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Abstract. This paper presents a mathematical model for human malaria trans-
mission caused by Plasmodium falciparum which incorporates the effects of pre-
erythrocytic vaccine on the transmission dynamics of the disease. This model is
extended to incorporate the effects of erythrocytic and transmission blocking vaccines.
Analysis of the reproductive number for the extended model Ry (7, 01 2, €), shows that
effectiveness of the vaccine depends critically on its efficacy, infection blocking, disease
modification, transmission blocking, proportion vaccinated and duration of its effec-
tiveness. The minimum vaccination rate required to eradicate malaria depends on its
endemicity in each region. We deduce that pre-erythrocytic vaccine works faster than
transmission blocking vaccine in reducing the number of infectious humans. In our
analysis, we were able to quantify the effectiveness of combining two or more subunits
over using only one subunit. Our analysis shows that a vaccine that reduces the infec-
tious period of an infected human always reduces the number of secondary infections.
Numerical simulations are also performed to compare the general behaviour of the
models.
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1. Introduction

Malaria, caused by a protozoan parasite Plasmodium falciparum, is transmitted to
humans by the bite of an infected and infectious female mosquito of the genus Anophe-
les. Tt remains one of the major causes of morbidity and mortality [45]. Malaria is
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most common in the tropical regions especially Africa [43]. There are estimated 300-
500 million clinical cases and there are between 1-1.5 million malaria related deaths
annually [9, 61]. Though preventable and curable, controlling malaria has become
more and more challenging as the malaria parasite becomes resistant to prophylactic
drugs [28, 37, 53] and as the mosquito that transmits the parasite develops resistance
to insecticides [33]. Although child mortality in Africa has declined in recent years,
malaria’s share of that mortality has increased because of the spread of drug resistance
of the parasite, the breakdown of health services in many affected areas, the interac-
tion of the disease with human immunodeficiency virus (HIV) infection, and possibly
the effects of climate change [27]. Traditional means of controlling malaria may save
many lives, but they alone cannot adequately prevent the misery and deaths this
devastating disease causes. Nor can they alone erase the enormous impact of malaria
on local and national economic development [24].

Malaria control efforts include attempts to develop effective vaccines, eradicate
mosquito vectors and develop new drugs [50]. Historically, vaccines have been one
of the most cost effective and easily administered means of controlling infectious dis-
eases, yet no licensed vaccines exist for malaria. The first report of human protection
from malaria by vaccination was made in 1973 [12]. History on malaria vaccination
attempts is documented [46]. Accumulating basic and clinical research suggests that
effective vaccines for malaria can be developed and could significantly reduce morbid-
ity and mortality and potentially reduce spread of infection [10, 11, 20, 23, 46, 49, 59].
The progress is slowed down by the parasite’s intricate life cycle which has distinct
developmental stages in both the host and the vector. A vaccine effective in killing one
stage may not inhibit the growth of the other [21]. The stages involved in the move-
ment of the parasite between host and vector are well documented [5, 25, 46, 56, 62].
The human immune response to Plasmodium falciparum is also well documented
[25, 51, 57].

Malaria vaccines should be designed to protect people from disease and death,
boosting the immune system to combat parasites. But unless a malaria vaccine leads
to the death of every single parasite, the ones that survive could continue to circulate
in a vaccinated population. An optimum vaccine should then have the ability to elicit
protective immunity that blocks infection as well as prevent pathology and interrupt
transmission of parasites. The most effective vaccine should be comprised of subunits
from different parasite stages. These subunits are as follows:

e Pre-erythrocytic vaccine protects against the infectious form injected by the
anopheles mosquito (sporozoite) by inhibiting invasion of liver cells [35, 46,
64] and /or inhibit parasite development in the liver [46]. This is done by
first targeting the parasite during the short time span that the sporozoites
are in the bloodstream. Production of protective antibodies that will block
and neutralize sporozoites from invading liver cells should be induced by the
sporozoite vaccine. Secondly, sporozoites can be targeted once they are inside
the liver cells, through induction of cytotoxic T-lymphocytes (CTLs) that will
destroy sporozoite infected liver cells.

e Erythrocytic (blood stage) vaccine prevents merozoites from infecting red blood
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cells and when inside the red blood cells antibodies can be directed towards
malaria antigens that are expressed on the surface of red blood cells to inhibit
parasite multiplication in the red blood cells or destroying infected cells, thus
preventing (or diminishing) severe disease during blood infection [34].

e Transmission blocking (sexual stage) vaccine interrupts the cycle of transmis-
sion by inhibiting further development of parasites once they-along with anti-
bodies produced in response are ingested by the mosquito. This vaccine does
not prevent the disease in an infected host but is important in reducing the
spread of malaria to new hosts.

Since 1911 different aspects of modelling malaria have been investigated [54]. Mod-
elling acquired immunity to malaria has been proposed and discussed [19]. Some
further work on this aspect has been conducted [4, 6]. Some models on the transmis-
sion dynamics of malaria have been written and discussed (see [18, 30, 48, 55] and
references cited therein). Some have included environmental effects [42, 56, 62, 63],
evolution of immunity [38] and spread of resistance to drugs [37].

Although modelling vaccination in other epidemic diseases has been done [3, 26,
41, 44], for malaria vaccination, a few analytic studies of stage-specific malaria vac-
cines have been done mathematically [2, 16, 32]. In [2], they assumed that the pre-
erythrocytic vaccine completely blocks infection so none of the vaccinated humans
become infected as long as the vaccine does not wear off. They also considered the
transmission blocking vaccine to block transmission to mosquitoes. They assumed a
vaccination strategy that immunizes a fraction of infants before the age of infection.
Struchner et al. [60] built upon the model of Dietz et al. [19] and considered natural
immunity that can wane with time but its duration and effectiveness is prolonged by
boosting from natural infection. On this model they considered the effects of stage
specific vaccines independently [32]. They considered a constant population and did
not include disease induced death rate. de Zoysa [16] also basing his model on that
of Dietz et al. [19] developed it to account for transmission blocking immunity in an
endemic area. Vaccine-induced immunity is assumed to be lost if not boosted within
four months. These models [2, 16, 32] have also been reviewed [31]. The following
aspects considered in our model differentiate it from those that have been done: we
considered a variable population, vaccination is done throughout the susceptible pop-
ulation, the three subunits of malaria vaccine have been combined to determine their
overall effect, we considered disease induced death rate and have been able to get crit-
ical vaccination rates for the different vaccines if considered singly and/or combined.
We did not consider acquired natural immunity. This makes our model more suitable
for describing the situation in non endemic populations. In formulating our model
we consider the dynamics of malaria infection including both human and mosquito
populations [1, 62, 48, 47]. The uninfected class of humans is divided into two groups
which are susceptibles which are not vaccinated and vaccinated groups. We assume
that if the pre-erythrocytic vaccine is less than completely effective, then even a few
sporozoites that emerge from the liver cause the host to suffer clinical malaria [52].
For the extended model in addition to two classes of susceptibles, we consider two
classes of the infectious humans which are those that have been vaccinated and those
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that have not.

