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ARTICLE INFO ABSTRACT

MSC: Approximately 1.3 billion inhabitants in 94 countries are estimated to be at risk of chikungunya
92B05 virus infection. A mechanistic compartmental model based on fractional calculus, the Caputo
93A30

derivative has been proposed to evaluate the effects of temperature and multiple disease control
measures (larvicides use, insecticides and physical barriers) during an outbreak. The proposed
Keywords: model was calibrated based on data from literature and validated with daily chikungunya fever
Chlk“ng“?ya fever cases reported at Kadmat primary health centre, India. The transmission potential of the disease
Mathematical model was examined. Sensitive analyses were conducted through computing partial rank correlation
Memory effects . . . .

Temperature coefficients. Memory effects which are often neglected when mechanistic models are used to
Control strategies model the transmission dynamics of infectious diseases, were found to have a significant effect

on the dynamics of chikungunya.

93C15

1. Introduction

In recent years, Chikungunya, a mosquito-borne viral disease has spread globally and invaded new habitats and as such, it is
now regarded as one of the global threat to humanity because of its highly debilitating nature and unprecedented magnitude of its
spread [1]. Although CHIKV outbreaks occurs throughout the tropical and subtropical regions of the world, intra-annual patterns
of human infections vary geographically [2]. According to the World Health Organization (WHO), about 1.3 billion inhabitants in
94 countries are at risk to Chikungunya virus (CHIKV) infection [1]. The recent increase in CHIKV outbreaks calls for extensive
research that focuses on understanding the impacts of deploying various disease control strategies during an outbreak.

Various approaches can be used to investigate the impacts of deploying single or multiple intervention strategies during a
CHIKV outbreak, however, in recent years, mathematical models have proved to be useful tools capable of guiding policy makers
and epidemiologists on when and how to deploy intervention strategies in order to minimize the spread of infectious diseases. As
such, a couple of mathematical models for CHIKV transmission have been developed recently, aimed at studying the impacts of:
temperature [3-6], temperature and heterogeneous biting exposure of the host [7], temperature and human mobility [8], seasonal
variations [9] and intervention strategies [10,11].

As efforts to understand the impacts of deploying interventions during a CHIKV outbreak continue, there remains significant gaps
in understanding the joint impacts and cost of implementing these interventions. One of the limitations in prior CHIKV studies, is
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that most of the models proposed to characterize the joint impacts and cost of deploying single or multiple interventions during an
outbreak are based on integer ordinary differential equations, despite growing evidence that integer ordinary differential equations
are not capable of capturing memory effects which are inherent in many biological processes [10,12-16]. On the other hand, use of
fractional order derivatives to model biological process has gained popularity recently, due to their ability to capture memory effects
[10,16]. To this end, in the present study, we propose a fractional order CHIKV transmission model that incorporates temperature
effects and three interventions (larvicide use, insecticides use and use of physical barriers), with a goal to investigate the joint
impacts and costs associated with deployment of these strategies during an outbreak.

Although several types of fractional derivatives exist in literature, our model is based on the Caputo derivative. The choice of
using the Caputo derivative was motivated by the following merits: (i) the Caputo derivative for a given function which is constant
is zero, this is the same result for integer ordinary differential equations; (ii) the Caputo operator computes an ordinary differential
equation, followed by a fractional integral to obtain the desired order of fractional derivative, and (iii) the Caputo fractional
derivative allows the use of local initial conditions to be included in the derivation of the model [10]. The effects of temperature
were incorporated by modelling all entomological parameters sensitive to environmental changes as function of temperature.

The remaining part of this paper is organized as follows: Section 2 contains the dynamical analysis of the basic model. In
particular, we developed a new mathematical model for CHIKV transmission, derived the reproduction number and explored the
effects of temperature and three control strategies; larvicide use, insecticide and physical barrier for disease severity. In Section 3,
we perform an optimal control study to determine the implications of time-dependent insecticide, larvicide and physical barrier
on minimizing the number of infectious humans over time at minimal costs. The formulated optimal control problem is explored
analytically and numerically. The paper is concluded in Section 4.

