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Abstract: In this work, we study a mathematical model for the interaction of sensitive-resistant bacte-
ria to antibiotics and analyse the effects of introducing random perturbations to this model. We compare
the results of existence and stability of equilibrium solutions between the deterministic and stochas-
tic formulations, and show that the conditions for the bacteria to die out are weaker in the stochastic
model. Moreover, a corresponding optimal control problem is formulated for the unperturbed and the
perturbed system, where the control variable is prophylaxis. The results of the optimal control problem
reveal that, depending on the antibiotics, the costs of the prophylaxis, such as implementation, ordering
and distribution, have to be much lower than the social costs, to achieve a bacterial resistance effective
control.
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1. Introduction

Common infections such as pneumonia, urinary infections and post—surgical infections are exam-
ples of areas where antibiotics play an important role. Historically, antibiotics have been developed to
combat harmful bacteria, but not all bacteria are harmful to health, for instance, in the human organism,
there are beneficial bacteria such as those that inhabit the intestines and play an important role in the
digestion process [1]. To date, diseases caused by bacteria can be treated with antibiotics as long as
they are not resistant to these drugs. The increase in resistance rates is a major problem in medicine
because a simple infection can be lethal, also it leads to a rise of social-economical burden due to
increased health care costs.

The previous scenario generates the need to research in this area, in order to create strategies that
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allow to understand the evolution and propagation of bacterial resistance to antibiotics and in some way
help to mitigate its evolution. From mathematics, the bacterial resistance phenomenon has been studied
using a deterministic and stochastic approach, although deterministic work has dominated strongly on
stochastic work [2]. From the deterministic setting, we can highlight the works focused on propagation
and transmission of bacterial resistance [3—8], identifying the responsible factors of the bacterial resis-
tance [9], examining the bacteria behaviour under the use of different antibiotic treatments [8, 10-12],
optimizing the use of antibiotics [13], helping to design viable control strategies [7], modelling the
acquisition of resistance from external sources [14], among others. From a stochastic approach, the
works of Philipsen [1] and D’ Agata et al. [10] who studied the evolution process of bacterial resistance
and the impact of minimizing antibiotic treatment duration are highlighted.

Although the study of deterministic mathematical models provides important results in terms of
epidemiological thresholds such as the basic reproduction number, they have some limitations, since
it is quite difficult to predict the future behaviour of a biological system with precision [15]. This is
due to the fact of the deterministic models do not incorporate the effect of a fluctuating environment
(for example, intensity of sunlight, temperature, precipitation, among others), which yields to consider
non—constant parameters in the model that oscillate around a certain average value. Therefore, the
stochastic mathematical modelling of biological systems is more realistic causing a greater interest in
researchers dedicated to answering questions such as: what is the probability that there is an outbreak
of a certain disease? How long will a disease likely persist (with or without intervention) [15]?

The stochastic approach for a deterministic mathematical model can be introduced by including
noises in the parameters involved in the model, see e.g., [16-21]. Nevertheless, there are not many
results about introduction of control strategies for stochastic models. As for this topic, we can name
the works given on the references [22-25].

In this work, we will first study the effects caused in the existence and stability of equilibrium solu-
tions properties with the introduction of random perturbations to some parameters of the deterministic
mathematical model proposed by Romero et al. [3], which after nondimensionalization is given by the
following system of ordinary differential equations (ODEs):

CO _pS1 - + R -0 8
(1.1)
O~ BRI~ (S + R + oS - R

In the above mathematical model the variables S and R denote the number of sensitive and resistant
bacteria population to antibiotics, respectively. The parameters S, and (3, represent the growth rates
of sensitive and resistant bacteria, respectively, being 8, < B, [3], and u,; and yu, the natural death
rates of sensitive and resistant bacteria, respectively. The term gaS represent the number of sensitive
bacteria that acquire resistance due to contact with the antibiotic, where « is the effectiveness rate of
antibiotic and g is the the proportion of bacteria that mutate. A complete description of the model (1.1)
can be found in Table 2 in [3]. The qualitative analysis of the previous system was done in terms of
certain thresholds representing the basic reproduction numbers of resistant and sensitive bacteria. The
existence and global stability conditions of the three equilibrium solutions can be found on page 66
of [3]. Secondly, we will analyse the effects of prophylaxis (such as patient education campaigns) as a
control strategy, both in the deterministic and stochastic formulation, to reduce the spread of resistant
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bacteria. Finally, we will do numerical experiments to validate our theoretical results.

