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Abstract

Dengue fever is a vector-borne disease that is widely spread. It has a vast impact on
the economy of countries, especially where the disease is endemic. The associated
costs with the disease comprise prevention and treatment. This study focus on the
impact of adopting individual behaviors to reduce mosquito bites - avoiding the
disease’s transmission - and their associated costs. An epidemiological model is
presented with human and mosquito compartments, modeling the interaction of
dengue disease. The model assumed some self-protection measures, namely the use of
repellent in human skin, wear treated clothes with repellent, and sleep with treated
bed nets. The household costs for these protections are taking into account to study
their use. We conclude that personal protection could have an impact on the reduction
of the infected individuals and the outbreak duration. The costs associated with the
personal protection could represent a burden to the household budget, and its
purchase could influence the shape of the infected’s curve.
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Abstract. Dengue fever is a vector-borne disease that is widely spread. It has a vast impact on
the economy of countries, especially where the disease is endemic. The associated costs with the
disease comprise prevention and treatment. This study focus on the impact of adopting individual
behaviors to reduce mosquito bites - avoiding the disease’s transmission - and their associated
costs. An epidemiological model is presented with human and mosquito compartments, modeling
the interaction of dengue disease. The model assumed some self-protection measures, namely the
use of repellent in human skin, wear treated clothes with repellent, and sleep with treated bed nets.
The household costs for these protections are taking into account to study their use. We conclude
that personal protection could have an impact on the reduction of the infected individuals and the
outbreak duration. The costs associated with the personal protection could represent a burden to
the household budget, and its purchase could influence the shape of the infected’s curve.

Keywords: dengue - economic burden - personal protection - household costs - optimal control

1 Introduction

Dengue is a mosquito-borne disease dispersed almost all over the world. The infection occurs when a
female Aedes mosquito bites an infected person and then bites another healthy individual to complete
its feed [10].

According to World Health Organization (WHO) [27], each year, there are about 50 million to 100
million cases of dengue fever and 500,000 cases of severe dengue, resulting in hundreds of thousands of
hospitalizations and over 20,000 deaths, mostly among children and young adults.

Several factors contribute to this public health problem, such as uncontrolled urbanization and in-
creasing population growth. Problems like the increased use of non-biodegradable packaging coupled
with nonexistent or ineffective trash collection services, or the growing up number of travel by airplane,
allowing the constant exchange of dengue viruses between countries, reflect such factors. Besides, the
financial and human resources are limited, leading to programs that emphasize emergency control in
response to epidemics rather than on integrated vector management related to prevention [27].

These days, dengue is one of the most important vector-borne diseases and, globally, has heavy
repercussions in morbidity and economic impact [1, 28].

1.1 Dengue economic burden

Stanaway et al. [25] estimated dengue mortality, incidence, and burden for the Global Burden of Disease
Study. In 2013, there were almost 60 million symptomatic dengue infections per year, resulting in about
10 000 deaths; besides, the number of symptomatic dengue infections more than doubled every ten years.
Moreover, Shepard et al. [23] estimated a total annual global cost of dengue illness of US$8.9 billion,
with a distribution of dengue cases of 18% admitted to hospital, 48% ambulatory, and 34% non-medical.

Dengue cases have twofold costs, namely prevention and treatment. The increasing of dengue cases
leads to the rise of health expenditures, such as outpatient, hospitalization, and drug administration
called direct costs. At the same time, there are indirect costs for the economic operation, such as loss
of productivity, a decrease in tourism, a reduction in foreign investment flows. Most of the countries
only bet on prevention programs to control the outbreaks. They focus on the surveillance program, with
ovitraps or advertising campaigns regarding decrease the breeding sites of the mosquito.

* Supported by FCT - Fundagao para a Ciéncia e a Tecnologia
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1.2 Personal Protective Measures (PPM)

Another perspective on dengue prevention is related to household prevention, where the individual has
a central role in self-protection. PPM could be physical (e.g., bed nets or clothing) or chemical barriers
(e.g., skin repellents).

