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Meningitis is an inflammation of the meninges, which covers the brain and spinal cord. Every year, most individuals within sub-
Saharan Africa suffer from meningococcal meningitis. Moreover, tens of thousands of these cases result in death, especially during
major epidemics. The transmission dynamics of the disease keep changing, according to health practitioners. The goal of this study
is to exploit robust mechanisms to manage and prevent the disease at a minimal cost due to its public health implications. A
significant concern found to aid in the transmission of meningitis disease is the movement and interaction of individuals from
low-risk to high-risk zones during the outbreak season. Thus, this article develops a mathematical model that ascertains the
dynamics involved in meningitis transmissions by partitioning individuals into low- and high-risk susceptible groups. After
computing the basic reproduction number, the model is shown to exhibit a unique local asymptotically stability at the meningitis-
free equilibrium &, when the effective reproduction number R, < 1, and the existence of two endemic equilibria for which R} < R,
< 1 and exhibits the phenomenon of backward bifurcation, which shows the difficulty of relying only on the reproduction number
to control the disease. The effective reproductive number estimated in real time using the exponential growth method affirmed that
the number of secondary meningitis infections will continue to increase without any intervention or policies. To find the best
strategy for minimizing the number of carriers and infected individuals, we reformulated the model into an optimal control model
using Pontryagin’s maximum principles with intervention measures such as vaccination, treatment, and personal protection.
Although Ghana’s most preferred meningitis intervention method is via treatment, the model’s simulations demonstrated that the
best strategy to control meningitis is to combine vaccination with treatment. But the cost-effectiveness analysis results show that
vaccination and treatment are among the most expensive measures to implement. For that reason, personal protection which is the
most cost-effective measure needs to be encouraged, especially among individuals migrating from low- to high-risk meningitis belts.

meningococcal meningitis and is transmitted from one per-
son to another via respiratory or pharyngeal secretions [2].
In West Africa, meningococcal meningitis is the most com-

Meningitis is an inflammation of the meninges, which
covers the brain and spinal cord [1]. It is a viral, fungal, or
bacterial infection [1]. Although several bacterial infections
cause meningitis, the trio, Neisseria meningitidis (N. menin-
gitidis), Streptococcus pneumoniae (S. pneumoniae), and
Haemophilus influenzae (H. influenzae) type B, are responsi-
ble for approximately 80% of all instances of bacterial men-
ingitis [2]. The bacterium Neisseria meningitidis causes

mon form of bacterial meningitis, particularly in infants and
children [3]. The disease’s primary symptoms include head-
ache, fever, stiff neck, vomiting, and sensitivity to light [4, 5].
According to the World Health Organization (WHO), as cited
in [6], the incubation period of meningococcal meningitis varies
between 2 and 10 days. The bacteria are commonly inhabited in
the throat in about 11 to 25% of the population [6]. Hence, it is
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possible for individuals infected with meningitis to show no
symptoms; this is called the carriage state [5]. The management
of bacterial meningitis includes preventive (vaccine usage) or
curative (treatment with antibiotics) approach. However, no
amount of treatment can prevent death by meningitis if diag-
nosed late [7]. Even with early detection, about 5 to 10% of these
patients die within 24 to 48 hours after the onset of symp-
toms [7].

Globally, more than 1.2 million bacterial meningitis cases
are reported yearly, and mortality rates of the disease differ
by location, nation, pathogen, and age group [8]. According
to the World Health Organization, the yearly worldwide inci-
dence of pneumococcal meningitis is between 1000 and 2000
cases per 100000 people [8]. Meningitis is most common in
what is known as the “meningitis belt” in sub-Saharan Africa,
which stretches from Senegal to Ethiopia [8]. Seasonal out-
breaks occur during the dry season (from January to April)
[8]. The dry winds of the Harmattan blowing over the western
part of Africa carry dust and sand particles with them, a situa-
tion that promotes the infection rate [8]. Individuals living
within the dry belt are mostly affected by the dry winds which
irritate the mucous membranes of their upper respiratory
system, making them prone to the meningitis infection. The
sub-Saharan Africa region annually reports approximately
10,000 deaths due to meningococcal meningitis [8]. Figure 1
depicts the case scenario of meningitis in sub-Saharan Africa.

The northern part of Ghana is within the African meningi-
tis belt, with the highest prevalence of meningitis globally
[10-13]. In Ghana, the belt encompasses the northern, the
upper east, the upper west, and northern portions of the Brong
Ahafo and Volta Regions [14]. N. meningitides serogroups A, C,
and, recently, W have produced large-scale epidemics in Ghana
and other countries within the meningitis belt; S. pneumonia
outbreaks have also been reported in countries within this area
[14]. Between 2010 and 2015, Ghana recorded 3000 cases of
meningitis and 400 fatalities [15]. Meningococcal meningitis
accounts for more than 95% of Ghana’s meningitis cases.

Bacterial meningitis spreads with the aid of environmen-
tal variables such as climate change and rainfall patterns, low
absolute humidity, and dust [11]. According to the WHO,
travelling or migration also aids in the spread of meningitis
[16, 17]. Moreover, inaccurate diagnosis, overcrowding,
coughing and sneezing, sharing of belongings, secondhand
smoke exposure, and poor sanitation cause high-risk patho-
gen carriage and transmission [18]. Early detection of the
causative organism ensures better management, treatment,
and effectively controlling the spread of the infection [19].
Additional interventional methods to prevent the spread of
meningitis include large-scale immunization [20]. Ghana
uses two meningitis vaccines, MenAfriVac and PCV13
[20]. Global Alliance for Vaccine and Immunization (Gavi)
implemented the MenAfriVac and PCV13 vaccines in the
year 2012 in Ghana [20]. The PCV13 is administered in
the national childhood vaccination programme, three doses
to neonates at 6, 10, and 14 weeks.

In contrast, the MenAfriVac is involved in vaccinating both
children and adults [20]. Despite these interventions, meningitis
epidemics continue to occur regularly throughout the meningi-
tis belt. Thus, stakeholders continue to ask questions about how
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to curb the transmission of meningitis infection. Several studies,
most importantly, compartmental models, have been used as a
benchmark tool for modelling the transmission dynamics of
meningitis to ascertain its spread among individuals. For exam-
ple, a study by [21] used an eight compartmental model to pro-
vide short-term disease control when the vaccine, MenAfriVac,
was introduced and implemented at high stake. The study
claimed a strong resurgence of the meningitis disease with no
subsequent immunization. However, it was established that
about 10 to 20% of infected people who survived meningitis
via vaccination developed some form of disability [22]. In the
treatment and vaccination model to assess the impact on men-
ingitis transmission, it was shown that implementing both vac-
cination and treatment is the most effective strategy for limiting
the transmission of meningitis disease [23]. While vaccination
aids in developing long-term or short-term immunity in sus-
ceptible individuals, treatment lowers disease-related fatalities
and the number of infectious persons within the population.
However, it is worth to note that the transmission dynamics
of meningitis are determined by the type of strains involved in
the transmission. [24] developed a model that considered the
multiple strain of the meningitis disease to understand its qual-
itative properties. Though they failed to incorporate the effect of
vaccination on the strains, they provided a unique assessment of
the meningitis situation in Nigeria. Incorporating an optimal
control analysis, [25] studied the impact of vaccination in an
endemic setting with a limited number of antibiotics and hospi-
tal beds. The work provided a potential framework for control-
ling the disease spread in limited-resource environments, yet it
failed to fully identify the most cost-effective approach to help
curb the transmission of meningitis disease.

Though several models explain the epidemiology of menin-
gococcal meningitis in the African meningitis belt, limited stud-
ies have comprehensively examined the meningitis situation in
Ghana. Moreover, the nature and dynamics of the disease keep
changing, as reported by the WHO and the Center for Disease
Control (CDC) suggest that additional novel models are needed
to curb the disease. It has been shown that migration and indi-
vidual lifestyle keeps posing a challenge to reducing disease
transmission. Here, we constructed a novel meningococcal
infection transmission model to contribute to this new develop-
ment. We modify the model developed in [25] to incorporate
the dynamics of both high- and low-risk migration individuals.
Furthermore, using meningitis data from Ghana, we ascertain
important elements such as optimal control, generation time
sensitivity analysis, and cost-effectiveness strategies. To the best
of our knowledge, this study is the first work to uniquely incor-
porate the transmission of meningococcal disease on low-risk
individuals and assess the sensitivity analysis of the reproduc-
tion number using exponential growth rate and generation time
in a meningitis study.