This paper is organized as follows: first, we formulate the stochastic mathematical model and ob-
tain conditions for the stability of equilibrium solutions in terms of the stochastic basic reproduction
numbers. Then, we formulate and analyse the optimal control problems and investigate the influence
of prophylaxis on the reduction of resistant bacteria. Finally, numerical simulations in both cases using
data from [3] for bacteria of the genus Staphylococus aeureus are performed to confirm the theoretical
results.

2. Stochastic mathematical model formulation

In this section we formulate the stochastic version of the mathematical model (1.1), considering the
growth rates of bacteria as random rates according to [26]

B = Bs + pWi(1)

ﬂr = ﬁr + P2W2(t),
where p; and p, € R and W(¢), W,(¢) are independent Brownian motions. This implies that the growth
rates of sensitive and resistant bacteria are equal to an average reproduction rates plus an additional

time dependent term that follow a normal distribution with a mean of zero. Thus, an stochastic version
of (1.1), is given by

dS = [BS(1 = (S +R)) — (u, + @)S]dt + p1S(1 — (S + R)dW,
2.1)
dR = [B,R(1 = (S + R)) + qaS — ,R] dt + p>R(1 — (S + R))dW>.

Through the rest of this paper, let (2, ¥,P) be a complete probability space with a filtration {¥;},>o
satisfying the usual conditions (i.e., it is increasing and right continuous while ¥ contains all P-null
sets). Now, we stablish a set of biological interest for the system (2.1) as follows

A={S,ReR*: §>0,R>0,0<S +R<1}. (2.2)

Theorem 2.1. If (S, Ry) € A is an initial condition and q € (0, 1], then P[(S;,R;) € A] = 1. In other
words, either A is a set of positive invariants or A is a positively invariant set.

Proof. Let us define the following functions defined on A:

NS R) =BS(L=(S +R) = (@+pus)S,  &1(S,R) =piS(1 = (S +R)),

H(S,R) = B,R(1 = (S +R) +qas — p,R, g2(S,R) = pR(1 = (S +R)).

The Lyapunov operator associated to (2.1) is given by

0 0 o 1,00 1,0
L=— — — g+ —gi—. 2.
ot Nas T Pag T 385 2% @3)
Let V: A — [0, +00) be the function defined by
VS,R)=—InS —InR - In(1 — (S + R)). 2.4)
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We claim that LV is bounded above on A. In order to prove this, we define

0 0 0 1, 0 1, 8
Lii=—+4+fi—m+f—, Ly ==-g"—+-g>—.
V=g gy T har BT 380 oS
Note that L = L + L,. Now,

(us + @)S
1-(S +R)

qas MR
1-S+R 1-(S+R)

LV = (1 =(S +R) + (us + @) + 5,5 —

S
(1= (S +R) - L= 4+ BR +
AsO<g<1,R,S €(0,1)and 1 — (S + R) > 0, this yields to

LiVSus+a+ps+u +p5,. (2.5)

Similar calculations show that
L,V < p} + 5. (2.6)

It follows from (2.5) and (2.6) that there is a positive constant C such that LV < C on A. Continuing
with the proof, for each k € N, we define

1 1 1
Ak:{(S,R)eRZ:S>%,R>% andS+R<1—%}.

Note that A; A as k — +o0. Defining
7=inf{t>0: SO =0VR®)=0VS©E +R(t) =1},

and for each k € N

Tk :zinf{tZO:S(t):%\/R(t):%VS(I)+R(t):1—%}.

Therefore 7, , T almost surely as k — +oo.

To prove that P[(S (7), R(¢)) € A] = 1 itis equivalent to show that P[T = +oo0] = 1. If we assume that
P[t = +o0] < 1, then there exists 7 > 0 such that P[T < co] > . As limy_, ., P[t < T] = P[1 < 00],
there exists 7 > 0 such that

Plr<T]>n. 2.7)

As 1) converges almost surely to 7, there exists ky € N such that for every k > kj it holds that

Plry < T] > n.
[tds formula yields to
ov ov ov ov
= L o —_— < JE— JR—
av V+ B dW1 + aRdWZ <C+ oS dWl + aRdWQ,
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where we used that LV < C on A. Therefore,

VISt AT),R(ti ANT)) < V(S(0),R(0)) + CT

+f‘rk/\T anW +ka/\T anW
o 8s '), orRTT®

and integrating both sides of the above inequality yields to
E[V(S(tx AT),R(t AT))] < V(S(0),R(0)) + CT.
As