Mosquito nets are helpful in temporary camps or in houses near biting insect breeding areas. Care is
needed not to leave exposed parts of the body in contact with the net, as mosquitoes bite through the
net. However, insecticide-treated mosquito nets have limited utility in dengue control programs, since
the vector species bite during the day, but treated nets can be effectively utilized to protect infants and
night workers who sleep by day [18].

For particular risk areas or occupations, the protective clothing should be impregnated with allowed
insecticides and used during biting insect risk periods.

Repellents with the chemical diethyl-toluamide (DEET) give good protection. Nevertheless, repellents
should act as a supplementary to protective clothing.

The population also has personal expenses to prevent mosquito bites. There are on the market cans
of repellent to apply on the body, clothing already impregnated with insect repellent, and mosquito bed
nets to protect individuals when they are sleeping. All of these items have costs and are considered the
household cost for dengue.

The number of research papers studying the dengue impact dengue on the country’s economy is
considerable [9, 11,13, 23, 24, 26]. However, there is a lack of research related to household expenditures,
namely what each individual could spend to protect themselves and their family from the mosquito.
There is some work available about insecticide bed nets [19] or house spraying operations [8], but there
is a lack of studies using these three PPM in the scientific literature.

Each person has to make decisions related to spending money for its protection or risking catching
the disease.

This cost assessment can provide an insight to policy-makers about the economic impact of dengue
infection to guide and prioritize control strategies. Reducing the price or attribute subsidies for some
personal protection items could lead to an increase in the consumption of these items, and therefore, to
prevent mosquito bites and the disease.

This paper studies the influence of the price of personal protection to prevent dengue disease from the
individual perspective. Section 2 introduces the optimal control problem, the parameter, and the variables
that composed the epidemiological model. Section 3 analyzes the numerical results, and Section 4 presents
the conclusions of the work.

2 The epidemiological model

2.1 Dengue epidemiological model

This research is based on the model proposed by Rodrigues et al. [21], where it is studied the human
and mosquito population through a mutually exclusive compartmental model. The human population
is divided in the classic SIR-type epidemiological framework (Susceptible — Infected — Recovered), while
the mosquito population only has two components SI (Susceptible - Infected). Some assumptions are
assumed: both (humans and mosquitoes) are born susceptibles; there is homogeneity between host and
vectors; the human population is constant (N = S + I + R), disregarding migrations processes; and
seasonality was not considered, which could influence the mosquito population.

The epidemic model for dengue transmission is given by the following systems of ordinary differential
equations for human and mosquito populations, respectively.

%ﬁt) = pupNp — (Bﬁmh[;n\}(ht) + “h) 5(t)
%(tt) = BBmn I?vf) S(t) = (n + pn) 1(2) W
%}Et) =npl(t) — unR(t)

dszgf(t) _ /szNm _ ‘BﬁhN*hI(t) + Mm> Sm(t)

AL (t) I(t) ?

= B —= — I
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As expected, these systems depict the interactions of the disease between humans to mosquitoes and

vice-versa. Parameters of the model are presented in Table 1.

Table 1: Parameters of the epidemiological model

Average number of bites
on an unprotected person (per day)

W=

o Transmission probability from I, (per bite) [0.25, 0.33} 0.25

Brm Transmission probability from I, (per bite) [0.25,0.33] 0.25

= Average infection period on humans (per day) [4,15] 7
TIh

1 . . .
u— Average lifespan of adult mosquitoes (in days) [8,45] 15
N, Mosquito population 6 X Np,

Parameter Description Range Used values Source
Ny, Human population 112000 [12]
1
m Average lifespan of humans (in days) 79 x 365 [12]
h

20, 21]
(6]
[4]
(7,10, 16]

22]

[6]

This model does not incorporate any PPM. Therefore we need to add another compartment to
the human population: the Protected (P) compartment. It comprises humans that are using personal

protection, and therefore they cannot be bitten by mosquitoes and getting infected.

