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Abstract: A new strain of meningitis emerges in northern Nigeria, which brought a lot of confusion.
This is because vaccine and treatment for the old strain was adopted but to no avail. It was later
discovered that it was a new strain that emerged. In this paper we consider the two strains of meningitis
(I1Tand I2). Our aim is to analyse the effect of one strain on the dynamics of the other strain
mathematically. Equilibrium solutions were obtained and their global stability was analysed using
Lyaponuv function. It was shown that the stability depends on magnitude of the basic reproduction
ratio. The coexistence of the two strains was numerically shown.
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1. Introduction

The inflammation of meninges that surround membranes of the spinal cord and brain is called
meningitis [1]. It is a bacterial and protozoa caused disease. It infects both children, young and older
adult. Meningitis is popularly known to be a disease which spreads quickly in an isolated
geographical settlement like students hostel, military quarters, school and prison yard [2]. There are
pathogenic micro-organisms that are responsible for the spread of meningitis among individual in a
society. These include listeria monocytogenes,streptococcus pneumonia, Group B streptococcus,
Neisseria meningitides and Haemophilias, it is a transmissible disease [3]. This disease infects
individuals based on their age group. Some of the pathogen are found in new born babies, they
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include streptococcus pneumonia, Group streptococcus, listeria monocytogenes and Escherichia
while streptococcus pneumonia, Neisseria meningitides, influenza type B and Group B streptococcus
are found in children. Meningitis infects teeth in adult, the pathogen responsible for this infection
include, streptococcus and Neisseria meningitides [3]. Meningitis is a deadly disease. It kills if the
symptoms is not identified early enough. No amount of treatment and control can prevent the death by
meningitis if it is discovered at late time. The major symptoms of the disease are headache, vomiting
and sensitivity to light [3].

SIR model was used as a basis tool for modelling meningitis,this include incorporating seasonality
[4,5] as spatial temporal model [6] to show how it spreads among individuals.

Mathematical model helps in studying meningitis virus and bacteria through past meningitis
epidemic. Some model were used to study the spread and control of infectious disease Martinez et al.
[2] used discrete mathematical model to study spread and control meningococcal meningitis, they
considered a model with five compartments viz; susceptible, asymptotic infected, infected with
symptoms, carries, recovered and dead class. Broutin et al. [7] used some mathematical tool to
conduct time series analysis and wavelength method to study meningococcal meningitis in nine (9)
Africa countries, according to their result, it was stated that international co-operation in public health
and cross discipline studies are highly recommended to help in controlling this infectious disease.
Miller and Shahab [8] recommended effectiveness of immunization with respect to cost constrain to
control epidemic meningococcal meningitis. Irving et al. [9] adopt deterministic compartment model
to investigate the effectiveness of simple structure model in controlling epidemic of meningococcal
meningitis.

Therefore mathematical modelling plays a vital role in investigating the spread and control of
meningitis disease, it makes it easy to identify what an individual should avoid in order to be free
from infection of the disease.

Zamfara is a state in north-western Nigeria and has a population of about 4.1 million of which about
800,000 of children are under five [10]. It was at the centre of the largest meningitis outbreak in 21st
century with 7,140 suspect meningitis cases and 553 death reported between December 2016 to 2017
[10]. The over attack was 155 per 100,000 population and children 5-14 years accounted for 47.

Most of the previous researches show that there are interactions among the multiple strains of
disease such as tuberculosis, dengue fever, meningitis, HIV, influenza, malaria fever and other
sexually transmitted related disease [11-15]. And it shows that any strain with largest basic
reproduction ratio eliminates other strains. It is also investigated and showed the coexistence of
multiple strain using exponential growth, co-infection, super-infection method and application of
various methods to control coexistence of the strain [15]. Since new strain are still evolving, there is
need for more studies on the coexistence of multiple strains.

Unlike other diseases as mentioned above, most meningitis models in literature only considered a
single strain, hence there is need to study multiple strain of the disease and understand its qualitative
properties. Here we are motivated by what happened in Zamfara State, Northern part of Nigeria in
2018 [10]. A new strain of meningitis surfaced and government and medical practitioners thought it
was the old strain. So, the vaccine and treatment of the old strain were given for the new strain. This
leads to the death of many people. Our main objective is to investigate this phenomena mathematically.
This paper consists of five (5) sections and is arranged as follows: section 1 is the introduction, section
2 is the formation of model, section 3 is the study of existence of equilibrium and computation of
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reproduction ratio, section 4 is the stability analysis of equilibrium while section 5 is the discussion of
result and numerical simulation.