E[V(S(tx AT),R(tx AT))] 2 E[V(S (1 AT), R(tie A T)) 7,<1y]
> —In(1/k)P[r; < T,

we obtain

CT + V(5(0), R(0))

Plr, < T] < — YV

Taking the limit k — oo, we get that P[t < T] = 0 which contradicts (2.7). Therefore, it holds that
P[r = +o00] = 1, which completes the proof. O

2.1. Analysis of the model

Now, based on the below definition, we will determine conditions for the stability of the equilibrium
solutions of the stochastic system (2.1).

Definition 2.2 ( [27]). Consider the general n—dimensional stochastic system
dX(t) = f(t, X(0)dt + g(1, X(1))dW, (2.8)

with initial condition X(0) = X, and its solution is denoted by X(¢, X). Assume that f(¢,0) = g(z,0) =0
for all t > 0, so X = 0 is an equilibrium of (2.8). Then, the equilibrium X = 0 is said to be

(i) almost surely exponentially stable if for all X, € R”,

1
lim sup " In|X(t,Xo)| <0 as.;

—o0

(i1) pth moment exponentially stable if there is a pair of positive constants Cy, C, such that for all
Xp e R,
E[X (7, Xo)I’'1 < C1|XolPe™,  ont > 0.

When p = 2, it is usually said to be exponentially stable in mean square and the equilibrium
X = 0is globally asymptotically stable.

Let us note that E := (0, 0) is the trivial equilibrium of the system (2.1). Conditions for exponential
moment stability of E in terms of Lyapunov function are given in the following lemma.
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Lemma 2.3 ( [27, Theorem 3]). Suppose that there exists a function V(t,x) € C"*(R x R") satisfying
the inequalities
Ki|x|? < V(t, x) < K|x|P and

(2.9)
LV(t,x) <-K3lxI’, K;>0,p>0, ie{l,2,3}.
Then the equilibrium of the system (2.1) is pth moment exponentially stable.
Theorem 2.4. If the conditions
By + (@ + ) — ”T_lpf >0 and
(2.10)

By + 1y — 53 > 0
hold, then the equilibrium E, of the system (2.1) is pth moment exponentially stable.
Proof. Let us consider the Lyapunov function
V(S,R) = 1,87 + LR,

where A;, i = 1,2 are positive constants. The first inequality of (2.9) is naturally fulfilled. Next, we
show the second inequality of (2.9) and apply the Lyapunov operator (2.3) to V.

-1
2

LV = pA, [ﬁs(l ~ S +R) —(@+u)+ L1 s +R))2]S”

p—1
2

+ pAagaSR'™ + pAy [ﬁr(l — (S +R) —pr + P31 = (S + R))z] R?

-1
< | (pﬁs - pla+ ) + M/O?) + dyqae'™? ] SP
(p-1
+ A2 | pBr — pHr + %pi +qa(p - 1)8] RP
-1
=- [/11 (—pﬂs + pla+py) — %pf) - ﬂzqael"’] S

(p-1)
- [—pﬁr + pur — %pi —qa(p - 1)8] R?,

where we used a variant of Young’s inequality

-1 1
ex? + —el_pyp, x,y >0,
p P

¥y < P

as well as 0 < S + R < 1. Under the conditions (2.10) we can choose & small enough and A;, 4, > 0
such that the coefficients of S7 and R” are negative. This completes the proof. O

From Theorem 2.4 we derive conditions such that the equilibrium E, is globally asymptotically
stable.
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Lemma 2.5. If -8, + (@ + u,) — %p? > 0and -, + u, — %p% > 0, the equilibrium E of the system (2.1)
is globally asymptotically stable.

Proof. Taking p = 2 in (2.10) yields immediately to the desired result. O

Next, we want to derive similar basic reproduction numbers for the resistant and sensitive bacteria,
respectively as in the deterministic formulation. Recall, for the unperturbed model, those thresholds
are given by

R,:@andSO: Bs ,
I @+ H

and depending on these values, there are three equilibrium solutions, E, where both bacteria die out,
E, where only resistant bacteria survives, and the equilibrium of coexistence E,. As for the perturbed
models these thresholds differ, see e.g., [28], we will study the behaviour of the stochastic model.

