a
M

and it satisfies:
(i) Locally asymptotically stable if Rp < 1,
(i) Unstable if Rp > 1.

Proof: The local stability of & is ascertained by the eigenvalues of the Jacobian matrix

—p 0 -5 0 —wph
0 —(u+o) b1 0 wph
JE) =10 o —(+y+6) 0 0
0 0 ol — 0
0 0 1) 0 —«
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The Jacobian has a block structure, so
det(J(Ey) — AI) = (A + p)det(M — M) =0,

where the 3 x 3 infected subsystem (E., I, D.) is

—(p+o0) B1 wfo
M= o —(n+7+6) 0
0 ) —«

Two eigenvalues are
A1 = —p  (negative).

Thus, stability depends on the following cubic polynomial
P(\) =det(M — XI) = \* + a1 \? + ag\ + as.
where we define,
A=p+o, B=p+~v+4, C=o.
and
ag=A+B+C >0,

as =AB+ AC + BC — 10 >0 (fOI‘ Rp < 1),
a3 = ABC — 10C — wfsod = ABC(1 — Rp).

The DFE is locally asymptotically stable given by Routh-Hurwitz criteria, if
a; > 0, as > O, as > 0, aias — agz > 0.

For Rp < 1, az > 0, and all other coefficients are positive. Therefore, all roots of P(\) have negative
real parts, and the DFE is locally asymptotically stable.

Hence, the disease-free equilibrium is locally asymptotically stable if and only if Rp < 1, and unstable
it Rp > 1. O

4.3. Existence of Endemic Equilibrium

Theorem 4.3 If Rp > 1, system (3.1) possesses a unique endemic equilibrium

£ = (S*,E*,I",R:,D}),

crreo C

where all components are strictly positive.

Proof: At equilibrium, all derivatives becomes zero. The force of infection is

_ Bl | wpaD;

A
N* N*

N*=S+E:+1:+R;.
The system at steady state gives:

0 =11 — AS* — uS* + OR?,
0=AS; — (u+0)E;,

0= 0 — (u+r+0)I,
0=1I; — (u+ )R,
0=0I" —aD:.
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From the last three equations, we obtain

B 5
_ PO g Y o pr= O
Q

E*
o w40

c

The total living population at equilibrium is

0
N*:S:+E:+IZT+RZ:S§+<W_+1+7)[;‘.
o w+0
Define 5
d):w—kl—i—i, so that N* = 5% + ¢I7.
o w+0
The force of infection is

N Bl twphDE Bl +wfh Gl AL

B N*  SE4olIr o SE4 ol

where 5
A=p +whs-—.
«

Substituting this into the equation for E gives

ALZ pty+0
—— . 5= E: = T
S tolr e (n+o)E: = (n+0) p
Define 5
C — (u—|— a') . M)
o
which results,
AS} Co
¢ = * = 'I*.
St ¢ T Se=i—gl

Since I} > 0 at the endemic equilibrium by definition, we need S} > 0. This holds if and only if
A > C, or equivalently,

A
Hence, a unique and biologically meaningful endemic equilibrium exists if and only if Rp > 1. |

5. Global Stability of the Disease-Free Equilibrium

To determine the global asymptotic stability of the disease-free equilibrium (DFE)&y, LaSalle’s Invari-
ance Principle [22] is applied, and an appropriate Lyapunov function is constructed. At the disease-free
equilibrium, the deceased compartment satisfies D.=0. Hence, corpse-mediated transmission vanishes in
a neighborhood of the DFE.

Theorem 5.1 If the basic reproduction number satisfies Rp < 1, then the DFE &y of system (3.1) is
globally asymptotically stable within the feasible domain €.

Remark 5.1 This global stability result holds on the invariant set D. = 0, where corpse-mediatedtransmission
is absent.

Proof: Define the Lyapunov function

V =caFE. + (0 + p)al..
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Differentiating along system trajectories gives

v dE, dl.
at " at dt
=oca[AS. — (0 + pE] + (0 + p)a[oE. — (u+7 4 0)1.],

+ (0 + pa

where \ = 2 }\fc, as D, = 0 at the disease-free equilibrium.add this

The E, terms cancel:

av
e I[oaB — (0 + p)a(p+v +9)].