2. Mathematical model of chikungunya fever
2.1. Model derivation

We stratify the host population (humans) into five mutually exclusive health states: susceptible S, (1), latent E,(¢), infectious
symptomatic, I,,(¢), infectious asymptomatic I,,(¢), and recovered with lifelong immunity R, (#). Thus, the total human population
at time 7 is: N, (t) = S () + E,(0)+ 1,,,(t)+ I,,(t) + R, (7). Since the dynamics of the disease are being explored over a short duration (an
outbreak is at most one year), we ignore birth and natural death rates of the host population and assume that the total population
is constant, N,() = N,. The life cycle of mosquitoes is divided into aquatic A,(r) (including eggs, larvae and pupaes) and adult
N, (1) stages. The adult population is further subdivided into susceptible .S, (¢), latent E, () and infectious I,(f) stages,such that
N, (1) = S,) + E (1) + I,(r). The life cycle of mosquitoes begins with the aquatic stages where recruitment is assumed to occur at
per capita rate:

f(A,,N,) = 0U<1 - %Z)NU. eh)
In (1), K, represents the maximum population of the mosquito in the aquatic stage the environment can support also known as the
aquatic environment carrying capacity, 6, is the intrinsic oviposition rate of adult mosquitoes. The population of mosquitoes in the
aquatic stage reduces due to natural mortality rate d,, transition to adult stage at the rate ¢,, and vector-control measures such
as larvicide spraying at the rate ;. Disease transmission between the host and vector is assumed to occur only when a susceptible
mosquito takes a blood meal from an infectious human or an infectious mosquito takes a blood meal from an susceptible host.
Susceptible vectors are infected with CHIKV following a blood meal from an infectious individual at the rate:

by, Br(1 — up)U g + Ip,)

A,(0) = N
h

(2)

In (2), g, denotes the probability of infection transmission from an infectious host to a susceptible vector and 0 < u, < 1 account for
the reduction in the biting rate of mosquitoes due to use of the preventative strategies such as insecticide-treated bed nets (ITNs).
Upon exposure to CHIKV, vectors incubate the disease for 1/, days, after which they become infectious for their entire life span.
It is also assumed that the adult vector population reduces at the rate u; in all the epidemiological stages due to insecticide use.
Upon being bitten by an infectious vector, a susceptible individual is assumed to acquire infection at the rate

bvﬁz;(l - u2)lv

Ap() = N,

(3)

In (3), B, is the probability that an infectious vector successfully transmits the virus while taking a blood meal from a susceptible
human. Once exposed to CHIKV infection, the host incubates the disease for a duration 1/«,, days, after which a proportion f}, become
asymptomatic infectious patients and the remainder, (1- f,), becomes symptomatic infectious patients. The average infectious period
for symptomatic infectious individuals is 1/y, days, and asymptomatic infectious individuals are assumed to be infectious for an
average period of 1/, days. Recovered individuals are assumed to gain permanent immunity [17].
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The transmission dynamics of CHIKV under the above assumptions are summarized by the following differential equations (Model
flow diagram is in Fig. 1):

EDIAL) = f(A), Ny(®) = (@, + 1y +d,)A, ),
§DIS, (1) = ¢, A,(0) = A,(1DS,(1) = (3 + uDS, (1),
;Df’EU(r) = 4,8, ) — (¢, +uz + ) E, (1),
§DILL(D = a,Ey(0) = (u3 + u,)1,(0),
CDSH(D) = =4S, ), g @
CDIE(t) = Ap(0)S, (1) — ay B, (1),
§D7 1) = (1= fi)ay Ey(0) = 7,1, (0),
ED;’ I,,@t) = frapEp(t) —6,1,,@1),
szRh(t) = ypdps @) + 6,1,,(1),

and the following initial conditions:
Sp0) = Spos  Ep0) = Epg, 115(0) = Ipgo,  13o(0) = Ipggs R (0) = Rh()’}
A0 = Ay, S,0)=Sy,, E,0)=Ey I,0) =1

Model (4) is based on the Caputo fractional derivative [18] and ¢ € (0, 1] represent the order of the fractional derivative. For ¢ = 1,
model (4) becomes the integer ordinary differential equation system. The Caputo fractional derivative is defined by:

c 1 ! n—q— n
bfo(t)=F(n—_q)/o(t—é) Clf@©de, n-1<g<neN, (5)

where I' represents the gamma function [18]. The Riemann Liouville fractional integral of an arbitrary real order ¢ > 0 of a function
f(¢) is defined by :

