DE GRUYTER OPEN Open Math. 2016; 14: 567-585

Open Mathematics Open Access

Research Article

Kazeem Oare Okosun*, M. Mukamuri, and Daniel Oluwole Makinde

Global stability analysis and control
of leptospirosis

DOI 10.1515/math-2016-0053
Received October 22, 2015; accepted June 29, 2016.

Abstract: The aim of this paper is to investigate the effectiveness and cost-effectiveness of leptospirosis control
measures, preventive vaccination and treatment of infective humans that may curtail the disease transmission. For
this, a mathematical model for the transmission dynamics of the disease that includes preventive, vaccination,
treatment of infective vectors and humans control measures are considered. Firstly, the constant control parameters’
case is analyzed, also calculate the basic reproduction number and investigate the existence and stability of equilibria.
The threshold condition for disease-free equilibrium is found to be locally asymptotically stable and can only be
achieved when the basic reproduction number is less than unity. The model is found to exhibit the existence of
multiple endemic equilibria. Furthermore, to assess the relative impact of each of the constant control parameters
measures the sensitivity index of the basic reproductive number to the model’s parameters are calculated. In the
time-dependent constant control case, Pontryagin’s Maximum Principle is used to derive necessary conditions for the
optimal control of the disease. The cost-effectiveness analysis is carried out by first of all using ANOVA to check on
the mean costs. Then followed by Incremental Cost-Effectiveness Ratio (ICER) for all the possible combinations of
the disease control measures. Our results revealed that the most cost-effective strategy for the control of leptospirosis
is the combination of the vaccination and treatment of infective livestocks. Though the combinations of all control
measures is also effective, however, this strategy is not cost-effective and so too costly. Therefore, more efforts from
policy makers on vaccination and treatment of infectives livestocks regime would go a long way to combat the
disease epidemic.
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1 Introduction

Leptospirosis is caused by numerous distinct serovars of a spiral-shaped bacterium known as Leptospira interrogans
and it is a disease of animals and humans. These serovars are harboured by a wide range of animals, and all of
them are capable of causing illness in humans. Leptospira serovars Pomona and hardjo are particularly important
in livestock, however the number of other serovars of concern, detected in domestic animals and in humans, is fast
growing (Alabama Cooperative Extension Sytems (ANR-0858)). Leptospirosis is a cause of economic losses in the
farming of animals. Many infected animals do not show signs of clinical disease.

Leptospirosis is commonly spread by the urine of infected animals and with moisture acting as an important
factor of the survival of the bacteria in the environment. Livestock pick up infection by contact with pasture or
water contaminated by the urine of infected livestock or wild animals. In warm, moist conditions the organisms may
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survive in the environment and cause infection for several weeks, so that under suitable climate conditions, many
livestock are almost continually exposed for long periods [1].

Infections can range from asymptomatic or sub-clinical to acute and fatal. Symptoms of acute leptospirosis
in animals include sudden agalactia in the lactating female, icterus and haemoglobinuria in the young, nephritis
and hepatitis in dogs, and meningitis. Chronic leptospirosis can cause abortion, stillbirth, high mortality among
young calves, decreased milk production, runting, and infertility. Often chronically infected animals remain as
asymptomatic carriers for life with the organism localized in the kidneys and in the reproductive organs and while
horses can develop periodic ophthalmia as a result of leptospirosis [2]. In humans, leptospirosis is capable of causing
headaches, fever, chills, sweats and myalgia. Also other symptoms may include lethargy, aching joints, and long
periods of sickness. Some highly pathogenic serovars may cause pulmonary haemorrhaging and death. While mild
type leptospirosis is probably the most common form of infection, they can sometimes be chronic in nature and have
a mental component to their clinical manifestations.

The disease can either be transmitted directly between animals or indirectly through the environment. Lep-
tospirosis is of increasing importance as an occupational disease as intensive farming practices become more widely
adopted. For instance, during 1999, those working in agricultural industries in Australia accounted for 35.3% of
notifications while those working in livestock industries accounted for 22.9% of notifications [2].

There have been applications of optimal control methods to epidemiological models, but most of these studies
focused on HIV and TB diseases dynamics. The authors in [3—6] studied the optimal chemotherapy treatment in
controlling the virus reproduction in an HIV patient. In [7-10], optimal control was used to minimize the costs
of both diseases and treatment. In [11, 12] the authors used optimal control to investigate the best strategy for
educational campaigns during the outbreak of an epidemic and at the same time minimizing the number of infective
humans. The authors in [13] also used Optimal control to study a nonlinear mathematical SIR epidemic model
with a vaccination program. Optimal control was applied to study the impact of chemo-therapy on malaria disease
with infective immigrants and the impact of basic amenities [14, 15], while [16] studied the effects of prevention
and treatment on malaria, using an SEIR model. It was also used in a malaria model with genetically modified
mosquitoes but without human population [17]. For other applications of optimal control to modelling of infectious
diseases [18-21].