2. The Model

According to the CDC and WHO, meningitis transmission
occurs when there is close or lengthy contact with a patient
having the meningococcal disease [26]. These organizations
further indicated that the risk ratio differs from one person
to another. For example, long-term travelers to the
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FiGure 1: The meningitis belt of sub-Saharan Africa [9]. Meningitis is endemic within the belts, and outbreaks are facilitated by dry winds

during the Harmattan season between January and April.

meningitis belt in sub-Saharan Africa may be at higher risk
for meningococcal disease compared to travelers to nonme-
ningitis belt [26]. The WHO further noted that symptoms of
meningitis usually appear between 4 and 10 days, causing
most individuals to harbor the bacterium for weeks or even
months without showing any clinical symptoms, a situation
referred to as asymptomatic carriers [26]. According to [27],
most meningitis cases are exposed to asymptomatic carriers,
killing about 10% of infected individuals within a few hours.
However, an individual can recover from the disease with
early diagnosis and treatment [27].

Adopting the information and assertions provided by
experts, we assumed five (5) mutually exclusive compart-
ments to indicate individuals with unique natures. We group
the population into subpopulations of high-risk susceptible
individuals (Sy), low-risk susceptible individuals (S,), car-
riers (asymptomatic infections) (C), infectious individuals
(I), and recovered individuals (R). The susceptible com-
partment is assumed to increase through immigration or
birth, collectively referred to as the recruitment rate and
denoted by 7. A fraction A of the recruited individuals are
assumed to be at low risk, while the remaining fraction of (1
— A) is at high risk of being infected with the meningitis dis-
ease. The parameter f3 represents effective contact rate
between carriers, infected individuals, and the susceptible pop-
ulation. However, the rate of infection probability differs
between infected and carriers. Thus, the per capita infection
rate by infected and carrier individuals is represented by w,
and w, respectively. Therefore, the force of new infections is
given by

- /3(wC+wII). (1)
N

Equation (1) indicates the standard incidence rate of new
infections. It is normalized by the total population N =S, +
S, + C+ 1+ R. However, the risk effect of individuals in S,
compartment is further assumed to be infected at a reduced
rate (1 — a), where a € [0, 1] measures the modification behav-
ior of the low-risk individuals. If a =0, it implies a negative
modification behavior by low-risk individuals, increasing their

chances of being infected with the disease. Examples of these
negative modification behaviors include large group gathering,
traveling to the meningitis belt in sub-Saharan Africa during
the dry season, etc. But, if a = 1, it implies that low-risk indi-
viduals have a positive modification behavior which helps pre-
vent them from meningitis infection. After elapsing the
incubation period, which is the time from infection to onset
of symptoms, we assume that an individual moves from car-
rier to the infected compartment at the rate o. Both individuals
in the carrier and infected compartments recover from menin-
gitis disease at a rate 77, and #,, respectively. In contrast, a nat-
ural death rate denoted by y occurs in all the compartments
while disease-induced mortality is denoted by d. It is reported
by the WHO and CDC that though it is very unusual for any-
one to have meningitis more than once, it is possible. More-
over, some people develop immunity to the specific
organism that has caused their disease. But because there are
several different causes of meningitis, it is therefore possible,
but rare, to have the disease more than once. Based on this
assertion, we further assume that a proportion of individuals
denoted by 6 and 1 — 6 loss their immunity and either become
low- or high-risk susceptible individuals to other types or
strain of the meningitis disease, respectively. Figure 2 shows
the compartmental diagram of the proposed deterministic
model.

The model assumptions give rise to the following system
of differential equations:

ddif = (1= Ay = ASy — uSy + (1-0)E,
% =Am— (1-a)AS; — uS; + 08,
‘i_f = ASy + (1 - a)AS, — (1, + 0 + u)C, (2)

dl

a:UC—(’hﬁLH‘*dﬂ)

§=n2C+1711—(65+(1—9)+‘u)R.
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FIGURE 2: Schematic diagram of the low- and high-risk susceptible-
carrier-infected-recovered (SCIR) model depicting meningitis
transmissions between different compartments. The five squares
represent the compartments of individuals while the movement
between the compartments is indicated by the black arrows.

3. Model Dynamics

3.1. Positivity and Boundedness of Solutions. Theoretically,
because the system (2) describes an epidemic disease in a
human population, parameters of the stated model must be
nonnegative. To make the system (2) epidemiologically mean-
ingful, we show that the state variables are nonnegative. The
system (2) is well posed when the system starts with nonneg-
ative initial conditions (S (0), S;(0), C(0),1(0), R(0)); then,
the solutions of the system (2) will remain nonnegative for
all £€[0,7) and that these positive solutions are bounded.
We thus apply the following theorem.

Theorem 1 (positivity of solution). Given that the Sy (0) >

0,8.(0)>0,C(0)=0,I(0)=0,R(0) >0, and A >0, then the

solutions Sy(t),S,(t), C(t),I(t), R(t) of the system (2) will

always be nonnegative.

Proof. We define

FT=sup {t>0;S,(t)>0,5,(t)>0,C(t) >0,I(t) >0, R(t) > 0}.
3)

Clearly, 7 > 0, hence suppose that S; (0) > 0 then the sec-
ond equation of the system (2) leads to

dSL = Am+ 6 — (1 - a)AS;, — uS;. (4)

Since Ar, 0& are positive; we have

ds,
ind G|
R

J dSSLL J — (1= a)A + p)dt, ()

$.(F) 2 8,(0)”

—a)AS; —uS,

V
=)

(M?)+ﬂ(1—a))tdt 0.
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Similarly, the first equation of system (2)

Ba 2 —(A+4)Sy,

dt (6)
4Su >—(A+up)dt

Su

° (7)
S (1) = Sy (0)e (17 1) >0

>

and using the Gronwall inequality, the solution for C, I, and
R becomes

C(7) 2 C(0)e (m+* )T > 0,
I(2) 2 1(0)e~ (g, +p+ d)E20, (8)
R(£) 2R(0

respectively. O

) (6&+(1-0 E+;4) >0,

Next, we prove the boundedness of solutions for the
system (2) using the following theorem.

Theorem 2 (boundedness  of  solution).  All
solutions(Sy, S;, C, I, R)of system ((2)) are bounded.

Proof. The total population denoted by N is defined as
N(t)=Sy(t) + S (t) + C(t) + I(t) + R(t). 9)
Differentiating Equation (9) gives

dN _ds; dS, dC dl dR 10)
dt  dt  dt  dt  dt dt’

It follows from Equation (10) that
—— =7 —uN. (11)

Applying Gronwall’s inequality, the solution for Equa-
tion (11) becomes

+ (N(O) - f) et (12)

Thus, N(t) =
to see that lim

t—+00

7/uv't > 0 whenever N(0) < 7r/u. It is trivial
sup N < m/p. 0

Clearly, N(t) and all variables of the system (2) are
bounded, and it will be analyzed in the biologically feasible
region given by
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Q= {(SH, S, CR) € R, N(t) < =, Sy(t) 20,8, (f)

7T
U
>0,C(t) 20,1(t) 20, R(£) 20},

—

(13)

Equation (13) shows that system (2) exists in the positive
orthant % which eventually enters and remains in the
attracting subset (. Therefore, the set Q is made up of the
local and global attractor of the system (2). Thus, the set Q
C R’ is compact, positively invariant, and attracting with
respect to the system (2).

