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Abstract. Therisk of dengue virus infection to travelers visiting dengue fever endemic regions was
studied through the use of mathematical modeling. A Susceptible-Infected-Recovered (SIR) model is
used to describe the transmission of dengue fever (DF) in an endemic region into which tourists enter.
The dynamics of a new class of human, the traveler, is incorporated into the systems of first order
differential equationsin the SIR describing the dynamics of the transmission in the host region. Using
standard dynamic analysis methods, the numbers of travelers who become infected with the dengue
virus are calculated as afunction of the length of time the tourist staysin the region.

INTRODUCTION

Denguefever (DF) isanillnessthat is char-
acterized by amoderately high fever, extremepain
in and stiffness of the joints, arash and a reduc-
tioninthewhite blood cells (Gubler, 1998). These
symptoms are caused by the toxins produced by
one of the four serotypes of avirus belonging to
the genus Flavivirus, in the family Flavividae. In
many cases, the illness is asymptomatic and an
infection can only be determined through sero-
logic tests. It has been estimated that there are
between 50 and 100 million cases of dengue fe-
ver (DF) ayear. Some 40% of the world's popu-
lation live in endemic areas for this disease.

Areas which are potential endemic regions
for this disease are those in which the transmit-
ting vectors Aedes aegypti and Ae. albopictus
mosquitos thrive and where the climate is right
for the development of the virus. In 1990, almost
30% of the world’'s population lived in regions
wheretherisk of dengue transmission wasgreater
than 50% (Hales et al, 2002).

Asair travel becomeslessexpensive, people
from non-endemic countries in Europe and the
United States are increasingly traveling to coun-
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tries where the disease is endemic. The travelers
(tourists) should be aware of the risk of dengue
virusinfection, so many governmental health or-
ganizations (such as Centers for Disease Control
and Prevention (CDC, 2003) issue travel warn-
ings. Dengue infection is the second most com-
mon infection (after malaria) among travelerswho
go aboard (Schwartz et al, 1996). Because there
is no prophylaxis or vaccine against the dengue
virus, travel ersto dengue-endemic regions are at
risk. The only defense is not to be bitten by the
mosquitos. Awareness of the risk then becomes
the best defense.

Recently there have been reports of increased
numbers of travelers to Thailand who are being
infected with the dengue virus. A specia report
issued by the surveillance net TropNetEurop
(2002) pointed out that during 2002, 61.4% of
the 68 reported cases (among German or Swiss
tourists) had become infected while they were
visiting Ko Pha-ngan or Ko Samui, two islands
inthe Gulf of Thailand. During the previousthree
years, only 20.4% of the imported dengue cases
among this group of tourists originated in Thai-
land. In astudy of Swedish tourists (Lindback et
al, 2003), 71% of theimported dengue cases dur-
ing 1998-1999 were infected in Thailand. Simi-
lar findings were seen among | sragli tourists dur-
ing 1994-1995, ie, 14/18 confirmed infections
originated ontheisland of Ko Pha-ngan (Schwartz
et al, 1996). The average duration of thevisitsin
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thesethree studieswasthreeto four weeks. A pro-
spective study of Isragli travelerstotropical coun-
trieswho stay along time (at least three months)
indicate that the incident rate of dengueinfection
for these travelers may be as high as 600 per
100,000 travelers (Potasman et al, 1999).

To study the risk of travelers (tourists) be-
coming infected while they are visiting an en-
demic area, we have set up amathematical model
to describe the transmission of the dengue virus
in ahost population in which B numbers of trav-
elers visit per unit time and stay for a length of
time, t,. We are interested, in this study on how
the risk increases with the time spent in the en-
demic area. It is assumed that the conditions are
such that the disease is endemic in the host popu-
lation and that none of the travelers carry the vi-
ruswhen they enter the country, weintroduce the
mathematical model and present the results of
dynamical analysisof the system of equationswe
also present the results of our numerical solutions
of the equations and discuss their implications.

MATERIALSAND METHODS

Mathematical model

To formulate a mathematical model for the
transmission of dengue virusin the system of in-
terest, we need to introduce different population
groups. Thetime rate of change in the number of
subjects in each group is equal to the number of
subjects entering the group minus the number
leaving the group. For our system, we have two
human populations, hosts and travelers, and one
mosquito population. Each human population is
divided into three classes: susceptible, infected
and recovered, ie, S|, I’ and R, (S, I'and R"),
respectively. The mosquito population is divided
into two classes, S and I',. To see how the rate
of change of the numbersin each population, let
usconsider in detail therate of change of the num-
ber of susceptible travelers, ie,

ds' _,_bBy
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where N, isthe total host population (taken
to be constant); w,,, the death rate (assumed to be
the same for al categories); b, the biting rate of
the mosquito; ¢, the total number of other ani-
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mals which can aso be bitten by the mosquito
and p, isthe probability that the dengue viruswill
survive in the human after it is transmitted from
the mosquito. The first term on the RHS is the
number of travelersentering the region. The next
term is the number of travelerslost by them be-
coming infected. To get this term, we note that
bl’, isthetotal number of biteswhich could trans-
mit thevirus. S\/(N,+c) isthefraction of the bites
which are delivered to susceptible travelers and
B, is the probability that the virus transmitted by
the bite survive in the human and begin to repro-
ducethere. The next two terms are the losses due
to natural death and to the traveler leaving the
region. The other equations are obtained by simi-
lar considerations (Esteva and Vargas, 1998).