It is introduced a control variable u(-) in (1), which represents the effort of taking PPM. Additionally,
a new parameter is required, p, depicting the protection duration per day. Depending on the PPM used,
this value is adequate for the individual protection capacity. To reduce computational errors, it was
normalized the differential equations, meaning that the proportions of each compartment of individuals

in the population were considered, namely

and

The model with control is defined by:

dS(g) = pn — (6BBmnim(t) +u(t) + pn) s(t) + (1 — p)p(t)
th) _ — (1= p) + ) p(t)

U
Py

t
i(t) = 6BBmnim(t)s(t) — (nn + pn) i(¢)

d
d:iiﬂ = mi(t) — pnr(t)
and
dsm(t) .
@ = M (BBmd(t) + ) s (1)
dzst(t) = BBrmi(t)sm(t) — pmim(t)

This set of equations is subject to the initial equations ([21]):
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5(0) = Tt p(0) = 03(0) = 257(0) = 0,50(0) = S (0)

1000
=

The mathematical model is represented by the epidemiological scheme in Figure 1.

1 Pn Pn
[Zo\ A “/ BB, "/ My,
Tl . / |
Hn
o .
Hm Pm

Fig. 1: Flow Diagram of Dengue model with personal protection strategies

Due to the impossibility of educating everyone to use PPM, namely because of budget constraints,
time restrictions, or even the low individual willingness to using PPM, it is considered that the control
u(+) is bounded between 0 and w4, = 0.7.

2.2 Optimal control problem

In this section, an optimal control problem is proposed that portrays the costs associated with PPM and
the restrictions of the epidemy.
The objective functional is given by

J(u()) = R(T) + / i (t)dt (6)

where 7 is a constant that represents the cost of taking personal prevention measures per day and person.
At the same time, it is relevant that this functional also has a payoff term: the number of humans recovered
by disease at the final time, R(T'). It is expected that the outbreak dies out, and therefore, the total of
recover individuals gives the cumulative number of persons infected by the disease. We want to minimize
the total number of infected persons, and therefore recovered persons at the final time and the expenses
associated with buying protective measures.

Along time, we want to find the optimal value u* of the control u, such that the associated state
trajectories S*, P*, I*, R*, Sy, I are solutions of the equations (3) and (4) with the following initial
conditions:

SO 20, pO)20, ()20, r0)>0, 5,(0)20, in(0)>0. (7)
The set of admissible controls is
Q={u() € L*[0,T]: 0 < u(-) < umax, Vt € [0,T]}.

The optimal control consists of finding (s*(-), p*(+),¢*(:),7*(+), sk, (*), i%,(+)) associated with an admis-
sible control u*(-) € © on the time interval [0, 7] that minimizes the objective functional.

Note that the cost function is L? and the integrand function is convex with respect to the function u.
Furthermore, the control systems are Lipschitz with respect to the state variables and, therefore, exists
an optimal control ([3]).

The Hamiltonian function is
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H =H (s(t),p(t),i(t), 7(t), sm (), im (), A, u(t)) = yu?(t)
+ X1 (pth — (6BBnim (t) + u(t) +uh) s(t) + (1 = p)p(t))
+ A2 (u(t)s(t) — ((1 = p) + pa) p(t))
+ A3 (6BBrnim(t)s(t) — (nn + pn) i(t))
+ A (i(t) — par(t))
+ A5 (m — (BBrmi(t) + fim) $m(t))
+ X6 (BBrmi(t)sm(t) — um%m( )

Pontryagin’s Maximum Principle [17] states that if «*(-) is optimal control for the equations (3)-(6)
with fixed final time, then there exists a nontrivial absolutely continuous mapping, the adjoint vector:

A:[0,T] = R®, A(t) = (Aa(t), Aa(t), As(t), Aa(t), As(t), As(t))
such that
, OH , OH g OH . oOH , oOH y oOH

s = s =——andi, =

o P Tany T T oan T T o T o ™ O
and where the optimality condition

H (s7(8),p* (1), 3% (), 7 (£), 57, (1), i (£), A(R), w” (2)) =

=  min H(s"(t),p"(t),3"(t), r*(¢), s, (¢), 45, (t), A(t), u(t))

»9m s bm
0<u<umaq

and the transversality conditions

MN(T)=0, i=1,2,3,56 and M\(T)=1 (8)

hold almost everywhere in [0,77].
The following theorem follows directly from applying the Pontryagin’s maximum principle to the
optimal control problem.