Very little has been done in the area of applying optimal control theory to study and analyse the dynamics of
leptospirosis. Recently, the authors in [22] studied the dynamical interactions between leptospirosis infected vector
and human population. While [23] considered a leptospirosis epidemic model to implement optimal campaign using
multiple control variables. However, none of these studies carried out cost-effectiveness analysis of the control
strategies.

In this paper, an extension of the SIR Leptospirosis model presented in [22] is considered by incorporating
both human and vector populations (livestocks) and also incorporates vector vaccination, treatments and prevention
strategies. The aim is to gain some insights into the best intervention for minimizing the transmission of the disease
within the population and to explore the impacts of various intervention scenarios, namely, prevention, vaccination
and treatment. We analyse the stability and bifurcation of the model, then we incorporate into the model appropriate
cost functions in order to study and determine the possible impacts of these strategies in controlling the disease.
We further carried out detailed qualitative optimal control analysis of the resulting model and give the necessary
conditions for optimal control of the disease using Pontryagin’s Maximum Principle, in order to determine optimal
strategies for controlling the spread of the disease. The cost-effectiveness analysis of the control strategies is further
considered, in order to ascertain the most cost-effective out of the strategies.

The organization of the paper is as follows, in Section 2, we derive a model consisting of ordinary differential
equations that describes the interactions between humans and livestocks populations and the underlying assumptions.
Section 3 is devoted to the mathematical analysis of the leptospirosis model. In Section 4, the optimal control analysis
of the disease is presented. In Sections 5, the simulation results are shown to illustrate the effects of preventions,
vaccination and treatment. The cost-effectiveness analysis is presented in Section 6 while the conclusions are in
Section 7.
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2 Model formulation

The model sub-divides the total human population, denoted by N, into sub-populations of susceptible individuals
(S%), individuals with leptospirosis symptoms (/z), recovered human (Ry). So that N, = Sy + I + Ry.

The total vector (livestock) population, denoted by Ny, is sub-divided into susceptible vector (S, ), infectious
vector (1), recovered vector (Ry) and vaccinated vector (V3). Thus, Ny (z) = Sy + Iy + Ry + Vy.

Fig. 1. Flow diagram for the disease transmission. The blue balls represent the vector population, while the red balls indicate the
human population

aly

The model is given by the following system of ordinary differential equations:

D = Ny + opRp — (1 —un) B BSn — 1nSh
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where By = I, + Ip.

Susceptible individuals are recruited at a rate A . Susceptible individuals acquire leptospirosis through contact
with infectious vectors and infectious humans at a rate (1, + I)8. Infected individuals recovered from the disease
at a rate y. Individuals with the disease are treated under control, at a rate u5(¢), while 1 (¢) is the control efforts on
prevention. Non treated infected individuals die at a rate §5. Recovered individual loose immunity at a rate o7 and
become susceptible again. The term p, is the natural death rate.

Susceptible vector (S,) are generated at a rate A,, where a proportion u3 € [0, 1] is successfully vaccinated
individual vector. Vectors with the disease are treated under control, at a rate u4 (). Leptospirosis is acquired through
contacts with infected humans and infectious vectors at a rate (I, + I)A. Leptospirosis infected livestocks are
assumed to suffer death due to natural causes and disease induced death rates, u, and §, respectively. The vectors
recovery rate is o and due to wanning effect some vaccinated vectors will move to the infected class at a rate bS5, A,
where (1 — b) € [0, 1] is the efficacy of the vaccine or they loose their immunity completely and move to the
susceptible class at a rate 7.

3 Mathematical analysis of the Leptospirosis model

3.1 Positivity and boundedness of solutions

For the leptospirosis transmission model (1) to be epidemiologically meaningful, it is important to prove that all
solutions with non-negative initial data will remain non-negative for all time.

Theorem 3.1. If S5 (0), 1,(0), R, (0), S, (0), I,(0), Ry, (0), V3, (0) are non negative, then so are Sy (t), 1,(t), Ry (1),
Sv(t), Iy(t), Ry(t) and Vi (t) for all time t > 0. Moreover,

A A
limsup Ny (1) < 2 and lim sup Ny (1) < —2. 2)
m

t—o00 Mh t—o00 v

Furthermore, if Nj(0) < 2—;’, then Np(t) < 2—:, and if Ny (0) < %, then Ny(t) < 2—5

The proof is omitted for simplicity. The feasible region for system (1) is therefore given by

D =Dy xDy C R xRY ©)
where,
A
Dy = {(Sh. In. Rp) € R : Sy + I + Ry < /TZ}’ “
and A
Dv:{(SU,Iv,Rv,VU)eRj_:Sv+IU+Rv+Vv§M—U}. 5)
v

D is positively invariant.

