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Abstract: Problem statement: Another newly emerging disease, chikungunya febhas appeared in
various places such as the Island of Réunion, ahdibnd other India. To control an epidemic oéaée
once it has been established, the use of adultisideroposedApproach: To simulate the effects of
different control measurement, a mathematical moaarporating the specific features of this disehas
been proposed. Using the standard methods foyzanglthe dynamical stability of the system, thke rof
the efficacy of the adulticide on the basic repaiun number of the disease is studi&ksults and
Conclusion: It was found that below a particular value of tificacy which depends on the values of the
parameters used in the model, adulticide wouldoeatffective at controlling the epidemic.
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INTRODUCTION The only defense against the appearance of an
epidemic due to this virus is the control of thetee by
Chikungunya fever is an arboviral disease causegse of insecticides. This can be done by the agijdics
by a member of the genusalphavirus (family:  of |arvicides to kill the mosquitoes in their lahstate
Togaviridae), which was first isolated in 1953 in o of adulticides to kill them in their adult staggince
Tanzania (Piolowet al., 2007). The symptoms of this e yse of adulticides is more detrimental to the

disease are a fever, skin rash and incapacitating,ironment, The Ministry of Public Health in Thaitl
arthralgia. In the major outbreak of this diseas€005 | .o |aunched national mosquito larva eradication

325th§0§|§r;ld lc))_ftRéEunion, %43’3]0? ?#t oLag)oputaO_'l; program for the purpose of controlling both a
' inhabitan’s reported hat they had expesen Chikungunya and a dengue epidemic (Buathong, 2009).
these symptoms (Moulagt al., 2011). A different . ; . . .
enotype (Asian strain) of this virus was foundridia This approach is consistent with the recommendation
g yp of the 3% Session of the Subcommittee of the

and Thailand in the early sixties. . ) . .
The probable vector in the recent outbreak on th Executive Committee on Planning and Programming of
%AHO (SPP35/7, 2001). They also pointed out that th

Réunion Island was théedes albopictus mosquitg ¢ adulticide b idered |
while the probable vector in the outbreak in India was US€ Of adulticide be considered as a last resaitegly

the Aedes aegypti mosquito. In the ongoing outbreak in When the epidemic is  established. While —their
Thailand, a new strain of the Chikungunya virus wad€commendations were for D(_engue fever, the policies
isolated in both mosquito serotypes (Thavataal., also apply to the control of Chikungunya fever. &b
2009). Studies have shown thaedes albopictus is et al. (2008) recently studied the risk of Chikungunya
more susceptible to the virus and therefore a moréever in a Dengue epidemic area. They found that th
effective transmitter. The virus was found in betixes ~ basic reproduction number for Chikungunya fever was
of these two species of mosquitoes, indicating #£4.4 % of that for Dengue fever. They assumedithtit
possible role for transovarial transmission of #iis  Viruses were being transmitted by the same mosquito
in the field populations of the mosquitoes. Aedes aegypti. As we have pointed out, the Chikungunya
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virus is also transmitted by théedes albopictus and see when it will be less than one. We pregdent t
mosquito which is a more effective transmitter st model and its analysis, respectively. We followsthi
virus than is théedes aegypti mosquito. This specie of with the results of our numerical calculations. dfiyp

mosquitoes is present in Thailand. we present our discussion and conclusions.
Mathematical models have become important tools
in analyzing the spread and control of diseasé@syus MATERIALSAND METHODS

simulation approaches as in Adetunde (2009) jKgor
and Yusuf, (2008) proposed mathematical models oflodel formulation: Our model is based on the
Tuberculosis disease, determined the diseaseafide standard SIR model instead of the SEIR model since
endemic equilibrium point and analyzed the stgphili we are interested in the effects of applying adidé on

In this study, we are interested in the role ofthe transmission of Chikungunya disease and nohen
applying adulticide on the temporal evolution ofsth effects of delay times. In our model, the human
disease and how the efficacy of the adulticideteslao  population is divided into the susceptible hunfa),
the control of the spread. This can be done biyguai infected human T{,) and recovered human R()

mathematical model for the transmission of . S :
Chikungunya fever. Dumont, Chiroleu and Domergcompartments. The mosquito population is divided in

(2008) used a SEIR (susceptible, exposed, infectedne susceptible mosquitoS() and infected mosquito
recovered) model for the human population and alLSE( 1 ), the recovered mosquito does not exist, since an
(larvae-susceptible-exposed-infected) model for thnfected mosquito does not recover. The dynamics of
mosquito population to describe the transmissiothisf  {he disease is depicted in the compartment diagram,
disease on the Réunion Island. They found thatiekqu Fig. 1,

and focus interventions may be effective for cadlitrg Looking at Fig. 1, we see that the transmission
the diseases. Dumont and Chiroleu (2010) recentlyynamics of the Chikungunya fever are described by
studies in more detail the vector control of thisedse. e following ordinary differential equations; (Mothe
They took into account the fact that the meandif@ nparred variables are the normalized variables, the