3.2. Meningitis-Free Equilibrium (&.). The meningitis-free
equilibrium (MFE) corresponds to the situation where no
meningococcal disease exists in the system. Thus, if =0,
then C = R = 0. Hence, the solution for meningitis-free equi-
librium point is

(1-A)n An

(SHT,SLf,CT,IT,RT)=< p ,7,o,o,o>. (14)

3.3. Basic Reproduction Number. The basic reproduction number
is the number of new meningitis infections generated from
one carrier or infected individual in a susceptible or disease-
free population [28]. It is denoted by R,. To compute the
R, of the system (2), we use the next-generation method
applied in [29] by considering only the infectious classes, that
is, C and I. A good rule of thumb requires computing the F
and V' matrices, which denotes the rate of appearances of new
infections in the infected compartments and the transfer of
individuals into and out of the infected compartment. From
the system (2), we derived the matrices F and V as follows:

>

e Po(l1-A)+ Pw(l-a)A Pw (1-A)+ Pw Al -a)
0 0
o {n2+a+‘u 0 .
-0 n+u+d
(15)

The spectral radius of 7! given by R, = p(FZ") is
obtained as

(BAw(1 —a) + Pw(l = A))(n, + u+d) + fAw,0(1 - a) + fw,0(1 - A) .

Bo= (1, +p+0) (1, +p+d)
(16)

Equation (16) shows that the basic reproduction number
is the sum of two infectious terms, i.e., carriers and infected
meningitis individuals from the high- and low-risk compart-
ments. Further, for =0, we have R, =0, which denotes the
meningitis-free state of the infection. Moreover, for o =0, it
implies that no one progresses to the infected compartment;
thus, we only have carrier individuals within the system.
The WHO indicates that about 5-25% of individuals might
have the bacteria in their nose or throat without showing
any sign of being sick but are still infectious to others. Expo-
sure to these asymptomatic carriers causes most meningitis
cases, as seen from the terms in Equation (16).

3.4. Local Stability of MFE. This section analyzes the system’s
stability by constructing a Jacobian matrix and finding the cor-
responding characteristic equation. In epidemiological studies,
it is a well-established fact that the basic reproduction number
determines the trajectory of the meningitis-free equilibrium
point. It is wholly because when R,, < 1, an individual infected
with the meningitis infection generates fewer than one new
infected person during the period of its infection and vice
versa. We apply the following theorem.

Theorem 3. The MFE, &, of the system (2), is locally-
asymptotically stable (LAS) in Q if Ry <1 and unstable if
Ry> 1

Proof. The Jacobian matrix of the system (2) at the MFE
point is given by

(-4 0 0 0 0 T
0 -u 0 0 0
Je,=| 0 0 ﬁw(SHT+(1—a)SLT>—(U+172+y) ﬁwl(SHﬁSLT) 0 . (17)
0 0 o —(n, +u+d) 0
L0 0 Up) M =08+ (1-0)5+p) |



The eigenvalues of the Equation (17) are A,, = - and
A5=—(08+ (1-0)E+u), with the remaining two eigen-
values (As;,) derived from the following submatrix of
Equation (17).

ﬁw(SH? +(1- a)SL') —(o+n,+u) Pw (SHT +8p(1- a)>

o —(ny +p+d)

1 _
Tk =

(18)
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The meningitis-free equilibrium is locally stable if the eigen-
values of Equation (18) are negative. All eigenvalues in Equation
(18) are negative if and only if the trace of ] %i < 0 and the deter-

minant of | %f > 0. From Equation (18), we obtained the charac-
teristic polynomial as

ZP+ M Z+ A5 =0, (19)

where

Ay=Pw(l-24)+Po(l-a)A= (o +m,+u) = (1, + p+d)
=Ry(n, +u+d)(n, +pu+0) - (Pwdo(l-a)+ fwo(l-A4))
—(o+my+p) = (q+utd)(n,+p+o) (20)
= (Ry—1)(eta, + p+d)(n, + p+0) = (0 +1, +p)’
- (ﬁwlAa(l -a) +ﬁw10(1 - A)),
Ay=—(n +p+d)(Pw(l-A)+ Pw(l—a)A- (o +n,+u))
= (o(Bwy (1 = 4) + Bw, (1 - a)4)) (21)
=—Ry(n-1+p+d)(n-2+0+u)+(n, +u+d)(n, +o +pu)
=(m +u+d)(ny+o+u)(1-Ry).

Equation (20) shows that the trace of (18) is negative
while the determinant (as shown in Equation (21)) is posi-
tive if and only if R, < 1. Thus, the meningitis-free equilib-
rium is locally stable if R, < 1. O

3.5. Endemic Equilibrium Points &'". The endemic equilib-
rium point, &' = {SIf, SI', C™, I'T, R™}, is derived by equat-
ing the right-hand terms of the system (2) to zero. Expressing
all the variables in terms of the force of infection (1), we get

St o n(l1-A)+&(1-6)
ST,
A+
++ A+ 60&

LT e+

CTT —

AT (1= a)mh™ (1 - adu+ (1= ATTE + (1 - ab)ui

(=@ ) (A" 4 u) (w0 1,) ’ (22)

ITT _

A%((l —a)AT 4 (1 - ad)pu+ (1 - a)ATE+ (1- aG)‘uE)

(=) (N ) (e )+t ) (o +y)

RTT —

AT (1= aymh"™ (1 - ad)u+ (1= A8 + (1= aO) ) (o, + (d-+ -+ 1,)m,)

(=A™ ) (A" ) =)+ ot ) (4 0 4)
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TaBLE 1: Number of possible positive roots of system (2).

B, B, B, Number of positive roots
+ + 0

- + + 1

- - + 1

+ - + 20r0

The solutions for existence of the endemic equilibrium
points are in two categories such that:

(i) Category I: A'"=0, which corresponds to the
meningitis-free equilibrium point

(i) Category II: A" # 0, which depicts the case in which
there is the presence of the meningitis infection

The proof is completed by substituting the solutions of
C' and I'" into Equation (1). Using Mathematica v.13 to
solve the system, we obtain the following polynomial:

B,AT2 + B AT 4+ B, = 0. 23
2 1 0

We define the variables in Equation (23) such that

By=(1-a)m(pu+n +d)(u+0+m,),

By =-p((d+p+m)((2-a)r(p+o)+

(1-a)Bo(m+8) + (2= am,) + (1 - a)fow, (7 +35))), (24)

By =y (u+ 1y +d)(p+ 0 +1,)[1 = Ry].

Equation (24) shows that the coefficient of B, is always
positive. However, if B,<0 and B} —4B,B,>0, then a
unique endemic equilibrium exists irrespective of the sign
of B,. Moreover, two positive real equilibrium points are
obtained iff B, >0, B, <0, and B? —4B,B, > 0; otherwise,
no endemic equilibrium point exists. The possibility of the
existence of a backward bifurcation occurs when B, > 0, B,
<0, and B} — 4B,B, > 0 in which the two endemic equilibria
exist. Thus, the positive solutions of Equation (23) are

ATT _ _Bl Ty B% B 4BZBO ) (25)

B 2B,

To determine the threshold value of the reproduction
number, R}, which is the value for which the MFE has a
steady state, we derive

B} - 4B,B, =0,

B (26)

Rf=1- .
0 4B, (u?)(u+n, +d)(u+0+1,)

Therefore, the system (2) has two positive equilibria for
which R} < R, < 1. The number of positive roots is summa-
rized using Descartes’ law of signs in Table 1.

3.6. Bifurcation Graph. Changes in a system’s topological
structure occur when the parameters within the system cross
a critical point, a case scenario for a bifurcation phenome-
non. The occurrence of bifurcation has important implica-
tions in public health studies because the system’s behavior
changes as the reproduction number passes the critical value
of Ry=1. Thus, a backward bifurcation implies that just
observing a positive behavior or obtaining a lower transmis-
sion or contact rate might not be enough to reduce R, below
1 to eliminate the meningitis disease. Hence, additional mea-

sures are needed to further reduce R, below R} to ensure the
complete eradication of the disease.

Figure 3 shows changes within the system’s qualitative
behavior for R, =1. When the value of R;> 1, it implies
the persistence of meningitis disease within the population.
A backward bifurcation (Figure 3(a)) exhibits the coexis-
tence of both meningitis-free and endemic equilibrium state
for values of R, between R} and 1. Thus, introducing addi-
tional control measures as explained in Section 4 is crucial.