The rest of the paper is organised as follows: In section 2 we formulate the pre-
erythrocytic vaccination model, and show that the solutions to the model are always
positive and bounded. In section 3 we deduce the reproductive number for the model
without vaccination, Ry and derive the reproductive number of the pre-erythrocytic
vaccination model, R4(y). We analyse the local and global stability of the disease free
equilibrium when Rg(y) < 1 and show that at least an endemic equilibrium exists
when Ry(y) > 1. We extend the model, in section 4, to incorporate the effects of
erythrocytic and transmission blocking vaccines. The reproductive number for the
extended model Ry(7,01,2,€) is deduced. Analysis of the reproductive numbers is
performed in section 5. We deduce conditions necessary to slow down the spread of
the disease. Numerical simulations to determine the general behaviour of the models
and sensitivity analysis are performed in section 6. A brief discussion and concluding
remarks round up the paper in section 7.

2. Pre-erythrocytic vaccination model

We begin by formulating a deterministic model of malaria transmission dynamics
with pre-erythrocytic vaccination. The model divides the human population into four
classes: susceptibles who are not vaccinated Sy (t), vaccinated V4 (), exposed (those
who are infected but not yet infectious) Ep(t) and infectious Ij,(¢) (individuals with
sexual forms of the parasite (gametocytes)). The mosquito population is divided into
three classes: susceptibles S,,(t), exposed (those infected but not infectious) E,,(t)
and infectious (mosquitoes with sporozoites in their salivary glands) I,,(t). We assume
that humans are born into the susceptible class at a rate A, > 0. These individuals
are vaccinated at a constant rate ¢ > 0 and enter the vaccinated class. The vaccine
also wears off at a constant rate o > 0. The susceptible humans are infected with
the parasite by mosquitoes with a transmission probability G, > 0 from an infected
mosquito to a susceptible human. ¢ > 0 is the biting rate of mosquitoes. The
infectious humans can recover and return to the susceptible class (with no immunity)
at a constant rate r, > 0 (recovery rate) and die from the disease at a rate aj, > 0.
All individual humans, whatever their status are subject to a natural death, at a
rate pp > 0. It is assumed that if the pre-erythrocytic vaccine is less than 100%
effective then the vaccinated individuals can also be infected with the parasite. It
is assumed that if an individual in the V;,(¢) class is infected then that individual
becomes infectious. This is because any successful transition of even a few parasites
to the blood stages (due to a leaky pre-erythrocytic vaccine) will result in an infection
that carries the potential for clinical malaria at the expected threshold [52]. The
parameter (1—+) can be interpreted as a factor by which pre-erythrocytic vaccination
reduces transmission of the parasite from an infected mosquito to a vaccinated human.
0 <y <1, v=1 means that the vaccine is completely effective (i.e. all the parasites
are cleared before or during their development in the liver) while v = 0 means the
vaccine is utterly ineffective. Effect of vaccination is assumed to disappear after an
infection, that is there is no recovery to the V}, class. 75, > 0 is the average time from
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initial infection, that is when an infected mosquito injects sporozoites into the host
to the appearance of gametocytes in the blood.

For the mosquito population Anopheles mosquitoes enter the susceptible class
Sm(t), at a rate A, > 0. The probability of transmission from an infected human to
a susceptible mosquito is 3,, > 0 and both susceptible and infected mosquitoes die
naturally at a rate i, > 0. 7, > 0 is the average time from initial infection of the
mosquito, that is when it takes gametocytes during a blood meal to the appearance
of sporozoites in its salivary glands.

The total variable population sizes of humans and mosquitoes are

Np(t) = Sp(t) + Vi (t) + En(t) + In(t), Nm(t) = Sm(t) + En(t) + Ln(t).  (2.1)

The disease is assumed to have been in the population for at least a time 7 =
max{7y, 7 }. The equations for the model take the following forms for ¢ > 7.

d%ﬁ)::Ah—mﬁMﬂ+mhﬁ%%%%Aﬂiﬁi—M%@+a%@)
d@f)::qﬁﬂﬂ—uﬂﬂﬂ—ﬁwﬂ—vﬂm@xag—o%@%
En(t) = /ti Bl (1) Sp(u) +]\§i(;)7)Vh(u) e (=) gy,
dlgt(t) _ 6hCIm (t _ Th) Sh, (t - Th)]\—/,: ((;:;))Vh (t - Th) o—HnTh
—(rn + an + pn)In(t),
1S, (1) Lu(t)
En(t) = /t B (w) ]{]’;((Z)) e m (=) gy,
dlgt(t) = 6mCSm(t - Tm)]{;;(é;:;f:j)e#m‘rm _ ,UmIm(t) (22)

System of equations (2.2) hold for new time ¢ > 0 if time is shifted by 7 time units
with given nonnegative initial conditions on [—7,0]. To analyse the model (2.2), we
find an equivalent delay differential equation system so that standard theorems may
be applied. Differentiating the third and sixth equations in (2.2), we get

dEdht(t) _ ChIm(t) Sh (t) +]\(]i(;)’7)vh(t) o ChIm(t _ Th)e—MhTh %
Sl Th)]\;;((;__;))‘/h(t —m) _ pnEn(t),
A (t) 1(t) Lt -7)
y ol cmsm(t)N’;(t) — G (t — Tm)me — tmEm(t). (2.3)

where ¢, = frc and (,,, = Bime. From (2.1), we deduce that the rates of change of the
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total population of humans and the total population of mosquitoes are given as
dNy,(t) AN, (1)
dt dt

We know that Ej, (t) = Np(t)—Sh(t) =V (t)— 15 (t) and Ep, (t) = Ny (£) =S (t) — L (2).
Throughout this paper we will analyse the equivalent system to (2.2) which is