Emlfsquto irr:fecte(;l by the Cr;ikungunya virus is ry;arl human and mosquito population are divided hyahd
alf of that of an uninfected mosquito. Their . == -

preliminary results showed that the early use ofsive Nin, r€SpectivelyN, =S, + I +Rn and Ny, =Sn + In ).
spraying and mechanical control can stop the

propagation of the Chikungunya disease. 9 _a-s)-g, A g )
There have been several reports on thedt "W, +PN,

development of resistance of the mosquitoes torakve

of the insecticides being employed in Thailand. %=b[3 A Il%_ G +u,)] @)

Jirakanjanakitet al. (2007) found thatAedes aegypti dt ™u, +pN, homna

had developed resistance to two commonly used

insecticides, permetrin and deltamethrin. In anothe dr, _

study, Jirakanjanakigt al. (2007) found that while g - Yeln THR: (3
temephos, a larvicide, was effective against Aledes

aegypti mosquitoes in mainly provinces in Thailand, its s, s,

efficacy against the mosquitoes in two provincemea " =A —thmW|h “HSn~ PS, (4)

between 50.5-71.4%. Periehal. (2000) found that the "

resting behavior of\edes aegypti lowered the efficacy of

adulticide, mgking a sprgying program to be inetfat . diy, _ thmi L=, +p)l, (5)
We are interested in this study on whether there i dt N,

an efficacy value below which an epidemic will not
occur. We do this by performing a stability anadysi We assumed that the total human population, N
based on the Routh-Hurwitz criteria (Marsden andremains constant, so that the sum of the normalized
McCracken, 1976) of a mathematical model for thehuman populations is one, i&sS, + |, + R,and that
transmission of Chikungunya fever which takes intothe total mosquito population also remains constant
account the application of an adulticide. We will leading to A/ (u, +p)= S, +1,, where § and |, are
determine the basic reproduction number for theadis  the normalized mosquito populations.
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4 i
| Where:
i b Py ALy v
L (He *P) 2 5 Je—a X =TQK +VQK +VT +V 2
l l l l Y =DQK +UQK +UT +2UV +VD -VQKN,
Mo P Ho P
Z=UD+U?-UQKN,
Fig. 1: Flow chart for the transmission of bB,.,

ithQ = K= b Al ,D=Ly,,
Chikungunya fever withQ N, Brm (A/(H, +P)) Yh ©)

] ) o U=Lu,V =upB,
Lhis the birth (death) rate of human populatigpis the
recovery rate of the infected human, A is the The first value leads to a disease free equilibriu
recruitment rate of the mosquito, b is the bitiaterof  state while the second value leads to an endemic
mosquito populationp,, is the probability that the equilibrium state.
infected mosquito transmits the virus to suscegtibl
human by one bitepn, is the probability that the Diseasefree state (Eo): In the absence of any infected
infected human transmits the virus to susceptibldnosquitoes, the equilibrium state will be the dsgea
mosquito and , is the death rate of mosquito free state:
population. Most importantly, p is the efficacy of
adulticide chemical in killing the mosquito. B0 iy 1n)=(1,0,0) (10)

Analysis of the model: The model will be analyzed to Endemic disease state (E;): This occurs when the
investigate the equilibrium points and its stapiliThe . =Y +Y?-4XZ
conditions that the total mosquito and human'™ = ox
populations are constants reduce the number ofysceptible humans and infected mosquitoes at
dependent variables to three, which we pick to penS  equilibrium will be:

and |,. We find the total mosquito population at

equilibrium to be N, =A/(u,+p). This last relation c-_  WNu(L+bByly) ._  KI, (11)

also means that the number of mosquitoes can be' QKI, +uN, (L+bB.J) " L+bB.l"

controlled by changing the efficacy of the adutteior

by altering the recruitment rate of the adult masegs, Thus the equilibrium endemic state becomes:

i.e., by removing the sites in which the larvae beeed.

is positive. The values of the

ES holn)=
Equilibrium points: The equilibrium points which is . . 12
obtained by setting the LHS of Eq. 1, 2 and 5 tmze ( “J‘N“(LermaI“) — 1, Kl , ] (12)
i.e.: Qth +l‘1hN h(L +thrrJ h) L +thrl1 h

dizo di, _ o di,_ Local asymptotically stability of equilibrium state:
dt

p” - ° (6)  To determine local asymptotical stability of the
equilibrium state, we first expand the solution€&qf 1,
2 and 5 about their equilibrium values, i.e.,

Doing this, we obtain: -z _
X=X +8X where X" is the equilibrium state given

s = N, (L +bB,) ) by either Eq. 10 or 12. Performing this expansieaget:
QKIh+“hN h(L +thrrJ r) ’ (7) _
m= % dj—tx = Jacobian (3)_s~ EB; (13)
hm" h e