3.2 Steady states, stability and bifurcation

The disease-free equilibrium (DFE) of the disease model (1) exists only when u; = 0 and other controls are
constants, it is given by

—,0,0, 0,0,
Hh My (T + ) T+ Uy

The basic reproduction number of the model (1), Ry, is calculated by using the next generation matrix [24]. It is
given by

o = (Ah Ay(T + py(1 —u3z)) 0.0 u3zAy ) )

_ BAR AAy[t + (1 = (1 = b)uz)]
B wn(y +8n + ppn) (T + o) + 8y + py)

Rpy @)
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It is clear that the vaccination would results in the reduction of Rj,. Hence the total vaccination coverage is given
as

®)

e ] (Rw(r+ 1)+th—th)
-

1—b Rug

where,

_ BAR _ AAL(1 +7)
wn(y +8n +mn) T (T4 )@ + Sy + py)
Further, using Theorem 2 in [24], the following result is established.

Rpg

Proposition 3.2. The DFE of the model (1), is locally asymptotically stable if Ry, < 1, and unstable if Ry, > 1.

3.3 Global stability of disease free

Here in this section, the global behaviour of the equilibrium system (1) is analyzed.
Theorem 3.3. If Ry < 1, the disease free equilibrium is globally asymptotically stable in the interior of Q

Proof. Consider the following Lyapunov function:

P(t) = (o + py + 8u)p + (v + pun +8n) 1y ©)

Calculating the time derivative of P along the solutions of system (1) , the following is obtain,

dP(t) dly
dt dt
= (a+ puy + 3v)(/35h(1h + Iy) — (u2y + pp + 3h)lh)

dl
= (@ + o +80) "+ (7 + o+ 8n)

+ (Y +un+ Sh)(ASv(Ih + Iy) + by + Iy)AVy — (uaa + py + (Sv)lv)
BAnIn BARIy

< (o + py +8v) + (@ + po + 8v) — (o + py + )Y + un + )

(10)
Ity -+ ) (MRS 1y 4 ) (A0t

+ In(y + o+ ) BB 1 Ty + o+ 8) 2L — 1y (y + i + 8) (o + o + 60)

< Iy + sn + 1) + o + sv)(l _ th) Iy 4+ i+ )@ + o + 8U>(1 _ th)
= (In 4+ 1) + i+ )@ + o + &;)(1 - th)

Thus d;;” is negative whenever Ry, < 1. dZ;t) = 0 if and only if /5 + I, = 0 or in the case when Ry, = 1.
Hence, the largest compact invariant set in Sy, I, I, € 2, % = 0, whenever Ry, < 1, is the singleton & .
Therefore, LaSalle’s invariance principle [26] implies that &g is globally asymptotically stable in €2. This completes

the proof. O

3.4 Endemic Equilibrium

Next we calculate the endemic steady states. Solving system (1) at the equilibrium we obtain 8, = 0 (which
corresponds to the DFE) or
QoBpE + QB + QP + Q23 =0 (11)
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where

R2. = Rpg + Ryg =
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Q= SL(1-Ry)

Q3= x[1 - Rpyl,

Z:(1—Ry)

un(y+8n+un)

BAy 4 Adp[r+d—(—b)uy)]
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— Ql th“l‘Qzqu
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01+

0>
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T+A—-0—-b)us)

)

= Bup(e + 8y + o) (T + po) (o + o) [n(y + 8n + pn) + 8n + pn)onl,

= [(t + (0 + D) pv) [ (o + 8y + o) + Sy + pv)ov] + bapy]

= AMun(un +on)(y +8n + ) (T + o) (@ + 8y + py) + (Sv + po)ov]

—b[Ay(phy + 0y) + BApapyoy (ip + op)l + buy (@ + 8y + o) (o + 0v)],

T BBA2 [y (e 8y )+ Syt ) o lln (V8 +un)+Snt+un)onl’
— Flthq+F22qu

Mo lp (Mo +00) (Upt+0on) (T+rp)(@+8p+1) (V+8n+1n)

G

Table 1. Number of possible positive real roots of P(B,5,) for Ry, > 1and Ry, < 1

Cases 2 @, Q5 Q3 Ry, Number of sign Number of positive
change real roots
+ + + + R;,, <1 0 0
1
+ + + - R,, > 1 1 1
+ + - + Ry, <1 2 0,2
2
+ + - - Ryy > 1 1 1
+ - - + Ry, <1 2 0,2
3
+ - - - Ry > 1 1 1
+ - + + R;,, <1 2 0,2
4
+ - + - Ry, >1 3 1,3

(12)

(13)
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Remark. The system (1) has a unique endemic equilibrium E™ if Ry, > 1 and Cases 1-3 (as declared in Table 1)
are satisfied. It could have more than one endemic equilibrium if Rp, > 1 and Case 4 is satisfied; it could have 2
endemic equilibria if Ry, < 1 and Cases 2-4 are satisfied.