2. Formulation of the model

This model of meningitis consists of system of six differential equations. The compartments are
S(), Ci(t), Cy(1), I,(t), I (1), R(t) which represent the population of susceptible, carrier of infection
with respect to strain 1, carrier of infection with respect to strain 2, ill individual with respect to strain
1, ill individual with respect to strain 2 and recovered individual at time t, respectively.

Due to birth, immigration and other population growth factors, we assume constant recruitment in
to susceptible population and there is no double infection. The variable as well as parameters as used
in the model are all positive. Meaning of variables and parameters are given in Table 1 and Figure
1 gives the schematic diagram of the model. With the above assumptions, the model is given by the
system of ODE as follows:

1,3,

Figure 1. Schematic diagram of the model.

ds

E = H+9R+,BIS(C1 +Il)+ﬁ25(C2 +12)—/.1S,
dC

d—tl =BiS(Cy + 1)) — (@1 + p+ w)Cr,

dl

d_tl =a,Cy — (u+6, +yDi,

o 2.1)
— 2 =BS(Cr+ 1)~ (a2 +p+ w)Co,

dl,

o @Gy = (U + 62 + 7)),

dR

E =Ly + Ly, + wCi + wC, — (9+/l)R
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Table 1. Description of the parameters.

Parameter Description

I1 Recruitment rate

0 Loss of immunity

B Effectiveness contact rate due to strain 1
B> Effectiveness contact rate due to strain 2
u Natural death rate

a Progression rate from C to [;

a Progression rate from C; to I,

01 Disease - induced mortality due to strain 1
o) Disease - induced mortality due to strain 2
w Natural recovery rate

Y1 Recovery rate from disease due to strain 1
0% Recovery rate from disease due to strain 2

3. Analysis of the model

In this section, some important properties of the proposed model such as boundedness, existence of

equilibrium and basic reproduction number will be analyzed.

3.1. Boundedness and positivity

The system trajectories are confined within a compact set. Then, the total population N(¢) = S (¢) +

Ci(t) + Cy(t) + 11 () + I,(¢) + R(t). Thus taking the derivative leads to

dN(1) B ds(t) dCi(t) dCy() dL() dL#) dR(r)
dar . dr dar o ar T Tar T Tar T Ta
=II- N/.l - (5111 + 52]2).

Therefore
dN(t dN(t
dt( ) < II — Nu which implies @

Consequently,

11 —ut
N(t) < — +Ce™,
u
where C is constant. The initial value condition at ¢ = 0 gives
I1
NO < —+C.
u

This implies that
II
C=N0)+—.
7

(3.1)

(3.2)

(3.3)

(3.4)

(3.5)
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We get
I1 I1 I1
lim N(7) < lim(— + (N(0) — —)e™) = —, (3.6)
t—00 100 [f M M
and this gives
IT
Iim N(t) < —. 3.7
t—o0 /J
Hence the population is bounded above.
For the Positivity Let 7y > 0. In the model, if the initial conditions
S(0)>0,Ci(0) > 0,1,(0) > 0,C,(0) > 0, 1,(0) > 0,R(0) > 0, (3.8)
then for all
1 € [0,1], S (1), C1(), 1), Co(2), I(2), R(2) (3.9)

will remain positive in RS.

Since all the parameters used are positive, we can place lower bounds on each of the equations given

in the model. Thus,

das
E = H+9R+,815(C1 +Il)+ﬁ25(C2 +I2)—,LlS > —/lS,
dcC,
ar =Bi1S(Cr+ 1) — (a1 + p+ w)Cy = (a1 + p+ w)Cy,
dl,
o a1Cy —(u+06y +y)h =2 —(u+6; +ypl,
t
JC (3.10)
d_: =S (Cr+ L) — (@ + pt + w)Cs > —(y +  + w)Cs,
dl,
o @, Cy — (U + 02 +y2), 2 —(u + 62 + y2)I5,
dR
E = Il’yl + 12’)/2 +wCi + wCy — (0 +/.1)R > —(0 +/.1)R
Solving the differential inequality, we get
S(@)=e* >0,
Cl (l,) > e—((11+/1+w)t > O,
[(t) > e Wt >
(3.11)

Cy(t) > ettt >
L(1) > e~ Wroaty2) >0,
R(t) > e @ > 0.

