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Abstract — A mathematical model for hard-to-treat infections with culturing and antibiotic
susceptibility testing (CAST) as an intervention strategy in a population is formulated and analysed.
The analysis of the model has been done qualitatively to investigate the existence and stability of
equilibria. Using the Lyapunov function, the disease-free equilibrium of the model proved to be
globally asymptotically stable with respect to the threshold quantity R, < 1. Of course, this entails
local stability. A similar approach is employed in proving the global stability of the endemic
equilibrium state in the case R. > 1. However, the local stability of the endemic equilibrium is
Published: 31.12.2020  jnyestigated using the method of row elimination. The model was validated using the Tuberculosis case
Original Article in South Africa, and the result reveals that patients without adopting CAST strategy are prone to drug
resistance and delay in quick response to the treatment regimen. On the contrary, individuals who have
adopted the strategy have shown greater recovery potential from the infection. Based on that, self -

medication, blind prescription should be avoided to curtail the consequences of drug resistance.
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1. Introduction

In the world of medicine, the consequences of an improper diagnosis of most hard-to-treat infections such as
Mycobacterium Tuberculosis, Typhoid fever, Gonorrhoea, staphylococcus etc. are responsible for high human
mortality and morbidity [1]. To this paper, hard-to-treat infections refer to diseases/infections that prove
incurable without culturing and antibiotic susceptibility testing. It is primarily culturing to ascertain the main
cause of an infection and determine drug resistance strains under laboratory-controlled conditions to give a
correct diagnosis and treatment [2]. It is observed that those who carry out culture testing tends not to have
antibiotic-resistant strains and do heal quickly [3]. To achieve this, it is necessary to carry out antibiotic
susceptibility testing, which involves culturing the disease in the presence of antibiotics. If the bacteria grow,
they are resistant to the drugs, but if it fails to multiply, it implies that the drugs are effective and the bacteria
are not resistant [4, 5].

[6] explains the need for rapid diagnostic testing to determine the causative organism of infection and
maintained that diagnosis through culture before treatment plays a valuable and critical role in the cure of
patients and those at risk of developing the infection. [7] identify disk diffusion and broth dilution techniques
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for bacterial culture and antibiotic susceptibility testing used in veterinary medicine and [8] made a case for
integrating culture-based and molecular methods in agro-ecosystems to understand better ways of bacterial
inhibition. [9] gave an overview of the current methods available to identify antimicrobial susceptibility testing
of anaerobes (aerobic bacterial).

The number of mortality and morbidity cases recorded against drug resistance to diseases due to non-culturing
and antibiotic susceptibility testing is alarming, and mathematical models under this area are few and not
widely explored. People have made attempts to model this kind of infections on specific diseases as far back,
as seen in [10, 11]. [12] projected that rapid expansion of Tuberculosis (TB) culture and drug sensitivity
testing (DST) among South African adults could save >47,000 lives and prevent >7,000 multidrug-resistant
(MDR)-TB cases during the 10 years from 2008 to 2017. This corresponds to a reduction of 17% in total TB
mortality, 14% in MDR-TB incidence, and 47% in MDR-TB mortality. Their model projected that culture and
DST impact depends most strongly on the speed and sensitivity of culture, treatment rates in diagnosed TB
patients, and TB case detection rates in the absence of culture. In the paper, Detection of antibiotic resistance
is essential for gonorrhoea point-of-care (POC) testing: a mathematical modelling study, [13] addressed
clinically relevant situations to evaluate the potential impact of gonorrhoea POC tests on antibiotic-resistant
Gonorrhoea and can guide the introduction of POC tests. [14] used mathematical modelling to provide a
framework that integrates information regarding the transmission and control of foodborne pathogens and
antimicrobial resistance. [15] provided a highlight on critical questions in the management of Gonorrhoea that
can be addressed by mathematical models and identify key data needs. Their overarching aim is to articulate a
shared agenda across gonococcus-related fields from microbiology to epidemiology that will catalyse a
comprehensive evidence-based clinical and public health strategy to manage gonococcal infections
antimicrobial resistance.

Because of the above, the present study uses this opportunity to consider the general dynamics of hard — to -
treat infections with antibiotic susceptibility testing as a robust way of enhancing proper medical treatment.
This paper's organisation begins with an introduction in Section 1 and follows model formulation in Section
2. The analysis of the model is presented in Section 3 with numerical simulations and discussion in Section 4.
Finally, the conclusion is given in Section 5.