= Ah — ,uhNh(t) — Ozhfh(t),

= Am — N (1), (2.4)

dSy(t Sy (t
W) _ Ap — prSn(t) + rrln(t) — ChIm(t)A — ¢Sh(t) + aVi(t),
dt Ni(t)
dVi(t) Vi (t)
o7 = @Su(t) = pnVi(t) — Cu(1 — ) Ln(2) Nu(D) aVi(t),
d]h(t) Sh(t—Th)—l-(l—’y)Vh(t—Th) _
— ]m t — HhTh
dt h ( Th) Nh(t — Th) ¢
—(rn 4 an + pn)In(t),
dNy, (t
ch( ) = Ap — paNp(t) — aplp(t),
dSp (1) Ip,(t)
= Am — (mPPm t - MPmMPm t I
» G (t) 5 5~ Hm S 1)
dl,(t) In(t — 7m) i
dt - CmSm(t Tm)Nh(t — Tm) € Mmlm(t)u
ANmll) ) N (D). (2.5)
dt
Let us define the regions
Q-i— = {ShuvhalhaNhusm7[m7Nm|ShZoavhzoulhzousmzoalmzou
Np > Sp+Vi+In, Ny >0,N,, > Sy + Ly, Ny, > 0}
Q = {SL,>0,V},>0,I), >0,Np > Sp+ Vi, + In, Ap/pun > Np > Ap/(pn + an),

and let the initial conditions of the model system (2.5) be given as

Spt+0) = @1, Vet +0) =2, In(t+0)=p3, Nu(t+0)=q,

Sm(t+0) = @5, Int+0)=ps Nn(t+0)=yp;, for(—7<60<0), (2.6)
where t > 0, 7 = max(7h, Tm), ¢ = (¢1, P2, P3, 4, ¥5, P6, 7). € C such that ¢; >0
and ¢;(0) > 0 for i = 1,2,...7, with Nj(¢) > 0 and N,,(¢) > 0 on this interval. C
denotes the Banach space C([—7, 0], R") of continuous functions mapping the interval
[—7,0] into R”.

We show in Appendix A that the solutions

(Sh(t)7 Vh(t)v Ih(t)7 Nh(t)v Sm(t)v Im(t)7 Nm(t))

of model (2.5) remain positive for all time ¢ > 0.
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3. Reproductive numbers, equilibria and stability

3.1. Reproductive number

The reproductive number is usually defined as the expected number of secondary cases
produced in a population of susceptibles by a single infected individual during his/her
entire period of infectiousness, and mathematically as the dominant eigenvalue of a
positive linear operator [17]. For a population with a proportion of vaccinated suscep-
tibles the threshold quantity Ry, is known as the vaccinated reproductive number [7].
In this context, it measures the expected number of new secondary cases produced
from a single infected individual in a population where anti-malaria vaccines are used
as a control measure. We will denote the reproductive number when pre-erythrocytic
vaccine is administered as Ry (7). We write the reproductive number with ¢ and + to
highlight the effect of vaccination and pre-erythrocytic vaccine efficacy respectively.

We will denote the reproductive number for the model without vaccination as R.
It can easily be shown that

ChCmAmluhef(#hTh,+,umq-m)
Ry = Shom
w2, An(rh + o + pn)

(3.1)

It can be shown that model (2.5) has a disease free equilibrium (DFE) denoted by E°
and

E° (Shs Vi I N1 S Iy N ),

_ ( Ah(ﬂh+0) Ah¢ M A_m A_m)
pn(pn + 04+ 0) pn(pn +0+0) 7 pm” i )

(3.2)

To find the reproductive number we introduce an infectious human or mosquito into
a population which is at a disease free equilibrium state as follows: Suppose a single
newly infectious mosquito is introduced into a population at disease free equilibrium,
where a proportion of susceptibles have been vaccinated with pre-erythrocytic vaccine.
This mosquito still present in the population at time ¢ with a probability of surviving
its infectious period e #m! infects humans (susceptibles and vaccinated) at a rate
e Tl bt 1%
h D
e #nTh_ Hence the expected number of humans who become infectious due to this
mosquito during its entire period of infectiousness is

/°° G A= NVE st gy — ST 0+ (L= 7)0)
0

. These humans become infectious at time ¢ > 7, with probability

= Ry, (7)-

(3.3)
Suppose a newly infectious human is introduced into a population at disease free

equilibrium. This human still present in the population at time ¢ with a probability of
0

surviving his/her infectious period e~ (rntontin)t infects mosquitoes at a rate CmN—té.
These mosquitoes become infectious at time ¢ > 7,,, with a probability e #m7™ . Hence
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the expected number of mosquitoes which become infectious due to this human during
his/her entire period of infectiousness is

/J’hAm me_um‘rm
o Ap (Th + an + pn)

/ cmNoe‘Wme (ruentin)t g — = Ry, (7). (3.4)

Ry, (v) and Ry, (v) are the disease reproductive numbers from mosquitoes to
humans and from humans to mosquitoes respectively in a population where pre-
erythrocytic vaccine is used as a control strategy. The product

ChlmAmprpe ™ HrThe™HmTm (Nh +o0+ (1 - 7)¢)
w2 A (rh + o 4 pn) (i + 0 + @)
_ R ph+o+(1—7)¢
- 0
ph+o+¢

R (MR, () = Ro(v) =

; (3.5)

gives the total reproductive number from host to host or from vector to vector.

3.2. Local and global stability of the disease free equilibrium

To determine the local stability of the disease free state we first rewrite the infectious
compartments as integral equations and we will use the method of Kribbs-Zaleta [40].
From system of equations (2.5) the equations for the infectious classes can be written
as

In(t) = / o Cnlm(s —7n) Snls — Th)]\};((;:;))Vh(s — Th)

— 00

eHRTh
—(rnronun) (t—(s—
e~ (Thtantpn)(t—(s Th))d&

In(t)

b Tm In(s — 7m)
mSm — T h m —HmTm _an(t_(S_Tnl))d . 3'6
[ St e TR s (36)

— 00
First, we consider the integral equation of Ij,(t). Let g = 7, + ap + pn, Sh(t) =

Sk 4 sp(t), Sm(t) =Sk + sm(t), In(t) = If + in(t), In(t) = I}, + im(t) and Np(t) =
Ny +np(t). Allowing constant and quadratic terms to drop out, we have

e (I?%[Sh(s = 1) + (1 = y)vn(s — )]
N;

+im(5 —m)[Sp + (1 - V)V}j]>ed;g(t(srh,))ds'
Ny

in(t) = G /

— 00

S+ A=V
Substituting # =t — (s — 75,) and noting that at E°, I*, = 0 and M =

Ny
pn+o+(1—7)¢
Hh+ o+ @

ih(t)—ghe_ﬂﬂhuh""o—'— -~ (b/ m(t —x)e —hoTdy = (.
M+ 0+ @

, this reduces to
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The roots of a characteristic equation describe the rate of exponential growth of
the linearised system. Since we are looking for these roots, we assume temporarily
that i,,(t) has the form of an exponential function: k; e, so that A is our root.
Substituting this function into the integral, we get