Theorem 2.6. Let (S, R) € A be the solution of (2.1). The following holds:

If either
_ 1.2
Sy = i <1, and p} <P, 2.11)
a + U
or
2
2> —— B 2.12
pl maX{z(CL"FIUS)’ﬂ}’ ( )
and either
1.2
Rf = u <1, and p% < B, (2.13)
Hr
or
ﬁZ
p3 > max {—’,ﬁ,} : (2.14)
2u,
then the solution of the system (2.1) has the following property:
log S(¢
lim sup 0g5 () <-a<0 as.,
>0
log R(t
lim sup og R() <-b<0 as.,
—o00

namely it tends to zero exponentially almost surely, where a,b > 0 are positive constants. In other
words, both the sensitive and the resistant bacteria die out with probability one.

Proof. The proof follows closely the one given in [28]. By It6’s formula, it holds that

dlinS = |B,(1 = (S +R)) — (a + ) — %p%(l — (S +R))?|dt
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1
+ 5011 = (S + R)AW.

As (S§,R) € A, we have that S + R € (0, 1) and using the large number theorem for martingales [29],
we get

1 !
limsup;f(l - +R)dW; =0 a.s..
0

t—00

Moreover the function f : (0, 1) — R defined by

f(x) =Bsx 5 X (@ +puy) = > (% P (a+ﬂ0+mﬁ

has its maximum value at x = 1 if p% < B,. This yields to

1 2
limsup;lnS s(—% +BS—(a+,us))<0 = S5 <.

t—00

On the other hand, if (2.12) holds, then

P BY 2 2
f()——;( ——2) — (@) + 25 < —(a+p) + 5 <0,
1 1 1

and therefore, also

1
limsup—-1InS <O.

t—0o0

Next we show that also R tends to zero exponentially almost surely by using condition (2.13).
Without loss of generality it holds that 0 < § < &R, as R € A and S tends to zero exponentially a.s..
Then, It6’s formula gives

1
dInR < |B.(1 = (S +R)) — u, + qae — 5,03(1 — (S +R))*|dt
1
+ §p2(1 - (S + R))dW2

Using a similar argument as above, we can define a function f : (0,1) = R, x — B8,x — , — %p%xz, and
its maximum value is obtained at x = 1 if p% < B,. Taking the limit t — oo, & — 0 yields to

1 1

limsup—InR < —Epg +8,—u, <0 & R <1.
—o00

The same assertion can be shown when using condition (2.14). This follows analogously and will be

omitted here. |

Remark 2.7. The conditions (2.11) and (2.13) in Theorem 2.6 state that the bacteria will extinct if
RS <landS g < 1 and the white noise is not too large or if the white noise is large enough such that
the conditions (2.12) and (2.14) are fulfilled. Moreover, the thresholds compared to the unperturbed
system differ by the noise parameters pi, p,, and the conditions for the stochastic model are weaker
than for the deterministic system. This will be also illustrated in more detail in Subsection 2.2.
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The remaining part of this subsection deals with the persistence of bacteria.
Theorem 2.8. Let (S, R) € A be the solution of (2.1). Then,

(i) If RS > 1 and (2.11) or (2.12) are fulfilled, then the sensitive bacteria tend to zero exponentially
and the resistant bacteria satisfy

S

1 (" -
lim inf —f R(s)ds =: liminf(R) > — > 0, (2.15)
—oc0

S
t—ooo 0 Rr

i.e. the resistant bacteria are persistent in mean.
(i) If Sy > 1, R, < S5, RY < 8§ and u,(Sy — R,) >
bacteria are persistent in mean and they satisfy

S3-§ .. .
SOS_IO qasS g, then both the sensitive and resistant
0

a(SS -1
liminf(R) > 900, = D >0,
e (qa+p,) (S5 — A=RS(S§ — So+ 1)
| (53 = Sogar+ (55 - Dur(1 - &)
. . 0
liminf(S) > > 0.