3.4.1 Global stability of endemic equilibrium

Theorem 3.4. The model equations has a unique positive endemic equilibrium whenever Ry, > 1 and its globally
asymptotically stable.

Letting Ry, > 1 so that the endemic equilibrium exists. We consider the non-linear Lyapunov function

Sh Sh Iy Iy g1R;™ ( Ry Ry,
L:S;*(w—ln$)+ﬁf*([;*—lnli’k* + ) RZ*_IHRZ*
S'U SU IU IU Rv RU
+S:*(S:* i S;*) + 1;*(15* ~ g )+ R (e — s (14)
Vo Vo

where g1 = (uz2y + un +6n), g2 = (02 + un), g3 = (Uax + Wy + 8y), g4 = (0y + Wy). Differentiating the
above equation (14), we have

‘L:(l_L dSn  (y_ L \dIn g1 (| BT \dRe () ST dSy
dt Sh dt Iy, ) dt y Ry, dt Sy ) dt

(15)
I**\dI R**\ dR VEEN dV,
-2 v - =0 v - v
+( Iv)dt +( Rv)dr +( Vv)dt
SO
dL Sk
o= (1 — L)[Ah +onRy* + (L—u)BBp S;* + unSy™ — Ap
t Sn
—oRp — (1 —u1)BBmSh — nSh]
[;l“* g1 RZ*
+{ 1= == ) [(1 —u)BBmSn —g11n] + — 1 — = |[u2yIn — g2 Rz]
Iy 14 Ry
S**
+(1— SI') )[(l—ug)Av—I—(l—ul))kﬁ;';l*S:*—I—MUS;*—I—GUR;’;*+tVU**—(1—u3)Av
v
(16)

—(1 —u)ABmSv — pySy — oy Ry — tVy]

Kk

x* R
+(1— ’ )[(l—ul)/\ﬂmSu + (L =u)bABm Vo — g3lv] + %3(1— 3 )[u4alv—g4Rv]

Iy Ry

V**
+(1 - ‘l} )[u3AU + (L= u)bABETVIS 4+ (T + po) V)™ —ushy
v

—(1=u)bABm Vo — (T + (o) Vol
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Therefore, simplifying further, we have,

,uhS**(z_ b :l*) + RZ*(l_ *h*) + hon (1_ § _glgi*h (1_ 4 ))
Sn S Rh Sn Ry )/Sh Ry
Bm S;,k* SpBmI™™ Iy usx Iy R**
+(1—u1)pp, S;*( _?_7_W +a1l,” l—lhw— I 1— R,

+,uuS;"*(2— v — U)+GUR:*(1— e e )

Sv S Sv R R}*Sy
a7
S** Vv VUS** S** ﬂm Svﬂml**
*k >k _L_i_ v l_ A**s** l_ 1% ___vrmttv
+IVU (1 Sv Vv** VU**SU) + ( ul) ﬁ Sv + ;f;l* S**ﬁ**]
g311>;k* I, I IUR** g3g4RM< Ry
1— - — = 1—
e e T8 T M | T T R¥*
Vyrl2-— b(l — ABIEVIHI 1 — 22— -—v
+(T + ) ( Vv Vv**) +b( u)AB ( Vy + [ o L
since the arithmetic mean exceeds the geometric mean value [25], it follows that
S** S
_"h :* < 0
Sn Sy
Ry
- R** <0
h
1_ glgi*h(l_ h)go
Rh )/Sh Rh
B _SiT_ Subml™ _
T Sh SR Ia s
kok
1— If* Mz*{:, (1 Ri)<0
1 1 Ry,
(18)
5_ S B Sv -
Sv Soex =
1_ Sy* B Ry 4 Ry, S;™* 0

Se*  Bm Submli*

1— 0
Sv Sk SEEBERT
I I I R**
1— I —gz.MTgQk — g3u4 IR, <0
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Ry
1_R** SO
v
V** V’U
v v

V’U** ﬂm _ Vvﬂmlzjk* <0

Vo By VB -

Since all the model parameters are non-negative, it follows that L < 0 for Ry, > 1. Hence, by LaSalle’s Invariance
Principle [26], every solution of the equation in the model approaches the endemic equilibrium point as t — 00
whenever Ry, > 1.