(1—
in(t) — Cpe Hrm Hn U_:_ 2 )¢ / ki, eMe AoV — 0, (3.7)
pn+ o

Pulling k;, e outside the integral and if we undo the substitution, we get

7/771

ph 4o+ (1—7)¢
pn+ o+ ¢

(Yo + N)in(t) — Cpe "™ im(t) = 0. (3.8)

Repeating the same process on the equation for I, (t), we get

Amﬂh

m + N (t) — (e #m™m ———
(i Vi (£) = G

in(t) =0. (3.9)
These equations in i,,(t) and ip(t), give us a characteristic equation of the form
det(Jy — Maxa) = 0, where Ioxo is a 2 x 2 identity matrix and Js is a 2 X 2 matrix

— 7#}ﬂ'hw
Jy = << Yo Cne Hwhtoto ) . (3.10)

— o Tm Amfin _
e
/’L7nAh 'LLm

The characteristic equation simplifies to

2 4 (Yo + )X + Yoptm (1 — Ry(y)) = 0.

Using the Routh-Hurwitz stability criterion, we conclude that the disease free equi-
librium is stable if Ry(y) < 1, and unstable otherwise. Thus we have the following
theorem:

Theorem 3.1. The disease free equilibrium, E° of model (2.5) is locally asymptoti-
cally stable if Ry(v) <1 and unstable if Ry(y) > 1.

The disease free equilibrium state EY is also globally asymptotically stable as in
Lemma 3.1 and the proof is in Appendix B.

Lemma 3.1. For the system (2.5), the disease free equilibrium is globally asymptot-
ically stable if Rg(7y) < 1.

3.3. Existence of endemic equilibrium

Endemic equilibrium of the model (2.5) corresponds to the case where the disease
may persist in the population, that is when Iy, I,, # 0. Since the expression for
the endemic equilibrium is too long to be clearly expressed in closed form, we shall
show its existence based on some conditions on the model parameters. To do this,
let (Sy, Vi, Iy, Ny, S N} ) be an endemic equilibrium in the interior of Q and

m> m?
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equate the right hand side of (2.5) to zero except the third equation. Expressing S},
Vi, Ni, Sy, I, and N, in terms of I} we get

(A + L) (s (pn + o) + (L= 7)1} s

SHIF) =
w(Ta) (Ws(pn + o) + (1 —V)eli) (s (pn + ) + VeI}) — popd’
b E{/%(Hh +I o)+ (L= N6 li) (W (n + ) + ¥ I})) — o3’

NiI) = Sk
. A (Ap — anl}y)

Smlli) = tmAn + (nCm — anpim) I}
* * _ NhAm me_HmeI;:

In(Ta) = Xm(umf\h + (nGm — anpim) 1)’

Ny (L) = —& (3.11)

fim

where 5 = pimn (A — andp) (ttm An + (0hCm — @npin) 1) and Y6 = pif; A GrGme™Hm .
Substituting (3.11) in the third equation of (2.5) results in the following equation
in Ij.
Sit L=V
Ny

Chl:;z —KRTh _ (Th +ap + /Lh)I;; =0. (312)

Expanding (3.12), we get an equation in terms of I;; which is
I (ByIi* + B3I 4 BoI* + By I + By) = 0, (3.13)

where the coefficients {By, ..., Bp} are as shown in Appendix C.

Clearly I;f = 0 is a solution which gives the disease free equilibrium (3.2). We can
also see that By is negative and the sign of By coincides with that of (Ry(y) —1). If
Ry(y) > 1, By > 1. In a similar manner to [48], we show that there is at least an
endemic equilibria when Ry(v) > 1. By using Descartes’ Rule of Sign as stated in
[39], when Rg(y) > 1 there is at least one sign change in the sequence of coefficients
{B4,...,Bo} hence there exists at least a positive real root of (2.5) which is not
I; =0.

The above results on the existence of the endemic equilibria of model (2.5) can
be summarized in the following lemma:

Lemma 3.2. The vaccination model (2.5) always has a disease free equilibrium
EO — Ah(uh""a) Ath O h Am O A

wn(pnt040)? pn(pnto+6)’ ™ pn’ im0 pm
rium when Rg(y) > 1.

) and at least one endemic equilib-

4. Model extension

We extend the pre-erythrocytic vaccination model to include in addition to pre-
erythrocytic vaccine, blood stage (erythrocytic) vaccine and transmission blocking
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Figure 1: The schematic diagram of malaria transmission between human and
mosquito populations when pre-erythrocytic, erythrocytic and transmission blocking
vaccines are administered.

vaccine. For pre-erythrocytic and blood stage vaccine approaches see [23, 46]. For
blood stage effects of the vaccine, the host still gets malaria, but severity and lethal-
ity of the disease is reduced. This effect is modelled by parameters #; > 1 and
02,(0 < B2 < 1), where 6, is the rate at which the recovery rate is increased and
(1 — 02) is the rate at which the disease related death rate oy, is reduced due to the
effects of vaccine on blood stages of the parasite. Transmission blocking vaccine will
not prevent the host from getting malaria, nor will it lessen the symptoms of the
disease. It is designed to evoke human antibodies that derail parasite development
within the mosquito [21]. These will thus block the transmission of malaria from
spreading to new hosts. This effect is represented by a parameter € where 0 < € < 1.
e = 1 means that the vaccine is completely effective in blocking transmission. Thus
for a mosquito that feeds on an infected vaccinated human, the gametocytes are killed
in the human or are taken by a feeding mosquito but their development is hindered.
€ = 0 means that the vaccine is useless in blocking transmission. In this case it is
necessary to divide the infectious class into two groups, the infectious class without



Mathematical modelling of the impact of vaccination on malaria epidemiology 39

vaccination I, (t) and the infectious vaccinated class Y3 (¢). The extended model then
becomes

dsgt(t) = Ap — pnSn(t) +ran(t) + 0170 Yn(t) — Culm (t)]i’;—((?) — @Sk (t) + aVi(t),
Dol 80t) — mV®) — Gu(L 1) (1) X’; g "

dlzzf(t) = Glmlt )Nh((tt::};)) = (et an ) I (8),

d}zlzt(t) = (1 —7)Ln(t— Th)% THERTh — (O + (1 — 02)ap + ) Ya (),
d]\glt(t) = An— MhNh(t) - ahIh(t) - (1 - 92)ath(t),

dSm(t) I,(t) + (1 — e)Yn(t)

- ,LLmSm(t)v

dt - Am_Cm m() Nh(t)

dIm(t) (t - Tm) + (1 - 6)Y (t - Tm) — M Tm
dt = Cmsm(t—Tm) N, (t—Tm)h € _MmIm(t)7
Pl Ay 1) 4.1

The disease free equilibrium of system (4.1) is
EO = (Sh*7Vh*,Ih*,Yh*,Nh*ysm*,Im*,Nm*% (42)

where Ih* = Yh* = Im* = 0 and Sh* = Sg, Vh* = V}?, Nh* = N]?, Sm* = S’S’L and
N« = N2 as given in (3.2).