Factor out the positive constant K = (o + p)a(p + v + J), and on the invariant set D, = 0, corpse-
mediated transmission is absent, and hence the basic reproduction number Rp reduces to its direct-

transmission component Rp = m we get,

ﬂ_ o1
dt 7 (o +p)(u+y+9)

-1 =I.K(Rp —1).

Since Rp < 1 by assumption, 4 < 0 for all 1. > 0, and 47 = 0 only at I. = 0.

By LaSalle’s invariance principle, all trajectories in 2 converge to the largest invariant set where
I. = E. = 0, which is exactly the DFE &y. Hence, the DFE is globally asymptotically stable. O

6. Numerical Simulations and Comparison

To evaluate the effect of corpse-mediated transmission, the SEIRD model is compared with the clas-
sical SEIR model studied by Lakshmi and Sabarmathi (2022) [14]. Although the SEIRD model includes
additional parameters from the literature related to postmortem infectivity and corpse removal, the
parameter values for the SEIR model are taken directly from their study.

For the SEIR model [14], the basic reproduction number is expressed as

RSEIR _ o . (6.1)
(0 +w)(y+ 1)
In our SEIRD framework, which explicitly includes corpse-mediated transmission, the basic reproduc-
tion number becomes

SEIRD __ Uﬁl W5205
R TR0 t5 m T wrmh st pa (6:2)

For the numerical simulations, with N = 1000 and I = 1, the following parameter values are used:
e 5, =0.75, 0 = 0.1053, v = 0.1176, u = 0.0189 (from [14])
e § =0.76, B3 = 0.65 (from [12])
e w=0.5, a=0.6 (assumed)

The SEIRD model decomposes Rp into contributions from both direct infections and those arising
from contact with unburied corpses, whereas the SEIR model considers only direct transmission. It is
observed that the inclusion of corpse-mediated transmission significantly changes the epidemic dynamics.
The predicted outbreak trajectories for the two models are presented in Figure 2 and Table 2.This explains
the SEIRD model’s delayed peak and lower total number of cases in comparison with the classical SEIR
framework.

Table 2: Comparison of epidemic characteristics between SEIR and SEIRD models
Model Ry | Peak I | Time to Peak (days) | Total Cases | Duration (days)
SEIR | 4.658 | 191.9 28.6 146.5 100
SEIRD | 1.108 9.3 36.6 15.5 100
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The SEIR model predicts a substantially larger epidemic, with a peak of approximately 192 infectious
individuals on day 28.6. Whereas the SEIRD model, in which corpse-mediated transmission is included,
predicts a significantly smaller outbreak, with only 9.3 infectious individuals at the peak occurring later,

on day 36.6. The total number of cases is also evidently reduced

Comparison of SEIR vs SEIRD ¢ Epidemics
200 |
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£ Infectious (SEIRD_c)
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\
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= 1251 ] Y
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Figure 2: Comparison of infectious individuals I(¢) between SEIR and SEIRD models

7. Interpretation and Sensitivity Analysis of the SEIRD Model

System (3.1) has been numerically computed using Python’s odeint routine (scipy.integrate),
with the initial conditions and parameter values summarized in Table 3. The simulations have been
performed over a time span of 60 days to investigate the time-based dynamics of the model. Please note
that different parameter sets are used for comparative analysis in Section 6 and for sensitivity exploration

in Section 7.



10 MAMTA KUMARI

Symbol Value Reference
S, 152.7 M [12]
E, 1M Assumed
I, 0.1 M Assumed
R, 0 [12]
D, 0.05 M Assumed
o 0.6 day—! [12]
II 62951 day ! Assumed
B1 0.75 day ! [12]
B2 0.65 day 1 [12]

w 3.8642x107° day~* [12]
a 0.5 day ! Assumed
0 0.85 day ! Assumed
w 0.5 Assumed
y 0.09 day—! [12]
) 0.76 day—! [12]

Table 3: Summary of initial conditions and parameter values used in the SEIRD model for analyzing
Nipah virus transmission dynamics.

SEIRD Model Time Series

160
—— Susceptible

Exposed
— Infected
= Recovered
—— Deceased
——~- Peak Infection (Day 36)

140 +

120 4

100 ~

80 1

60

Population (millions)

40

20+

T T T T T T T
0 10 20 30 40 50 60
Time (days)

Figure 3: Dynamics of all SEIRD compartments (S., E., I., R., D.) over the course of the simulation.