N
1
—00 o

Proof. First we show (7). Since either (2.11) or (2.12) hold, it follows from Theorem 2.6 that lim S (r) =
1—00
0 a.s.. Moreover, applying 1t0’s formula to V = In R yields
S P 2
dInR=|B.(1-(S +R)) —u, +an - ?(1 — (S +R))"|dt
+ 02(1 = (S + R))dW,.
Thus,

In R(¥) — In R(0)
t

P
2

2
S
Zﬂr—(ﬁr—%)@)—(ﬁr )<R>—ur+qa<ﬁ>
2 t
—‘2#2[(1—(5 + R)dWs,
2 "7,

where we used that 0 < R < 1 and 0 < § + R < 1 and in particular for 0 < § < &R it holds that

1 02 02
<R>Z pg(,—,u,—32+qoz8—(ﬁ,—32s
IBr_7

" %fu — (S +R)AW, + %mR(O) - %lnm)-
0

The large number theorem for martingales [29] states that

!
lim 22 f (1-(S +R)dW, =0, lim
0 1—o0

t—oo

InR(O0)
= =

0,
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and taking the limit # — oo and £ — 0, we obtain

S

lim inf(R) >

—o0

>0 < R >1.

r

Next, we show assertion (if). [td’s formula implies that

2
dlnS = [ﬁs(l — (S +R) — (@ +pu,)— %(1 - (S +R))2] dt
+o1(1 = (S + R))dW,,

and in particular,

(§)>

~ ( . (am)—’i—(ﬁ p1)<R>)+so1(r)
:85'_71

S5~ 1
:( = )—<R>+901(t), (2.16)
0

where we used the definition of S and ¢, is given by

e1(0) = %f(l — (S +R)dW, — lnS(t)—tlnS(O).
0

Similarly we can show that

2
<s>sﬂ ( s—<a+us>—(ﬁs—%)<m)+<,ol<r>,
s
S 1
=20 (R + @i (0). (2.17)

SS

Integration of the second equation of (2.1) leads to

R() — R(0
FOZED = . (R(1 = (S + R = R + qacs
+ ’% R(1 = (S +R))dW,
0 p
> (( - —2) (R(L= (S + R)) — i (R) + qar(S >)
+ % R(L= (S + R)dWs,
0

where we used that 0 < § + R < 1. To this end, inserting the inequalities (2.16) and (2.17) yields to

R(t) — R(0) P53\ So—
——= (( ,——)<R>—(ﬁ, 2) L
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S

G pr ("
=+ ga)(R) + =5 qa)dt+7fR(1—(S + R)dW,
0 0

2
+ (qa —B+ %)wlm,

and therefore,

S3-1
qa 55
(R) = 7 Tyt
o+ = (.= 5) (1= %)
qa(Sy — 1) ®
= + (1),
(g + ) (ST = AR (S = So + 1)
where ¢ is defined by
i 2
p
o(1) = %f R(1 = (S + R))dW, + (QOK —Br+ 32) @1(1)
0
R(7) = R(0)
" .

Using again the large number theorem of martingales, we obtain that
lim ¢(f) = 0.
t—00

Thus, it holds that

(S5 -1
liminf(R) > g%, — 1 >0,
oo (qar+ ) (S5 = A=—RS(S§ - Sp+1))
if the conditions of (ii) are fulfilled. Similarly one could show that
So—1
lim sup(R) < 9o~ 1) R
o (qa +u) (S§ — )
Finally, we have to show that also liminf(S') > 0. Due to (2.16) and (2.19), it holds that
[—00
S5 -1 S5 —1 So—1
liminf($) > . — lim sup(R) > o~ — — 920D _
t—00 SO t—o0 SO (qaf + /'lr) (Sg — ,ulj'Tqra/)
1 a(Sog—-1)
= |65 -D- %
So qa + u, — 53
R,
S5 S

This concludes the proof.

(2.18)

(2.19)

O

Mathematical Biosciences and Engineering Volume 17, Issue 5, 4477-4499.



4488

2.2. Numerical simulations

In this subsection, we do some numerical experiments to corroborate our theoretical results. The
values of the dimensionless parameters were obtained from [3] and are given in Table 1. According
to [3], the unit of time before nondimensionalization corresponds to days.

Table 1. Values of the parameters for the model (2.1).

Parameter Definition Value
Bs Growth rate of S 04
B Growth rate of R 0.1
s Natural death rate of S 0.2
Uy Natural death rate of R~ 0.5
P1 Intensity of noise for 5, 0.5
02 Intensity of noise for g, 0.5

Recall the parameter a represents the elimination rate of bacteria by antibiotic which is considered to
vary depending on the antibiotic supplied: Linezolid, Penicillin G or Methicillin. Table 2 shows the
values of these variations.

Table 2. Values of the parameters a and g depending on the type of antibiotic.