We note that when a vaccine with the three subunits has been administered into a
population the transmission rate from a mosquito to a vaccinated human is reduced if
0 < v < 1, the transmission rate from a vaccinated infectious human to a susceptible
mosquito is reduced if 0 < € < 1 and the infectious period of that human may either
increase or decrease. Therefore the reproductive number from human to human or
from mosquito to mosquito should be the sum of the reproductive numbers from the
proportion vaccinated and the proportion not vaccinated. Using the same approach
as in section 3 we derive the reproductive number for the extended model (4.1).

We can show that the expected number of mosquitoes which become infectious due
to a single vaccinated infectious human during his/her entire period of infectiousness
is

h*

/ Cm _ m* e HmTm o= (017 +(1=02)cn+pn)t 3y

CnAnpin (1 — €)e™Hm™m

N =R 01,2, €). 4.3
imAn (O1rn + (L= 02)au, + ) o0 (7,012,€).  (4.3)

The expected number of vaccinated humans who become infectious due to an infec-
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tious mosquito during its entire period of infectiousness is

Gl —y)e tnmg
m(lllh +o0+ (b)

/ Ch 1 - 6 lu‘hThe #mtdt = qunlh, (77 01727 6)' (44)

Similarly the expected number of mosquitoes which become infectious due to a single
infectious human (who is not vaccinated) during his/her entire period of infectiousness
is

/ Cm S e HmTm o= (rnton+un)t gy Cmftn AmeHm T = Rupm (4.5)

Nh* Ay (Th + ap + p1n)

and the expected number of humans who are not vaccinated who become infectious
due to a single infectious mosquito during its period of infectiousness is

© She _ Che T (up + o)
e HrThe=Hmt gy — = Ruh. 4.6
/0 N fm (ptn + 0 + @) " 0

Ry, (7,01,2,€)Rgp,., (7,01,2,¢€) is the reproductive number for the proportion vacci-
nated and Rp,, Ry, is the reproductive number for the proportion not vaccinated,
hence for the entire population the reproductive number from human to human or
from mosquito to mosquito for model (4.1), Ry (v, 61,2,€) is

Ry(v,01,2,€) = R, (7,0h,2,6)Rs,,, (7,012, €) + RhmRimp
ChlmAppne™HrTre FmTmg(1 —)(1 —€)
iz A (Orrn + (1 = O2)an + pn) (un + o + ¢)
ChlmApppe™ e mTm (1) + o)
Wi An (T + an + pn) (pn + 0 + @)

Ry (1 =) —€e)(rn + an + pn)
Nh+0+¢<uh+a+¢ Orry, + (1 —02)a, + pp ) (4.7)

This is the reproductive number in a population where the three subunits of malaria
vaccine have been administered.

We can show that Ej is locally asymptotically stable when Ry (v, 61,2,€) < 1 by
linearising the system at the disease free equilibrium as was done for the previous
model.

The explicit form of the endemic equilibrium is too cumbersome to be written
down here, therefore we will only investigate the existence of an endemic equilibrium.
Expressing the endemic equilibrium of model (4.1) as
(52*7‘/;*7[;*7}/5*,]\[** KSR N**) let

= T d —Zh T YTh 4.8
n Ny and 7, N (4.8)
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Substituting 7, and 7, in (4.1), we get

St o— Anpokapr
O7NmKaThCre P Th + 0o (017R(1 — ¥)Pmlre ™ n ™ + Prao) — popreska’
v = 63
P7
e = Imlhe TSR
¥o
yro = Sl Zy)mme TV
R2
NZ* _ Ah—ozh(f,’;*—l—(l—ﬁg)Y,f*)’
Hh
g Am
" Hom + MnCim 7
Iy = Sme T Sl Sﬁf7
Hm
o Am
N;© = . (4.9)

where 7 = up 4+ 0+ G (L —Y)0m, s = pn + ¢+ (. Expressing gy, in terms of 7,
and substituting (4.9) in the third equation of (4.1) and equating to zero we get the
following equation

100 (7 = 1)Chtim — (4 0))(Aant + Asn, + Aon?, 4+ A1 + Aog) = 0, (4.10)

where A;,i=1,...,4and k4,7 = 1,...,10 are given in Appendix D. Analysing (4.10),
we see that one of the solutions is 7, = 0 since k19 # 0. This root corresponds to
the disease free equilibrium state. The second root is 7, = C(: (";r_gl)) This root is
negative since 0 < v < 1. We investigate the possibility of a positive equilibrium from
the remaining polynomial (Asn2, + Asn3, + Aan2, + A1nm + Ag). We note that Ay
is always positive and the sign of A coincides with that of (1 — Rg(7,61,2,€)). By
using Descartes’ Rule of Signs, we note that there is at least one sign change in the
sequence of coefficients {Ay, ..., Ao} when Ry(7,012,€) > 1 hence the model (4.1)
has at least a positive root. These results can be summarised in the following lemma:

Lemma 4.1. The vaccination model (4.1) with three subunits of malaria vaccine al-
ways has a disease free equilibrium state and at least an endemic equilibrium that
exists when Ry(7,61,2,€) > 1.

5. Analysis of the reproductive numbers

A disease threshold quantity is a measure of the relative strength of the disease trans-
mission versus dilution on infectives. Rg, Rs(7y), Ry(61,2), Ry(€e) and Ry(7, 01 2,€),
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denote the reproductive numbers of the model without vaccination, with pre-erythro-
cytic vaccine, with blood stage vaccine, with transmission blocking vaccine and a
combination of all the three vaccine subunits respectively. We state the expressions
for the different reproductive numbers for different combinations of the vaccines here:

Ch CmAthe_MhTh e~ HmTm

Bo = =t tantan)
Ro(1) = o o+ (1=)0).
Ry(e) = ﬁ(uhﬁ-aﬁ-(l_ﬁ)@,
Ry(01,2,¢) = ﬁ (Hh +o+(1- €)¢917‘h :_ha— th;;g:Jr Mh) ’
Ro(6) = (ot o+ (1= 1)1 = ),
Ry(v,01,2,6) = ﬁ (uh to+(1-701- 6)¢91Th :_h(—;fhgzgj:+ Mh) ’

