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Abstract

Streptococcus suis infection is a zoonotic disease that can spread
from pigs to humans. The infection can cause permanent deafness in
people. Although it is considered as a neglected zoonotic pathogen,
the prevalence of this infection has not measurably decreased in
zoonotic; recent years. In this research, we proposed mathematical models of
S. suis infection in both human and pig populations. Disinfectant
sterilization in swine farms and educational campaigns were
optimal control considered for cooperative control strategies. The aim of this study
was to derive an optimal control strategy by using optimal control
techniques associated with an existing epidemic model. Equilibrium
points and the basic reproduction numbers were analyzed to
determine the effect of control parameters in the constant case. For
the optimal control problem, we showed numerically that the
optimal control functions effectively reduced the number of
infectious individuals within a finite time. However, the suggested
control functions had more impact on the human group than the
swine group. The sensitivity analysis implied that the control of
swine population should be focused on the surveillance of weaning
piglets.
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1. Introduction

Streptococcus suis is a zoonotic bacterial pathogen of swine [1]. Strepfococcus suis is usually carried
in the upper respiratory tract, especially in the tonsils and nasopharynx of pigs, and in the
reproductive system [2-4]. The disease can be transmitted from sows to piglets through the womb
or vagina, and it is often found when several piglets are brought together during weaning. The
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symptoms in pigs are meningitis, arthritis, blindness, endocarditis, and pneumonia [5].
Streptococcus suis can be transmitted from pigs to humans by direct contact with wounds on the
skin or around the conjunctiva of infected pigs, and also by the consumption of raw pork
contaminated with S. suis. In humans, infected patients may develop symptoms ranging from fever,
headache, meningitis, and septicemia [6], which can eventually lead to death. Moreover, the
complications of S. suis infection is myasthenia gravis, and hearing loss to the point of being deaf.
[6].

Streptococcus suis infection has been reported in many countries, particularly in countries
with significant swine farming. Most of the global cases of infection in patients were reported in
Southeast Asia such as China, Japan, Vietnam, and Thailand [7, 8]. In Thailand, there is an infection
rate of about 200-350 people per year, with a high mortality rate of about 5-10% [9]. Yet, the risk
factors associated with S. suis infection in pigs are not well-understood. Several variables such as
respiratory syndrome virus co-infection at weaning, inflammation, oxidative stress, and
environmental factors have been investigated [10]. It is suggested that control of infections with
other pathogens, improvement of environmental conditions and reduction of stress may help reduce
the incidence of S. suis disease in livestock. Risk factors associated with acquiring S. suis infection
in human populations included raw pork consumption, pig-related occupation, pigs or pork
exposure, and skin injury especially during pork exposure [11]. Due to preventive use of
antimicrobials in livestock and lack of effective vaccines, increasing and sharing of knowledge on
this pathogen is of utmost importance [12]. Food safety, hygiene, and health education should be
encouraged to reduce the threat to humans [13]. Besides the losses in the swine livestock sector
because of outbreak of S. suis, infections in human can impose a burden on healthcare systems and
treatment expenses. Therefore, during the epidemic episode, the control strategy applied in livestock
may be questioned regarding the reduction in the transmission potential in the human population.

To address that issue, a theoretical model in which the applied control measures were
optimized was our focus. The use of mathematical model can bring a better understanding of the
transmission dynamics, can help to predict disease spread patterns, and can be used to evaluate the
effectiveness of the control strategy. Mathematical modeling of S. suis infection was proposed where
the infection took place only in swine livestock [14]. The model described the effectiveness of the
disinfection and vaccination measures for swine farms in southern China. Recently, Chaiya et al.
[15] presented a mathematical model for S. suis infection in both swine and human populations that
was concerned with the effects of humidity on the infection. However, the control measures were
only targeted at livestock. Although such models include the possible relevant factors to bring about
a better understanding of the dynamics of transmission and control measures, little is known about
how systems evolve with time-dependent control parameters. Thus, the focused problem should aim
at determining the optimal values for these control parameters. Since strict control measures on a
farm require economic tradeoffs, it is interesting to see whether optimal controls that may balance
cost and effectiveness can be formulated.