2. Model formulation and the Feasible Region

The model classifies the total population at time t, denoted by N, into susceptible individuals S, infected
individuals without CAST strategy I,,, infected individuals with CAST strategy /. and individuals who
recovered from the infection R. It is assumed that individuals are recruited at a constant rate ¢ to the
susceptible population S and recovered individual also become susceptible at y rate. Susceptible individuals

Iy +0I,
N )’
where S is effective contact rate and 8 is the modification parameter which takes the values 0 < 6 < 1. When

6 = 1 implies that CAST strategy is ineffective in disease control while when 6 = 0 signifies that the strategy
can effectively control the spread of the infection. Individuals with culture and antibiotic susceptibility testing
can acquire the infection at a reduced rate of (1 — m)A and a higher recovery rate of p. compared to those
without. It is also assumed that some of the infectives I, move to join I, class with a rate a depending on
CAST strategy. It is also assumed that the natural death rate occurs in all populations at a per-capita rate of p.
It is noted that the recovery rate of infective due to CAST strategy is greater than those without the strategy
(pe > py)- The mortality rate due to I, is lower than that of I, (6. < 6,,). The variables and parameters of
the model (1) are hereby presented in Table 1.

can be infected with disease following the contact with infected individuals at an average rate A = (
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Table 1: Parameters of the Model.

Parameter  Interpretation

Number of susceptible persons

Number of infected persons without CAST strategy

Number of infected persons with CAST strategy

Number of recovered persons due to treatment

Recruitment number of susceptible persons

The fraction of susceptible persons who become infected and do not adopt CAST strategy
The rate of adopting CAST strategy

Effective contact rate

The force of infection

Natural death rate

Modification parameter

Disease induced death rate for infectives without CAST strategy

Disease induced death rate for infectives with CAST strategy

Recovery rate based on CAST intervention strategy

Recovery rate based on ordinary medical test prescription (without CAST strategy)
The rate at which recovered persons regain susceptibility

RO orT >HRA G RTT 0

2

(u+6y)

Fig. 1. Flow diagram of the generalised model of hard-to-treat infections

2.1. Model Equations

Using the description of model and Fig. 1, we derive the differential equations below.

ds 3
—=¢—AS+yR—uS

dt

dl,,

Y —mAS — (u+a+py, + 61,

dt

dl & W
d_; =1 -mAS+al, — (u+p. + 6,1,

dR
Ezpwlw + pcle — (u+ V)R )
where
I, + 6l
s 2%

Adding the whole equations of (1) yields

dN
dt = ¢ —uN = Syly — 8.1 (3)
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2.2. The feasible region

This sub-section examines the model's invariant region (1) whereby the system is mathematically and
epidemiologically well-posed.

Theorem 2. 1. The model (1) is a dynamical system on the biologically feasible region:
D ={(S,1,,1,R) € R*:N, < N(t) < S°},

¢
u+8y,y+8.

where $© = 2and N, =
u

Proor. The proof follows a two-step approach [16]

Step 1. We prove that the solution S(t), I, (t), I.(t) and R(t) of the model (1) based on the initial conditions
such that S(0), I,,(0), 1.(0) and R(0) are non-negative. Let £ = sup{t > 0:5S > 0,1, =0,I. = 0,R = 0}.
Then, £ > 0 and it shows from the first equation of the model (1) that

ds

== (U AD)S+YR 2 ¢~ (n+A®)S,

The above inequality equation has the form

d t t
x [S(t)exp {yt + .’; A(s)ds}] > dexp {ut + J;) A(s)ds}.

Thus,
3 3 P
S(t)exp {,uf + j A(s)ds} —-5(0) = f dexp {,up + f A(v)dv} dp,
0 0 0
So that
3 3 t 4
S(t) = S(0)exp {— (,uf + -[ A(s)ds)} + (0)exp {— <,uf + f A(s)ds)} X f dexp {,up + f A(v)dv} dp
0 0 0 0

> 0.
Similarly, it can be proven that I, > 0,1, = 0,and R = 0 forall t > 0.
Step 2. We now show that the total population at time t, N (t) satisfies the boundedness property
N, < N(t) < S° whenever N, < N(t,) < S°.