(5.1)

By comparing the three reproductive numbers Ry (), Rs(01,2) and Rg(e), we see that
the most effective vaccine is the one with the smallest factor among the three factors

Th + ap + pn

1- 9
(1= Orry, + (1 — O2)a, + pp,

, and (1—c¢)

which correspond to pre-erythrocytic vaccine, erythrocytic vaccine and transmission
blocking vaccine respectively. In this section we determine the necessary conditions
for slowing down the rate of disease progression to endemic levels and which reduce the
effective reproductive number to levels below one. The effective reproductive number,
Ry(7, 071 2,€) given in (4.7) is characterised by (i) v the efficacy of pre-erythrocytic
vaccine, (ii) € efficacy of transmission blocking vaccine, (iii) 61 the degree of increase
in recovery rate of infected vaccinated humans and (iv) 62 the degree of reduction
in the disease induced mortality rate of an infected vaccinated human. The factor
% is the ratio of infectious period of infectious vaccinated humans Y},
to the infectious period of infectious humans Ij,.

To find the effects of pre-erythrocytic vaccine in protecting individuals who are
vaccinated with all three subunits of the vaccine, we find the following limits

. . . Un + o
lim Ry(v) = lim Ry(e) = 1 Ry(012) = ————— R,
lim Ry (7) = lim Ry(e) =, lim  Ry(012) = =~ Fo
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and secondly find lim,_,; Rg4(7,61,2,€). Therefore for a perfect vaccine (pre-erythro-
cytic, erythrocytic and transmission blocking), the only source of infection will be the
susceptibles who are not vaccinated.

The disease does not spread to endemic levels if Ry < 1, and in such a case
vaccination might not be necessary. If Ry > 1, vaccination is needed to slow down
the disease or to bring the disease to eradication, and for this we find a critical
vaccination rate ¢, for which this is possible.

We will analyse the effects of the three subunits of malaria vaccine independently.
For the pre-erthrocytic vaccine, we see that the condition Ry — Rg > 0 is satisfied
following an approach by Hsu-Schimt [36]. We first find the difference between Ry
and Ry (7)

pn+o+ (1 =7)¢
Ry R¢(’y) = Ry (1 into+ ¢ ) > 0. (52)
Since the difference is positive then pre-erythrocytic vaccination is always helpful for
reducing the basic reproductive number Ry. Positivity of the difference does not
guarantee the eventual eradication of the epidemic, so we require a stronger condition
R4 () < 1. So secondly, we differentiate Ry (y) with respect to ¢ and get

dRs(v) _ —(pn+0) Ro < 0. (53)

do (b + 0+ ¢)?
The condition above is necessary to slow down the progression of the disease. We
now determine ¢, the critical pre-erythrocytic vaccination rate which reduces the
reproductive number Ry () below one. This critical value is
Ro—1
o = (n +0)(Bo —1) (5.4)
1+ Ro (")/ - 1)
It exists for Ry > 1 > Ro(1 — ). For eventual eradication of the disease with pre-
erythrocytic vaccination as a control strategy the vaccination rate ¢ > ¢5.
Repeating the same process for erythrocytic vaccine we see that Ry — Rg(01,2) >

. Ty + an + pn
0. dRy4(0 dp < 0 if
¢( 172)/ d) ! 6‘17‘h + (1 — eg)ah + Hh
vaccination rate is

gz1)51,2 =

< 1 and the critical erythrocytic

(1n +0)(Orrp 4+ (1 = 02)an + pn)(Ro — 1)
(017 4+ (1 = O2)ap, + pn) — (rn + an + pun)Ro

qﬁgm exists for Rg > 1 > %RO.
For transmission blocking vaccine Ry — Rg(e) > 0, dRy(€)/d¢ < 0 and the critical

transmission blocking vaccination rate

e (pn+o)(Ro—1)
P = T+ Role—1) (5.6)

For the model with all the vaccine subunits the critical vaccination rate ¢
given as

(5.5)

C

7,012, 1

¢ _ (n + 0)(Orrn + (1 = Oa)an + pn)(Ro — 1) (5.7)
702 (Oyry + (1= O2)an + ) — (v — (e — )(rn + on + pun) Ro’ '
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which exists for

Th + ap +

Ro>1>(y=1)(e-1
0 > >(’Y )(5 )91Th+(1—92)04h+,uh

(5.8)

A vaccination rate ¢ > ¢»Cy,91,2,e is likely to bring the disease to eradication.

If a vaccine is introduced into a population then the number of secondary infec-
tions will decrease if Rg(7,601,2,€) < Ro (i.e if the population reproductive number
after introducing a vaccine is less than the current reproductive number). The con-
dition Ry (v, 61,2,€) < Ro reduces to

L/(01rh + (1 = Oa)an + pn) 1
L/ (rn + an + pn) (I=m1—e)

(5.9)

For a human who is successfully vaccinated, the erythrocytic vaccine will increase
the recovery rate r, by a factor 6; and/or reduce disease induced death rate by
a factor (1 — f2). It then follows that the total duration of the infectious period
1/(01rn + (1 — O2)ap, + pp) of a vaccinated infectious human will either increase or
decrease as compared to the infectious period 1/(ry, + oy + up) of an infectious non
vaccinated human.

From the condition in (5.9), we deduce that a combination of the three subunits
will result in a decrease in the number of secondary infections if the ratio of the in-
fectious period of the vaccinated humans to the infectious period of a non vaccinated
humans is less than the inverse of the product of (1 — v) and (1 — €) which are the
factors by which transmission rate is reduced from mosquitoes to humans and from hu-
mans to mosquitoes respectively. For example, for a 20% efficacious pre-erythrocytic
vaccine and a 30% efficacious erythrocytic vaccine, there will be a decrease in the
number of secondary infections if the period of infectiousness of a vaccinated human
is increased by up to 1.7857 times the infectious period of a non vaccinated human.
An erythrocytic vaccine which reduces the period of infectiousness will always lead to
a decrease in the number of secondary infections.

Table 1 shows numerical values used for calculations in Table 2 and Table 3
unless stated and these numerical values are also used for numerical simulations in
the following section.