X=x*
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Where, the Jacobian is given:

IS, 0=
OBy i) 0 o (14)
bﬁmh:\l;”‘h =(VatHy) bﬁthih
0 th,, (&L U TED ) —(tﬁhm,'%“hww P)

h

with the equilibrium values substituted in.
Assuming thatdX(t) = X ", the eigenvalues are
obtained by solving:

det(d_. -A )= 0 (15)

Evaluating the determinant, we obtain what is
known as the characteristic equation. Since we arg.
looking for local asymptotically stable states, the
eigenvalues should be negative and satisfy the Rout

Hurwitz criteria (Marsden and McCracken, 1976).

Local asymptotically stability of disecase free state:

R = PBuBun(A/ (y+p))

0 (20)
Ny (M + XYL+ )

Local asymptotically stability of endemic
equilibrium state: Evaluating the Jacobian at the
endemic equilibrium state:

ES )=

Evaluating the Jacobian at the disease free statdet(J-A )= 0is:

E, = (1,0,0), we find that:

_uh 0 _meh
J={ 0 = tH,) 0 (16)
0 bp,, L TE) g )

Eo

Substituting this Jacobian into Eq. 15, we arave
the following characteristic equation:

(M, +A)A*+GA+H)=0 (17)
Where:
G=p+U, U, Y, H=yH +y P+

(Al(K, *+P) (18)

P = szhmBmh N,

Looking at Eq. 17, we see that one of theyu>n
eigenvalues i, = -y, . The other two are the solutions
of A*+GA+H=0. They will be negative when G > 0,

H > 0 or when:

BBB o (A7 (U + D)) < N (1, + P+ H ) (19)

( HuN(L +Bod ) KI j (21)
QKI, + N (L +Byl ) "L +bB
- _ N2_
where, Inis the solution ofi,’ =% where
the definitions of X, Y and Z are given in Eq. % get:
Iy bBSy
- meh7+uh] 0 -
[ N, ) Nn' (22)
mmnlNL _(Vh+Un) bﬁ&hsn
0 thmi(A/(um,\Thp))_lm’ —[ mhmlN—i+um+ P] )

The characteristic equation obtained from
M+ +pA+n=0 (23a)
Where:
y=w+k+q, pH=kw+qw+ kg- v, (23b)
n =kgl +Imv - kvl
With:

I S, N
k=bB,,—~+u,, |=b b m= o
Bmh Nh uh Bthh thhNh
b Alp +p)-1~
q:yh +“h’ V= ma(( (U'\T p)) m) , (230)
h

%
W= BBy~ Hn P

h

The coefficients of the characteristic equatiotl wi
be positive if the following Routh-Hurwitz criteria

(24a)
Where:

vi = kw? + qw? + 3kqw— wvl+ K*w + k?q— (24b)

kvl+g’w +kg’-qvl and n= kgh Imv- kvl

The Routh-Hurwitz criteria for all the eigenvalues Is satisfied. For values meeting these criteriawill be

to be negative will be satisfied wheg ®1 where:
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Fig. 2: Time series evolution of the population gamiments for the case where the disease free istdte
equilibrium state. (a) Susceptible human propar{®). (b) Infected human proportion)! (c) Infected
mosquito proportion {J). The time evolutions of the three populationsemebtained by solving Eq. 1, 2
and 5 using the following values taken from TabjeAl= 5000, b = 1y, = 0.25, p =1y, = 0.1428,

Mnh = 0.0000457Bn = 0.5, B, = 0.7, N, = 10,000. These values lead to a basic reproduction number
Ro = 0.784063 < 1. As we see, the equilibrium statihé disease free statg= (1, 0, 0)

RESULTSAND DISCUSSION We have numerical solved Eq. 1, 2 and 5 using the
values of the parameters listed in Table 1. Sihesd
values leads to all of the eigenvalues to be negaind

the basic reproduction number to be less than ibwee,
equilibrium state will be the disease free stajegizen

by Eqg. 10. Looking at Fig. 2, we see that thisus t

Stability of disease free state: For the numerical
values of the parameters listed in Table 1, theutaied
eigenvalues and basic reproduction numbers are:

_ _ Stability of endemic state: Next we change the value

A1 =-0.0000457, A, =~ 1.14033, (25)  of p to be equal to 0.1 and keep the other valti¢iseo
A;=-0.00251 and R= 0.7840¢ parameters the same. With these values, we obtain:
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Fig. 3: Time series evolution of the population gamiments for the case where the endemic statheis t
equilibrium state. (a) Susceptible human propar(ig,). (b) Infected human proportion,! The time
evolutions of the two populations were obtainedsbiving Eq. 1, 2 and 5 using the same values used t
obtain Fig. 2 except that the efficacy is now §e0tl. Using p = 0.1 instead of p = 1.0, we géhaic

reproduction number )= 10.0008 > 1. The equilibrium state becomes the endemic stai@ 180107,
0.000576, 0.00115)