From equation (3), one has that

dN
¢_(M+6w+6c)N(t)SES(I)_.UN(LL)- (4)

Applying the Gronwall inequality to the equation (4) yields

¢ $
T [1 — e~ Wb t8It] 4 5(0)e~(BHOwHEIt < S(0)e Mt 4 X (1 — oM
u+6w+6c[ ¢ ] +50)e = SO +- (1 —e™)
which implies that
N, < N(t) < S°.

Bringing step 1 and step 2 together, Theorem 2.1 follows from the classical theory of dynamical systems.
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3. Existence of model equilibria and stability

3.1. Local stability of disease-free equilibrium (DFE)

The disease-free equilibrium point occurs at the state in which there is no infection. Hence, the DFE point of
the model (1) is given by E, = (59,0,0,0), where the infected compartment tends to zero and S° is the same
as in Theorem 2.1.

The local stability of the DFE (E,) depends on the control reproduction number, R, which is computed by a
next-generation operator [17]. Using their notations F and V which denote the matrix of the new infections
and transition matrix respectively, we have

_ 8 o _(uta+py,td, 0 )
F=p(,", (1—n)9> anav = (740 wtpe+3.)
with
1
0
v-1— u+a+p, +94,
a 1

wt+a+py+6)u+pc+6) pn+pc+6.
Therefore, the control reproduction number is

(5)

n(d, + af) + (1 —m)d, 6
did, '

R = p(FV™1) = ﬁ(
where

di=p+a+p,+6,andd, =pu+p.+6,.
Therefore, by Theorem 2 in [17], we can claim the following result.
Lemma 3.1. The DFE of the model (1) is locally asymptotically stable if R, < 1 and unstable otherwise.

Biologically, lemma 3.1 implies that an adequate pool of few infected individuals into the susceptible
population will not generate an outbreak of infection except R, > 1. Therefore, to ensure better control of
infection, the global asymptotic stability of DFE is needed as addressed in the next subsection.

3.2. Global Stability of the DFE

The global investigation of stability at the disease-free state using Lyapunov function's construction depends
on the infected compartments only.

Lemma 3.2. The DFE of the model (1) is globally asymptotically stable in D provided that R, < 1 and
unstable if R, > 1.

Proor. Following the work of [18], we consider the Lyapunov function
L = Al,, + BI,, (6)

where A > 0 and B > 0, with the derivatives of L defined by
dL.. _ dl,, dl,

Thus, substituting the corresponding right-hand side of (1) into (7) gives
dL
—=(mA+ (1 —-n)B)AS — (d1A — aB)I,, — d,BI.. (8)

dt
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Therefore, setting the coefficients of AS to the numerator of R, (excluding £) and that of I,,, to the denominator
of R., we have

nA+ (1 —mn)B =n(d, + ab) + (1 —m)d 6,
dlA —aB = dle'

from which we obtain
A=d,+af >0andB =d;6 > 0.
Now replacing the expressions for A and B in (8) above yields
dL P <1W + 61,
dt N

)S(n(dz +af) + (1 —m)dy0) — dyd,(I,, + 61,

= dyd, (I, + 61,) </3 (”(dz * aezi:;zu — mdla)% . 1).

Since S < N is in the region of the invariant set, it then follows that

n(dy, + af) + (1 —m)d,6 1
did; '

dL

= dydy(Iy +0I.)(R. — 1).
This shows that

dL
7 <O0ifR. <1

Equality holds at R, = 1 and I,, = I, = 0. Therefore, we can conclude from the LaSalle's invariance principle
stated in Theorem 3.1 below that the DFE is globally asymptotically stable since S — %as t-o>watl,=1,=

0.

Theorem 3.1. [19] (La Salle Invariance Principle). Let H(x) be a locally Lipschitz function defined over a
domain G € R™ and Q c G be a compact set that is positively invariant concerning x = H(x). Let V(x) be a
continuously differentiable positive definite function on G such that V(x) < 0 in Q for all x € G. Let E =
{x € Q[V(x) = 0}, and M be the largest invariant set in E. Then every solution starting in Q approaches M as

t — oo,

3.3. Existence of Endemic Equilibrium State (EES)

The endemic equilibrium state defines the persistence of an infection in the population. Suppose
E* = (§*, 1, 1., R*) > 0 is the endemic equilibrium of the model (1). Then,

0= — AS™ + yR™ — uS™,

0 = mA™S™ — dy 1",

0=_1-mA"S*" +al,” —d,I.”,

0=p,L, " +pd.~" —ds;R*.