From Table 2 we deduce that if the factors (1 — ), (1 —€) and ;—tetantin
17+ (1=02)an+pn
have the same numerical value then the effectiveness of pre-erythrocytic, transmission
blocking and erythrocytic vaccines is the same. If one subunit of the vaccine has a
very high efficacy then combining it with another subunit of high efficacy gives a
small difference in the percentage decrease in the reproductive number as compared
to combining subunits of low efficacies. For example if v = 0.85 then percentage
decrease in Ry is 73.86%, and combining pre-erythrocytic and transmission blocking
vaccines where v = € = 0.85 the percentage decrease in Ry is 84.90%. The difference
is only 11.04%. Whereas for low efficacy pre-erythrocytic vaccine, of v = 0.3, then
percentage decrease in Ry is 25.97% and combining it with a low efficacy transmission
blocking vaccine of € = 0.3 gives a percentage decrease of 44.32%. The difference is
18.35%.
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Definition Symbol Value Reference
Human birth rate Ay, 0.11hd! estimated
Vaccination rate ¢ 0.06 hd~! estimated
Rate of loss of vaccine-induced immunity o 0.009 h d~* 8]
Transmission probability of infection Bn 0.5 [29]

to humans

Human biting rate c 0.5bd! [19]
Human recovery rate h 0.005 h d~! estimated
Disease induced death rate ap 0.0004 h d—! estimated
Natural death rate for humans Ih 0.000045 h d=! | estimated
Efficacy of pre-erythrocytic vaccine v 0.34 estimated
Latent period for humans Th 14 d estimated
Factor which increases recovery rate 01 4 estimated
Factor which decreases disease death rate 02 0.06 estimated
Efficacy of transmission blocking vaccine € 0.85 estimated
Mosquito birth rate A 6.0md! estimated
Transmission probability of infection Bm 0.15 [29]

to mosquitoes

Natural death rate of mosquitoes o, 0.05 m d~* 1]
Latent period for mosquitoes Tim 12d [1, 13, 15]

Table 1: Values of parameters used in the numerical simulations. The letters m, h,
b, d stand for mosquitoes, humans, bites and day respectively.

From Table 3 we deduce that for different vaccine combinations the vaccination
rate required is less than the vaccination rate when administering only one subunit.
For example, we take a country like Zimbabwe with a population of about 11 634
663 people [65] and we assume demographic and disease parameters as shown in
Table 1. Using Table 3, we deduce that if only one subunit of the vaccine is used,
then to eradicate the disease the critical vaccination rate should be about 7.21 x 108
humans per day. For two combinations, the critical vaccination rate should be about
6.28 x 10° humans per day and for all three subunits the critical vaccination rate
should be 5.58 x 10° humans per day. From this we conclude that for countries with
high malaria endemicity, using one vaccine subunit may imply a high vaccination rate
in order to eradicate malaria. Such a high vaccination rate may be unattainable in
poor-resource settings.
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Reproductive Efficacy Numerical value of Percentage
number reproductive number | decrease in Ry
Ro - 6.16 0
Ry(v) v =0.85 1.61 73.86
Rg(61,2) 6, =7.2,0, = 0.06 1.61 73.86
Ry () €=0.85 1.61 73.86
Ry(,01,2) ~v=0.85,6, = 7.2,

02 = 0.06 0.93 84.90
Ry(01,2,¢€) 0, =17.2,0, =0.06,

e=0.85 0.93 84.90
Ry(7,¢) vy=¢€=0.85 0.93 84.90
Ry(v,01,2,¢) | v=0.85,0, =7.2,

0y = 0.06,¢ = 0.85 0.82 86.61

Ry () v=0.3 4.56 25.97
Ry(e,7) vy=€=0.3 3.43 44.32

Table 2: Table that shows numerical values of reproductive numbers and % decreases

in Ry for the given vaccine efficacy.

Critical vaccination Efficacy Numerical value | Percentage
rate (CVR) of CVR increase
n (biﬂl 2,€
2791’275 v=¢€=0.85,
01 =7.2,0,=0.06 0.048 0
o5 = b, , = & v =0.85,0, = 7.2,
02 = 0.06,¢ = 0.85 0.62 1191.67
D50, =Py e =05 | ¥=1085,00 =72,
0y = 0.06,¢ = 0.85 0.054 12.50

Table 3: Values of critical vaccination rates with the corresponding vaccine efficacy
and their percentage increases from the critical vaccinate rate ¢f , ., of model (4.1).

6. Numerical simulations and sensitivity analysis

To study the time course of the infection, we numerically integrate equations in system
(2.5) and equations in system (4.1). Programs were written in C** programming
language, using the fourth order Runge Kutta method. The parameters used are
shown in Table 1 unless stated.
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Figure 2: Graphs that show the behaviour of the model with pre-erythrocytic vac-
cine only and the model with all three subunits of the vaccine. The dynamics of
(a) susceptible and vaccinated classes of model (2.5), (b) susceptible and vaccinated
classes of model (4.1), (¢) infectious classes of model (2.5) and (d) infectious classes
of model (4.1).

Figure 2 shows the behaviour of models (2.5) and (4.1). The initial conditions
for these models are S, (0) = 100, V4 (0) = 20, I;,(0) = 10, Y, (0) = 15, N,(0) = 150,
Sm(0) = 50 and I,,,(0) = 25. Time is measured in days. The fixed parameters used
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are as shown in Table 1. Figures 2(a) and 2(b) are for model (2.5) while Figures 2(c)
and 2(d) are for model (4.1). For pre-erythrocytic vaccination model the suscepti-
bles decrease to endemic levels while the infectious class for the human and mosquito
populations also reach endemic levels for the same model. For model (4.1), the sus-
ceptible classes increase to values corresponding to those for the disease free state.
For the human population Sy, + Vi, — Ap/up, =~ 2444 and for mosquito population
Sm — N/ = 120 while the infectious classes go to zero. This shows that in a
population with a pre-erythrocytic vaccination that has failed to control the disease
then introducing a vaccine with all subunits reduces the disease to disease free state.

In Figure 3, the initial conditions are S;,(0) = 100, V,(0) = 20, I,(0) = 10,
Y, (0) = 15, N,(0) = 150, S,,(0) = 50, and I,,(0) = 25. Time is measured in steps
of 0.1 so for all graphs in Figure 3 time is multiplied by 107!. Figure 3(a) shows the
effects of varying « in the absence of erythrocytic and transmission blocking vaccines.
v is varied from 0.2 to 0.8 in steps of 0.2. The values of parameters are as shown in
Table 1 except that e = 0.0, §; = 1.0 and 03 = 0.0. Figure 3(b) shows the effects of
varying € in the absence of pre-erythrocytic and transmission blocking vaccines. € is
varied from 0.2 to 0.8 in steps of 0.2. All the other parameters are as shown in Table
1 except that v = 0.0, 81 = 1.0 and 03 = 0.0. These graphs show that increasing ~
and increasing e decrease the number of infectious populations. When increasing -,
the minimum time taken is about 60 days and when increasing e it takes about 80
days to bring the infectious humans to zero. This shows that using pre-erythrocytic
vaccine works faster than using transmission blocking vaccine in reducing the number
of infectious humans although their long term effects are the same.