Parameter Description Linezolid Penicillin G Methicillin
a Elimination rate of S 39.7 0.1204 324
q Fraction of S that acquires resistance ~ 4x1073 0.3992 0.1234

The previous section tells us, that the trivial equilibrium E, of the system (2.1) exists if Sg < 1 and
p% < Bsand RS < 1 and pg < B,, respectively or if the noise parameters are large compared to the
other model parameters. The goal of this subsection is to confirm the theoretical results with numerical
simulations. In the following, we approximate the mean of the solution of the stochastic system by
performing a Monte—Carlo simulation using 5000 different paths and compare it with the deterministic
results.

As a first example, we take the values from Table 1 and Linezolid as antibiotic. In this case it holds
that R, = 0.2, So = 0.01 and R} = —-0.05 and S} = 0.069 respectively. Thus, using the results of Table
2 from [3], we should obtain the equilibrium E;, see Figure 1).

We see that both the resistant and the sensitive bacteria tend to zero for the deterministic model and
this is also the case for the stochastic model.

As a next example, we use Methicillin and change the natural death rate of R to 0.09. Then, for the
deterministic model, we have R, = 1.11 and S¢ = 0.0123 but p% > 3, respectively. The theoretical
analysis of the previous section tells that in the stochastic case both bacteria dies out while in the
deterministic case, the resistant bacteria survives. However, if we decrease p, to 0.1, we obtain that
R% > 1 and the behaviour of the stochastic system coincides with the deterministic one. Therefore, in
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Figure 1. Approximated mean of the solution of the system (2.1) and the corresponding
deterministic model (1.1) for Linezolid. The unit of time before nondimensionalization co-
rresponds to days.

Figure 2 the mean of the solution of the stochastic model is plotted for both, p, = 0.5 and p, = 0.1
respectively.

The theoretical results for the equilibrium E; coincide with the numerical results as can be seen in
Figure 2. For both models only the sensitive bacteria goes extinct if we use p, = 0.1, however, for
02 = 0.1 both bacteria die out.

Finally, Penicillin G is taken as antibiotic. Then, S, > 1 but for the stochastic setting we have S (S) < 1.
Thus, we need to change p; to 0.3, which leads to § g > 1 and both, the sensitive and resistant bacteria
should be present, which is confirmed by Figure 3.

The numerical simulations of equations (1.1) and (2.1) which can be seen in Figures 1-3 confirm the
theoretical results derived in Section 2 and are in line with the deterministic results from [3].

3. Optimal control problem

From a mathematical approach only a small number of studies have established analytical results
for the optimal control of an infectious disease under drug resistance, see e.g., [11,30-33]. Here, we
do not consider a population—-model for individuals infected with a bacterial disease, but we consider a
simple model where sensitive and resistant bacteria interact. Thus, in this section we study the optimal
control problem for the deterministic model (1.1) which motivates the stochastic case (2.1). We first
analyse the setting, show the existence of the control and also present some numerical simulations.

3.1. Deterministic optimal control problem

In order to formulate the deterministic optimal control problem, the following additional hypothesis
in the model (1.1) are considered: the population of resistant bacteria are perturbed by prophylaxis at a
rate (1 — n(t))qa, being 7(¢) the control by prophylaxis, which assumes values between 0 and 1, where
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ministic model (1.1) for Methicillin. The unit of time before nondimensionalization corre-
sponds to days.

n = 0 is assumed if the prophylaxis is ineffective and n = 1 if it is completely effective, that is, there is
no mutation due to antibiotics. Thus, we have that the control variable 7(¢) provides information about
the amount of patients that must be educated.

The main goal will be to minimize the number of resistant bacteria. For this purpose, the following
cost function is considered

T
J(n) = f (aR+1bn2)dz. (3.1)
0 2

In above function a represents the social cost, which depends on the number of resistant bacteria
due to mutations, and the function %bif defines the absolute cost associated to the control strategy,
such as implementation, ordering, distribution, among others.

Taking x = (S, R) and the above considerations, the following optimal control problem is formulated

J(m) = min fOT (aR + %bnz) dt

o =B,S[1-(S +R)]—aS —u,S
dt
Lfl_lj = B,RI1 = (S + R + (1 - ngaS — R (32)

x(0) =(S,R) =xo

X(T) = (Sf,Rf) = X1.

In our control problem, we assume an initial time 7y = 0, a final time 7 fixed representing the
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implementation time of the control strategy, and also we assume free dynamic variables x; at the final
time, while the coordinates of the initial condition x, are the coordinates of a non—trivial equilibrium
of the system (1.1). Additionally, we assume that control variable is in an appropriate set of admissible
controls, namely U = {n(¢) : n(¢) is Lebesgue measurable and 0 < n(r) < 1,¢ € [0, T]}.