In this research, we formulated a mathematical model to describe the transmission
dynamics of S. suis infection in both human and pig populations based on the model of Shen ef al.
[14]. The goal was to determine the optimal control measures applied to swine and human
populations. To this end, we define two control variables, sterilization of pig farms and educational
campaign strategies to control the transmission of S. suis in swine and humans. An epidemic model
with constant control parameters was described followed by an analysis of its dynamical properties.
The basic reproduction number was derived analytically and used to determine the stability
condition of the equilibrium points. Then, the optimal control problem was defined, and a method
of solution was described through Pontryagin’s maximum principle. Finally, the numerical results
for both cases were presented and the sensitivity analysis was performed and discussed.
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2. Materials and Methods
2.1 Epidemic model with constant control parameters

We first formulated a mathematical model for the transmission dynamics of S. suis in swine and
human populations. In the model, B(t) denotes the amount of bacteria in the environment at time ¢,
S; (t) is the number of susceptible piglets at time t, S, (t) is the number of susceptible adult pigs at
time t. I,(t), @(t) and R, (t) represents the numbers of infection, quarantine and recovery of the
swine population, respectively. Sy, (t), I, (t) and Ry, (t) are the numbers of susceptible, infective and
recovered members of human population, respectively. A diagram of the model is presented in
Figure 1.

Figure 1. Transmission diagram for transmission of S. suis. The red lines represent interactions
leading to infections.

The model can be described by a system of differential equations as follows:

dB
g = klp - SB - VIB,
J
= = A = mS; = (Buly + B2B)S) — 1S,
ds
S8 =S = (Baly + BiB)Sa — HpSas
dl
d_: = (ﬁllp + .BZB)SJ' + (.83173 + ﬁ4B)Sa - (rP Ty Dlyp,
dqQ
E = qlp - (8 + ﬂp)Q, (1)
dR
D
_d%t =1,I, +€Q — uyR,,
S = A= BaSuly — HnSy = V25
dl
d_th = BsSulp — (n + tn) 1,
dR
d_th = rhlh - 'Llth + UzSh-
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In the model, parameter k is the bacteria shedding rate from an infected pig. § is the decay
rate of bacteria in the environment. A, and Ay, represent the recruitment rates of the swine and
human population, respectively. m represents the rate which junior pigs grow into adult pigs. f5;,
B2, B3, B4 and Bs describe the transmission rates from infected pigs to the susceptible piglets,
bacteria in the environment to the susceptible piglets, infected pigs to the susceptible adult pigs,
bacteria in the environment to the susceptible adult pigs, and infected pigs to the susceptible human,
respectively. q is the transfer rate from infected pigs to quarantined clinical pigs. 7, 1, and €
represent the recovery rates of the swine, human, and quarantined population, respectively. p,, and
Uy, are the death rates of swine and human population, respectively. In model (1), we adopt constant
parameters v, and v, to describe the control strategy as follows: v; is the rate of sterilization of pig
farm to reduce number of bacteria and v, is the rate of educational campaign to human population.

2.2 Equilibrium points and reproduction number

By setting the right-hand side of (1) to zero, we obtain two equilibrium points as follows. The
disease-free equilibrium (E°) is in the form

EO = (O’S]'O,Sg,o,o !O'Sf?’ O'Rg) (2)
where

SO — Ap 0 _ mAp SO

T mt a_:“p(m"'l‘p)’ "

Av o,

VA
= ) Rh B ——
Up T V3 tn(y + v2)

To investigate its stability, we determine the famous epidemic threshold quantity, Ry—the
basic reproduction number. In epidemiology, it describes the average number of secondary cases
infected by a primary case introduced into a wholly susceptible population. It was shown in general
that if Ry < 1, then the disease-free equilibrium is stable, but if Ry, > 1, an outbreak occurs
[16, 17]. Thus, to gain the stability condition for E°, it is sufficient to derive only R, while the full
analysis of stability can be carried out for an ascertaining purpose.