Theorem 1. The optimal control problem with fized final time T defined by the equations (3)-(6) has a
unique solution (s*(t), p*(t),i*(t),r*(t), sk, (t),i%,(t)) associated with the optimal control u* (---) on [0, T
given by

u*(t) = max {0, min { Aalt) = ;i(t)) () 7 umx}} (9)

with the adjoint function satisfying

1(t) = A (6BBmnin, (t) + u”(t) + pa) — Ad2u™ (t) — A36BBimniy, (t)

o) = =M1 =p) + A2 (1 = p) + pn)

5(8) = A3 (0 + 1) — Aamn + (As — X6) BBrmsi, (t) o)
Ny (t) = Aapan

L(t) = s (BBhmi* (t) + fan) — A6 BBhmi* (t)

6(t) = (A1 — A3) 6BBmns™ (t) + Aeptm

3 Numerical results

This section presents the results of the numerical implementation of control strategies for PPM for dengue
disease.

For the problem resolution, the time frame considered was one year, and the parameters used are
available on Table 1.
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To obtain the computational results, Theorem 1 was implemented numerically on MATLAB version
R2017b and the extremal found, u*, was evaluated using a forward-backward fourth-order Runge-Kutta
method with a variable time step for efficient computation (see [15] for more details). For the differential
equations related to the state variables, (3)-(4) it was performed a forward method using the initial
conditions (5). For the differential equations related to adjoint variables, it was applied a backward
system using the transversality conditions (8).

Figure 2 shows the evolution of the human state variables during the whole year, without any control.
This analysis is a meaningful kickoff point to make a fair comparison with the application of the PPM.
It should also be mentioned that this model does not take into account deaths by dengue, because in the
considered region of the study [21], fortunately, nobody died, and there were no cases of hemorrhagic
fever.
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Fig. 2: Evolution of human state variables when human population did not take any protective measures

For this research, three protective measures were considered: insect repellent, bed nets, and clothes
impregnated with insect repellent. It was obtained the average price of each product on the market as
well as how long each product stays active.

The following simulations are divided into two subsections: the first one, using only one PPM, and the
second one, where several PPM are combined. Each PPM has two factors associated: cost and durability.
In our model, the parameter 7 is the cost that each individual spends to protect themself during the
whole year, and the parameter p determines how long the protection stays active. The individual is
responsible for deciding the best strategy and how much he/she will spend on protective measures. Both
constants are listed in Table 2. For example, the cost of a spray can of insect repellent is 10€, and it

only lasts a month, the reason why v = 3ég§11\?, . Furthermore, each application of insect repellent only

1
5

lasts four hours, hence p as the value

Therefore, this analysis is twofold purposes: to understand the impact in the curve of infected indi-
viduals when distinct personal protective measures are used; and to find the economic burden of these
measures on each person.
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Table 2: Parameters associated with the control

Scenario Control Cost (7)  Protection (p)
No control none 0 0
1
A Skin repellent %giﬁh 3
Single control
1
20
B Bed net M g
C Insecticide-treated cloth 306 L
nsecticide-treated clothes 5% N7, 3
T
D Skin repellent+Bed net %jf{,io 5
Combined control )
E Skin repellent+Insecticide-treated clothes W 3
.. ) 5
F Bed net+Insecticide-treated clothes 23%?;%: 5
10x12+20+30%6
G All XS N, X 1

3.1 Single control

In this section, it is presented the results relative to the application of one single control. Only one of
the protective measures, skin repellent, bed nets, or clothes impregnated with insecticide, is taken and

only used once per day.

In scenario A (see Figure 3), the case associated with the use of skin repellent, is the case where more
people get infected. About 85% of the population gets infected, and that’s probably why, in the single
control scenarios, this is the case where the control starts to decrease sooner. A reasonable argument
why this happens is because the protective measure is not being very effective. Note that this is the case

where people are less protected.

0.5

Human state variables
o o o
o © =

°

o

Scenarios B (Figure 4) and C (Figure 5) have similar behavior of the control function; however,
scenario C is the first case where the number of protected persons is larger than the number of susceptible
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Fig. 3: Scenario A - Control used: skin repellent

persons, at least most of the year.