Therefore,
+ yR**
s SHYRT
w _d1 )
\ [ am 1—m Jreges )
¢ = <d1d2 4 ) '
T (Pw Pcc (1—7T),DC
R™ = —(—+ >+ A*S**,
\ <d1 d; dpd; dpds >



Journal of New Theory 33 (2020) 01-14 / A Generalized Mathematical Model of Hard-to-treat Infections ... 7

To be specific, the value of $** is

§* = ¢ . (10)

#H**(l_dlg(dzl(pwwc )+<1_n>pc))

Recall from (2) that the force of infection at the equilibrium state is

Ly +6I;"\ R,—1
/1**=/3(W C)=C (11)

N** K '’
with

Pw pc> 1- n( pc)
K = 1+—+—[(1 1
( +d3+d2( +d3>+ o, Uta
Note that A** # 0 defines the endemic equilibrium which exists at the point, R. > 1. From the above, the
following result can be inferred.

Lemma 3.3. If R, > 1, then the model (1) admits a unique positive endemic equilibrium state.

3.4. Local Stability of EES

The linearised form of system (1) at E** gives the Jacobian, J,

(IW** + 91(:**) ** S**
- <u + B B ~BO v
1, +61.") S S
J= = ( —np N**) mpo e 0 .(12)
+ 01, S S
(a- n)ﬁM a+(-mfrs —(h-0-mpess) o
0 Pw Pc —(u+vy)
The transition by row reduction into an upper triangular matrix of the Jacobian is given by
—91 —92 —93 14
[0 -4 —A, As )
TU - O O _(AlBZ + AzBl) (A3Bl + AlBS) ’ ( 3)
0 0 0 Q

where

Ay = 9195+ 9294, A2 = 9394 — 9196:43 = VG4

By = 9198 — 9297, B; = 9199 + 9397, B3 =vg7,

and Q = (A1B; + A;B1)(pwAs — g1041) + (pcAr — pwA2)(A3By + A1 Bs),

with
(1, + 61" §* s (1, + 61,")
91—#+3T'92=5W, gz = po N9 = ﬁWNTC,
S S* ( 401 **)
g5=(d-mp==),  ge=mBOT=, g =(1-mB

gp=atQ-mfm  go=(d-(1-mBIT=),  Gro= 1)

For the system to be Locally Asymptotically Stable at the endemic state, we now show that all the diagonal
elements of the upper triangular matrix, which are the eigenvalues of (12) are negative.
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Then, from (13)

(Rc - 1)

= ) < 0iffR. > 1. (14)

/11=—91=_<M+

Similarly,

(Re—1) S .
2o =—Ay =~ (di|p+—7—) - upni= | <OiffR.>1.  (15)

For /13 = _(A1B2 + AZBI) < 0,
it implies that (4, B, + A,B;) > 0, and detail simplification gives

oo [ g _—
Jo=—up |0 (ﬁ = (= @) — dy (1 - m) (1 + u)) - <u +( )) (dy7 + ab)

R. — 1)? R.—1
—d1d2<( = ) +2y( " >+y2><0iffRC>1.

(16)

Lastly,

Ay = Q = (418, + A3B1) (pwAsz — g1041) + (pcA1 — pwAz)(A3B; + A1 B3).

Since (A;B, + A,B;) and (A3B; + A;B3) are positive, we are left to show that (p, Az — g104;) and
(p.A; — pywA,) are negative. This implies that

PwAz — 91041 < 0 & py Az < gp04, Yields
Ay

Pw < G0 a7
and
PcA1 — pwhz <0 &= pcA; < pyA,.
This gives
Ay
pcA_ < Pw- (18)
2

Combining equations (17) and (18), we get the inequality

Ay Ay
pCA_Z <pw < glOA_3

from which we arrived at

Ay < 0iff p,. >

—u(u+y)os*
Ry 5= —(u+7v)upe

s K
_ ——— provided R, > 1.
yrN** (I, **+01.* -1’ p ¢

N* yr(R,

Lemma 3.4. The endemic equilibrium is locally asymptotically stable iff R, > 1.

3.5. Global Stability of the Endemic Equilibrium E**

Lemma 3.5. The endemic equilibrium point of the model (1) is globally asymptotically stable if and only if
Relg=y=0 > 1.