We use a next generation method [18] where the matrix of new infections (%) and the
matrix of transfer (¥') are given by

0
F= (ﬁllp + .BZB)Sj '5 (.BSIp + .34-B)Sa

ﬁSShIp

1]

and

~kI, + 6B + v, B
v lp + upl, + ql,
qly +€Q + 1, Q
Tplp + tnlp

The Jacobian matrix of Zand ¥ at E, are
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0 0 0 0
P B2SP + BaSE  BiS) +B3Se 0 0
0 BsSP 0 0/
0 0 0 0
and
V= 0 T+ Uy, +q 0 0
N 0 —q £+ Uy 0 ’
0 0 0 T+ Up
respectively.

Finding the spectral radius [18] of FV ™1, we obtain the basic reproduction number as

R — Ap [#p(kﬁZ + (6 +v)p) +mkpy + (6 + Vl)ﬂ3)] 3)
0 tp(m + 11,) (8 + v) (1, + 1y + q) '

If R, < 1, the disease will die out (E° is stable). If R, > 1, the outbreak will persist.
Next, we consider the endemic equilibrium (E?), and after some calculations, we obtain

E* = (B",S},Sa 1;,Q", Ry, Si I, Ry,) 4)
where
g M Ap(6 +v1)
S+v"l (8B + kB, + Byv) Iy + dm+ Spy, + mvy + vy
o mA, (8 + v1)?
¢ (6B + kB, + ﬁﬂ’l)lﬁ (6B5 + kps + ﬁ3171)17§ '
+6m + Sy, + muy + u,vy +6uy + Upvy (5)
0 = qaly R* — (sq +en + /“‘prp)I; . _ Ap
e+u, P 1y (e + 1) 'oh Bsky + pp + vy’
= ApBsly . Ah(ﬁsrhI; + UpVy + rhvz)
- * »h T * ’
" (.lep + Up + Vz)(#h + 1) #h(ﬁslp + Up + Vz)(#h + 1)
and I, can be investigated from the following in equation:
—b £ Vb?% — 4ac ©)
b=

Where
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a = 8%2qP1fs + 8*B1 By + 82 B1B3T, + SkaqB1Ba + Skqfafs + SkByBatty
+6kB1Baty + 8kPaPstty + SkPofary + 2691 fsvr + 281 Bappvy + 2881 B3ty
+k?qB, B + k2ﬁ2ﬁ4up + k2ﬁ2ﬁ4rp + kqB1Bavs + kqB2Bsvy + k1 Battpvy
+kB1Bary vy + kB2 Papyvy + kB2Pary vy + qf1Bsvi + .31)33#]3]]% + :31:337}317%'

b = §*mqp; + 52mﬁ3/«‘p + 62m:33rp + 52‘1ﬁ1#p + 52‘1ﬁ3#p - 62Apﬁ1ﬁ3 + 52ﬁ1#;23
+82Bittyty + 82 Papp + 82 Paupty, + SkmqPy + SkmPyp, + SkmpPyr, + 5kqPu,
+8KqBatty — SkApB1By — SkApBoBs + Ok Bal + OkBapiymy + SKBut + Ok Baptymy
+26mqfsvy + 26mpPau, vy + 26mpPsn, vy + 26q P11y vy + 289B35V — 284,61 8304
+28B1p5vy + 28 Bippty vy + 28 B3pif vy + 28 Bsppty vy — K2 ApBafs + kmq v,
+hkmBappvr + kmPBuryvy + kqPapy vy + kqBapyvi — kApBifavy — kApB2Bsvy
+k.82/i%171 + kBapptpvy + kﬂ4/«‘%”1 + kBappnpvy + mqpsvi + mﬁ3/ipv% + mﬁﬂp”lz
+CIﬁ1/ipr + Cﬂ%#p”f - Apﬁlﬁiivf + ﬁl:u%vf + ﬁl/iprpvf + 33#72317% + :33/«‘;37}317%'