Hence the proof.

AIMS Bioengineering
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3.2. Existence of equilibrium

In order to obtain the equilibrium solution , we equate the system of differential equations to zero
and solve them simultaneously as follow:

H+9R—ﬂ1S(C1 +11)—,82S(C2+12)—/JS = 0,
BiS(Ci + 1)) — (a1 +u+w)Cy =0,
BS(Cr+ ) —(ar +u+ w)Cyr =0,

(3.12)
a1Cy —(u+06,+ypl =0,
@ Cy — (u+ 62 +y2)l, =0,
’)/1[] + ’)/212 + (,L)C] + (UC2 + (5]11 + (52[2 - (/.l + H)R =0
Then, At DFE: S¢,1; = I, = 0 implies that C; = C, =0
From Eq (3.12),
IT+6R—uS =0. (3.13)

I1 I1

Putting R = 0 into Eq (3.13), it implies that S = —, .. Ey = [—,0,0,0,0,0]. When , = 0= C, =0
Jz 7

andh ¢0=>C2¢0

Then,
0,Q
;= —213
Br(€s + 1)

R o= (138, + Ma By — €1 Q23)(w 5 + a1y1)

: ﬁl(wHQg + w3y + 9930’1’)/1 + Qa’%’}/l — 919593 - Q,03Q5a) (3 14)
Co— Q3Q5 (1138, + [y By — puf2,€23) '

: ﬁl(weﬁg + w3y + 0936!]’)/1 + 9&’%’)/1 - Q]Q%Q:; - Q:0Q:Q5a7)
I = a1 Qs(11Q38, + [a By — u21£23)

1 =

_,81(0)99% + whQ3a + 993&1’)/1 + 90,’%’)/1 - ngggg - 9193950’1)

This equilibrium solution exists only when /; > 0,C; > 0,R; > 0 if (%) >1.Whenl;, =0=C, =
Oand I, # 0 = C, # 0, Then, *

Q,Qy

T Ba(Qa + Q)
(T12483> + Har By — p€r Q) (w4 + arys)

" Bl + wlQua, + 005y, + 00y, — 00205 — 0,0,05a7)

2

R,

A
o Q05(TIQB + Tasps — 0,0 19
2 ﬁz(wHQi + wlQar + 094&2’)/2 + 9&’%’)/2 - QQQ2Q5 - 92949502)
I Qs(I1QyB, + HanBy — urQy)
2

- ,BZ(Q)QQi + wOQyar + 9Q4CZQ’)/2 + 9&%)/2 - QZQEQS - 92949502) '

This equilibrium solution exists only when I, C,, R, > 0 if ﬁg&),

A +U+0, Q=u+0+y,QU=u+06+y,and Qs =6 + .

Whereﬁl :(1’1+IU+CL),QQ =
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3.3. Basic reproduction number

Basic reproduction number is the number of secondary infection caused by one infected individual
in a wholly susceptible population. Here, it is obtained using next generation matrix as in [16];

[ BS(Ci+ 1)
k= ( B2S(Cs + I) ) (3.16)
| (a+u+w)C
V_( (ap + u+ w)Csy ) (3.17)
Now,
Sy 0
OF(Ey) = ( B10 0 S ) (3.18)
I S 0
@V)'=| THTO 1 (3.19)
0 ay + U+ w
Then,
B1So 0
OF(Eg) (V)" = ( T s, ) (3.20)
ar+putw

The matrix F is non-negative and it is called transition matrix which is responsible for the infection
while the matrix V is known as a transmission matrix for the model.
From 0F(E)(0V)~! in above,

S IT S IT
R, = BiSo  _ _ B R, = BaSo  _ _ B ’ (321)
a)+uU+w a+u+w ay + U+ w ay + U+ w
where S, = % So that Ry is the spectral radius of the matrix AF(Ey)(0V)™'. Therefore
Ry = max.(R\,R,), Hence
IT IT
Ry = max.( P P (3.22)

a+put+w atu+ow
Profile of the basic reproduction number is given in Figure 2 below.
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Figure 2. Profile of the basic reproduction number.