3.7. Sensitivity Analysis of R). As a result of the system
behavior to the basic reproduction number, as shown in
Subsection 3.6, we perform the sensitivity analysis of the
reproduction ratio or number using supported estimation
methods. We use the exponential growth method proposed
by [30] to derive the generation time to estimate the initial
basic reproduction number within the first 80 days of the
meningitis epidemic in Ghana. The time lag between an
infection in the primary and secondary cases is known as
the “generation time” [30]. To compute the estimates of R,
and generation time based on the exponential growth, we
use readily available daily reported meningitis cases.

As shown in [30], we assumed that the number of newly
recorded meningitis cases per day and generation time fol-
lows the Poisson and gamma distributions, respectively.
Thus, if we denote the exponential growth rate by &, then
the reproduction ratio is obtained as

(27)

where ./ represents the moment generating function of the
discretized generation time distribution. The estimation of
R, and generation time based on the exponential growth
method for meningitis cannot be underrated since the esti-
mate provides real-time information to quantify the impact
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FIGURE 3: (a) Bifurcation diagram of system (2). The epidemiological importance of the existence of bifurcation especially a backward
bifurcation in meningitis transmission model depicts that the classical requirement of having the basic reproduction number R, <1,
although necessary, is not sufficient for controlling the meningitis disease. (a) Backward bifurcation occurs in system (2) for a =0.25 and
B=0.4, and (b) forward bifurcation will be achieved for a =0.87 and 8 =0.004.
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FIGURE 4: Sensitivity analysis of effective basic reproduction number and generation time (GT) using exponential growth (EG) estimate.

TaBLE 2: Estimation of the initial reproductive number using exponential growth method and the variation in generation time (GT) from

the initial day to the eighty-eighth day.

GT.Type GT.Mean GT.SD R, CLlower CLupper
Gamma 1.58 0.95 1.03 1.01 1.05
Gamma 2.04 1.01 1.03 1.012 1.057
Gamma 3.00 1.04 1.048 1.017 1.08
Gamma 4.00 1.04 1.06 1.02 1.10
Gamma 5.00 1.041 1.076 1.026 1.13
of necessary interventions to inform appropriate public health Figure 4 and Table 2 (see Table 3 for full table) show the

responses. Hence, the tool developed by [31], which sums up  variation of generation time from the initial day to the
the exponential growth estimate process, is employed to derive ~ eighty-eighth day with a standard deviation of approximately

Figure 4 and Table 2.

1. An increase in the R, estimates is observed between the
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TaBLE 3: Generation time and reproduction number estimates.

TaBLE 3: Continued.

GT.Type GT.Mean GT.SD R, estimates Cllower Cl.upper

GT.Type GT.Mean GT.SD R, estimates CLlower CLupper

Gamma  1.58087  0.9543 1.02812 1.0099  1.04663
Gamma  2.04095 1.00627 1.03446 1.01212  1.05726
Gamma  2.99986 1.03970 1.04780 1.01674 1.07980
Gamma  3.99989 1.04051 1.06190 1.02157 1.10384
Gamma  4.99995 1.04068 1.07619 1.02643  1.12842
Gamma  5.99956 1.03981 1.09067 1.03132  1.15353
Gamma  6.99968 1.04009 1.10536 1.03622  1.17921
Gamma  7.99975 1.04026 1.12023 1.04115 1.20546
Gamma  8.99980 1.04037 1.13531 1.04611 1.23230
Gamma  9.99984 1.04045 1.15059 1.05108 1.25974
Gamma 10.99986 1.04051 1.16608 1.05609 1.28778
Gamma 11.99988 1.04055 1.18178 1.06111 1.31645
Gamma 12.99989 1.04058 1.19768 1.06616  1.34576
Gamma 13.99990 1.04061 1.21380 1.07123  1.37572
Gamma 14.99991 1.04063 1.23014 1.07633  1.40634
Gamma 1599992 1.04065 1.24670 1.08145 1.43765
Gamma 16.99992 1.04066 1.26348 1.08659  1.46966
Gamma 17.99993 1.04067 1.28049 1.09176  1.50238
Gamma 18.99993 1.04068 1.29772 1.09696 1.53582
Gamma 19.99994 1.04069 1.31519 1.10218  1.57001
Gamma 20.99994 1.04070 1.33289 1.10742  1.60496
Gamma 21.99994 1.04070 1.35083 1.11269 1.64069
Gamma 2299995 1.04071 1.36901 1.11798 1.67722
Gamma 2399995 1.04071 1.38744 1.12330 1.71456
Gamma 24.99995 1.04072 1.40612 1.12865 1.75273
Gamma  25.99995 1.04072 1.42504 1.13401 1.79174
Gamma 2699995 1.04073 1.44422 1.13941 1.83164
Gamma 27.99996 1.04073 1.46366 1.14483 1.87241
Gamma 28.99996 1.04073 1.48336 1.15028 1.91410
Gamma 29.99997 1.04074 1.50333 1.15575 1.95671
Gamma 30.99996 1.04074 1.52356 1.16125 2.00027
Gamma 31.99996 1.04074 1.54407 1.16677  2.04480
Gamma 32.99996 1.04074 1.56485 1.17232  2.09032
Gamma 33.99996 1.04075 1.58591 1.17790  2.13686
Gamma  34.99996 1.04075 1.60726 1.18351  2.18443
Gamma 3599996 1.04075 1.62889 1.18914 2.23306
Gamma 40.99997 1.04076 1.74151 1.21769  2.49294
Gamma 41.99997 1.04076 1.76495 1.22349  2.54843
Gamma 42.99997 1.04076 1.78870 1.22931 2.60517
Gamma 43.99997 1.04076 1.81278 1.23516  2.66316
Gamma 44.99997 1.04076 1.83718 1.24103  2.72245
Gamma 45.99997 1.04076 1.86191 1.24694 2.78306
Gamma  46.99997 1.04076 1.88697 1.25287  2.84502
Gamma 47.99997 1.04076 1.91237 1.25883  2.90835
Gamma 48.99997 1.04076 1.93811 1.26482 297311
Gamma 49.99997 1.04076 1.96419 1.27084  3.03929
Gamma 50.99997 1.04076 1.99063 1.27688  3.10695
Gamma 51.99997 1.04077 2.01743 1.28300 3.17611

Gamma 52.99997 1.04077 2.04458 1.28906  3.24682
Gamma 53.99997 1.04077 2.07210 1.29520 3.31910
Gamma 54.99997 1.04077 2.10000 1.30136  3.39300
Gamma 55.99997 1.04077 2.12825 1.30755  3.46853
Gamma 56.99997 1.04077 2.15690 1.31377 3.54574
Gamma 57.99997 1.04077 2.18593 1.32002  3.62468
Gamma 58.99997 1.04077 2.21535 1.32630 3.70537
Gamma 59.99997 1.04077 2.24517 1.33261 3.78786
Gamma 60.99997 1.04077 2.27539 1.33895 3.87219
Gamma 61.99997 1.04077 2.30602 1.34532  3.95839
Gamma 62.99997 1.04077 2.33706 1.35172  4.04651
Gamma 63.99997 1.04077 2.36851 1.35815 4.13660
Gamma 64.99997 1.04077 2.40039 1.36461 4.22869
Gamma 65.99997 1.04077 2.43270 1.37111  4.32283
Gamma 66.99997 1.04077 2.46545 1.37763  4.41906
Gamma 67.99997 1.04077 2.49863 1.38418 4.51744
Gamma 68.99997 1.04077 2.53226 1.39077  4.61801
Gamma 69.99997 1.04077 2.56635 1.39739  4.72081
Gamma 70.99997 1.04077 2.60089 1.40403 4.82591
Gamma 71.99997 1.04077 2.63590 1.41071 4.93334
Gamma  72.99997 1.04077 2.67137 1.41743  5.04317
Gamma  73.99997 1.04078 2.70733 1.42417  5.15544
Gamma  74.99997 1.04078 2.74377 1.43094 5.27021
Gamma  75.99998 1.04078 2.78070 1.43775 5.38754
Gamma 76.99998 1.04078 2.81813 1.44460 5.50748
Gamma 77.99998 1.04078 2.85606 1.45147  5.63009
Gamma  78.99998 1.04078 2.89450 1.45837  5.75542
Gamma  79.99998 1.04078 2.93346 1.46531 5.88355
Gamma  80.99998 1.04078 2.97295 1.47228 6.01453
Gamma 81.99998 1.04078 3.01296 1.47929  6.14843
Gamma  82.99998 1.04078 3.05351 1.48632  6.28530
Gamma 83.99998 1.04078 3.09461 1.49339 6.42523
Gamma  84.99998 1.04078 3.13627 1.50050 6.56827
Gamma  85.99998 1.04078 3.17848 1.50764  6.71449
Gamma 86.99998 1.04078 3.22126 1.51481 6.86397
Gamma 87.99998 1.04078 3.26462 1.52202 7.01678

basic reproduction number and mean generation time for the
exponential growth. The observation implies that without
implementing an intervention programme, there will be a con-
tinuous increase in the number of secondary meningitis cases
as the day goes by. Hence, to obtain a correct estimate of the
average generation time and to make data driven policy deci-
sions, there is an urgent need for more data on generation time
or the introduction of robust intervention programmes to
curb the meningitis disease.