¢ = 8*mquy, — §*mA,Bs + 8*mug + §*mu,r, + 8*qui — 52 APy, + 5715
+8%ur, — SkmAy By — SkA,Poy, + 26mqu, v, — 26mA, vy + 26mugv,
+28mpuyr, vy + 28qupvy — 28 ApPittpvs + 28501 + 28u51, 01 — kmA,Bavy
_kAp.BZ,upvl + mq#pvlz - mAp,B3v12 + ml’t]zjvf + m,Ltprvlz + q:u%vf - Apﬁl#pvlz
+upvi + pirvi.

Since a > 0, the following conditions are provided for the existence of Ip.

Proposition 1 Suppose that b and c are the parameters defined above,

(i) if ¢<O0, then the model (1) has only one endemic equilibrium such that I, =
—b+/b?—4ac
2a ’
(it) if b < 0 and c > 0, then the model (1) has two endemic equilibrium such that Ip =
—b+yb%-4ac
2a :
Otherwise, Ip has no positive real root.

To analyze the stability of E*, we find the Jacobian matrix of (1) at E* as given by

ra;; O 0 aguu
Az Az 0 ay
a31 A3z Q433 Q3
J =01 Qi Q43 Q44
0 0 0 as,

OO&'!Q o O O O

0 0 0 ag age O
L 0 O O a74_ a76 a77
where
ayy = —(6+vy),ay = kazy = —B2S),az, = —(Buly + BB +m+ 1),
Azq = —P15), 031 = —P4Sa,a3; = M,a3z = —(Bsly + BuB" + 1),

Az = —P355, 041 = :325]'* + BaSa Az = :3115 + BB, a43 = :3315 + B.B7,
Asq = P1S; + B3Sq — (rp +up + Q)' sy = ¢,055 = _(‘9 + I’lp)' Aea = —PsSh,
s = _(.3515 + Up + Uz): a7s = PsSp) Az = Pslp, 77 = — (1, + wp).
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Finding roots of the characteristic equation |J —AI| = 0, we obtain negative eigenvalues
M=—(up+m) A =—(e+ up),/'l3 = —(I;ﬁs + pip + v, ), and the others are determined from
the quartic equation

14 + all3 + azlz + a3l + a, = O
where

a; = (B + BB = B1S; — P3Sq+ By +B3)ly + 6 +m+q+3u, +1, + v,

ay = BoBaB™* + B1Bsly? + (BiBy + B2B3)B* I, — B1BaB’S; — B2B3B*Sq — B1B31pS) — B1BslpSe
+(5ﬁ2 + 8B +mpPy+qP, +qPu + Zﬁzﬂp + .Ber + B, + 2ﬁ4#p + .B4rp + :34171)3*
_(5ﬁ1 + kB, + mp; + 2:31/«‘;3 + :31171)5]* - (5ﬁ3 + kfBy +mp; + 2ﬁ3#p + ﬁ3v1)5¢;
+(6ﬁ1 + 63 + mPs + qPy + qPs + 2P1py + Baty + Brvy + 2Bspp + Bary + ﬁ3V1)I;
+ém + 6q + 36u, + 61, + mq + 2myy, + mr, + mv, + 2qu,qv, + 3/,172J + 20,7,
+3u,v;, + 1,04,