Interpretation.  In Figure 3, S;, the number of susceptibles reduces rapidly, whereas F. and I, reach
their peaks around day 30. After a delay, recoveries (R..) and deaths (D,) occur, and the system stabilizes
by day 50. Controlling the outbreak requires an increase in the recovery rate (7) and a decrease in the
transmission rates (81, 32).

7.1. Sensitivity Analysis

Key parameters influencing I..(t) include f1, B2, w,y, and 4.
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Effect of w on Infected Population

w=0.1
w=10.3
w=10.5
w=10.7

10

Infected Population (millions)

T
0 10 20 30 40 50 60
Time (days)

Figure 4: Impact of unsafe corpse handling w on I..(t).

Sensitivity to Unsafe Corpse Handling w The period of outbreaks and peak infections is increased by
higher values of w, indicating that improper handling of corpses greatly increases transmission.

Sensitivity of I(t) to B: (transmission rate)

10

Infected Population (millions)

T
0 10 20 30 40 50 60
Time (days)

Figure 5: Impact of 81 on I.(¢).

Sensitivity to Transmission Rate f1 The importance of interventions that reduce person-to-person contact
is highlighted by the fact that increasing (3; accelerates the outbreak and raises the infection peak.
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Sensitivity Analysis using PRCC

0.6 1

0.4 1

0.2 1

0.0

PRCC with Peak Infected

-0.2 1

-0.4 1

Figure 6: Partial rank correlation coefficients (PRCC) indicating parameter influence on peak infections.

PRCC Sensitivity Analysis Figure 6 shows that w and §; have the most substantial positive effects on
peak infections. Although the recovery rate () and natural mortality rate () have a smaller impact,
faster corpse management («) reduces the peak number of cases.

7.2. Phase Plane Analysis

Phase Portrait: S cvs | ¢

Infected (millions)

T T T T T
40 60 80 100 120 140 160
Susceptible (millions)

Q;
8]
=}

Figure 7: Phase portrait of S, versus .

When susceptibles are ample, the S.—I. phase portrait illustrates rapid infection growth; however, as
recoveries and deaths reduce the the number of susceptibles, the infection subsequently declines.
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Phase Portrait: Infected vs Deceased

12

)
m il
8 _

Deceased Population (millions)

/
|

0 1 2 3 4 5 6 7 8
Infected Population (millions)

Figure 8: Phase portrait of I, versus D..

As the epidemic declines, the I.—D, phase portrait shows that the death toll slows and increases with
infections.

8. Contour Plot of Reproduction Number Rp

Contour Plot of Rp

10
0.9
0.8
0.7
0.6
0.5
0.4
0.3
0.2
0.1

0.1 0.2 0.3 0.4 0.5 0.6 0.7 0.8 0.9 10
B1 (Transmission rate by infected)

k (Corpse contact rate)

0.20

Figure 9: Contour of Rp with respect to 81 and w. The dotted line indicates Rp = 1.

The contour plot guides intervention strategies aimed at reducing outbreak potential by showing how
combinations of $; and w influence Rp.

9. Conclusion

An SEIRD model for Nipah virus transmission, which includes five compartments—viz, suscepti-
ble, exposed, infectious, recovered, and deceased—is presented. This model explicitly considers corpse-
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mediated infection. The system is stable when Rp < 1, whereas a transition to an endemic state occurs
when Rp > 1. Analytical conditions for both the disease-free and endemic equilibria have been estab-
lished. These theoretical findings have been supported by numerical simulations, which confirm that the
most significant factors influencing outbreak dynamics are the transmission parameters (81, 82) and un-
safe corpse handling (w). Additionally, PRCC and sensitivity analyses indicate that increasing recovery
rates or reducing transmission can substantially lessen the severity of an epidemic. Overall, the study
highlights the critical importance of safe corpse handling and rapid interventions in reducing the death
rate, flattening the epidemic curve, and easing the burden on healthcare systems.

10. Future Scope

The model can be further improved through several extensions to validate its practical applicability
in real-world scenarios. Time-dependent parameters can be incorporated, quarantine or vaccination
variables can be added, network- or area-wise assortment can be considered, and parameters can be
validated using real NiV outbreak data. These extensions can help improve prediction accuracy and
support better public health decision-making.
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