Proor. We consider a nonlinear Lyapunov function of Volterra type as applied in [20]

*% *k S 1 *% IW 1 *% Ic
L1 =5S-5S"-S 11’1<S**>+E|:IW—IW ll’l(m)] +m|:IC—IC 11’1<F>]
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The derivative of L, with respect to time is given by

p _(1 S**)dS+1 AL S PR Y .
re S)dt w dt  1-m I, )dt’ (19

Putting the equations of the model (1) aty = 0 in (19), we have
S I, +061 1 I,”" I, + 01
(1——)[¢ /3( C)S—ys]+—<1—”1”—>[ﬁn(—wlv C)S—(,u+a+pw+8w)lw]

w

+

1_ﬂ<1—£>[ﬁ(1—n)( i )S+al —(,u+pc+6c)l]

For convenience, let H(I) = M, then simplification gives

*% *%

= (1-2) 16— pHWS — 51+ (7) x (1 - ’;”—) [BTH)S — (4 + @+ pu + )1 ]

w

1 I sk
i (1 - n) (1 - 1_> [ —mHDS + aly = (1 + pe + 8], (20)

Using the following equilibrium relations of the model (1) obtained at y = 0,
ﬁT[H(I**)S**
IW** )

B(1—m)HI™)S™ + al,™

u+a+p, + 06,

p+pct+d. =

*% )
Iw

Then, equation (20) becomes

= s (1 2 )+ H(I™)S$™ | 1 HIDS _S7 A
H(DS L, L,”HS
H(DS I. I.HDS

(21)

)

Adding the second, third and fourth terms of (21) and using the fact that — na =

< 1, since H(I) is a decreasing

function, we get

K%

S I, SIS I, 1S
L/ — * % 2___ HI** *k 4___—___
1= HS ( 3 S**) +BHUT)S [ " s7L, 1" 1S
s S a I, I LI,
H(I*)S* | —— —I - 1]. 22

But BH(I™) = 1™ = % from (11) and setting @ = 0 in (22), we have

s* S R.—1 I SI,”™ 1 1.”S R.—1 (§**)?
P S**(Z——— ) (c )5** gotw 2w e L _( S** ]|
1=k s )tk I 1.5* S5

from which we arrived at
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s S R.—1 I SI,”™ 1 1.7*S
L <us**<z——— >+(C—>S**[4—%—L—%—C
S S K L, S*1, I, 1.5*
Thus,
1 <0 ifandonly if R, >1, 2 < IW + Shy -l 4 le”S However, L) =0 if R, =

** S**IW IC** ICS**'
1,5=S8"1,=1,"and I, =I." Hence {(S Iy, IC) = (8™, 1,,”*, 1.”")} is the only singleton set in D,
which is the largest compact subset Where L7 = 0. At this point, we can conclude by invariance principle in
Theorem 3.1 that the endemic equilibrium is globally asymptotically stable.

3.6. Threshold Analysis

The control reproduction number, R, of a model system with CAST strategy defined by (5) is a threshold
quantity that determines whether the disease will invade the host population. If R, is less than unity, the disease
will be under control, and if it is not, then there will be an outbreak of disease.

In the absence of CAST strategy, we have

pr ﬂ(l m) _

@hped 501,00 X = 4T e (23)

where R, is the basic reproduction number.
Thus, the difference between equations R, of (5) and R, of (23) is

(24)

Clearly from equation (24), Ry — R, is positive if 8 = 0. This epidemiologically implies that CAST strategy
could be essential for effective treatment of hard-to-treat infections. On the other hand, & = 1 biologically
shows that R, — R, is negative and thus ineffective in curtailing this kind of infections.

4. Numerical results and discussion

As an application of our model developed on hard— to — treat infections, we focus on the case study of 2014
Mycobacterium Tuberculosis (TB) outbreak in South Africa.

4.1. Parameter estimation

According to the Population Reference Bureau in 2018, the total population of South Africa denoted by N was
estimated as of 2014 to be 53,700,000. The Global TB Report 2015 estimated that South Africa had the second
highest TB incidence rate in 593 cases per 100, 000 population. Thus, we have the total number of infected
individuals with TB as in 2014 to be
593
100,000

Meanwhile those individuals I infected with TB who adopted the CAST strategy was 101, 423 [21], and the
total number of infected individuals I,,, without considering the strategy becomes

I,=1—-1.=318,441-101,423 = 217,018.

On the other hand, the total number of people R who have recovered from TB during the year under review by
[4] was 251, 344. To this effect, the number of individuals susceptible to TB in 2014 evidently satisfies the
relation

X 53,700,000 = 318, 441.