az = (55254 + qB2Bs + BaPatty + B2Pary + 3254171)3*2 + (6B1P5 + qP1B3 + B1Bsuy + B1B37
+B1Bsvy) 7 — (55154 + k284 + BrBakiy + 3134171)3*5]'* = (68283 + kB2Bs + B2P3ky
+B2B3v1)B*Sq + (8BB4 + 6B2P3 + qB1Bs + qB2Ps + ﬁ1ﬁ4-:up + ﬁ1:347”p + B1Bavs + .32.83#73
+B2Ps1y + B2Psv1) B, — (5ﬁ1ﬁ3 + kB2Bs + BBy + ﬁ1ﬁ3171)155j* — (6B1Bs + kP
+B1Baty + B1B3vi)IpSa + (6mPy + 8qP, + 8Py + 26 By + 8Bo1, + 28 atty + 6BaTy
+mq By + mPaply + MPary, + MPay + qPathy + qB2v1 + qPaty + qPavs + ﬁz/«‘% + BatipTy
+2B5upv1 + Bty + :34/«‘% + BabtpTy + 2Bsupv1 + Burpv1)B” — (SMPy + 2611y, + kMPB,
+2kBoptp + mPypty + mPyvy + Bruf + 2By v1)S; — (SMPs + 283, + kmPBy + 2k Pausy
+mpapy, + mpPavy + :33#?; + 2B3upv1)Sa + (6mPs + 6qPy + 6qP3 + 261y + 6Py
+26B3up + 6B31, + mqPs + mPapy + mPary, + mPavy + qPipy, + qP1v1 + 4Pty
+qBsvy + Biuf + ButtpTy + 2Bty vy + P11y vy + Baud + BaptpTy + 2Bsppvy + Parpvi)l;
+6mq + 26muy, + mr, + 28qu, + 38uy; + 28,1, + mqu, + mquy + mup + mu,r,
+2muy vy + mnvy + qup + 2qu,v; + g + upty, + 3upvs + 20,7, 04,

a, = (551:32[))4 + 5ﬁ2ﬁ4#p + 6ﬁ2ﬁ4rp + qB2Bsvy + .82:34-#1)171 + .82:34-rpvl)B*2 + (698183
+6131:33#p + 5ﬁ1ﬁ3rp + qB1 B3V, + ﬁ1ﬂ3/«‘p171 + :31ﬁ3rp171)17§2 + (89B1Bs + 69B2P5
+0B1Batty + 681 a1y + 682831y + 68237y + qB1Bavy + qB2P3v1 + B1BattpVr + B1BaTy s
+02831,v1 + B2 P31, v1)BT L, — (53252.“1; + kB2 Batty + 523311;;”1)3*5; = (6B1Baktyp
+kﬁ2ﬁ2#p + ﬁ1ﬂ4ﬂpv1)B*Sj* - (5:31,33/173 + kﬁ2ﬁ3/ip + :31:33#73171)155]* - (5:3133#19
+k:31ﬁ4/ip + 31ﬁ3#p”1)155; + (dmqp, + 5mﬁ4/«‘p + 5m:347”p + &Iﬁzlip + 5Q34#p + 532/«‘;23
+5:32/ip7'p + 5ﬁ4#§ + 5:34/«‘;37}3 + mqp,v; + mﬂ4#p”1 + mﬁ4rpv1 + CIﬁzllpvl + Qﬁ4/«‘p171
+.82/«‘;23V1 + :leip TV, + ﬁ4#12;171 + ﬁ4#prV1)B* + (6mqpPs; + 6m133#p + 5:337}3 + SQﬁllip
+5Qﬁ3ﬂp + 5:31#12; + Sﬁlﬂprp + 533#12; + 533#;;7}; +mqpsv; + mﬂ3/ipv1 + mﬁSrpvl
+qPitp vy + qB3pypvs + Privs + Byt vy + Batipvs + Bapptyva)ly — (SmPypy, + 5B
+kmﬁ2/ip + k[)’z/,t% + mﬁl/iplﬁ + :31#723171)5; - (5mﬁ3lip + 533/«‘;23 + kmﬁ4#p + kﬁ4#§
+mBap, vy + Papipv1)Sa + Smquy, + Smug + Smy,r, + Squi + Sps + Susr, + mauy,vy
+muvy + mu,n,v; + quivy + pavs + psr vy

From the Routh-Hurwitz criteria, the endemic equilibrium is locally stable when
a,,ay,as,a, > 0, a;a, > a; and a;(a,a, — az) > aza,.
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2.3 Optimal control problem