The number of equations we need to con-
sider would be reduced to five if we assume that
the total numbers of hosts, travelers and mosqui-
tos remain constant. It can be easily established
that the total number of travelersis B/(u, + (1/
T,)) and the total mosquito population is A/u,,
where A is the recruitment rate of the mosquitos
and u, is the death rate of the mosquitos. Divid-
ingS,, ', and R, by N.; S, I', and R', by the
total number of travelersand S, and I', by the
total number of mosquitos, we obtain the popu-
lation densities and the conditions S, + 1, + R, =
1, S+ +R=1andS, +1 =1 Thedifferential
equationsfor thetimerate of change of the popu-
lation densities are

ds
T e (W) SL - (, + (W)
(29)
d
% = Mh_YhShIV - MhSh
(2b)
)
(2¢)
%:ZL = Yhstlv - (Mh + (:Utl) + r)ll
(2d)
and
%{i = (Yv olh +th|t) (l_lv) —ul,
’ ’ (2¢)
with
¥y = bpym
(39)
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Yv,t = bﬁvmo
(3b)
and
Yv,h = va
(3¢)
where 3, is the probability that the virus af-
ter it is transmitted to the mosquito will survive;
r, the rate at which the infected recover; m and
m, are the ratios between the total number of
mosquitos and total number of host humans, and
between the total number of travelers and total
number of host humans. Eqn. (2a) is obtained by
dividing egn. (1) by B/(u,+(1/t,)), thetotal num-
ber of visitors. We have also assumed that N, >>B/
(u,+(1/t)), ie, the number of people permanently
living in the area is greater than the number of
visitors.

RESULTS

Equilibrium states

The equilibrium states are obtained by set-
ting the RHS of egns. (2a) to (2€) to zero. Doing
this, we get two equilibrium states, the disease
freestate, E;=(1, 0, 1, 0, 0) and the endemic equi-
librium state, E, = (S*, I,*, S*, I.*, 1,*) where

LI R B

P §
S S Trp )
| * = |32 v*
" T THpIR )
L. 1
S ST p 40
|* = |34 v*
LR (4d)

Wlth [31 = Yh/Mhi Bz = Yh/(uh-'_r)! ﬁ3 = Yh/(Mh"'(l/
), B, = v/ (u,+(Lr,)+r) and | * is the positive
solution of aquadratic equation obtained by sub-
stituting egns. (4a) to (4d) into the RHS of egn.
(26) and setting it equal to zero. The algebraic
expressionfor | * isquite complicated and there-
fore will not be written down.

Local asymptotical stability
Thelocal stability of an equilibrium stateis
determined from the Jacobian (gradient) matrix
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of the RHS of the set of differential equations
evaluated at the equilibrium state. If all theeigen-
values (obtained by diagonalizing the Jacobian
matrix) have negative real parts, then the equili-
brium state in question is locally asymptotically
stable. Performing the necessary calculations for
the disease free state, we find that the character-
istic equation is a product of three polynomials,
two of order oneand the remaining of order three.
The eigenvalues given by the two polynomials
of order one are negative. Using the Routh-
Hurwitz criterion (May, 1973) for the eigenval-
ues determined by a third order characteristic
equation to have negative real parts, we find that
the conditions would be satisfied if R;; < 1 and
R,><1lwhereR,, and R, are defined as

_ b?B,B,m
o (w, + )

_ b?B,B,mm,
2w, 1) (u, + (Tr))

©)

The disease free state will occur since the
basicreproductionnumber R =R, <1, andsince
m, << 1, the second condition will also be met.
The disease free state will arise whenever the
number of mosquitosfallsbelow w (u, + /?E, M,

The determination of the stability of the
endemic state ismore difficult. Thisisdueto the
fact that the Jacobian matrix evaluated at endemic
equilibrium state E, is much more complicated
than that for the disease free state. Diagonalizing
this 5x5 matrix is quite difficult and so we have
used the computer program MATHEMATICA™
to perform this task. The program yields a fifth
order characteristic equation of the form

A5+ KA+ K2+ KA+ KA +K,=0
(6)

where the coefficients K, K, K,, K, and K,
are extremely complicated expressions. In some
cases, they have upto 45 terms. The Routh-Hurwitz
stability criterion for fifth order polynomials is
used to determine whether all the eigenvalues de-
termined from egn. (6) have negative real parts.
Again, this is done by MATHEMATICA™. The
program shows that the Routh-Hurwitz criterion
are met when R, > 1 and R, <1. The endemic
equilibrium state E, = (S, I.*, §*, I*, 1,*) will
therefore be locally asymptotically stable when
these two conditions are met. In the next section,
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we show numerically that this isindeed true.