4. Control Problem

This section accounts for the modification of system (2) into
an optimal control problem. The linear function g,(t) for i
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=1,2,3 is defined such that the effectiveness of controls is
achieved when ¢;(t) =1 and ineffective when ¢;(f) =0. In
modifying system (2), the force of infection is reduced by
the factor (1-¢q,), where q, measures the effectiveness of
incorporating vaccination. Moreover, the parameter g, rep-
resents the effectiveness of treatment as a control variable.
As a rule of thumb, the CDC and WHO advise not to share
items that aid the transmission of meningitis. Examples
include water bottles, lip balm, toothbrushes, towels, drink-
ing glasses, eating utensils, cosmetics, smoking materials,
food, or drink from common sources. Experts in the health
profession assert that implementing personal protection pre-
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the bounded Lebesgue measurable control, the set Q, which
is the Lebesgue measurable, is defined by

Q={(q:(1):42(£), 43(£))10 < 4; < G; ppox < 1|Vi=1,2,3,1 € [0, T]},
(28)

and the objective function to be minimized is given as

(T D D D
J=q{{;g;3jo (ZlC(t) + (1) + St + () + fqﬁ)df,

vents the transmission of many, if not most, bacteria and (29)
viruses. Hence, the factor g, measures the level of success
obtained due to prevention or personal protection. Using  subject to the modified system
ds,,
= = =N =q5Sy = (1-q)ASy —pSy + (1-0)8R,
ds,
= =An—(1-q,)(1-a)S A —q;S; — uS; +6&R,
dcC (30)
T = 1=a)Sy+ (1-a)8,)A =g, C = (0 + )G,

dI
dt
dR

—=0C—gm I~ (u+d)l,

Fri 938y + 4,1,C + @3S, + gy I — (05 + (1 - 0)§ + p)R.

The objective is to find the solution (q; (¢), g5 (), g5 (t))
which minimizes the associated cost of vaccination, treat-
ment, and personal protection (prevention). To balance the
size of C(t) and I(t), we introduce the coefficients Z; >0
and Z, >0, which are linear, while the variables D, >0, D,
>0, and D; > 0 are the associated weights of the cost of vac-
cination, treatment, and personal protection which take a
quadratic form as explained in [32]. The quantity TF in
Equation (29) is the intervention time. Thus, [0, TF] is the
given time interval in which we seek to minimize Equation
(29). Hence, we use Pontryagin’s maximum principle
applied in [33] to determine the necessary conditions that
the optimal controls must satisty. The Lagrangian and Ham-

1
H=Z,C+Z,I+ 3 (qu% +D,q5 +D3q§)

iltonian are determined. The Lagrangian is given by

D D D
L(Sy> S1- G LR, 41595, 43) = <Zlc(t) +Z,I(t) + %q%(t) + {q%(t) + iqg(to

(31)

We define the Hamiltonian, #, to determine the mini-
mum value of the Lagrangian as

7 = g, (0.0(0) + YA, (32)

where

+ )LSH [(1-2)m—q3Sy — (1 -gqy)dfracBf(wC + w,I)SyN — uSy + (1 - 0)ER]

wC + w, 1
. [An— (1-g1-as, 2D g s, +95R}

B(wC +w,I)

e (=g 5+ (1-aps) PETAD — guric - o wc

(33)

+A[0C — gy I = (p+ d)I] + Ag[q5Sy + 9,1,C + 455, + gy I — (08 + (1 - 0)€ + u)R].
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The parameters Ag , A, Ac, A, Ag in Equation (33) are
the costate variables associated with the state variables (S ()
,S.(8), C(¢), I(t), R(t)). To obtain the differential equations
of the adjoint variables, we solve the partial derivatives of Equa-
tion (33) to the state variables and get

dhs,
a Ag, th+ (/\s“ - /\R)% + (/\s,l - )‘C)(l =) (B(wC+wI))+ (1= 9)5()‘1{ - As,,)’
dhg
dtL = /\s,,!‘ + (/\s,, - AR)% + (/\s,, - Ac)(l -q,)(1-a)(f(wC +wI)) + (/\R - ’\s, )95,
d\
Tf =21+ (Ac = Ar)aathy + Ak + (Ac = Ay)o, (34)
dA
d_tI ==Zy+ (A = Ag)apmy + Ay (p + d),
Ay
T App+ (Ag = /\s”)(l -0+ (AR - ASL)GE.
Afterward, the standard existence result for minimizing a and the optimal solution (q;,q3,q5) given by
control problem as established in [32] is adapted as follows.
Theorem 4. There exist optimal control variables g3, q;, 45 q; =min {1, max (0,,)},
with the corresponding solutions Sy, S;, C, I, R, which mini- * _ min {1 max (0.3 36
mizes Equation (29) over Q. Further, there exist costate vari- & {L 0.2,)} (36)
ables satisfying the following: q; = min {I, max (0,4;)}.
_dA _ az i€ {8, G LR, (35) P@of. We find the.: con.trol Variables at critical points by con-
dt 0i sidering the Hamiltonian equations:
OH
%4, =D,q; + (As, = Ac(B* (WC+w,1))Sy) + (1 -a)(As 1) (B(wC +w,I))S, =0,
1
OH
%, =Dyq, + (Ac = Ar)1,C = (MAg)my I =0, (37)
2
oH
e Dyqs + (A, = Ar) Sk + (As, = Ag) S, =0.
3
Taking the bounds of the control variables into consider-
ation, we have
g; (t) = min {max {0, (e =As, ) (B@C+ @, 1)Sy + -0 (Ae=As) (B@C+ wJ)sL)} 1},
1
¢ (t) = min {max {0’ (Ar— Ac)’?zCD; (A - )‘R)rlll}) 1}’ (38)

Ar—As )S Ap—Ag)S
q;(t) =min {max {0, ( R S”) HD+( R SL) L},l}.
3
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TaBLE 4: Estimated parameter values of system (2) obtained from the curve fitting process.

Parameter Description Value Source

Yy Recruitment rate 19787 Estimated

A Individual’s risk rate 0.585 Estimated

B Effective contact rate 0-0.9 Estimated

w Per capita infection rate by carrier individuals 0.7420 [36, 37]

w; Per capita infection rate by infected individuals 0-0.85 [37]

0 Risk rate of individuals that loss immunity 0.6997 [37]

& Loss of immunity 0.851 [37]

a Modification rate 0.23 Estimated

o Rate of progression from C to I 0.00022 Estimated

d Disease induce death rate 0.495 [23]

", Recovery rate of carriers 0.8 Estimated/[23]

M Recovery rate of infected individuals 0.43 Estimated/[23]

u Natural death rate 0.0152207 Estimated
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FiGurek 5: Fitted model of system (2) using the Nelder-Mead optimization approach. The least-squares regression or Nelder-Mead approach
minimizes the mean of squared error (MSE) between the prediction states and their observation values from the data.