In this section, we consider the control strategies, i.e., the sterilization rate and educational campaign

rate as a function of time by u, (¢t) and u,(t), respectively. Therefore, from (1), the S. suis model
with two controls variable is in the form

dB
= = k() = 8B(6) —u (DB(),
ds;
2 = A mS© - (ﬁllp(t) + BZB(t)) 5© = 150,

dS,
— =m0 = (Bl (©) + BB®) ) Sa(®) = ipSa(0),

dl
2= (B, + BBO) O + (Bslp () + BB(©) Sa(®) = (5 + 1y + )1 (0),
dQ

= = W ® — (e + )00, -
% =11, (t) + £Q(t) — pp Ry (1),

% = Ay = BsSn (O, () = tpSn () — ua (DS, (1),

% = BsSu (D)1, (t) — (i + )1 (0),

dR,

a Thln(t) = trRp(8) + uz () Sy (1)
We call (7) as the optimal control problem.

Next, we construct the objective functional which is an integral that combines the state variables
and control variables [19] as given by

ty

) =

0

1

subjected to the model (7) with a non-negative initial condition where A; and B; fori=1,2,3, j =
1, 2 are positive weight constants. Our goal is to seek (uj, u3) such that function (8) is minimized,

J(ui, uz) = min{J(uq, up) | (ug, u,) € U} 9

where U is the control set defined by U = {(ul, u) |0 u,u, <1t € [0, tf] }
To find the necessary condition of the optimal control problem, we define Hamiltonian H [20] as
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H =(AB + AL, + A3l + % (Byu? + Bzu§)>
+2p(kl, — 6B —wu,B) + As; (A, —mS; — (B, + B2B)S; — 1,S;)
+As,(mS; = (Bslp + B4B)Sa — HpSa) (10)
+A,p( (Bul, + B2B)S; + (Bsly + BsB)Sa — (1 + 1y + q)1,)
'MQ(qlp —(e+ ”p)Q) + lRp(rpIp +eQ — /“‘pRp)
+4s, (Ah = BsSnl, — unSp — uzsh)
+/11h(,355h1p — (1 + u)ln) + Ay nln — tpRp + Uy Sy)

where Ag, /15]., As, /1,p, Ao, ARP, As,» Ay, and Ag, are adjoint variables.
Using Pontryagin’s maximum principle [21], we find optimality condition from

OH _ . . .
re 0,i = 1,2 as given by
oH B AgB
5. = bilUy — b,
ou, an
0H
—auz = Bzuz - (Ash - ARh)Sh'

Hence, we obtain the optimal control characterization

. 45B
u; (t) = min {max {0, } ) 1} ,
By

(s, - aRh)}’l}' (12

u3(t) = min {max {0,
B,

- . da oH .
Next, we find adjoint equations from = 5, asgiven by

Ap(t) = —A; + 2500 +uy) + /15]-325]' + As,BaSa — /111, (BZSJ + 34511)'
A5,(8) = As;(m + Bily + B2B + ) = Asy;m = Ay, (Buly + B2B),
llsa(t) = ASa(ﬁSIp + BuB — /ip) - Alp(ﬁSIp + ﬁ4B)'
A;p (t) = Ay — gk + )lsjﬁ1-5}‘ + As,B3Sa + /111,(_313} = P3Sq + 1y + 1y + Q)
—Aoq — )lkprp + As,BsSh — A1, BsSh,
Ao (@) =AQ(s+up)—/1Rps, (13)

A;ep ) = lRp#p'

As, () = lSh(ﬁSIp + U + uz) = AipPsly — Agpus,
1, @) = —Az + A1, (0, + 1) — AT,
R (©) = Ay tin)

with the transversality condition (or boundary conditions) [22]:

Ai(t;) =0,i =B,S;,S4,1,,Q, Ry, Sp, In, Ry (14)
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The optimal control problem (7) together with adjoint equation (13) and the optimal control
characterization (12) can be solved numerically.