Numerical results
In this paper, we are interested in the trans-
mission of the dengue virus, not whether a per-
son is sick or not. Therefore, we should only be
interested in whether a person has immunity to
the virus or not and whether the person is infec-
tious or not. A susceptible person is one who is
both not immune and not infectious. An infected
person should be one who isinfectious. This oc-
cursonly during the period of viremiawhich last
for approximately three days. After that, the in-
fected person still suffers from the presence of
the toxins produced by thevirusand is classified
asstill being sick. He hasimmunity to new infec-
tions during both stages of the illness. Once the
toxin disappears, the person becomeswell and is
classified as being recovered. For dengue infec-
tion, he keeps his immunity after he has recov-
ered. For the purpose of transmission, thereisno
difference between the infected person after the
viremia stage and a recovered person (provided
wedo not consider the presence of morethan one
strain of the dengue virus) since both will have
immunity to the virus and not beinfectious. This
means that the recovery rate r should be 1/3 per
day.
Thevalues of the other parametersused are:
= 0.0000391 per day, corresponding to alife
expectancy of 70 years; u, = 0.071 per day, cor-
responding to a mean life of 14 days: b = 0.33,
one hite providing enough bloodmeal for three
days, p,,= 0.5, p,=0.75, which arearbitrarily cho-
sen; r = 0.33, the reciproca of the viremia pe-
riod. The length of stay is varied from one week
to three monthswhilethetwo ratiosm and m, are
adjusted to have R, and R, have the val uesfor
the endemic state to be IocaIIy asymptotically
stableand weretaken to be 1.45 and 0.0007. These
vaues yielded a R, equal to 2.48 and R, less
than one. This means that the trgjectory of the
solutionsin phase space should be that of astable
spiral node. Numerically solving egns. (2a) to (2€)
and plotting |, versus S, for the case of T, = 90
days on Fig 1a, we do indeed see a stable spiral
node. In Fig 1b, we plot the time devel opment of
the infected travelers for this case. In Fig 2, we
plot the equilibrium values of the infected travel -
ers as afunction of t,. As we see, the incidence
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Fig 1-Numerical Solutions of Eqns. (24) to (2€). (1&)
Phase space trgjectory of |, - S, for the case of T,
=90days. (1b) Timedevel opment of theinfected
travelersfor thiscase. Vauesof other parameters
giveninthe text.

rates (proportional tol,) increase (but not linearly)
asthe tourists stay longer in the endemic region.
The risk appears to level off, as the tourists stay
longer. This appears reasonable since the risk of
infection to the tourists should approach the risk
to the host population if they stay long enough.

DISCUSSION

To see whether thereis evidence for the risk
to infection to increase with the duration of stay,
we consider another group of travelers, US sol-
diers. While not tourists, American military per-
sonnel have spent time in various dengue fever
endemic regionsaround theworld. They areideal
candidates for this type of determination since
their medical care is well documented. They are
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Fig 2—Equilibrium values of the infected traveler popu-
lation as a function of the time they stay in an
endemic area.

taken to medical facilities almost as soon asthey
come down with a febrile illness. Among the
30,000 US troops who participated in Operation
Restore Hope in Somalia during 1992-1993, 59
out of 289 febrile cases were confirmed as being
due to the dengue virus (Sharp et al, 1996). The
average length of time spent in Somalia before
they become sick wasfour weeks. Given the num-
ber of troops, thisindicates an incidence rate for
dengueinfection of 195 per 100,000 troops (visi-
tors). In another operation, Operation Uphold
Democracy, Haiti, 1994 (CDC, 1994), where
20,000 US soldiers participated, the onset of the
febrile illness among the soldiers showed a peak
in the fourth week after the soldiers' arrival.
Twenty-four out of the 106 cases of febrile ill-
ness showed clinical symptoms of dengue fever.
This gives an incidence rate of 120 per 100,000
troops (visitors). These incidence rates should be
compared to those of the Israeli travelers (600
per 100,000 travelers) who stayed amuch longer
(three months vs one month for the US soldiers).
Even though we have not given the values of ba-
sic reproduction rates for the different endemic
regionsthat the visitors went to so that real com-
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parisons can be made, it does appear that the in-
cidence of dengue fever increases as the travel-
ers (visitors) extend their stays in an epidemic
areain keeping with our predictions.
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