Note that the cost of using treated clothes is much higher than using bed nets. However, there is not
much difference between the total number of infected persons using bed nets instead of treated clothes,

about 500 more infected persons.

200 250 300

Time (days)

400
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Fig.5: Scenario C - Control used: insecticide-treated clothes

3.2 Combined control

Another approach to household protection is the combination of more than one protective measure.
Wearing or using more personal protections significantly reduces the number of infected persons. The
combined use of insect repellent and bed nets, scenario D (Figure 6), have the same value of p as scenario
C and, therefore, the human state variables and control function of these cases have similar behavior.
The big difference between both scenarios, C and D, is the cost of the protections, which will be discussed

in the following subsection.
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Fig. 6: Scenario D - Combined control (insect repellent and bed nest)

In scenarios E (Figure 7), F (Figure 8), and G (Figure 9), the number of infected people is quite
inferior to previous cases. The final number of recovered persons drops down at least to almost half
the population. The control function keeps increasing the number of days staying at maximum control
until scenario F. This seems to happen because the number of infected persons in this scenario reduces
significantly.
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Fig. 7: Scenario E - Combined control (Skin repellent and Insecticide-treated clothes)

In scenario F, a large number of persons have personal protection. The maximum number of infected
persons on a day is 99. In this scenario, the human state variables have completely different behavior
than the previous scenarios. This amount of protection has an impact on the epidemy.
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Fig.8: Scenario F - Combined control (Bed net and Insecticide-treated clothes)

Scenario G is almost utopic since the individual has complete protection every hour of the day. Right
from the start, 70% of the population is protected, and in 41 days, there will not be more infections with
dengue disease. Overall costs decrease because people do not have to apply personal protections most of
the year.

400

1\
|

°
)

—— Susceptible
s = == Protected

09 Infected

we= == Recovered

o
<
—J

o o
o )

Control variable - u
o
=
T

Human state variables
o
o
L
o
@

o
~

01+
01 L B
0 o T e T T T T T T T o e ettt 0

0 50 100 150 200 250 300 350 400 0 50 100 150 200 250 300 350
Time (days) Time (days)

Fig.9: Scenario G - Combined control (skin repeelent, bed net, insecticide-treated clothes)

3.3 Cost of the control

Control measures associated with personal protection were analyzed, separately and combined, to achieve
the best strategy. Table 3 illustrates the differences of all scenarios, and several relevant values were
scrutinized to understand the dynamics of human state variables. The peak of the infection, the maximum
number of infected persons in a day, and the day when that happens are pointed out to perceive the
total number of infected individuals; this information is crucial to prepare in advance human and medical
resources for an outbreak. The epidemy’s end is considered the day when the number of infected persons
is smaller than 9, which corresponds to the initial value of infected persons on these simulations. Finally,
the last two columns are concerned with the functional cost. R(T) represents the number of recovered
persons on the last day of the year contemplated, also it tells the total number of infected people during
the whole year. The cost of personal protection measure stands for the value that each person would
have to spend during the whole year.

The maximum value of infected people on a single day occurs, as expected, when there are no
personal protection measures. The minimum value is 81 where people are fully protected but in scenario
F, with p = %, only have a few more infected persons at its peak, 99. Strategies C and D have likely
results regarding the peak of the infection and according to the respective figures presented in previous
subsections. However, the cost of using only insecticide-treated clothes (scenario C) is 26% higher when
compared with the combined control insect repellent and bed net (scenario D).

400
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In Table 3, one can see that with more protection measures, the maximum number of infected people
in a single day decreases. However, the day when this peak is achieved is surprising. This peak is reached
on the 35th day, where there isn’t any control, and it keeps being reached later until scenario E, 81st day.
In these scenarios, from no control until scenario E, flattening the curve of infected people makes the
duration of the epidemy last longer. Both columns, Epidemy’s end and R(t), illustrate this fact. In the
last two scenarios, and due to a large number of the population is using protection almost all of the day,
the total number of infected people drastically decreases. In these two cases, the human state variables
have different behavior from the other scenarios.