3. Results and Discussion
3.1 Numerical results for the case of constant control parameters

Numerical solutions for the S. suis model (1) are presented where the values of parameters are given
in Table 1, and the initial populations are given by B(0) = 0.0303,S5;(0) = 2000, S,(0) =
2360,1,(0) = 6,Q(0) = 0,R,(0) = 0,5,(0) =99999,1,(0) = 1, and R, (0) = 0. To show that
the model dynamic possesses a stable disease-free equilibrium, we choose v; = v, =1, B; =
4.0556 x 1076, and B, = 9.7556 X 1077, together with other parameter values in Table 1. This
gives E° = (0,1453,2913,0,0,0,4,0,99996) and Ry, = 0.6140 . The solution curves for
infectious groups and contaminated environments are shown in Figure 2(a). Since the control level
is supposed to be extreme, the outbreak does not occur. On the other hand, in the absence of control
parameters, i.e., v; = v, = 0, it can be shown that the outbreak occurs in both populations by
choosing B; = 4.0556 X 107>, and B, = 9.7556 X 107°. By substituting these parameter values
into (6), we find ¢ = —4.06 x 10712 and b = —1.26 X 10~7. From Proposition 1, it can be asserted
that the model has only one equilibrium in this case. The result is shown in Figure 2(b), where we
computed E! = (85,415,362,1538,233,1818,1405,65,98530) and R, = 4.3686. By
calculating the coefficients of the characteristic equation, we obtain a; = 0.2088, a, = 0.0136,
as = 0.0003,a, = 2.5750 X 107%,a,a, — a; = 0.0025,a;(a,a, — a;) — a?a, = 6.6024 x
1077, Thus, the Routh-Hurwitz condition is satisfied. In this case, the model dynamic possesses a
stable endemic equilibrium.

Table 1. Parameter values

Parameter Value Reference
k 5.5556x1073 Estimated
5 0.1 [14]
Ap 36.3889 [14]
Ay 3.653 Estimated
m 0.0167 [14]

B 2.4389x107° [14]

B3 1.6222x107° [14]

Bs 1.6667x107° Estimated
q 2.7778x1073 [14]

T 8.3333x1073 [14]
10y 0.0556 [1]

£ 0.01 Estimated
HUp 8.3333x1073 [14]
Up, 3.653x107° Estimated
N, 4366 [14]

D
N, 100000 Estimated
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Figure 2. The solution curves ((a)-(b)) and contour plots ((c)-(d)) of the S. suis model (1)

Figures 2(c) and (d) illustrate the effects of control parameters on the infectious swine and
human populations at the endemic level. It is obvious that the endemic state of the swine population
does not depend on v,, but monotonically decreases as v, is increased. Unlike the endemic state of
the human population, increasing of v, results in the reduction of an endemic level greater than that

of v,.
3.2 Numerical results for the case of optimal control problem

The optimal control problem (7) is numerically solved by the forward-backward Runge-Kutta
method [20, 23, 24]. The parameter values analogous to the case of constant control parameters for
Ry > 1 is used. To implement the objective function, we choose the weight constants as 4; =
5,4, =15,A; = 10,B, = 10 and B, = 10. The dynamic behavior of infectious populations and
bacterial environments under dynamic control variables are shown in Figure 3(a).
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Figure 3. The solution of the S. suis model with control variables

Importantly, the optimal control strategy is predicted by the model. From Figure 3(b), it is
suggested that the sterilization on the farm should be kept at 90% per day at the beginning of the
control course and then be gradually relaxed until it turns into a sudden decline approaching zero
within a month. Accordingly, it is also suggested that educational campaign should be kept at a
maximum level for about four days, and then exponentially decrease to zero within a month. As a
consequence, the results from optimal control totally reduce the growth rates and endemic levels of
bacteria in the environment, the infected swine population, and the quarantined swine population
(see Figure 4(a)-(c)). Although it cannot suppress the outbreak on the farm, it successfully prevents
the epidemic in the human population by diminishing the endemic curve below unity (see Figure
3(a) and Figure 4(d)).

