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Abstract

Dengue remains a threat to human health, and epidemics can still
occur, especially in rainy seasons. Addressing the need to implement
adequate preventive interventions requires a better understanding and
assessment of the vector control strategies’ impact on host and vec-
tor populations. In this study, the sensitivity of state variables of a
dengue model with vector control strategy was analyzed. Using the
model and estimated parameters from a data set on dengue cases,
sensitivities of state variables were solved. Relative sensitivities re-
vealed that application of chemical control has a greater impact on
decreasing the number of dengue cases than the non-chemical control
but using both types can help mitigate the increase of cases.

1 Introduction

Dengue, regarded as the most important mosquito-borne viral disease [1],
poses an alarming threat to human health in tropical and subtropical re-
gions [2] . The World Health Organization(WHO) records 100-400 million
infections each year, making about half of the world’s population at risk of
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dengue. In more than 100 countries, the disease is now endemic, with Asia
being one of the most seriously affected region. The highest global incidence
of dengue cases was recorded in 2019 [3].

Mathematical models have been a significant tool in understanding the
dynamics of disease transmitted by mosquitoes. The result of the analysis
of these models aids public health professionals in developing measures for
prevention and eradication as well as evaluating its impact in the commu-
nity [1]. Many have been developed and used to describe and understand
the process of infection at the population level. Some are formulated with
the goal of assessing the strategies that control the transmission. The effect
of vaccination [4], pesticide [5], integrated vector control strategy [6], and
combination of different control measures such as vaccination and insecticide
[7], outdoor residual spraying, the placement of mosquito traps, and commu-
nity engagement activities[8] were studied. However, the dengue model that
includes both vector control and medical care has not yet been analyzed.

Since mitigation is reliant to vector control methods and access to proper
medical care are necessary[3] [9],a model that incorporates both together with
a set of data on dengue cases in an Asian country were utilized to explore
transmission of dengue in human and mosquito populations. Specifically,
influential parameters affecting model output were determined.

2 Model Formulation

The dengue model developed by de los Reyes and Escaner [10] which included
healthcare-seeking class was extended by incorporating the integrated vector
control strategies studied by Kasbawati et al. [6]. The variables studied are
the host population and vector population. The human population is divided
to four compartments, namely the population of susceptible host (S},), pop-
ulation of unhospitalized or unmonitored infectious host (I ), population of
health-care seeking infected host (.J;, ) and the population of recovered indi-
viduals (Ry,). Moreover, the mosquito population is divided to two compart-
ments, namely the population of susceptible vector(S,) and the population
of infected vector (1, ).
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Figure 1: Schematic diagram of the model
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Note that the total human and vector population is the defined by N, =
Sp+ I+ Jy+ Ry and N, = S, + I, respectively.

The number of susceptible host per time ¢ increases due to birth rate by,
and decreases due to the death rate u;, and transmission rate of the virus.
The transmission is influenced by the vector biting rate B and probability
of transmission C,h for every interaction of human and the mosquito which
is described by the term [,S;,. The number of infected host increases as
the transmission of virus increases in the population. Some belongs to the
class who did not seek medical care I;, and the other moves to class that
received medical treatment J;,. Both number of infected host decrease due
to natural mortality rate. The recovery rates of the classes are 7y and 7,
respectively. The number of recovered individuals is increased by recovery
rates and decreased by mortality rate.

The susceptible mosquito population increases due to oviposition but lim-
ited by the carrying capacity K. It is decreased by vector mortality and the
movement of mosquitoes from the susceptible class to infected class. The
population of infected mosquitoes increases due to interaction of susceptible
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vectors and infected hosts and decreases due to natural mortality.

The integrated strategy is classified to non-chemical control strategy and
chemical control strategy. Controlling transmission through environmental
management is included in the non-chemical control strategy while prevent-
ing transmission like using insecticides is considered a chemical control strat-
egy. Assuming that the strategies work successfully, then there exist wu;
percent of individuals who will be free from infection and parameter us, sup-
presses the growth of the vector population. The movement and interaction
of host and vectors from and to the compartments of the model is represented
through a schematic diagram. The solid arrows represent the movement while
the broken arrows represent interaction.