_L
IO = Fs /0 - &7 f(&)de. (6

Model (4) exhibits some problems in what concerns time dimension between left and right-hand sides of the equations. On the left,
the dimension is (time)~9, whereas on the right-hand side the dimension is (time)~!. The corrected system corresponding to model
(4) is as follows:
§DIAM) = (A, N,0) = @] +uf +d)A, ),
SDIS0) = GLALD = A0S0 = W5+ 1DS, ),
EDIE,() = A,(08,() — (@ +ul + u))E, (1),
DI = alE, (1) — ul + u)I, (),
§DISH(1) = =2, (). ( o
§DER®D) = Ay (0)Sy(0) = aj Ey(0),
5D () = (1= f)a) Ep(0) = v} 1y, (),
§D{ L (1) = frap By = 51, (1),
SDIR,(D) = vy (1) + 8] 1, (1),

2.2. Temperature-dependent model parameters

Based on the observation from laboratory studies, it was noted that entomological parameters are sensitive to temperature, hence
they can be modelled with functions of temperature [6,19-21]. To incorporate this aspect, we made use of the experimental results
from laboratory studies and define entomological parameters as temperature-dependent, as follows:

(i) The average blood meal frequency of female Ae. aegypti mosquitoes linearly increases with increasing temperature per day
and can be modelled by the function [6]:

b,(T) = 0.0943 +0.0043T, (21 °C <T <32 °C).
(ii) The probability of transmission of the CHIKV from an infected human to a susceptible mosquito is [20]:

007297 - 09037, 12.4°C<T <26.1°C
A 1, 26.1 °C < T <325 °C

(iii) The probability of transmission of CHIKV from an infected mosquito to a susceptible host is [20]:

p,(T) = 0.001T(T — 12.286)V32.461 —T.
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Fig. 1. Flow diagram on the dynamical transmission of CHIKV between the host and vector.

(iv) The extrinsic incubation period of Ae. aegypti mosquitoes can be modelled by the function [21]:
o' =4 +exp(5.15 - 0.1237).
(v) The mortality rate of Ae. aegypti mosquitoes satisfied the function [19]:
1, (T) = 0.8692 — 0.1590T + 0.01116T% — 3.408 x 10747 +3.809 x 107°T*.
(vi) The intrinsic oviposition rate of adult mosquitoes is [8]:
0,(T) = (5.4 + 1.8T — 0.2124T% + 0.01015T> — 1.515 x 1074T*)/7.
(vii) Prior studies have demonstrated that the aquatic transition rate to adult stage satisfies the function [8]:

¢,(T) = (0.131 —0.05723T + 0.01164T2 — 0.001341T7 + 8.723 x 107°T*
—3.017 x 107573 + 5.153 x 1078T° - 3.42 x 1071°77) /7.

(viii) Prior studies have demonstrated that the mortality rate of aquatic of Ae. aegypti mosquitoes satisfy [8]:

d,(T) = (2.13 — 0.3787T + 0.02457T% — 6.778 x 107*T> + 6.794 x 107°T*)/7.

2.3. Transmission potential

The basic reproduction number R, is commonly used to quantify the potential of the disease to invade the host population during
an outbreak. If R, < 1, it implies that the diseases dies out and R, > 1 implies that the disease persists. In order to compute R, of
model (7), one needs to first determine the disease-free equilibrium £°. Direct calculations shows that the disease-free equilibrium
of model (7) is given by £° = (49,59,0,0, N,,0,0,0) with

0 - K@+ uf + d)(ug +uj) 011 _1
’ R (@ + d + )l + uf) ®
§0 K@) +uf +dy) 097 o
v T q q q NP q
0y (¢pp +dy +u1)(ﬂu +u3)
q 14
From (8), one can observe that £° exists whenever r = W, is greater than unity (r > 1) otherwise the vector population
v Hu3) @y +dy +u)
q

becomes extinct. The threshold quantity r can be defined as the probability of mosquitoes to survive the aquatic stage (d)"+(z—2+u")’
v T T

q
multiplied by the surviving population of mosquitoes (ngjuq)' Further, analysis reveals that £ makes biological sense whenever
v 3

dﬁ+u'17
b
Although several methods can be used to derive R, one of the commonly method used in the next-generation matrix (NGM)
approach in [22]. By closely following the NGM, the nonnegative matrix F that denotes the generation of new infection terms and