Fig. 2. Simulations of the leptospirosis model showing the effect of the optimal strategies: Prevention of humans and vaccination of
vectors.
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3.5 Sensitivity analysis of model parameters

The sensitivity analysis to determine the model robustness to parameter values is investigated. This is in order to
help us know the parameters that have a high impact on the reproduction number (Rj,). Adopting the approach in
([14, 27]), we analyzed the reproduction number to determine whether or not vaccination, treatment of infectives
and mortality can lead to the effective elimination or control of the disease in the population.

Definition. The normalized forward sensitivity index of a variable, h, that depends differentially on a parameter, [,
is defined as:
oh /
ho._
1) =

= — 19
TR (19)

3.5.1 Sensitivity indices of R,

We therefore derive the sensitivity of Ry, to each of the thirteen different parameters of the model. Using the
parameter values in Table 3, the detail sensitivity indices of Ry, resulting from the evaluation with respect to the
parameters of the model are shown below.
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Table 2. Sensitivity indices of model parameters to Ry,

Parameter  Description Sensitivity index
My livestock death rate -1.1057

B human transmission rate 0.9906
Ay humans recruitment rate 0.9906

y human rate of recovery -0.5887
8n humans disease induced death rate  -0.2867
'3 death rate in humans -0.0147

A livestocks transmission rate 0.00944
Ay recruitment rate of livestocks 0.00944

o livestocks recovery rate -0.003825
us proportion vaccinated -0.003059
8y livestocks disease induced death -0.001913
T waning rate from 0.00152

b vaccine efficacy 0.0003398

Table 2, above, implies that an increase in human treatment y, livestock treatment « or increase in the mosquito
mortality p, have positive impact in controlling leptospirosis in the community. The parameters are arranged
from the most sensitive to least, the most sensitive parameters are proportion of mosquito biting and contact rates
Hv, B Ap.Increasing (or decreasing) the transmission rate 8 by 10%, increases (or decreases) the Ry, by 9.9%,
similarly increasing (or decreasing) the humans recruitment rate, Az, by 10%, increases (or decreases) the Ry,
by 9.9%. In the same way, increasing (or decreasing) the human recovery rate y, decreases (or increases) Ry, by
5.89% and in like manner increasing (or decreasing) the livestock recovery rate o decreases (or increases) Ry, by
0.03% .

In the next section, we apply optimal control method using Pontryagin’s Maximum Principle to determine the
necessary conditions for the optimal control of the impact of control measures on leptospirosis disease.

4 Optimal control analysis of the Leptospirosis model

We seek here to minimize the number of infective individuals and the cost of applying prevention, treatment and
vaccination controls. The objective functional that we consider is given by

ty
J = min / (wllv + waly + w3u% + ww% + wsmug + w6u%) dt (20)
UL U2 U3 UL
0

subject to differential equations system (1).

Here w1 I, and w3 I}, are the cost associated with a number /,, of infected vectors and I, of infected individuals.
The term wsm u% is the cost associated with vaccination, where m is the number of vectors vaccinated and
w4u%, w6u% are the costs associated with human and vector treatments respectively. The cost associated with pre-
ventive measure is w_;u%, while 77 is the time period of the intervention and the coefficients, wy, w2, w3, wa, ws, We
are thebalancing cost factors due to scales and importance of the ten parts of the objective function. In line with [3—
5, 15, 28], a linear function for the cost on infection, wj I, w> 1y, and quadratic forms for the cost on the controls

w3u%, w4u%, w5mu§ and w(,ui.

We seek an optimal control uﬁ‘ , ug, ug, uf‘ such that

J(uﬁ,ug,ug,uz) = min J(uy,uz,us3,ug) 201
U, U2, U3, ULEU

where U = {u : u is measurable and 0 < u; (t) < 1fort € [0,15],i = 1,2,3,4} is the control set.
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The necessary conditions that an optimal control must satisfy come from the Pontryagin’s Maximum Principle
[29]. This principle converts (1) and (20) into a problem of minimizing pointwise a Hamiltonian H, with respect to
(u1,u2,u3,u4)

2

H=wl,+wl,+ w3u% + w4u% + w5mu§ + weug

+Ms, {Ap+onRp— (1 —u)B(ly + 1n)Sh — knSh}

+Mp, {(1 —u)B(Iy + 1n)Sh — (u2y1 + 8n + un)ln}

+Mpgy, {uz2yIn — (on + jtn) R} )
+Ms, {(1 —uz)Ay — (1 —u)A(Ly + 1p) Sy — po Sy + o Ry + TV}

+Mp, {(1 = uD)A(Ty + 1n)Sy + (1 —u)bA(Iy + In)Vy — (uae + 8y + po) lv}

+MRg, {usaly — (0y + o) Ry}

+My, {uzAy — (v + pp) Vo — (1 —u1)bA(ly + Ip) Vo }

where Mg, , My, , MR, ,Ms,, My, Mg, and My, are the adjoint variables or co-state variables solutions of the
following adjoint system:

— M1 — (= ur) Ty + 1n)B(Ms, — My,) + unMs,
—di\f,j” =—wz + (1 —u1)BSh(Ms, — My,) + (u2y + pn + Sp)My, —usyMg,
+( —ux)ASy(Ms, — My,) + bDA(My,, — My,)
—dA;f” = —opMs, + (on + pn)MR,
—IMsu — (1 —u)A(Iy + 1n)(Ms, — My,) + 1o Ms, 23)
— M =y + (1 —u)B(Ms, — M1,)Sn + (1 —uDA(Ms, — My,)Sy
+bA(My, — My,)Vy + (uaa + py + 8u)My, —usoMp,
—dA;[,R” = -0y Mg, + (0v + pv) MR,
MYy — Mg, + (1 —u)bA(Iy + 1) (My, — M7,) + (v + )My,

satisfying the transversality conditions

Ms, (tr) = My, (ty) = MR, (ty) = Ms, (ty) = My, (tr) = MR, (ty) = My, (ty) = 0. (24)

By applying Pontryagin’s Maximum Principle [29] and the existence result for the optimal control from [30], we
obtain

Theorem 4.1. The optimal control vector (u#; , u‘;, ug, uﬁf) that minimizes J over U is given by

u;{ — max {O,min 1. B(Mlh—MSh)(lv+Ih)S;T+)L(MIU—MSZI)J)(BIU'i”Ih)SJ-i‘b)\(MIU—MVU)(IU-FI/;)VU*)}

u% = max {0, min (1, y(Mha;W )
u® = max {0, min (1, AU(MZ+;MS”)

uf, = max {0, min (1, 4"‘(1"1&;21—016\41,,)1: )}

where Ms,, My, , MR, , Ms,, My, Mg, and My, are the solutions of (23)-(24).

Proof. From Corollary 4.1, [30], the existence of optimal control results from the convexity of the integrand of J
with respect to uy,u2,u3 and uy4, a priori boundedness of the state solutions, and the Lipschitz property of the
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state system with respect to the state variables. System (23) is obtained by differentiating the Hamiltonian function,
evaluated at the optimal control. Furthermore, by equating to zero the derivatives of the Hamiltonian with respect to
the controls, we obtain (see [31])

uy =iy = BM 1, —Ms,)Tv+1p)S;+A (M1, —Ms,) )Ty +1n) S5 +bA(Mp,— My, )Ty +1p) VY
- T 2w3 ’

. Y(MR,—Mp)Ij

Ay(My,—M
Uy = 1p = - v( Vv Sy

. . Mg, —Mp) I
LUz =13 = ) and uy = iiy 1= LMR M)y

2wy 2ws 2we
By standard control arguments involving the bounds on the controls, we conclude
0 ifu; <0 0 ifuy <0
uh = if0 <y <1, ub =3 drif0<iix <1, (26)
1 ifu; > 1, 1 ifup >1
0 ifuz <0 0 ifug <0
uh = i3 if0 <iiz <1 anduf = { dig if 0 <iig < 1 27)
1 ifﬁj, >1 1 ifﬁ4 >1

which leads to (25). Due to the a priori boundedness of the state and adjoint functions and the resulting Lipschitz
structure of the ODEs, we obtain the uniqueness of the optimal control for small z. The uniqueness of the optimal
control quadruple follows from the uniqueness of the optimality system, which consists of (1), (23), (24) and (25).

O

There is a restriction on the length of time interval in order to guarantee the uniqueness of the optimality system.
This is due to the opposite time orientations of the optimality system; the state problem has initial values and the
adjoint problem has final values. This restriction is very common in control problems (see [6, 28, 32, 33]).

Next we discuss the numerical solutions of the optimality system and the corresponding optimal control pair,
the parameter choices, and the interpretations from various cases.

5 Numerical results

In this section, we show the numerical simulations of the impacts of the optimal control strategies on leptospirosis
transmission. The optimal control is obtained by solving the optimality system that consists of the state system (1)
and adjoint system (23), (24) and (25). We use an iterative scheme to solve the optimality system. We first solve
the state equations with a guess for the controls over the simulated time using fourth order Runge-Kutta scheme.
Then, we use the current iterations solutions of the state equation to solve the adjoint equations by a backward fourth
order Runge-Kutta scheme. Finally, we update the controls by using a convex combination of the previous controls
and the value from the characterizations (25). This process is repeated and iterations are stopped if the values of the
unknowns at the previous iterations are very close to the ones at the present iterations ([31]).

Due to space, the results for the best four (4) most effective control strategies out of the following control strategies
considered are presented.