3 Parameter Estimation

The model that was used to describe the dynamics of transmission is a system
of ordinary differential equations of the form

#(t) = G(t, z(t),0), 2(0) = 0, > 0,04 (3.2)

where ¢ denotes time, z(t) is the vector of state variables, # is the vector
of parameters, A is the set of admissible parameter vectors, xq is the vector
of initial conditions and G assumed to be sufficiently smooth function. To
determine the parameter vector 6 that would minimize the cost function

1

J(0) = izi]\il(y(ti) — f(t:,9))* (3.3)

the vector should satisfy the equation

0 = arg iy J(6) (3.4)
Note that N denotes the number of measurable outputs of the system. The
function fminsearch in Matlab employed Nelder-Mead Simplex algorithm
to determine parameter estimates.

All parameters are positive and assumed to be constant. The param-
eters were estimated from the reported dengue cases in a province in the
Philippines from 27th week to 52nd week of 2019 where peak of morbidity
occurred and the year where there was a dengue epidemic in the country.
The province was part of the region that exceeded the alert threshold [11].
The values obtained are shown in Table 1 and were used in the simulation.
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Figure 2: Model output and scatter plot of data

model parameter  value
bn 0.00043
h 0.00025
B 0.8964
Chy 0.0098
Con 0.19999
¥ 0.1035
i 1
by 79.73
Ly 0.093
K 2992059
« 0.9
Uy 0.1293
Us 0.1903

Table 1: Model parameters and values

Figure 2 shows the sum of the model output for the infected compartment
together with the scatter plot of the available data. The infected is composed
of the population who seek and did not seek medical care. It was observed
that the concentration of cases is between weeks 30 to 40, this period falls
within the country’s rainy season.

4 Sensitivity Analysis

In modeling, it is necessary to determine the relative importance of the pa-
rameters. Sensitivity analysis can aid in identifying influential model param-



1256 R. M. de Leon

eters. It is an ensemble of technique that is used to understand the influence
of change in parameter to the change in the model output [12] [13]. In or-
der to compute the sensitivities of each state variable with respect to each
parameter, the extended system was solved.

i(t) = G(t,x(t),0),t>0,0¢€ A
B(t,0)w(t) + gi(t,0)

8

w(t) =
2(0) = (4.5)
w(0) = 0
where
oG ox oG
B=—w=

oz 90,7 = 90,
From the system, the relative sensitivities were computed as presented in
the papers of Banks et al. [12] and Olufsen and Ottesen [14].
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Figure 3: Sensitivity plot of I;, and Jj, with respect to all parameters

The plots in Figure 3 present the sensitivities of each infected compart-
ment with respect to each parameter. The greater the magnitude of the
sensitivity means the model output is highly sensitive to small perturbations
on the parameter. Based on the result, parameters a, B,C,, and C}, are
the most influential for the state variables I, and J,. The same parame-
ters, transition rate from infected to hospitalized humans, vector biting rate,
transmission probability from vector to human, and vice versa, were identi-
fied in [10] as factors affecting the transmission of the disease.

Among the four parameters, transition rate from infected to hospitalized
humans « is the most influential. People should therefore be encouraged to
be monitored to prevent further increase in number of cases. The host that
seeks medical care is isolated from a vector-borne disease endemic area which
in turn can reduce the total number of infective [15]. On the other hand,
the effect of the vector biting rate B and probabilities of transmission C,
and (Y}, can be lessened if the number of interaction between infected and
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susceptible is also decreased. Hence, we consider the parameters that allow
human intervention, namely, u; and uy. By performing numerical simula-
tions, it is seen in Figure 4 that increasing the values of both parameters can

decrease dengue cases.

timeueeks)

timeuesks)

Figure 4: Plot of I, + J;, with varying u; and us

In Figure 5, the plot of the sensitivity of state variables with respect to
uq and uy are compared. Based on the graph, uy is more influential than w;.
This implies that changing the value of us could give a greater change in the
dynamics of the system than changing the value of u;. Hence, application of
chemical control has greater impact to the decrease of the number of dengue

cases than using the non-chemical control.
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Figure 5: Sensitivity plot of state variables with
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5 Conclusion

In this study, the analysis of a dengue model provided a broader understand-
ing of the impact of common strategies used to control infection in a popula-
tion. The most influential parameters are the transition rate from infected to
hospitalized humans, vector biting rate, and transmission probability from
human to vector and vector to human. This indicates that obtaining medical
attention is crucial, and that vector control methods, chemical and nonchemi-
cal, are required to lessen the transmission. Sensitivity analysis revealed that
chemical control strategy has a greater contribution in lessening the disease
burden. However, implementation of both approaches to mitigate the spread
of dengue is essential. Hence, it is recommended that integrated prevention
methods should be sustained during rainy seasons and infected individuals
are encouraged to seek medical care.