From Equation (38), we derive g,,4,,q; as

(A=A, ) (B@C+ @ D))y + (1-a) (Ac = Ag)) (B(wC + @, 1)S))

4, = D, >
o _ (= A)mCH (A=A I
2 D2 ’
S (/\R _ASH)SH + (/\R - AS,)SL
q3 - D3 :
(39)
O

4.1. Parameter Estimation. In this subsection, we estimate
the parameter values in system (2) to derive the numerical

results from studying the extent and trend of meningitis
infections in Ghana. We analyze the confirmed cases of
meningitis infection recorded in the Upper West Region of
Ghana from 2012 to 2019 obtained from the disease control
unit at the Municipal Health Directorate under the Ghana
Health Service (GHS) in the Upper West Region. Variables
of interest were pulled out from the whole dataset and ana-
lyzed in R. The data obtained is publicly accessible, deiden-
tified, and completely anonymised before use. Thus, we did
not seek ethical approval because analysis of publicly acces-
sible data without including personal information does not
need ethical approval per current guidelines.

Fitting the model to data, we estimate the natural death
rate (u) as the inverse of life expectancy at birth. The natural
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F1GURE 6: Effect of using vaccination only. The control profile associated with the use of vaccination only as an intervention measure in (a)
indicates that health practitioners vaccinate about 50% of the population at risk with vaccination within two days and afterward increase the
vaccination rate to cater for 80% of the population for 26 days to eradicate meningitis. Changes in the number of carriers in (b) and changes
in the infected individuals in (c) show a decrease in these two groups when vaccination is applied.

death rate was calculated as y=0.0152207 using Ghana’s
average life expectancy of 65.7 years. Further, we estimate
the state variables’ initial conditions using the Upper West
Region’s demographic profile. For example, the total popula-
tion of Upper West according to the 2021 census is about
1.3 million. Hence, given N(t) =/, we can estimate 7 as 7
=ux N(t)=19787. The remaining unknown parameter
values were estimated using the Nelder-Mead optimization
approach in [34]. The goal of the least-squares regression
approach was to minimize the mean of squared error (MSE)
between the prediction states and their observation values
from the data retrieved. Equation (40) depicts the minimiza-
tion of the sum of squared error between the model and data.

min M(p) = Y (¥ (¢, p) - X,), (40)

where X, is the actual or real reported data and Y(t, p)
denotes the solution of the model corresponding to the num-
ber of meningitis infections over time ¢ and its corresponding
set of estimated parameters represented by p.

We obtained the unknown parameter values imple-
menting Equation (40) in R using deSolve and the FME
package. Table 4 and Figure 5 show the parameter values
and estimated model fit, respectively.

4.2. Numerical Results. In this subsection, we obtain appropri-
ate results to ascertain the effect of the controls introduced in
the system (2). We used the forward-backward sweep method
(FBSM) and the Runge-Kutta 4th order numerical approach
to solve the optimality of system (2) and perform the imple-
mentation using the Octave software (for a detailed descrip-
tion of the FBSM, see [35]). We used the parameter values in
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Table 4 and the following values for the weights and state var-
iables to obtain the numerical results.

Z, =10,
Z, =25,
D, =5,
D, =25,
D, =2,
Sy, = 800000,
S; = 300000,
C = 100000,
I=0,
R=99000.

The following subsection describes the numerical results.

4.3. Strategy I: Application of a Single Control. This subsec-
tion investigates the effect of applying a single control as
an intervention strategy to ascertain its effectiveness in
reducing meningitis. The single controls are represented as
intervention techniques by showing their respective control
profile and the effect of applying single controls on the infec-
tious compartments (carriers and infected population).

4.3.1. Intervention 1: Vaccination Only. The first single control
strategy is to ascertain the application of vaccination only as
an intervention technique. Vaccines are one of the most effec-
tive public health interventions in history, saving billions of lives
since the first vaccine was produced in 1798 [38]. In the case of
meningitis, meningococcal vaccines help protect against N.
meningitidis. Figure 6 depicts the simulation results obtained
when vaccination as the only intervention applied. Figure 6(a)
depicts the control profile for applying only vaccination as a
control technique. However, the blue line representing treat-
ment (¢, ) in Figure 6(a) is embedded in g,. Figure 6(a) depicts
that if we seek to apply only vaccination as an intervention tech-
nique, one requires the health practitioners to vaccinate about
50% of the population at risk of meningitis infection within
two days. Moreover, this number should be increased to about
80% and maintained for 26 days to eradicate meningitis and
afterwards reduce or stop vaccinating at 50 days.

Figures 6(b) and 6(c) show that vaccination reduces the
number of individuals with meningitis infections. The control
profile (see Figure 6(a)) indicates that if 50% of individuals
within the Upper West Region of Ghana receive vaccination
within two days, the number of individuals regarded as car-
riers will begin to reduce after about six or eight days, thus,
decreasing and stabilizing the number of people infected with
meningitis, as shown in Figure 6(c). Hence, with this interven-
tion technique, the result shown in Figure 6 for the infected
compartments and the control profile indicates that vaccina-
tion is useful in minimizing meningitis infection.
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4.3.2. Intervention 2: Treatment Only. Bacterial meningitis is
contagious, caused by infection from certain bacteria. It is
fatal if left untreated; hence, treatment is another primary
intervention for reducing meningitis infection. Early diagnosis
and treatment prevent brain damage and death [1]. From
Figure 7(a), the control profile shows that one requires to treat
about 15% of the population on the initial day of recording an
individual infected with meningitis. Afterward, this should be
increased to about 80% and maintained until health practi-
tioners treat all carriers and infected individuals.

Figures 7(b) and 7(c) show the effect of applying treatment
on both carrier and infected compartments, respectively. Both
carrier and infected population reduce when we apply treat-
ment compared with when treatment is not applied (see
Figure 7(c)). However, after 40 days, we observed an increase
in both carrier and infected individuals affirming the assertion
by WHO and CDC that due to the several different causes
and strains of meningitis, it is possible though rare, to have
the disease more than once.

4.3.3. Intervention 3: Personal Protection Only. This inter-
vention is achieved by setting q, =g, =0 while g, #0. An
individual prevents meningitis when s/he observes the fol-
lowing protocols: restricting low-risk individuals from visit-
ing specific locations such as the meningitis belt, especially
during the dry season. Moreover, keeping distance, washing
hands, and not sharing items where secretions can lurk, such
as drinking glasses, water bottles, straws, silverware, tooth-
brushes, and cigarettes, can help reduce the spread of men-
ingitis. The control profile of Figure 8(a) shows that about
100% of the individuals are required to apply personal pro-
tection techniques and maintain it for 12 days before the dis-
ease reduces to about 25% and is maintained for 25 days
before it reduces to zero. We observe that personal protec-
tion techniques significantly reduce the number of infectious
individuals, as shown in Figures 8(b) and 8(c).

The incubation period for meningitis is between 2 and 10
days. Figures 8(b) and 8(c) depict this scenario. We observe an
initial increase in the infected but a reduction in the carrier
population with personal protection as a control strategy,
describing the incubation period. However, after about 2 to 8
days, there is a significant reduction in the number of infected
individuals indicating that during this period, individuals that
become carriers or move to the infected compartment duly
observe the protocols required to recover.

4.4. Strategy II: Application of Two Controls. This subsection
investigates the effect of applying two controls as an interven-
tion strategy to ascertain its effectiveness in reducing meningi-
tis. The two controls as intervention techniques are such that
for intervention 4, g, =q, # 0 while g, =0. Interventions 5
and 6 are denoted by g, =q3#0 and ¢, =0 and ¢, =g, #0
and ¢, = 0, respectively. We show the respective control pro-
files and the effect of combining two controls on the infectious
compartments (carriers and infected population).

4.4.1. Intervention 4: Vaccination and Treatment. Figure 9(a)
shows that for vaccination and treatment to reduce the spread
or transmission of meningitis effectively, the control g,
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F1Gure 7: Effect of using treatment only. The control profile associated with the use of treatment as the only intervention measure in (a)
shows that about 15% of the population with meningitis should be treated on the initial day and afterward 80% of these carriers and
infected individuals be treated throughout the entire period. Changes in (b) carriers and (c) infected individuals show that incorporating
treatment reduces the number of secondary infections in the population.

(vaccination) must be implemented throughout the 50 days,
while we apply treatment for about 48 days. In light of this,
Figures 9(b) and 9(c) show that the combined application of
vaccination and treatment significantly impacts the number
of infectious individuals. Furthermore, when compared to the
case of the respective vaccination and treatment single control
techniques, the combination of the two controls sets the system
at a meningitis-free state at a shorter time frame for the carriers
and asymptotically reduces the number of infected individuals.

