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ABSTRACT

A mathematical model is used to study the risk of infection by the dengue virus for tourists
visiting a dengue fever endemic region. The SIR (S = susceptible, I = infectious and R =
recovered) model is used. The human population is separated into two populations, host and
tourists. The infection rate of dengue virus depends on the immune status of the human. We
assume that tourists have less immunity than the members of the host population. We use
standard dynamic analysis method for analyzing mathematical model. The local stability
conditions for the endemic state are determined from the value of the reproduction number for
the disease. The infectious tourist fractions are calculated as a function of the length of time
the tourist stay in the region. The risk of infection grows as the tourists stay longer.
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1. INTRODUCTION

Dengue disease is a mosquito-borne disease caused by dengue virus. Four serotypes of the
dengue virus exist and are called DEN1, DEN2, DEN3 and DEN4. Infection by one type of
the virus confirms permanent immunity to further infections by the infecting strain and
temporary immunity to the others. The disease is usually found in tropical region of the world.
This disease can be transmitted to human by biting of infected Aedes Aegypti mosquitoes [1].
This species lives in close with humans in most tropical urban areas. Biting activity is greatest
in the morning for several hours after daybreak and in the late afternoon for several hours
before dark. It may feed all day indoors. This mosquito breeds in artificial water containers
such as discarded tires, cans, barrels and flower vases, all of which are usually found in the
domestic environment.

Dengue fever (DF) is characterized by the rapid development of the illness that may
last from five to seven days with headache, joint and muscle pain and a rash [2]. The rash
develops on the feet or legs three to four days after the beginning of the fever. The illness is
characterized by a sudden onset of fever, intense headache, joint and muscle pain, loss of
appetite, vomiting and diarrhea, and rash. Dengue hemorrhagic fever (DHF) is the severe form
of dengue fever. It is usually the result of a second infection in a person having pre-existing
antibodies to a different stain. DHF is associated with loss of appetite, vomiting, high fever,
headache and abdominal pain. Shock and circulatory failure may occur. Dengue fever may
occur in people of all ages who are exposed to infected mosquitoes. The disease occurs mainly
in tropical Asia and the Caribbean, usually during the rainy seasons in areas with high
numbers of infected mosquitoes. The symptom of dengue patients may occur from four to
twelve days after exposure to an infected mosquito. Current data suggests that the immune
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status (i.e., having had a previous dengue infection), age, and genetic background of the
human host are the most important risk factors for developing dengue disease [3].

We are interested in this paper on the risk of infection of tourists who visit dengue
fever endemic regions. There are reports of increased number of tourists to Thailand who are
being infected with dengue virus. In a study of Swedish tourist's [4], 71% of the imported
dengue cases during 1998-99 were infected in Thailand. A similar preponderance was seen
among Israel tourists during 1994-1995 [5]. A special report issued by the surveillance net
TropNetEurop [6] point out that during 2002, 61.4% of the 68 reported cases (among German
or Swiss tourists) had become infected while they were visiting Ko Phangan and Ko Samui,
two islands in the Gulf of Thailand. During the previous three years, only 20.4% of the
imported dengue cases among this group of tourists originated in Thailand. The average
duration of the tourists in these three studies was three to four weeks. A prospective study of
Israeli tourists to tropical countries who stay a long time (at least three months) indicates that
the incident rate of dengue infection for these travelers may be as high as 600 per 100,000
travelers [7].

Another reason for being interested in the risk of infection to tourists is a recent
comment made about another disease, malaria. Labbe et al. [8] pointed out that "Analysis of
imported malaria in travelers may represent a novel surveillance system for detecting drug-
resistant malaria”. Looking at infections only in persons residing in endemic regions, it may
not be possible to determine whether a new strain of the virus or parasite is more virulent than
the old. Partial immunity to the old strain may have developed in the people who are
constantly exposed to the old strain. The new strain may lead to a higher incidence of
infection not because it is more virulent but because the populace has developed a level of
immunity to the old. Expose the new and old strains to tourist would not encounter the
problem since the tourist would not have any immunity to either strain.

2. MATHEMATICAL MODEL

We formulate the mathematical model by first separating the population into two groups,
human and vector population. We then divide the human population into hosts and tourist.
The host population is the people who stay permanently in the region. The tourist is the person
who stays in the region for a length of time (0) between 10 days and 3 months. Each of the
human population is divided into three classes, susceptible, infectious, and recovered
populations. A susceptible person is one who is both not immune and not infectious. An
infectious person is one who is both infected and can transmit the dengue virus to the
mosquitoes. This occurs only during the period of viremia. A recovered person is the infected
person after the viremia stage until after they recover from dengue infection. We assume that
none of tourists carry the virus when they enter into the region. Because the host population
has been exposed to the virus for most of their life, they will have developed some immunity
to the dengue virus. Therefore, the infection rate in the host population should be less than
that in the tourist. We take the total numbers of hosts and tourists to be constant. The host
population should be greater than the number of tourists. We assume that there is only one
type of dengue virus present and that the disease-related death rate is negligible. We divide the
vector population into two classes: susceptible and infectious vector population. The
mosquitoes never recover from infection.

The time rate of change for each population class is equal to the number of population
entering minus the number of population leaving. Letting

§h (t) denotes the number of susceptible host population at time t,

ih (t) denotes the number of infectious host population at time t,
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ﬁh (t) denotes the number of recovered host population at time t,

S . () denotes the number of susceptible tourist at time t,

I ¢ () denotes the number of infectious tourist at time t,

ﬁt (t) denotes the number of recovered tourist at time t,

§V (t) denotes the number of susceptible vector population at time t,

Iy (t) denotes the number of infectious vector population at time t.