63>(u3+u§)[1+
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Table 1

Baseline values for model parameters used in the model system (7).
Biological description Symbol Baseline value Source
Host incubation period 1/ay, 5 (5-12) Days [27]
Vector biting rate b, 0.58 (0.33-1) Day~! Fitting
Fraction of asymptomatic infectious hosts I 0.1 (0.1-0.3) [27]
Infectious period of symptomatic hosts 1/yn 10(7-10) Days [27]
Infectious period of asymptomatic hosts 1/6, 10(7-10) Days [27]
Probability of infection transmission from host to the vector By 0.2549 Fitting
Probability of infection transmission from vector to the host B, 0.1356 Fitting
Life span of adult mosquitoes 1/u, 30(4-30) Days [27]
Incubation period of vector 1/a, 7(2-7) Days [27]
Oviposition rate 0, 0.7428 Day! See text
Aquatic transition to adult stage b, 0.0172 Day~! See text
Mortality rate of aquatic vectors d, 0.0051 Day~! See text
Aquatic environment carrying capacity K, 10°(2 % 10° = 10%) Estimate
Larvicide use u, 1.5 x 1074(0-1) Day! Fitting
Physical barrier I 0.518 (0-1) Fitting
Insecticides use u3 4.6 x 1074(0-1) Day! Fitting
Basic reproduction number Ry 2.39(1.5-7) Computed

the non-singular matrix V' that denotes the remaining transfer terms are respectively given (at the disease-free equilibrium) by

b, S° b, S0

0 0 o0 =% ¥ a+u, O 0 00
h h —a, Hy 0 0 0
0 b, O 0 0 0 0 -(U-=fpa v, O
0 0 0 0 0 0 0 —fray (U
0 0 0 0 0

From (9), it follows that reproduction number of model (4)

2401 — u,)2 q -
Ry | B2l K, <r_1><1 fh+g>_ 10

(g +uDNy (o + pg +u) 03(dy + df +u)(ug +u)? vy 8

2.4. Estimation of parameter values

To estimate model parameters, we used the 2007 CHIKV outbreak data for Kadmat, India collected over 60 days [23]. The
fitting process in this study was performed using the least squares method and Nelder-Mead algorithm [24-26]. In particular, we
considered the cumulative clinically infected population I, over 60 days and computed the root-mean square error (RMSE) as
follows:

60
RMSE = [+ (1, () = Ty, (02 an
k=1

In (11), I,, and i, denote the model estimate and the real data, respectively. On performing the fitting process, we set the total
human population to N, = 5400, I,,(0) = 13, (the initial number of cases recorded on 2 July 2007); E,(0) = I,,(0) = R,(0) = 0,
S,(0) = N,(0) — 1,,,(0), N, = 20,000, E,(0) = 500, I,0) = 500, S,(0) = N, — E,(0) — I,(0). During the fitting process, we varied
temperature from 23.6 °C to 32.5 to determine the lower and upper bounds for each of the temperature-dependent parameters. The
baseline values for other model parameters are in Table 1.

Fig. 2 illustrates the RMSE for different derivative orders. From the illustration, the minimum error of estimation for the given
data occurs for ¢ = 0.94. Therefore according to this illustration, the best fit is obtained by setting ¢ = 0.94. Fig. 3(a) shows the
model estimates for ¢ = 0.94. In Fig. 3(b), the prediction ability between the integer and fractional models is investigated. It is
evident that the estimates for the integer model are close to the real data for the first 30 days thereafter, the estimates significantly
deviate from the reported cases compared to the estimates of the fractional-order model. Hence, we conclude that the fractional
derivative presents better forecasts compared to the integer model.