4.4.2. Intervention 5: Vaccination and Personal Protection.
Figure 10 depicts the behavior of applying vaccination and
personal protection. The control profile (see Figure 10(a))
shows that, for these interventions to work perfectly, we must
administer vaccination for about 50 days. However, because
the incubation period of the bacteria is between 2 and 10 days,
an individual will have to be effectively protected for about 14
days before such intervention can relapse. When we apply
these timelines, we observe from Figures 10(b) and 10(c) that
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FicuRre 8: Effect of using personal protection only. The control graph in (a) clearly shows that 100% of the population is required to apply
personal protection strategies and this should be done for 12 days to help eradicate the meningitis disease. The impact and effectiveness of
this control strategy in averting the exponential growth in meningitis are seen in the decrease of (b) carriers and (c) infected individuals.

the number of carriers and infected individuals has reduced.
Further, effective implementation of these combined interven-
tion techniques quickly sets the system to a meningitis-free
state compared to when we apply vaccination or personal pro-
tection as a single control strategy.

4.4.3. Intervention 6: Treatment and Personal Protection.
Figure 11(a) represents the control profile at different values
of g, and g, with g, =0, while the rest of the plots that are
Figures 11(b) and 11(c) denotes the effect of these controls on
carriers and infected individuals, respectively. Figure 11(a)
shows that 80% of the infected population must be treated to
successfully eliminate meningitis. This should be accompanied

with an 80% of the carriers adhering to safe personal protection
practices. Afterward, these numbers must then be kept for the
duration of the epidemic period. The effective implementation
of these interventions leads to a reduction in the number of
individuals within the carrier and infected compartments,
shown in Figures 11(b) and 11(c) (as shown by the red dotted
lines). Moreover, when most infected individuals receive
treatment, the system settles at a meningitis-free state (see
Figure 11(c)). Also, it was observed that the carrier compart-
ment (see Figure 11(b)) also settles at the meningitis-free state
after 8 days affirming the stated incubation period in adhering
to the strategy of practicing personal protection).
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Ficure 9: Effect of using both vaccination and treatment only. The control profile in (a) shows that for effective eradication of meningitis,
vaccination must be applied to all individuals for 50 days while treatment is implemented for 48 days. The simulation result of the optimal
control model shows the effectiveness of these measures on (b) carriers and (c) infected individuals. In the graphs, the solid line denotes
without the strategy while dotted line indicates implementation of the control strategy.

4.5. Strategy III: Application of All Controls. This subsection
investigates the effect of applying all the controls introduced
in the article as an intervention strategy to ascertain its effec-
tiveness in reducing meningitis. We denote the case where
the controls are applied as g, = g, = g, # 0 and the situation
without controls by g, = q, = g; =0. Furthermore, we pres-
ent their respective control profile and the effect of combin-
ing the three controls on the infectious compartments
(carriers and infected population).

4.5.1. Intervention 7: Vaccination, Treatment, and Personal
Protection. Figure 12(a) shows the control profile of applying
all three controls. It further depicts that all controls be main-
tained at about 80% for about 46 days for personal protection,
47 days for treatment, and 50 days for vaccination. For personal

protection, this strategy can be reduced to about 30% after 46
days while maintaining treatment and vaccination at 100%.
Thus, Figures 12(b) and 12(c) show that when we implement
these strategies, they will reduce the spread of meningitis by
both carriers and infected individuals. It further indicates that
the disease settles at a meningitis-free state after the set incuba-
tion period of 10 days.

4.6. Cost-Effectiveness Analysis. Using cost-effectiveness analy-
sis (CEA), researchers seek to compare one or more costs of
interventions and health outcomes [39]. CEA gives informa-
tion on an intervention’s health and economic consequences
compared to an alternative intervention. An intervention’s
cost-effectiveness ratio is calculated when the net costs of the
intervention are positive (which indicates that a more effective



18 Abstract and Applied Analysis
le + 06
0.6 1
- 800000
S
= kS
E H
o 0.4 8. 600000
ki 5
&} |©)
400000 -
0.2 1
200000
0 T T T T A —— :
0 10 20 30 40 50 0 10 20 30 40 50
Time (days) Time (days)
— q,#0
! B — Without control
- %7 --q, and q, only
— q,#0
(a) (b)
400 -+
& 300 A
=
=1
o
o
&
< 200
L
s}
<&
g
100
0 T T T
0 10 20 30 40 50
Time (days)
— Without control

-~ q,and q, only

(c)

Figure 10: Effect of using both vaccination and personal protection only. The simulation results of the control profile in (a) show the
effectiveness of this strategy. To eradicate meningitis, vaccination must be administered for all individuals throughout the period while
personal protection is encouraged for at least 14 days during the period of infectiousness. The simulation result of the optimal control
model shows the effectiveness of these measures on (b) carriers and (c) infected individuals. In the graphs, solid line denotes without

control while dotted line indicates implementation of the controls.

intervention is more expensive). Net costs divided by changes
in health outcomes are defined as the cost-effectiveness ratio
[40, 41]. Using CEA to compare the health and cost conse-
quences of several control measures that influence the same
health outcome is valuable.

Additionally, it becomes beneficial in determining the
intervention cost concerning the amount of health outcome
achieved. Thus, decision-makers may benefit from knowing

Change in total costs between control measures

whether or not an intervention is cost-effective, which helps
to avoid the dissipation of limited resources. We use the
objective function in Equation (29) to derive the total cost
for each single and combined intervention measure. At the
same time, we obtain the infection averted by calculating
the difference between infectious individuals with and with-
out the control measures. Table 5 depicts the result of men-
ingitis infection averted (MIA) and the total cost (TC).

ICER =

Change in total number of infections averted between control measures *
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personal protection in averting the number of (b) carriers and (c) infected individuals.

According to [42], the incremental cost-effectiveness ratio
(ICER) explains the cost-effectiveness analysis. ICER is used to

We rank the MIA in increasing order of effectiveness,
and by using Equation (42), we calculate the ICER ratio
for the various interventions (I) as follows:

4.253 .
ICER(I3)= ——————___ =8.016x107,
5305486.76251
ICER(I1) = (12.517 - 4.253) =4.513x 107,
(5307317.89534 — 5305486.76251)
16.770 - 12.517
ICER(I5) = ( ) =5.122x 107,
(5308148.18249 — 5307317.89534)
12.500 - 16.770
ICER(I2) = ( ) =-476x 107, (43)
(5309044.53425 — 5308148.18249)
16.753 - 12.500
ICER(I6) = ( ) =5.130x 1073,
(5309873.63189 — 5309044.53425)
25.017 - 16.753
ICER(I4) = ( ) =4.566 x 1072,
(5311683.62738 — 5309873.63189)
29.270 - 25.01
ICER(I7) = (29270 ~ 25.017) =5.197x 107,

(5312501.97405 - 5311683.62738)

explore any two competing measures or interventions for
controlling the spread of disease. The ICER formula is given as

In what follows, Table 6 summarizes the ICER for each
interventions based on the increasing rank order of effective-
ness for the meningitis infection averted cases by the inter-
ventions employed in the study.

It is revealed in Table 6 that between interventions 3 and
1, we incur an additional cost of 8.016x 10”7 when we
implement personal protection only as a control measure
compared to the extra cost of 4.513 x 10~ incurred when
vaccination only is applied. Thus, I1 is more expensive and
less effective than I3. Hence, we exclude I1 from the list of
alternative control measures competing for the same limited
resources. For this reason, we recalculate the ICER for I3
and I5. The result is shown in Table 7.

From Table 7, an asterisk (*) behind an intervention
shows the comparing items under consideration. After recal-
culating the ICER value, the observation indicates that inter-
vention 5 was expensive and less effective to implement than
3. Hence, we exclude intervention 5 from the list of considered
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Ficure 12: Effect of using all controls: vaccination, treatment, and personal protection. For effective meningitis eradication, 80% of
individuals must personally protect themselves for 46 days while treatment and vaccination must be implemented for 47 and 50 days,
respectively, as shown by the control profile in (a). The graphs clearly show the impact and effectiveness in averting the number of (b)
carriers and (c) infected individuals.