3.3 Sensitivity analysis

In order to determine the importance of each parameter on the R,, we further examine the
normalized sensitivity index Rﬂ (Z—g) [25] where Q1 is the parameter appeared in basic reproduction
0

number. Using the parameter values in Table 1 with f; = 4.0556 X 1075, 8, = 9.7556 X 1075,
and u, = 0.5, the sensitivity indices of R, to the parameters are shown in Table 2.

From Table 2, we see that A, is the most sensitive parameter for R,. The second important
parameter is ;. Since the control of A, is irrelevant, reducing the magnitude of $; has the most
impact on controlling the epidemic. Therefore, the optimal control strategy should be focused

together with reduction of f3;.
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Table 2. Sensitivity indices of the basic reproduction number

Parameters Sensitivity indices of R

Ay 1

k 0.0402
1) —0.0067
m —0.5562
B 0.8886
B 0.0005
Bs 0.0712
Ba 0.0397
q —0.1429
7 —0.4286
Hp —0.8724
v —0.0335
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4. Conclusions

We have formulated a mathematical model of the spread of S. suis among two populations where
the strategies of sterilize pig farms and educational campaigns are considered. With the constant
control parameter, we obtained the disease-free equilibrium which is stable when R, < 1 and obtain
the conditions under which the endemic equilibrium is stable. It was observed that R, does not
depend on v,, the rate at which the susceptible individuals were presumably protected after the
educational campaign had been operated.

The results from the first model were composed of the basic reproduction number, the
disease-free equilibrium and the endemic equilibrium. We also found that the basic reproduction
number depended on disinfectant sterilization (the parameter v;), but it did not depend on the
educational campaign (the parameter v,). However, we observed from the endemic equilibrium (5)
that v, appeared in I, and I,, which showed that the educational campaign would affect the
infectious population.

We have shown that the outbreak of S. suis occurs if Ry > 1. Under this circumstance, the
model might process the stable endemic equilibrium which depends on the constant level of control
parameters. The question then became what happens if such control parameters are not constant. In
other words, what can we do better to control the outbreak under the same control measures within
a particular interval of time? Thus, the second model was formulated to address this question. As
we have shown that the analytic formula of the solution of the optimal control problem is impossible,
the numerical calculation is thus required.

For the optimal control problem associated with the adjoint equation and the optimal
control characterization, we have presented the results numerically. The solution provides an
optimal strategy that can be applied to mitigate the spread in both populations. The results show that
such strategies can be used to reduce the number of S. suis infections. In the present example, the
results seem to be more effective in controlling the spread in human populations than the spread in
livestock. The reasons for this are two fold: first, the impact of sterilization on the spread in the farm
is relatively low. This may be caused by an inappropriate scale of contact rate between the pig and
bacterial environment. Since the scale of the bacterial environment is usually low compared with
the scale of the pig population, the scale of transmission parameter under the mass action law should
be adjusted. Second, the initial number of infected humans is low compared with that of the infected
pigs.

From the sensitivity analysis, the most influential transmission parameter is transmission
from infectious pigs to susceptible piglets, 5;. As clinical infections are seen mainly in weaned pigs
(2-5 weeks after weaning) [26], transmission may occur by the movement and mixing of infected
pigs to a naive herd. Hence, reducing the value of f; can be achieved by avoiding overcrowding,
poor ventilation, and mixing of pigs with an age spread of >2 weeks.

This study highlights several directions for future investigations such as the generalization
or restructuring of the pig population by including the asymptomatic carrier group of pig since most
clinically healthy pigs are carriers of multiple serotypes of S. suis, and the role of carriers in
transmission is not completely understood. It is estimated that 100% of pig farms have some S. suis,
since S. suis is a normal inhabitant of the upper respiratory tract [27]. Moreover, incorporating the
effects of vaccination into the model may be helpful. As the widely used Bacterin vaccines seem to
be ineffective, future research may concentrate on how the burden of control measures can be
reduced based on the degree of efficacy of the vaccine.
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