Table 3: Parameters associated with the control

Scenario p Peak of infected persons Peak’s day|Epidemy’s end (day)| R(T) Cost
No control 0 1912 35 120 10878 0
A % 863 58 202 9571 62,5
B é 710 63 223 9083 13
C % 510 72 260 8177 115,7
D % 510 72 261 8176 91,3
2
E 3 257 81 336 6057 206,1
5
F 5 99 6 221 1349 135,3
G 1 81 3 20 120 8,7

Another perspective of the outbreak is to present all curves of infected humans (Figure 10). The
adoption of any PPM decreases the peak of the infected, which could influence the medical care of the
patients. Higher values of p mean less number of infected people. Inversely, the epidemic’s end and its
peak happen later for higher values of p (except the last two cases), which could be explained by the
flattening of the curve of infected persons.
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Fig. 10: Infected people - all scenarios
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Control functions on all scenarios tend to stay at maximum control value for most of the year at
study. However, in scenario A, the control function starts to drop down from the maximum value much
sooner than in all other scenarios. A possible explanation seems to be because, on the 200th day, most
people already were infected by dengue. Therefore, there is no need for any more protection. Again on
scenarios F and G, due to the end of epidemy’s is reached sooner, the control function also starts to
decrease sooner when comparing it with the remaining scenarios (see Figure 11).

08 ; ; Simple‘comrol . . ; 08 ; ; ; C i control .
0.7 e e s e e e, e = s - 0.7 e o £+
‘\‘ \
o6l \ \ . 06 R
\‘ \
308 \‘ \\ Bl 305 Bl
% \ \ é \
S04 \ 4 S04+ ‘\ i g
s L \ s \
£ \ A £ \l
Sos \ 4 Sos ‘\ B
\\ A \!
\
02 ‘\\ \ 1 02 i 4
\ \ \||
-,
04 \\\ | . 01 F !
N I
" M . |

0 50 100 150 200 250 300 350 400 0
Time (days)

@
18
3

50 100 150 200 250 300
Time (days)

Single control scenarios Combined control scenarios

Fig.11: Control variable - all scenarios

Protective measures have varied prices, and the duration that each one lasts is different. Scenarios
F and G seem to prove that the use of very efficient protection from the start of the outbreak, ends it
sooner. Furthermore, and possibly not expected, each person in these scenarios does not spend as much
money as in other cases. For instance, scenario F' appears to be a much better solution than scenario E,
not only for personal cost but also to fight the disease.

4 Conclusions

Effective dengue prevention requires a coordinated and sustainable approach. This way, it is possible to
address environmental, behavioral, and social contexts of disease transmission. Determining household
expenditure related to bite prevention is a crucial purpose for acting in advance of an outbreak. With an
efficient cost analysis, each individual could make a trade-off decision between the available resources.

This work is the follow up work that the authors started in [2]. In here, the research tried to answer
the following question: what is the best strategy to fight dengue disease and, at the same time, spending
less money?

The results corroborated that if one person is more protected, then the disease spreads less. Long
protection flattens the infected human curve, which is a good perspective from the medical point of
view. Hence, the medical staff could have more time to prepare the outbreak response, and the Heath
Authorities could acquire more supplies to treat the patients.

However, it was found that does not mean that the person should spend more. As an example, the
protection used with skin repellent and bed net has the same impact on the number of infected individuals
when compared with the insecticide-treated clothes, but it is much cheaper.

These results also reflect the importance of using personal protective measures for most part of the
day. Half or even more of the population will not be infected if at least 16 hours a day a person stays
protected.

As future work, it will be interesting to study the economic impact of strategies related to prevention
- including self-protect measures - and treatment - that could including costs with drug administration,
hospitalization, or even sick days losses, focusing only on the individual perspective. Another perspective
to be implemented is to analyze the economic evaluation of prevention. The adoption of some prevention
activities, from the individual point of view, could have a profound impact on the government bud-

400
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get allocated to the disease’s treatment. Thus could be critical to investigate the financial support of
preventive measures.
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