TaBLE 5: Meningitis infection averted and total cost for the various control measures.

Strategy Intervention Control measures MIA TC
1 Vaccination only 5307317.89534 $12.517
I 2 Treatment only 5309044.53425 $12.500
3 Personal protection only 5305486.76251 $4.253
4 Vaccination and treatment 5311683.62738 $25.017
I 5 Vaccination and personal protection 5308148.18249 $16.770
6 Treatment and personal protection 5309873.63189 $16.753

111 7 Vaccination, treatment, and personal protection 5312501.97405 $29.270
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TaBLE 6: ICER ratio based on increasing order of meningitis infection averted (MIA) and its associated cost (TC) for each intervention.

Intervention Control measure MIA TC ICER

3 Personal protection only 5305486.76251 $4.253 8.016 x 1077

1 Vaccination only 5307317.89534 $12.517 4.513x 107

5 Vaccination and personal protection 5308148.18249 $16.770 5.122x107°

2 Treatment only 5309044.53425 $12.500 -4.764x 1072

6 Treatment and personal protection 5309873.63189 $16.753 5.130 x 107

4 Vaccination and treatment 5311683.62738 $25.017 3.351x107°

7 Vaccination, treatment, and personal protection 5312501.97405 $29.270 5.197 x 1073
TaBLE 7: Comparing ICER I3 with I5.

Intervention Control measure MIA TC ICER

3" Personal protection only 5305486.76251 $4.253 8.016 x 1077

5 Vaccination and personal protection 5308148.18249 $16.770 4.703x107°

2 Treatment only 5309044.53425 $12.500 -4.764x 1072

6 Treatment and personal protection 5309873.63189 $16.753 5.130 x 107

4 Vaccination and treatment 5311683.62738 $25.017 3.351x107°

7 Vaccination, treatment, and personal protection 5312501.97405 $29.270 5.197 x 1073
TasLE 8: Comparing ICER I3 with I2.

Intervention Control measure MIA TC ICER

3" Personal protection only 5305486.76251 $4.253 8.016 x 1077

2" Treatment only 5309044.53425 $12.500 2.318x 1073

6 Treatment and personal protection 5309873.63189 $16.753 5.130 x 107

4 Vaccination and treatment 5311683.62738 $25.017 3.351x 1072

7 Vaccination, treatment, and personal protection 5312501.97405 $29.270 5.197 x 1073
TaBLE 9: Comparing ICER I3 with I6.

Intervention Control measure MIA TC ICER

3" Personal protection only 5305486.76251 $4.253 8.016 x 1077

6" Treatment and personal protection 5309873.63189 $16.753 5.130x 1073

4 Vaccination and treatment 5311683.62738 $25.017 2.849x 1073

7 Vaccination, treatment, and personal protection 5312501.97405 $29.270 5.197 x 107
TasLE 10: Comparing ICER I3 with I4.

Intervention Control measure MIA TC ICER

3" Personal protection only 5305486.76251 $4.253 8.016 x 1077

4" Vaccination and treatment 5311683.62738 $25.017 6.915x 107

7 Vaccination, treatment, and personal protection 5312501.97405 $29.270 5.197 x 107
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TasLE 11: Comparing ICER I3 with I7.

Intervention Control measure MIA TC ICER

3" Personal protection only 5305486.76251 $4.253 8.016x 1077

7* Vaccination, treatment, and personal protection 5312501.97405 $29.270 5.197 x 1073

alternative interventions. As such, we recalculate and compare
the effect between interventions 3 and 2 (see Table 8).

Comparing intervention 3 with 2, we observed that it was
more cost-effective to implement intervention 3 than 2. Hence,
we exclude 2 from the list and proceed to compare 3 with 6.

Table 9 indicates that implementing personal protection
as an intervention for the control of meningitis is effective
and less costly compared with 6. Implementing I3 only adds
a cost of 8.016 x 107/, but that of I6 poses an additional cost of
5.130 x 1073, Hence, we exclude I6 from the comparative list
and further assess it by comparing I3 with I4 (see Table 10).

Comparing intervention 3 with 4, as shown in Table 10,
indicates that intervention 4 is more costly and less effective
than I3. Therefore, we exclude I4 and finally compare I3
with I7.

The final comparative analysis between interventions 3
and 7, as shown in Table 11, revealed that I7 is more costly
and less effective. Thus, we exclude I7. Consequently, imple-
menting intervention 3 is the most cost-effective strategy
among the seven interventions considered in this paper.

5. Discussions and Conclusion

According to [43], one of the most preventable measures of
meningitis is mostly through vaccination and treatment.
Still, progress in the fight against the disease through these
measures is behind other diseases that are preventable by
vaccination and treatment. Moreover, the economic burden
reported in [13] from the societal perspective showed that
the northern part of Ghana, with a total population of about
5,068,521, spent $5,230,035 per year ($777 per case) on
meningitis management. Regarding age composition, [13]
indicated that the cost per meningitis vaccination or treat-
ment for children under five years was $2,128, $3,247 for
children between 5 and 14 years, and $2,883 for individuals
who are 15 years and above.

The result from [13] shows that the economic burden of
meningitis disease in northern Ghana remains substantial,
especially in older children and adults who we expect to have
benefited from indirect effects because they received infant
immunization. The costly nature of vaccination and treat-
ment, as affirmed in this article from the cost-effectiveness
analysis result in Table 11, shows that the most cost-
effective approach the government of Ghana should imple-
ment is to encourage personal protection. Personal protec-
tion is important because bacterial meningitis often
spreads through droplets from the mouth or nose. There-
fore, individuals must take precautions to prevent the spread
of these droplets. Most individuals acquire meningococcal
disease through exposure to asymptomatic carriers. Hence,
if we do not include low-risk individuals in epidemic
models, the projected contribution of the high-risk groups,

and thus, the potential impact of prioritizing interventions
to address their needs, could be underestimated. We would
like to point out that the goal was to look at the optimal
and cost-effective strategies designed to help policymakers
keep the total infected population at a minimum, consider-
ing the effects of the high- and low-risk population propor-
tions. Another important factor that we did not implement
in this work, the role of mobility among high- and low-risk
individuals, is being considered in follow-up work. Thus,
we now sum up our study in the next paragraph.

In this study, we discuss the dynamics of meningitis infec-
tion in Ghana using a mathematical model incorporating the
behavior of high- and low-risk individuals. The proposed model
allows for the possible transmission of infection from low-risk
individuals under certain conditions. The movement of individ-
uals from the carrier stage to the infected stage depends on the
activities they engage in, which the basic reproduction number
depicts in Equation (16), such that for o = 0, there is no progres-
sion to the infected compartment. The asymptotic behaviors of
system 2 were determined using the basic reproductive number.
The system exhibited a meningitis-free state when Ry < 1and a
backward bifurcation scenario where a stable MFE coexists with
a stable endemic existence for R, < 1. Thus, by implication, con-
trolling the disease lies in the initial conditions. The time-
dependent basic reproductive number was sensitive to the
choice of generation time of the infection. Thus, we designed
an optimal control problem that minimizes the cost of imple-
mentation of the controls while also minimizing the total num-
ber of infected individuals over the intervention interval. First,
we demonstrated that the optimal control exists and portrayed
it in terms of the solution to the optimality system.

Additionally, we established that the control system must be
unique for a sufficient time frame to find the optimality. We use
Pontryagin’s maximum principle to find necessary conditions
for the optimal values of the controls that minimize the spread
of meningitis together with the cost of implementing the con-
trols or interventions. The ICER was used to assess the most
effective intervention among the seven interventions employed.
Though controlling meningitis intensely relies on treatment in
the Ghanaian context, this article showed that encouraging
and implementing personal protection can provide the most
cost-effective method of controlling meningitis.

Other future investigations based on the obtained results
will concern transforming the present integer-based model
to a fractional order model incorporating a dataset that takes
into consideration the whole meningitis belt of Ghana.

Data Availability

The data supporting this research are publicly available on the
Ghana Health Service website which can be easily accessed.
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