2.5. Sensitivity analysis

We used Partial rank correlation coefficient (PRCC) to investigate the relationship between R, and the model parameters [28,29].
The PRCC technique makes use of the Latin Hypercube Sampling method, to generate 1000 parameter combinations with each
parameter uniformly distributed in its range in Table 1. Model parameters with PRCCs > 0 are positively correlated to R, that
is., whenever they are increased R, increases those with PRCCs < 0 are negatively correlated to R, that is., whenever they are
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Fig. 2. The RMSE for different derivative orders. In (a) a more wider range of ¢ is considered and in (b) we refined the range of ¢ to improve precision on
determining the minimum error of estimation which we observed to occur when ¢ = 0.94.
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Fig. 3. Data of daily reported CHIKV fever cases at Kadmat primary health centre from 2 July to 7 September 2007 and the model estimation. (a) The estimation
of the fractional-order model with g = 0.94. (b) Prediction of the fractional-order (with ¢ = 0.945) and integer model.
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Fig. 4. Global sensitivity analysis of R, to key model parameters.

increased R, decreases (Fig. 4). A large PRCC indicates that the model parameter has a strong influence to change R, whenever it
is altered.

Simulation results in Fig. 4 shows that all proposed intervention strategies are significantly negatively correlated to R, thus an
increase in the intensity of these intervention strategies will reduce the size of R,. In particular, an increase in larvicide use u;, by
10% will reduce R, by 2%, increasing use of physical barriers u,, by 10% will reduce R, by 4.6% and increasing use of insecticides
u3, by 10% will reduce R, by 7.8%.
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Fig. 5. The relationship between the reproduction number R, and disease control strategies, u;, i = 1,2,3. Here, one control parameter is varied while other are

assume baseline values in Table 1.

2.6. Effects of control strategies on disease persistence

In this section, we characterized the effects of three disease control strategies (larvicide spraying u,, physical barriers u, and
insecticides u3) on R, (Figs. 5 and 6) and the population level effects (Figs. 7, 8 and 9).

Simulation results in Fig. 5 shows that (a) an increase in larvicide use to a threshold value greater than 0.3 per day will lead to
disease extinction; (b) at least 80% usage of physical barriers all the time will lead to disease to extinction; (c) an increase in use
of insecticide to a threshold value greater than 0.1 per day will eliminate the disease from the community during an outbreak.

Contour plots in Fig. 6 shows the transmission potential of CHIKV whenever a combination of two intervention are varied and
the third one is fixed. In Fig. 6(a) we observe that increasing larvicide use to a threshold value of 0.3 per day coupled with 60%
usage of physical barriers all the time will lead to disease extinction. In Fig. 6(b) we note that increasing larvicide use to a threshold
value of 0.4 per day coupled with a minimum usage of insecticide of 0.1 per day will lead to disease extinction. In Fig. 6(c) one
can observe that increasing insecticide use to a threshold value of 0.1 per day coupled with 70% usage of physical barriers all the
time will lead to disease extinction. Overall, we observed that whenever use of insecticide is increased beyond a rate of 0.3 per day
then the number of secondary infections to be generated will be significantly reduced and in some scenarios elimination will be
achieved.

Implications of low and high intensity of the control strategies on population level effects were investigated in Figs. 7, 8 and 9.
In all scenarios, one can observe that as the intensity of control strategies increases few cases are observed over time.

2.7. Role of memory effects on CHIKV transmission dynamics

Recent studies have shown that memory effects which are inherent in many real-world phenomena including biological problems
cannot be fully captured if modellers utilize integer differential equations to analyse the problem. Hence use of fractional calculus
to model biological processes has increased recently [10]. To characterize the role of memory effects on CHIKV transmission, we
simulated model (7) at different fractional order values ¢ = {0.7,0.8,0.94,1.0} and the results are presented in Fig. 10. Simulation
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Fig. 6. Contour plots showing the relationship between R, and disease control strategies u;, i =1,2,3.

results shows that memory effects have strong influence on predicting the growth and peak of infections. In this scenario, one can
observe that as the derivative order g is reduced from 1, the memory effects of the system increase and as a result, infections grow
quickly, peak earlier and die over time compared to when the memory effects are reduced.

3. The optimal control problem

To determine an optimal way to control CHIKV during an outbreak, all disease intervention strategies in (7) are now assumed to
vary with time, that is., u; - u;(r), i = 1,2, 3. Using the same variable and parameter names defined earlier, the system of differential
equations describing our model with controls is:

SDIALD) = f(Ay Ny — (@ +u (1) +dDA,,
b2, (1 —uy (W)U + 1)
DIS,(1) = PiA, - L 2N,, by T haZ S, — (uz(1) + DS,
b2, (1 —uy()U s + 1)
CDIE() = = 2Nh he T hal S, — (@ + us (D) + WD) E,,
§DI1() = alE, — (uz(0) + uI,,,
b = u, ()P, 1, 12
pisy 0 = e Ohle g, ( (12)
h
b1 — uy(1)B, 1,
SDIE) = ==t S — .
D s = (1 _fh)aZEh —J/ZIhS,
5D/ Iha(D) = [4ay Ep = 63 Ing.
ZD?Rh(I) = YZIhS+5ZI,m.