In the following, we prove the existence and uniqueness of the control 7. To this end, using argu-
ments similar to [34], we have to show that the following properties have to be fulfilled:

(i) The set of all solutions to the state equations from (3.2) with corresponding control functions in
U is not empty.

(i1) The right side of the state equation from (3.2) is continuous, bounded above by a sum of bounded
control and state, and can be written as a linear function of the control variables with coefficients
dependent on time and the state variables.

(111) The integrand in the cost function aR + %bnz is convex on U and additionally satisfies

1
aR + 519772 > k1|77|6 —k, where ki,ky > 0,0 > 1.

Assumption (i) is fulfilled by Theorem 1 from [4]. Rewriting the right side of the state system as
x = f(x) + g(x)n immediately leads to Assumption (ii). Moreover, the integrand in the cost function is
clearly convex and we have that

1 1
aR + 519772 > —aR + 517772 > —ky + kilnl’,

such that Assumption (iii) is fulfilled. Thus, there exists an optimal control.
Now, the Pontryagin principle for bounded controls [35] is used to calculate the optimal control of
(3.2). To this end, we observe that the Hamiltonian is given by

1
H=aR + Eb;f + 2 [B:S(1 = (S +R)) —aS — u,S|
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+ L [B,R(1 = (S +R)) + qaS — ,R], (3.3)

where A;, i = 1,2 are the adjoint variables which determine the adjoint system. The adjoint system
and the formulation (3.2) define the optimal system. The main result of this section is summarized in
the following theorem.

Theorem 3.1. For (3.2) there exists a corresponding optimal solution (S *(t), R*(t)) that minimize J(1)
in [0, T]. Moreover, there exits an adjoint function A(t) = (A,(t), A5(t)) such that

dAa
d_t‘ = 4(2B,S +BR + s + a — By) — LIBR + (1 — n(t))ga]
(3.4)
dA,
E = —a+ 4BS + L2BR+B.S + u— )

with transversality conditions A;(t) = 0 for i = 1,2 which satisfy

bagaS
n* = min {max {O, Zcéa/ } 1}-

Proof. The Pontryagin Principle applied to (3.2) guarantees the existence of adjoint variables A;, i =
1, 2 that satisfy

) OH
/11 = _59 JI(T) = 07
) OH
bH=—— LT =0,
2 R 2(T)
H = max H.
nel

Replacing the derivatives of H with respect to S and R in above equations we obtain the system (3.4).

The optimality condition for the Hamiltonian is given by prl 0, or equivalently bn* — A,gaS = 0,
n

. In consequence, the optimal control n* is given by

n* = min {max {O, /lzcéaS } , 1} .

AqgasS
from where n* = 22990

3.2. Numerical solutions

In this subsection, some numerical simulations for the problem (3.2) are performed to observe the
effects of prophylaxis as control strategy. To this end, we use the forward—backward sweep method
described on [36]. The implementation time of control is approximately 10 days and the values of the
relative weights are a = b = 0.002 as it is suggested in [37]. Here we omit the case of Linezolid as the
bacteria die out even without control strategy.

In Figure 4 we observe the control effectiveness. From the first moment the Methicillin—resistant
bacteria population R is controlled while without control R grows. On the other hand, 7 starts at the
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Figure 4. Methicillin-resistant bacteria with and without control. The unit of time before
nondimensionalization corresponds to days.

limit of 90% during the first moment and then decreases rapidly until reaching its lower level of 0%
before the first day.

Figure 5 shows the case of Penicillin G-resistant bacteria. Despite the cost and effort generated by
controlling the resistance with the prophylaxis strategy, control can not be achieved. As less resistant
bacteria survive, the costs of the prophylaxis, have to be much lower than the social costs, to achieve
an effective control.

3.3. Stochastic optimal control problem

As discussed in the previous sections, introducing random perturbations to the deterministic system
will lead to different behaviour of the bacteria. Thus, we will study in this subsection a stochastic
optimal control problem where the state equations are given by

dS =[B8,S(1 =(S +R) - (u, + @)S]dt + p1S(1 = (S + R)dW,
(3.5)
dR =[B,R(1 - (S +R)+ (1 —ngasS — iR dt + p:R(1 = (S + R))dW>.