—  Strategy A: Combination of treatment of humans and vaccination of vectors

—  Strategy B: Combination of prevention control on humans and vaccination of vectors

—  Strategy C: Combination of prevention control on humans, treatment of infective humans and vaccination

—  Strategy D: Combination of prevention control on humans and treatment of infective humans

—  Strategy E: Combination of vaccination of vectors and treatment of infective vectors

— Strategy F: Combination of prevention control on humans, vaccination and treatment of infective vectors

—  Strategy G: Combination of prevention control on humans and treatment of infective vectors

—  Strategy H: Combination of treatment of humans, vaccination and treatment of infective vectors

—  Strategy I: Combination of treatment of humans and treatment of infective vectors
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Table 3. Description of Variables and Parameters of the Leptospirosis Model (1). The units of iy, iy, ®, Ay, Ay, T, 8,68, are day_1

the other parameters are without units.
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Parameter  Estimated value

Ref

mn 4.6x10-5
8n 0.4x1073
Ky 1.8x103
B 0.03

A 0.23

o 2.7x1073
Ay 1.34

Ay 1.71

T 0.013

8y 0.01

b 0.002

[34]
[39]
[34]

assumed

[22]
[35]

assumed
assumed

[22]

assumed
assumed

—  Strategy J: Combination of prevention control on humans, treatment of humans, vaccination and treatment of

infective vectors

— Strategy K: Combination of prevention control on humans, treatment of humans and treatment of infective

vectors

From the results the best four (4) strategies are Strategies B, E, G and I. These are shown below.

Fig. 3. Simulations of the leptospirosis model showing the effect of the optimal strategies: Prevention of humans and vaccination of
vectors. The blue lines represent the cases without control, while the red lines indicate the cases with optimal control.
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Strategy B: Optimal prevention of humans and vaccination of vectors

The prevention of humans control %1 and the vaccination control u3 of vectors are used to optimize the objective
function J while we set other controls u, and u4 to zero. We observed in Figure 3(a) and 3(b) that due to the
control strategy, the number of infected humans (/) and infected vectors (/) decreases in the community. This
shows that the spread of the disease can be controlled through effective prevention of humans and vaccination of
vectors strategy. This strategy further shows no significant impact on the total recovered vectors and the total vectors
vaccinated, Figure 3(c) and 3(d).

Strategy E: Optimal vaccination and treatment of infectives vectors

The vaccination control 3 of vectors and treatment of infectives vectors are used to optimize the objective function
J while we set other controls u1 and u5 to zero. We observed in Figure 4(a) and 4(b) that due to the control strategy,
the number of infected humans (/) and infected vectors (/) decreases in the community. This shows that the spread
of the disease can also be controlled through effective vaccination of vectors and treatment of vectors strategy. Also
due to this strategy as shown in Figure 4(c), there is increase in recovered vectors.

Fig. 4. Simulations of the leptospirosis model showing the effect of the optimal strategies: Vaccination and treatment of infectives
vectors. The blue lines represent the cases without control, while the red lines indicate the cases with optimal control.
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Strategy G: Optimal prevention of humans and treatment of infectives vectors

We optimize the objective function J using the prevention of humans control 11 and treatment of infectives vectors
control u4 while other controls u> and u3 are set to zero. We observed in Figure 5(a) and 5(b) that due to the control
strategy, the number of infected humans (/) and infected vectors (/) decreases in the community. This shows that
the spread of the disease can be controlled through effective prevention of humans and treatment of vectors strategy.
Due to this strategy as shown in Figure 5(c), there is increase in recovered vectors.

Fig. 5. Simulations of the leptospirosis model showing the effect of the optimal strategies: Prevention of humans and treatment of
infectives vectors. The blue lines represent the cases without control, while the red lines indicate the cases with optimal control.

0.024

0.0235 -

0.023 -

0.0225

0.022

0.0215

Total Infectious humans (x 1000)
Total Infectious vectors (x 1000)

0.021

0.0205

20 40 60 80 100 120 0 20 40 60 80 100 120
Time (days) Time (days)

0.12

01

0.08

Total Recovered vectors (x 1000)
Total Vaccinated vectors (x 1000)

0.02

0 20 40 60 80 100 120 0 20 40 60 80 100 120
Time (days) Time (days)

(c) (d)

Strategy I: Optimal treatment of humans and treatment of infectives vectors

We optimize the objective function J using the treatment of humans control u» and treatment of infectives vectors
control u4 while other controls ©#1 and u3 are set to zero. We observed in Figure 6(a) and 6(b) that due to the control
strategy, the number of infected humans (/) and infected vectors (/) decreases in the community. This shows that
the spread of the disease can be controlled through effective treatment of humans and treatment of vectors strategy.
It is obvious that from the selected best effective strategies one can not conclude which of the control strategy
give optimal results. The four selected strategies however produce similar pattern and effect. Hence, there is need
to further ascertain which of these strategies is most cost-effective and efficient. In the next section, the cost-
effectiveness analysis is carried out.
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Fig. 6. Simulations of the leptospirosis model showing the effect of the optimal strategies: Treatment of humans and treatment of
infectives vectors. The blue lines represent the cases without control, while the red lines indicate the cases with optimal control.
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6 Cost effectiveness analysis

Carrying out the cost effectiveness analysis, the most cost-effective strategy to use in the control of leptospirosis
disease is determined. Doing this, the differences between the costs and health outcomes of these interventions are
compared (see [21]).