Acknowledgment. The author would like to thank Don Mariano Mar-
cos Memorial State University for the institutional funding and the Depart-
ment of Health Region 1 of the Philippines for providing data on dengue
cases.

References

[1] M. Aguiar, N. Stollenwerk, “Mathematical models of dengue fever epi-
demiology: multi-strain dynamics, immunological aspects associated to
disease severity and vaccines,” Communication in Biomathematical Sci-
ences, 1, no. 1, (2017), 1-12.

[2] D. P. Lizarralde-Bejarano, D. Rojas-Diaz, S. Arboleda-Sanchez, M. E.
Puerta-Yepes, “Sensitivity, uncertainty and identifiability analyses to
define a dengue transmission model with real data of an endemic mu-
nicipality of Colombia,” PLOS ONE, 15, no. 3, (2020), e0229668.

[3] World Health Organization: WHO and World Health Organization:
WHO, “Dengue and severe dengue,” www.who.int, Mar. 2023, Avail-
able: https://www.who.int /news-room /fact-sheets/detail /dengue-and-
severe-dengue

[4] P. Chanprasopchai, 1. Tang, P. Pongsumpun, “SIR Model for Dengue
Disease with Effect of Dengue Vaccination,” Computational and Math-
ematical Methods in Medicine, (2018), 1-14.



Sensitivity analysis of dengue model with vector control 1259

[5]

J. P. Chévez, T. Gotz, S. Siegmund, K. P. Wijaya, “An SIR-Dengue
transmission model with seasonal effects and impulsive control,” Math-
ematical Biosciences, 289, (2017), 29-39.

Kasbawati, S. Ningsih, A. Ribal, F. Fatmawati, “An optimal integrated
vector control for prevention the transmission of dengue,” Journal of
Physics: Conference Series, 1245, no. 1, (2019), 012043.

A. Abidemi, M. I. A. Aziz, R. Ahmad, “Vaccination and vector control
effect on dengue virus transmission dynamics: Modelling and simula-
tion,” Chaos, Solitons and Fractals, 133, (2020), 109648.

M. Saadatian-Elahi, N. Alexander, T. Mohlmann, C. Langlois-Jacques,
R. Suer, N.-W. Ahmad, R. N. Mudin, F. D. Ariffin, F. Baur, F. Schmitt,
J. H. Richardson, M. Rabilloud, N. Ab Hamid, “Measuring the effec-
tiveness of integrated vector management with targeted outdoor resid-
ual spraying and autodissemination devices on the incidence of dengue
in urban Malaysia in the iDEM trial (intervention for Dengue Epidemi-
ology in Malaysia): study protocol for a cluster randomized controlled
trial,” Trials, 22, no. 1, (2021), 1-16.

N. E. A. Murray, M. Quam, A. Wilder-Smith, “Epidemiology of dengue:
past, present and future prospects,” Clinical Epidemiology, (2013), 299
309.

A. A. delos Reyes, J. M. L. Escaner, “Dengue in the Philippines: model
and analysis of parameters affecting transmission,” Journal of Biological
Dynamics, 12, no. 1, (2018), 894-912.

“DOH declares national dengue epidemic.”( Aug. 6, 2019). Accessed
on: September 1, 2019. [Online]. Available: https://doh.gov.ph/press-
release/DOH-DECLARES-NATIONAL-DENGUE-EPIDEMIC

H. T. Banks, S. Dediu, S. L. Ernstberger, “Sensitivity functions and their
uses in inverse problems.” Journal of Inverse and Ill-posed Problems,15,
no.7, (2007), 683-708.

H. Wu, H. Zhu, H. Miao, A. S. Perelson, “Parameter identifiability and
estimation of HIV/AIDS dynamic models,” Bulletin of Mathematical
Biology, 70, no. 3, (2008), 785-799.



1260 R. M. de Leon

[14] M. S. Olufsen, J. T. Ottesen, “A practical approach to parameter es-
timation applied to model predicting heart rate regulation,” Journal of
Mathematical Biology, 67, no. 1, (2013), 39-68.

[15] S. Khekare, S. Janardhan, “Stability Analysis of a Vector Host Epidemic
Model,” Asian Journal of Mathematics and Computer Research, 21, no.
3, (2017), 98-109.