S=N-(,+1.+R) =53,130,215.
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The death rate is defined as the inverse of the life expectancy at birth. As in the year 2014, the life expectancy
of South Africans was 60.99 years. Therefore, the natural death rate, u, is estimated to be u = L

60.99

0.0163961 per year. Also, the recruitment number ¢ can be estimated from the relation in the feasible region

as
¢ =Nxu=23880472.21

The rest of the parameters can be similarly estimated and appropriately assumed as presented in Table 2

Table 2: Values for population-independent parameters
of the model (yr‘l)

Variable/Parameter Value Source
N 53,700,000 [4]
S 53,130,215 Estimated
I, 217,018 Estimated
1. 101,423 [21]
R 251,344 [4]
[ 880,472.21 Estimated
T 0.5 Assumed
a 0<ac<1 Variable
B 0.6983 [22]
u 0.0163961 Estimated
0 0<6<1 Variable
Sy 0.06908 Assumed
6 0.03384 Assumed
Pe 0.06667 [4]
Pw 0.075 [4]
y 0.007893 Assumed
(-1
= 10
3 T
- . B=1
. " + 8=0.8
2.5+ - - 5=0.2 [
m -
= - -
E =r - -|—++_H_+_T_T+ i
g . -+ e
2 4=l + - + |
£ i B ++ - ++
E . <
ﬁ T - ++ * - ++—l— T
=3 - +
O - 4" . .
sl S fa. +
o -.|-++-|— L :"- ._:':
UM
o 5 10 15 20 25 30 a5 40

Time (vYears)

Fig. 2. Effect of 8 on TB infectives, I with CAST strategy
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Fig. 3. Effect of 8 on TB infectives, I, without Fig. 4. The effect of the modification parameter

CAST strategy (6 = 1) on the dynamics of TB infectives
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Fig. 5. Effect of @ on TB infectives, I, with CAST strategy. Fig. 6. Effect of @« on TB infectives, I

without CAST strategy

Fig. 2 illustrated the dynamical behaviour of infectives I who have gone for culture and conducted antibiotic
susceptibility testing concerning the modification parameter, 8. The number of infected individuals remains
highat 8 = 1, implying that, CAST strategy fails at that point and begins to decline as the value of 8 decreases
demonstrating the effectiveness of culture and antibiotic susceptibility testing. A similar consideration was
carried out in Fig. 3 on those infectives I;,, that have gone only for ordinary prescription treatment and indicates
the same scenario only that the number of people with CAST strategy has a comparative advantage in quick
response to treatment than those without the intervention strategy. A clear comparison of the above two
experiments is given in Fig. 4 at & = 1 in which I; < I,. This inequality shows the significance of CAST
strategy as a prerequisite to the proper treatment of infectious diseases and further discourages the ordinary
diagnosis/blind prescription treatment of patients suffering from hard-to-treat infections. This result agrees
with the works of [3, 6] that mandated the use of culture before medication as it prevents drug resistance and
promotes timely cure from infections. The impact of « on the infectives is also given in Fig. 5 and 6. In both
Figures, it is important to say that infection is easily treated in individuals who embrace CAST strategy but
prove difficult for those who have gone for blind prescription or ordinary diagnosis at « = 0. This outcome is
consistent with [12] that says culture and drug sensitivity test can save more lives and prevent multi-drug
resistance in patients.
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5. Conclusion

This paper aims to model the role of culture and antibiotic susceptibility testing on the treatment of
hard-to-treat infections. To this end, incidence function that accounts for individuals' behaviour with
(out) culture has been introduced. Stability analysis concerning R, being the key objective of any
epidemiological study has been done, and the investigation reveals that the basic equilibria of the
model are stable, both local and global using appropriate standard stability methods. Threshold
analysis of the effective reproduction number R, has proven that CAST strategy is very critical in
mitigating and controlling the hard-to-treat diseases. Numerically, we simulate the proposed model
using tuberculosis data from South Africa as a case study. The result confirms that individuals who
present themselves for treatment of infection without culture and antibiotic susceptibility testing have
a slow recovery pace and thus increases their mortality. Based on these findings; priority should be
on culture and drug sensitivity testing by health practitioners before prescribing drugs to patients,
since this will reduce fatality and boast recovery rates of individuals from hard-to-use infections.
Additionally, since the study focuses on a generalised model for non-specific infection, we expect
future research to target specific diseases as each disease may have its peculiar transmission
dynamics.
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