Thvs sh
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Fig. &4 Trajectory of the human population compartmentthe $-1, plane for the same set of parameter values
used to obtain the time evolution behaviors showifrig. 3. As we see, the trajectory spirals irite t
endemic equilibrium state;.100107, 0.000576, 0.00115)

=-0.000015, A,=-0.436135+0.1636251

A (26) parts of the eigenvalues are all negative leads the
A, =-0.4361350- 0.1636251i

equilibrium states to be the endemic staf®®@BE00107,
0.000576, 0.00115) and that this state will be llgca
asymptotically stable. The fact th® and A; are
These values will lead the basic reproduction numbecomplex conjugates means that the temporal behavior
Ry to be 10.0008. This along with the fact that thalr of the populations will exhibit oscillatory beharso
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Table 1: Parameter values leading to disease tinée s changing efficacy of the adulticide and when totskvi
Parameters value References to a new adulticide.

b 1.000000@Qper day Rodriguest al. (2010)

Yi 0.142800Q(per day ACKNOWLEDGEMENT

Bim 0.7000000 Pongsumpan (2006)

B.., 0.5000000 Surapol Naowarat would like to thank Suratthani

Rajabhat University for financial support accorditag

: d ishi
My, 0.0000457per day Nishiura (2006) Code: 2554A1590213.
N, 10,000.0000000
. 0.250000Qper day REFERENCES
A 5,000.0000000
P 1.0000000 Adetunde, I.A., 2009. The mathematical models ef th

dynamical behaviour of tuberculosis disease in the
This is indeed seen in Fig. 3 where the time series upper East region of the Northern Part of Ghana: A
solutions for susceptible and infected human case study of bawku. Curr. Res. Tuberculosis,
populations are shown. As we see, asd the two 1:15-20.
populations converge to the endemic populationleve DOI: 10.3923/crt.2009.15.20
In Fig. 4, we see the trajectory of the solutionghie = Buathong, R., 2001. Surveillance, disease contndl a
Srl, plane. There we see, the trajectory spiraling into  prevention for Chikungunya fever Thailand, 2008-
the equilibrium endemic state. 2009.

Our results show that the use of adulticidedntrol http://www.redi.org.sg/6%20Dr%20Rome%20

a Chikungunya fever epidemic once it develops  Buathong,%20Thailand.pdf
depends on the efficacy of the adulticide to kilet Cancrini, G., A. Frangipane di Regalbono, L. RicZi,

mosquitoes. We have look to see what the valuaef t Tessarin, S. Gabfielli and M. Pietrobelli, 2003.
efficacy is needed for the adulticide to be effeeti “Aedes Albopictus is a natural vector ddirofilaria
For the values of the parameters used, we findttieat immitis in Italy. Veterinary Parasitolgy, 118; 195-
basic reproduction number, s 0.726 for an efficacy 202.

value p = 0.9 and is 1.111 for p = 0.8. The need fo  DOI: 10.1016/j.vetpar.2003.10.011

such a high value of the efficacy is caused by ouPumont, Y., F. Chiroleu, 2010. Vector control féret
choice of 0.7 and 0.5 for the values fif, and Bmn, Chikungunya diseasdlath. Biosci. Eng., 7: 313-
respectively. Using lower values of these two  345.D0I:10.3934/mbe.2010.7.313.

parameters would lead the required efficacy of thePumont, Y., F.Chiroleu and C. Domerg., 20@h the

adulticide to be effective to be lower. temporal model for the Chikungunya disease:
Modeling, theory and numericklath. Biosci. 213:
CONCLUSION 80-91.D0I:10.1016/j.mbs.2008.02.008

Jirakanjanakit, N., P. Rongnoparut, S. Saengthmrati

The values of the parameters for the mosgsito ~ Chareonviriyaphap ~and ~S. Duchon, = 2007.
used in the previous section are for theles aegypti Insect|C|d§ susceptlbl_e/re3|stance statusAemIe_s
mosquitoes. A genetic change at position 226 in the (Stegomyia) —aegypti and Aedes albopictus
gene for the glycolprotein E1/E2 created a mutated (Diptera: Culicidae) in Thailand during 2003-2005
Chikungunya virus strain which had an increased J- Econ. Ent, 100: 545-550.PMID:17461081
capability for replication in theAedes albopictus Jirakanjanakit, N., S. Saengtharatip, P. Rongndp&ru
mosquito (Tsetsarkin, 2009). This change in thetarec Duchon and C. Bellecet al., 2007. Trend of
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spraying of adulticide must take into account the  New York.ISBN 0387902007
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