A successful control strategy is one that minimizes the number of infected individuals at minimal implementation costs. Thus,
our goal is to find a treble of controls (u’l‘, u;,u;‘) that minimize the number of infected humans and the cost of implementing the

8
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Fig. 7. Effects of varying u, on vector and host population dynamics over time.
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Fig. 8. Effects of varying u, on vector and host population dynamics over time.

controls. Mathematically, we propose the following objective functional:

w;

— g I/Vl 2 vVZ 2 3.2
T O Do) = || I+ o)+ ZH0) + 250 + Z20) | dr,

2

(13)

where W, W, and Wj; are positive constants meant to transfer the integral into monetary quantity over a finite horizon [0, T']. One
can observe that the proposed objective functional is nonlinear-quadratic that a quadratic structure in the control has mathematical
advantages. For example the control set is a compact and convex, it follows that the Hamiltonian attains its minimum over the

control set at a unique point. We seek the treble (u7,

J(u;‘,u;,u;) = inf

J(uy,uy,uz)
(uyup,uz3)€EU 1-52:%3%

u’z", u’;) € U such that:

a4

for the admissible set U = {(u},u,u3) € (L®(0,T7))* : 0 < 4; < u;max> 4ymax € R*.i = 1,2,3}.
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Fig. 9. Effects of varying u; on vector and host population dynamics over time.

Making use of the Pontryagin Maximum principle [30], we now reformulate the problem to determine the optimal control
variables (u;(?), u, (), u3(t)), such that condition (14) with constrained model (12) is equivalent to the problem of minimizing the
Hamiltonian:

W, 9

W, W-
—lu%+—u§+—3u§+21jgj(ul,u2,u3,¥’), (15)

H(t) =1, 1
® hs T lpa + P 2 2 =

where gy, up,uz, V) is the right-hand side of the differential equation of the jth state variable, from system (11), with ¥ =

{A,.S,.E,. L, Sy, Ep, Iy, I, }. From (13) and (15), the necessary conditions for Fractional optimal control problems (FOCPs) are

given as follows [31]:
¢ pi; — OH

1wt = ﬁ, Jj= 1,2,3,4,...,8,9. 'Pk = {Au,Su,EU,IL-,S;,,E;,,I;,S,IM},
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Fig. 10. Dynamical solutions of model (7) with different fractional order derivatives, g = {0.7,0.8,0.94,1.0}. All the model parameters assumed parameter values
in Table 1.
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S s,
du;
oH
W= 52

J
AT =0,  j=1,234,...809.
Therefore, given an optimal control treble (u*l‘, u’;, u;) and solutions (A,, S,, E,, I, Sy, Ep, Ins, I,), of the corresponding states
system (12), there exist adjoint functions A 5 J=1,23,4,...9, satisfying:

N,
¢ DIy = =4 g0+l +uy +egfb)+¢gzz,
v

A b, (1 —uy)Uy, + 1)
¢ Dl = (1—?”)93111 — (U +up)iy — 20 ;]h hs T Thal (y — dg),
v

A
Dl = (1= 25 )00 = @ +us + uis +alds,
v

b1p,(1 —uy)S, (

A,
¢ Didy = (1 - ?2)05/11 — (i + u) Ay - N As — ),
BB, (1 —u)I, (16)
WD As = —#(15 = 4.
¢ Dlig = —aldg+ (1= fr)alds + fral
o176 T h’6 h)%p 7 h%p 18
bB,(1 —uy)S
fOD:’/17 =1- LN—hU(/{Z = A3) = vp(d7 — Ag),
, b (1 = uy)S,
WDy = 1= == (= 4y) = (s — o),
¢ Didy = 0,

with transversality conditions 4;(T) = 0. Furthermore, the optimal controls are characterized by the optimality conditions:

. AUA’I
up = mm{ulmax,max{o, }},

W
g, (I, + 1,)(A3 — A,)S, bIpTI.S,(As — A
Uy = min{uzmax,max(O, Lﬂh( hs ha)( 3 2) v + Uﬂb v h( 6 5)>}’ (17)
Wy N, Wy N,
i ISy + A3 E, + M1,
uz = mm{umlax,max (O, _— ) }
W;

3.1. Optimal control numerical results

In this section, we present numerical solutions of model (12). The solutions were determined by solving model (12) using an
optimization algorithm, forward-backward sweep method [31,32]. In carrying out the simulations, we assumed that the cost of
chemical vector control (larvicide spraying and insecticides) is higher than that of using physical barriers. Based on this assertion,
we set (W, = W3) > W,, that is., the cost incurred through efforts u; and u; are considered equivalent but higher than those
associated with control u,. Furthermore, we consider the following strategies and examine the corresponding outcomes numerically:
(i) Strategy A: Use of physical barriers alone, that is., u;(f) = u3(r) = 0 and u,(r) # 0. (ii) Strategy B: Use of both physical barriers
and chemical control, that is., u;(r) # 0, u3(t) # 0, and u,(¢) # 0.

Strategy A: Use of physical barriers alone

Prior studies on vector-borne diseases (such as CHIKV and malaria) transmitted by mosquitoes have shown that physical barriers
such as insecticide-treated bednets (ITNs) or wearing of loose-fitting long-sleeved shirts and long pants are effective in minimizing
human and vector contact, thereby reducing chances of transmission and spread of vector borne diseases (VBDs) [33]. Most
importantly, the use of physical barriers to mitigate the spread of VBDs comes handy in resource-limited settings where the host
population cannot afford to purchase insecticides. Prior studies have also shown that on average the cost of a single bednet is
between USD 2.2 and USD 4.7 [34]. Based on these results, we set W, = 4.7 (Fig. 11).

Under Strategy A, the optimal control strategy significantly reduces the number of infected host and vector populations
(compared to the case without control) over time. In particular, the control strategy will avert approximately 2492 infections (in the
human population) over the entire time horizon (100 days) at a total cost of USD 3108.3.

In Fig. 11 (f), we can observe that the control profile of u,(¢) starts at its maximum (u, = 0.85) and remains there until the end.
This implies that to achieve the desired outcome control u,(7), needs to be maintained to its maximum capacity nearly until the end.
Considering the complexity of the maintaining a control effort at its maximum intensity over a 100 day period, one can conclude
that use of physical barriers alone may have some challenges with regards to quick elimination of CHIKV during an outbreak. Hence,
it may be worth to couple it with other strategies.

13



E. Lusekelo, M. Helikumi, D. Kuznetsov et al. Results in Control and Optimization 10 (2023) 100206

4000 |- = Without optimal control 12000 —— Without optimal control
With optimal control/ ~\ 10000 With optimal control RN
3000 | ’ * 1 e S
I' \\ 8000 ) M
= / =
= 2000 | ' v <. 6000 /!
L 4 \ —_ 7
/! N 4000 /
1000 )/ N s
e { 2000 P
0 \;’ - 0 —=
0 20 40 60 80 100 0 50 100
Time (days) (a) Time (days) (b)
500 ‘ — ‘ 800 ‘ ‘ 7~
z, * 1/ \\
\ \
400 | A * , / ‘
,l \\ 600 , \
— 3007 ) ) 1 - ’,' '
EJ/_C e~ /// ‘\ :12400 I /,/ \\
2007 ;77 =~~- \ 1 Ras \
\ \
7,I = = Without optimal control |+ | 200 - J - - Without pptimal control '
100 1, —With optimal control \ I' —— With optimal control N
] Al ) ~
hlY P e —
0 : : 0 : : :
0 20 40 60 80 100 0 20 40 60 80 100
Time (days) (c) Time (days) (d)
100 {— — Without optimal control : 1
— With optimal control
80 SN 0.8
‘ \
’ \
~ 60 )/ \‘ 1 — 0.6
= s’ ‘ \:_,E“
— 40y -7 ‘\ 1 0.4
-
’ AY
’ N
201 SO 0.2
l \\
0 . - 0
0 20 40 60 80 100 0 20 40 60 80 100
Time (days) (e) Time (days) (f)

Fig. 11. Simulation results for Strategy A (no larvicide u; =0 and insecticide use u; = 0) over time, with ¢ =0.94, T =29.5 °C, u, = 0.85.