4. Stability analysis of the equilibrium solution

Here, we study the global stability of the equilibrium solutions using Lyaponuv function as in the
following [17-19].

Theorem 4.1. The disease free equilibrium, E is globally asymptotically stable if R < 1 and R, < 1.
Proof. Consider the Lyaponuv function
S R
V(S0,Cr0, Cr0, 110, 120, Ro) = g(S—) +ho+ho+Ci+Cyp+ g(R—)- 4.1)
0 0

where g(x) = x — 1 — Inx, since I}, I, > 0O then,

V(SaCI’CZ’ Il’IZ’R) = 0. (42)
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Now we need to show that V < 0.
. So . .. Ro. .
V(es,C,Co I, L,R)=(1 - ?)S +hL+L+Ci+Cy+(1— E)R

S
=(1- §°>[H+9R—ﬁls<cl + 1) = BoS(Cy + b) — uS1+BiS(Cy + 1) — () + p + w)C,
+625(Co+ h)—(a+u+w)Cr+a1Cy — (u+01+y)li +axCr — (u+ 62 +y2)ln

R
+(1 - EO)[%A + 21, + wC + wCy — uR — OR]

S2 S S
:2y50—’%—ﬂs+(y+w+al)cl[ PiSo 1w+ w+ anC[—L220

Grwta) Grwta)

Ro)’ 1

)M,

R Row R RS
072 )h + () +w - —)cl +lartw— L“’)cz ~ (" + R0~ (R~ Ry

+(BiSo—pu—0; -

+(B2So—pu—07—
Y
:ZMSO—T—ﬂS—(.U"‘w'Fa/l)Cl[l— Ri]—(u+w+a)Cs[1 —Ry] —(
R Row
k6= BaS o)l - (- — a1~ w)C —(——afz—w)cz—(— +Ro) = (R = R
S S
=uSo(2——°——)—<u+w+a1>cl[1— Ril = (u+w +a2)Cal1 = Ryl — (

S
~ 2 k5 - BaS o — (o — )Cy — (o — - ) - (T + Ro)0 = (R = Rou.

4.3)

0)’1

+u+06-piSol

—(
071

+u+06-piSol

S S .
But 2 - ?0 — — < 0 by the relationship between arithmetic and geometric mean, .. V < 0.
0

Theorem 4.2. E| is globally asymptotically stable if Ry < 1.

Proof. Consider the Lyaponuv function:
S 1 C R
V(S,Cr1.Conn Iiin b1 R) = g() + 8(+—) + L + (=) + Ca + g(—), (4.4)
S I, Ci R,

where g(x) = x — 1 —Inx, since I; > 0, then V(S,C,,C,,I,,5,R) > 0
Now we need to show that V < 0.
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. S, . I , . C ) . R, .
V(S,C1,Co 11, I, R) = (1= 208 + (1 = =) + h + (1 - =), + Co+ (1 - —)R
S I C, R
S
=(1- ?‘)[H +6R - B1S(Cy + I) = BoS(Cy + L) — S |
C
+ (1= ZDBIS(Cr+ 1) = (e +p+ w)C]
1
1
+ (L= =DarCr = (+ 61+ yDh] + 25 (Co + ) = (@2 + p+ w)Co + @2 Cy = (u+ 83 + )]
1

R
+(1 - El)[ylll + 21, + wC + wCy — uR — OR]

uS? BiS1
=2uS - —-uS +(wu+w+a)C[—— -1
HS1 == K M+ w+a) 1[(,u+w+a/1) ]
R Riw
+(BISI_#_61_1T%)II+(CL’1+CU_IT)11
C ORS 1
—BiS(Cr+ 1) = (@ +p+ w)Cil = ==~ 6R = (R = R = [anCy = (u+ 61 +y)h]
1 1
R
+[BaS1—p =0 = =]
S S
=p$12 - 5 = ) =t w+a)Cll =Rl = [yiR+ uR + 6:R = 1S 111,
1
RS wR
—(R= =)0~ (R—R)p — (= — 1 — )Cy
S R
4.5)
Sy N . : : -
But2 - — - 5 < 0 by the relationship between arithmetic and geometric mean, .. V < 0
1