The rate of change for each class of human and vector population is given by [9];

d — - —
aSh = NNt — v, Shlv —py, Sh,

d —_ - -
Ilh = vpShlv — (o0 +py)lh,

d j— - j—
—Rh = olh —pyRh,
& Hh
d — —_ = —
aSt = P-v;Stlv —((1/08) + uy)St,
d - _ = -
Elt = v{StIv —((1/0) + o +py)lt, 1
d j— - -
—Rt = ol - ((1 / 9) + Hh)Rt 5
dt
d — - - — —
ESV = C_VV(It +Ih)SV _HVSV
d - - - — -
EIV = vy(It +In)Sv —p,Iv
with the conditions
NT:§h +1n +I_{h, Nr=§t+it+§t and NV:§V +iv 2)
where Nr is the total number of host population,

N, is the total number of tourist,

1 is the birth rate of the human population,

vy 1s the infection rate of dengue virus from vector to host human,
v, is the infection rate of dengue virus from vector to tourist,

vy is the infection rate of dengue virus from human to vector,

Uy is the death rate of the human population,
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o is the recover rate of the human population,

P is the rate at which the tourists entering into the region,
1/ is the rate at which the tourist leaving the region,

C is the constant recruitment rate of the mosquito,

Ly is the death rate of the vector.

We assume that the total numbers of host population, tourist and vector populations are
constant. Thus the rates of change for the total host population, tourist and vector population
are equal to zero. This gives n = p, for the human population. The total number of tourist is
given by N, = P /((1/0)+;) while the total number of vector is Ny, = C/ . We now
normalize (1) by letting

gp = oot g JRe g St Te g JRe
Nt Nt Nt N; N; Ni
S, =S_V,IV =I_V
NV NV
This gives
dS
=b = (1 -8p) = ppSply.
dt
dl
— = pySily - (@ + )Ty,
dt
dS
d_tt = ((1/0) + pp)(1 =S¢) —pS¢ly, 3
dl
d_tt = p¢Sily - ((1/0) + @ +pp)ly,
dl
dtv (pv,tlt "'pv,hlh)(1 - Iv) -uyly,

where  pp = v (C/py), py = v (C/py), Pvh = VyNT, Pvit = vyN;
with the three conditions

Sy +Iy +Ry =1, S;+1, +R, =1 and S, +I, =1. @)

3. ANALYSIS OF THE MATHEMATICAL MODEL

3.1 ANALYTICAL RESULTS

The equilibrium points are found by setting the right hand side of (3) equal to zero. This gives
1) The disease free equilibrium point M; = (1,0,1,0,0) and
2) The endemic disease equilibrium point, M, = (S; , I; , S? , Ij , Ii) where
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In this study, we are interested in the infections that occur in regions endemic in the
dengue disease. To determine the local stability of the DF endemic equilibrium point, we need
to find the characteristic equation for the endemic equilibrium point. Following the usual
procedure for finding it, we get

7\.5 +g4}\.4 +g37\,3 +g27\,2 +g17\. +g0 = 0 (15)
where
g4 = ph(_+_+_+_+ZIvj+pv,h(p2Sh+pV,t(P4St5 (16)
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(1 | | | | |
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The stability of the endemic equilibrium point can be determined by using Routh-
Hurwitz criteria as follows:

)g; > 0 fori=0,1,2,3,4,

.. 2. 2
i) 828384 > 85 +8,81,

2 2 2 2 2
iii) (2184 —20)(828384 — 8, —848) > 80(8384 —82)7 (828384 — 8, —848)

After we check the three conditions above, we found that the endemic equilibrium
point is locally stability when

(C/py)Ny

where Y = vyv
MV((D + “h)

The quantity Y” = ﬁ is the basic reproductive number of the disease, it gives the average
number of secondary patients that one patient can produce if introduced into a susceptible
human. So we can reduce the outbreak of dengue disease in the endemic region when the
basic reproductive number ( Y” ) greater than one.

3.2 NUMERICAL RESULTS

The values of the parameter used in this study are p, = 0.0000391 per day. This corresponds to
a life expectancy of 70 years in human. The mean life of mosquito is 14 days that is p, = 0.071
per day. We assume that tourists have less immunity than the host population. Thus the
infection rate with dengue virus in the tourist should be greater than in the host human.
Numerical solutions of (3) are shown in the following figures.
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Figure 1. Numerical solution of (3) yield the time series solutions of the infected
host population and tourist population. The values of the various parameters in
the model are: 6 = 90 days, p,= 0.0000391 day™, u, = 0.071 day™, p, = 0.5 day™’,
p=0.7 day, p, = 0.0225 day™, p,;, = 0.075 day”, 0 = 1/3 day”, Y = 1.62206
and Y =1.2736.
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Figure 2. Equilibrium values of infectious tourist proportion as a function of the
time they stay in an endemic area with p,= 1/(365x70) day™, u, = 1/14
day”, py=0.5 day', p,=0.7 day™, p, = 0.0225 day™', p,, = 0.075 day™,
o=1/3 day”.

4. DISCUSSION AND CONCLUSION

From figure 1, we see that as time increase, the infected host population oscillates towards the

equilibrium value I; =0.0000462331 and the infected tourist population oscillates towards its
equilibrium value I;k: 0.000088. The equilibrium values of the other populations are

Sp=0.606202, S; =0.992869 and I, = 0.0000508505. The imaginary part of complex

root is approximately 0.001055, meaning that the period of oscillation is 27t/0.001055 days or
approximately 16.3 years. We then use the computer simulation to show how the number of
infected tourist increases as they stay longer. We have varied the length of stay of the tourist
from 10 days to three months as in figure 2. We see that the infected tourist population
increases until it converges to a constant value. This indicates that the risk of infection with
dengue virus to the tourist increases as they stay longer.
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