The solutions (S, R) are random variables, thus we need to take the expected value of the cost
function (3.1), which leads in minimizing

T 1
Jm) =E [ f (aR + —bnz)dt] .
0 2

As the diffusion does not contain the control variable, the Hamiltonian H is defined by (see e.g. [38])

H=aR+%b772+P1 [BsS(L = (S +R) — (us + )5 |

+ p2 [B-R(1 = (S +R) + (1 —n)gasS — u,.R]
+q1 [p1SU = (S +R)]| + q2[p>R(1 = (S + R))],
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where the pairs (pi, q1) and (p», g») solve the backward stochastic differential equations
dpi(t) =—[(B(1=(S +R) = S) — (us + @))p1 + (=B.R+ (1 —=n)qa)p,
+(1(1 = (S + R) = S)q1 — p2yqa)] dt + q1dW,

dp:(t) =-a—[-B:Spi+ B(1=(S +R)~R)—u,)p>

(3.6)
—p1Sq1 + p2(1 = (S + R) = R)q>| dt + q2dW,
pi(T) =0
pT) =0.
) . ) OH .
Moreover, as in the deterministic case, it holds that o = 0, or equivalently
n
* : plan
n” = min{max 10, b ,1t. (3.7)

3.4. Numerical solutions

The main difficulty in the numerical simulations is the approximation of the stochastic forward—
backward differential equation (3.5)—(3.6). Due to the four—step scheme [39], these equations are
related to the solution of quasi—linear partial differential equations which we solve by the probabilistic
approach presented by [40]. The implementation time of control strategies is again 10 days and the
values of the relative weights are a = b = 0.002. The parameters in the equations are the same as in
Subsection 2.2, and as in Subsection 3.2, only the cases of Methicillin Penicillin G resistant bacteria are
considered. Moreover, from the study in Section 2, we choose for the Methicillin simulation p, = 0.1
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and for the Penicillin simulation p; = 0.3, respectively, as for greater values of p; and p, both bacteria
die out and no control strategy is necessary.
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Figure 6. Methicillin—resistant bacteria with and without control. The simulations were

made using the same path of the Brownian motion. The unit of time before nondimensionali-
zation corresponds to days.

We observe a similar behaviour as in the deterministic case comparing with Figures 4-5. Again,
Methicillin-resistant bacteria is controlled effectively by n and the resistant bacteria without control
grows much faster than the controlled one ( see Figure 6). However, repeating the experiment with
Penicillin G-resistant bacteria, the uncontrolled and the controlled resistant bacteria behave similarly
(Figure 7) and a lower value of b is needed in order to have an effective control strategy.

4. Discussion

This paper presented a mathematical study describing the dynamical behaviour of bacterial resis-
tance to antibiotics model with perturbed reproduction rates. Our purpose was based on analysing this
behaviour using both a deterministic model and a stochastic one. The deterministic case was studied
in [3]. Concerning the stochastic model, we obtained sufficient conditions for the stability of the trivial
equilibrium E, in the probability sense by using a suitable Lyapunov function and other techniques of
stochastic analysis. The investigation of this stochastic model revealed that the stochastic stability of
E( depends on the magnitude of the intensity of noise. Moreover, we determined the stochastic re-
production numbers for sensitive and resistant bacteria and we gave conditions for the cases that only
resistant bacteria survive and that both bacteria persist.

The main result of this work was based on the formulation of optimal control problems in both cases
(deterministic and stochastic). The control strategy used was prophylaxis, that is, control by patient
education campaigns and an adequate supply of antibiotics. Sufficient conditions were derived to show
existence and uniqueness of the control problem. The numerical simulations of the deterministic con-
trol problem were performed by using data from bacterial cells of the genus Staphylococcus under three
types of antibiotics supply: Penicillin G (low efficacy), Methicillin (medium efficacy) and Linezolid
(high efficiency). The numerical results revealed that when bacteria are treated with Linezolid they
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are naturally eradicated, when they are treated with Methicillin the sensitive bacteria are eliminated
and a persistence of resistant bacteria is generated, which can be reduced incorporating a prophylactic
control strategy. The most interesting case occurred when bacteria are treated with Penicillin G, as
there is a persistence of sensitive and resistant bacteria that cannot be controlled with the same costs
for prophylaxis. Therefore, these results suggested that one has to lower the costs for the prophylaxis
in comparison to the social costs to obtain an effective control strategy.
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