Theorem 4.3. E, is globally asymptotically stable if R, < 1.
Proof. Consider the Lyaponuv function:

S C I R
V(S,Ci2,Co0,112,15,R) = g(S—) +C+1 + g(C—Z) + -2 g(IT)’ where g(x) = x — 1 — In x, since
22 2

2 b,
I, > 0, then V(S,Cl,CZ,Il,Iz,R) > 0.
Now we need to show that V < 0.
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. S, . ) . C . I . R, .
V(S,C1,Co I, L, R) = (1 = =58 + Cr+ I + (1 = =2)Ch + (1 - =2 + (1 - )R
S C, I, R

S
= - ?1)[1_["' OR—B1S(Ci+ 1) = BoS(Coa+ L) —puS1+B1S(Cr + 1) — (1 + u+ w)Cy
+a1Cr — (u+ 61 +yDlh

C I
+( - Cij)[ﬁzs(cz +hL)—(+u+wC]+( - ;—j)[azcz —(u+ 02 +y2)h]

R
+(1 - Ez)[«yll1 + 21, + wC + wCy — uR — OR]

uS3 B2S» Ryys (4.6)
=2uS, — —= —uS C————— -1 S)—u—09,— I
pS2 =~ —H + 1+ w+a) 2[(,u+w+a2) 1+ B2S2—pu—062 R )
R C 6RS
@+ 0= )0 = [BS(Cr 4 ) = (@ +pt 0O 2 = =27
2

—0R; — (R— Ro)u

1
—[a2Cy — (u + 6, + yz)lz]%
2

S S
= puS,2 -2 — =) = (U + w + @)Ca[1 = Ry] — [12R + uR + 6:R — B,S, 11

AP
RS,

R
- (R= =20~ (R~ Rou - (% — @ - w)Ca.

S )
But 2 — ?2 -5 < 0 by the relationship between arithmetic and geometric mean, .. V < 0.
2

5. Numerical simulations
In this chapter numerical examples are given out using the parameter values in Table 2. Figure 3
shows how the disease from both strains die out when max (Ry,R;) < 1. Figure 4 and 5 show how

strain 1 and 2 persist when R; > 1 and when R, > 1 respectively. Finally Figure 6 shows how both
strain 1 and 2 persist when min (R, R;) > 1.

Table 2. Description of parameter values used in the model.

Parameter Ey E, E, E;

I1 0.0381 0.0381 0.0381 0.381
0 0.9 0.9 0.9 0.9
B 0.00174 10 0.00174 10

B> 0.00174 0.00174 10 10

u 0.1177 0.1177 0.1177 0.1177
ay 0.104 0.104 0.104 0.104
s 0.104 0.104 0.104 0.104
01 0.747 0.747 0.747 0.747
0> 0.747 0.747 0.747 0.747
w 0.896 0.896 0.896 0.896
Y1 0.253 0.253 0.253 0.253
0% 0.253 0.253 0.253 0.253
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Figure 3. Disease free equilibrium: max{R, R, < 1}.
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Figure 4. Endemic with respect to strain 2: R; > 1.
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6. Conclusion

In this paper, a model consisting of two strains of meningitis is studied. Three equilibrium points
were obtained:

E, : disease free equilibrium, /; and I, are both zero.

E, : Endemic equilibrium for /; only and I, is zero.

E, : Endemic equilibrium for 7, only and /; is zero.

But the endemic equilibrium for /; and I, is difficult to find due to the non-linear nature of the
model, hence we show its stability numerically.

The method of next generation matrix was used to obtain two basic reproduction ratios for strain 1
and 2, and it was proved that the stability of these equilibrium points depend on the nature of basic
reproduction ratios. Lyaponuv function was used to show the global stability of the equilibrium
solutions. When min.(R;, R,)< 1, the disease free equilibrium is globally stable and the disease dies
out. And when the basic reproduction ratio is greater than 1 for each endemic equilibrium, then such
equilibrium is globally stable and the disease at such equilibrium dies out.
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