Strategy B: Use of both physical barriers and chemical control

We quantitatively and qualitatively explore the use of both physical barriers and chemical control (larvicides and insecticides) to
minimize CHIKV transmission during an outbreak (Fig. 12). Since the cost of vector control through chemicals is known to be higher
relative to that of physical barriers, we assume that (W, = W3) > nW,, where n > 1. Moreover, since the extensive use of chemical is
associated with significant environmental challenges we will consider their use at low intensity, that is., (4;max. “3max) < Y2max < !
When all the aforementioned intervention strategies (larvicides, physical barriers and insecticides) are in use and time-dependent,
we note that the disease will be eliminated in the community within a period of about 50 days (Fig. 12). Precisely, strategy B
will avert approximately 4168 infections with a total cost of USD J = 1988.9 and the associated ACER for this strategy is 0.4851.
In Fig. 12(f), we observe that all three control profiles start from their respective maxima, however, after about 50,60 and 90
days, the control profile of u,, u; and u; respectively to their minima. This suggests that use of physical barriers, larvicides and
insecticides may be relaxed or ceased after 50, 60 and 90 days, respectively. Comparing the two strategies, A and B, one can note
that strategy B is more effective since more infections will averted over time at less cost in relative to strategy A. Precisely, the
average cost-effectiveness ratio (ACER) (18) of strategy B is 0.48 while that of strategy A is 1.25. The average cost-effectiveness
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Fig. 12. Simulation results for Strategy B over time, with ¢ =0.94, T =29.5 °C, n =2, u;max = 4smax = 0.1 and u,max = 0.5.

ratio (ACER) is defined by:

ACER = Cost produced by the intervention

1
Number of infection averted 18

Reducing the intensity of chemical usage by 50% and increasing the intensity of physical barriers from 0.5 to 0.6, will increase
the duration in which all three controls need to be maintained at their maximum capacity before being relaxed or ceased (Fig. 13).
In particular, control u; and u, may be relaxed after 80 days, which is approximately 20 days later than when their intensities are
at uymax = 0.1 and u,max = 0.5. In addition, with high costs, we observed that the number of infections reduced over the entire
time horizon reduces significantly (Table 2).

4. Conclusions and discussion

This paper proposes a fractional order model for CHIKV transmission that incorporates temperature effects and three disease
control strategies; larvicide use, insecticide use and usage of physical barrier. The proposed model was calibrated based on data
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Fig. 13. Simulation results for Strategy B over time, with ¢ = 0.94, T =29.5 °C, n =2, uymax = 4smax = 0.05 and uymax = 0.6.

Table 2
Effects of costs of implementation on infections averted.
n Total cost (J) Infections averted ACER
2 1988.9 4168 0.477
2120.2 4156 0.510
10 2253.5 4128 0.546

from literature and validated with daily chikungunya fever cases reported at Kadmat primary health centre from 2 July to 30 August
2007. Through data fitting, it was observed that memory effects have an influence on modelling the spread of CHIKV and model
predictions with fractional order g = 0.94 gave better estimates compared model predictions with the classical model (the integer
differential order model). We computed the basic reproduction number R, and investigate its sensitivity to model parameters using
the partial rank correlation coefficient method. We observed that all the proposed intervention strategies have a significant impact
on reducing the size of R,. In particular, we observed that an increase in insecticide use by 10% will reduce R, by 7.8%. Meanwhile,
we extended the basic model into an optimal problem where we investigated the impacts of time-dependent deployment of larvicide,
insecticide and physical barriers. An important result of this analysis is that deploying all the aforementioned intervention strategies
would be a cost effective way to minimize the number of infected humans during CHIKV outbreak. Overall, this work demonstrates
the significance of optimal control theory as a tool to suggest management strategies in disease outbreaks.

Finally, this study is not exhaustive, one can extend the proposed model by incorporating biological control. In particular, the
extensive use of chemicals to control vectors can lead to insect resistance which has negative effects on effective disease management
outcome. Vector control through the use of chemicals may also result adverse in environmental effects. Taking all these into
consideration biological control may be incorporated in the proposed model.
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