Based on the model simulation results, these strategies are ranked in increasing order of effectiveness. Based
on the four most effective strategies observed from the numerical results, namely prevention efforts in humans and
vaccination of vectors only (strategy B=u1,u3), vaccination and treatment of vectors only (strategy E=u3,u4),
prevention efforts in humans and treatment of vectors only (strategy G=u1,u4) and the treatments of both humans
and vectors only (strategy I=u>, u4), an ANOVA analysis on the mean costs was initially conducted.

A one - way ANOVA between the mean costs was conducted to compare the strategies. The analysis was
sifnificant, [F(429, 1290)= 1,29, p=0.000441]. A post hoc comparison using Tukey HSD test indicated that the
following pairs E-G, B-E and I-E were significantly different. However, G-B, G-I and B-I were not significantly
different. Specifically, the results show that strategy E is recommended for cost effectiveness.

The cost-effectiveness analysis is shown below:

The difference between the total infectious individuals without control and the total infectious individuals with
control was used to determine the “total number of infection averted” used in the table of cost-effectiveness analysis
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Strategy Total infection averted  Total cost ($)
Strategy B 114.0869 $1795.9
Strategy E  198.8027 $1780.8

ICER(B) = 1155505 = 15.74

(28)

— 1780.8—1795.9 —
ICER(E) = 198.8027—114.0869 — —0.17824

The comparison between ICER(B) and ICER(E) shows a cost saving of $0.17824 for strategy E over strategy B. The
negative ICER for strategy E indicates the strategy B is “strongly dominated". That is, strategy B is more costly and
less effective than strategy E. Therefore, strategy B, the strongly dominated is excluded from the set of alternatives
so it does not consume limited resources.

We exclude strategy B and compare strategy E with G. From the numerical results we have

Strategy Total infection averted  Total cost ($)
Strategy E ~ 198.8027 $1780.8
Strategy G = 226.5642 $3573.6

This leads to the following values for the ICER,

ICER(E) = 1988027 — 3 9576

(29)

_ _3573.6—1780.8  _
ICER(G) = 7365642=108.8027 = 04.5786

The comparison between ICER(E) and ICER(G) shows a cost saving of $8.9576 for strategy E over strategy G.
There is an additional $64.57 per infection averted as we move from strategy E to G. The small value ICER for
strategy E indicates the strategy G is “strongly dominated". That is, strategy G is more costly and less effective than
strategy E. Therefore, strategy G, the strongly dominated is excluded. Exclude strategy G, we now compare strategy
E with 1. From the numerical results we have

Strategy Total infection averted  Total cost ($)
Strategy E  198.8027 $1780.8
Strategy |  239.4994 $3194.7

This leads to the following values for the ICER,

ICER(E) = 1988027 — g 9576

(30)

_ _3194.7—1780.8 _
ICER(I) = 239.4994—198.8027 — 34.7424

The comparison between ICER(E) and ICER(I) shows a cost saving of $8.9576 for strategy E over strategy I. There
is an additional $34.74 per infection averted as we move from strategy E to 1. Similarly, the small value ICER for
strategy E indicates the strategy I is “strongly dominated". That is, strategy I is more costly and less effective than
strategy E. Therefore, strategy I, the strongly dominated is excluded.

With this result therefore, it is found that strategy E (combination of vaccination u3 with treatment of infective
vectors (u4) is most cost-effective of all the strategies for leptospirosis disease control.

7 Conclusion

In this paper, a deterministic model for the transmission of leptospirosis disease that includes treatment and
vaccination with waning immunity is derived and analyzed. The basic reproduction number is calculated and
investigated the existence and stability of equilibria as well as performed optimal control analysis of the model.
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The model is found to exhibit the existence of multiple endemic equilibria. The epidemiological implication of this
is that for effective control of the disease, the basic reproductive number, Ry, , should be less than a critical value
less than one. The necessary conditions for the optimal control of the disease are derived and analyzed. Furthermore,
the cost-effectiveness of the controls to determine the most effective strategy to curtail the spread of leptospirosis
with minimum costs is carried out. Where there are limited resources, the model suggests that policy makers may
adopt strategy E over other strategies which includes additional cost of preventions and treatments of humans. In
conclusion, according to our model, the most cost-effective of all is the combination of vaccination and treatment of
vectors only.
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