In Figure 3(c), the graphs labeled z; show the effect of varying € in the presence
of both pre-erythrocytic and erythrocytic vaccines. e is varied from 0.4 — 0.8 in steps
of 0.2. 6; and 05 are as shown in Table 1 and v = 0.4. The graphs labeled z5 show the
effect of varying v in the presence of erythrocytic vaccine and transmission blocking
vaccine. 7 is varied from 0.4 — 0.8 in steps of 0.2 and € = 0.4. The graphs show that
when increasing the efficacy of transmission blocking vaccine in the presence of the
other two subunits, it takes a longer time for the population of the infectious humans
to be cleared than the time taken when increasing pre-erythrocytic vaccine with the
other two subunits. This shows that a vaccine combination with a high efficacy pre-
erythrocytic vaccine subunit can be used to clear an infection within a shorter time
than a vaccine combination with a high efficacy transmission blocking vaccine. This
result can also be deduced from the formulas of Ry, (7,61,2,€) and Rg,,, (7, 01,2, €),
where it can be noted that increasing e reduces the expected number of mosquitoes
which become infectious and increasing ~y reduces the expected number of vaccinated
humans who become infectious. This is always true if the erythrocytic vaccine reduces
the infectious period of the vaccinated human as compared to the infectious period
of a non vaccinated human.
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Bl

Infectious humans, Iy, + Yy,

Infectious humans, I, + Yy

Infectious vaccinated population, Yy,

Figure 3: Graphs that show the behaviour infectious humans of model (4.1). In (a),
7 is varied from 0.2 — 0.8 in steps of 0.2 and is increasing in the direction of the arrow.
e = 0.0, 0; = 1.0 and 02 = 0.0. (b) The graphs are obtained by varying € in steps of
0.2 from 0.2 — 0.8, and is increasing in the direction of the arrow. v = 0.0, ; = 1.0
and 2 = 0.0. (¢) The graphs labelled z; are obtained by varying e and those labeled
zo are obtained by varying . These two parameters are varied from 0.4 — 0.8 in steps
of 0.2. The direction of the arrows shows direction of increase.
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7. Summary and concluding remarks

In this paper we have presented and analysed two mathematical models for assess-
ing the effects of pre-erythrocytic vaccination and the effects of a combination of the
subunits of a malaria vaccine which are pre-erythrocytic, erythrocytic and transmis-
sion blocking vaccines in limiting the spread of malaria in a given community. We
started off by briefly reviewing some literature on previous work and some insight into
possible malaria vaccines and their effects. Though mathematical models in malaria
are well established, the few studies that have been done were to assess the effects
of each subunit on its own and not combining two or three subunits as was done
in this paper. Our model is suitable for describing malaria disease transmission in
nonendemic areas or populations visiting endemic areas, that is, populations without
acquired immunity.

We formulated and analysed a mathematical model for monitoring the dynamics
of susceptibles, vaccinated and infected classes in which only pre-erythrocytic vaccine
is used as a control strategy. This model is then qualitatively analysed and conditions
sufficient for existence and stability of its equilibria are derived. There is a threshold
parameter Ry(y) and the disease can persist if Ry(y) exceeds one. The disease free
equilibrium state always exists and is globally stable if Ry(y) < 1. For Ry(y) > 1,
our analysis shows that there exists an endemic equilibrium.

The impact of a combination of pre-erythrocytic, erythrocytic and transmission
blocking vaccines is then studied by extending the pre-erythrocytic vaccine model to
incorporate the other two vaccines. We show using numerical simulations, using a
reasonable set of parameters the general behaviour of the two models. The analysis
shows that the introduction of a vaccine with all three subunits brings the disease to
eradication levels if pre-erythrocytic vaccine fails.

General analysis of the model with all three subunits shows that the effects of
combining the three subunits shows that a vaccination coverage that exceeds ¢fy,91,2,e
is likely to eradicate the disease. We also show that the number of secondary infections
can be reduced if the ratio of the infectious period of the vaccinated human to the
infectious period of a non vaccinated human is less than the inverse of the product
of (1 —~) and (1 — €) which are the factors by which transmission rate is reduced
from mosquitoes and from humans respectively. We also deduce that regardless of
the efficacy of pre-erythrocytic and erythrocytic vaccines, an erythrocytic vaccine
which reduces the period of infectiousness will always reduce the number of secondary
infections.

Our analysis on the effects of administering the vaccine subunits in combinations
shows that using two or three combinations has a much higher percentage decrease
in the reproductive number than when using only one vaccine. We also deduce that
combining vaccines of very high efficacies and using one vaccine of high efficacy results
in a small difference in the respective reproductive numbers as compared to combining
two vaccines of low efficacy and one vaccine of low efficacy. This implies that given
limited resources a vaccine of high efficacy can be used alone but when the efficacy is
very low then combination vaccine is needed to greatly reduce number of secondary
infections.
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We also deduce that for non endemic areas, travellers and possibly the military,
pre-erythrocytic vaccine with erythrocytic vaccine should be of interest. The inclusion
of a transmission blocking would also prolong the useful life of vaccines against other
stages by preventing the spread of parasites that become resistant to these vaccines.

Many factors are involved in the spread of malaria. One of which is the ratio
of mosquitoes to humans. This ratio is one of the factors that determines, among
other factors, like proximity of households to larval habitats [58], the biting rate of
mosquitoes. The distribution of mosquitoes is an important factor in determining
prevalence of Plasmodium infections in humans [43]. As there are many parameters
involved in malaria transmission we note that this work was constrained by lack
of reliable data or unavailability of data. As a result we used estimated values of
some parameters. Our numerical results are therefore based on these parameters.
Models considered in this study do not incorporate other important features in malaria
transmission such as partial immunity and seasonal effects. A natural extension of
this work is to include these features and to find reliable data.

Several candidate malaria vaccines are currently under development in different
parts of the world. This study on vaccination effects in malaria endemicity provides
useful tools for assessing the effectiveness and the impact different vaccines and a
combination of them have on the affected population. It also highlights important
parameters in assessing the usefulness of these vaccines. Vaccination can be a major
step in protecting humans from suffering and death from malaria. Even though
vaccination can be implemented, personal protection of the humans from mosquito
bites should not be neglected. Compliance on malaria chemoprophylaxis should also
be adopted.
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Appendix A

Lemma A.1. The solutions (Sk(t), Vi (t), In(t), Np(t), Spm(t), Im(t), N (t)) of (2.5)

remain positive for all time t > 0. Furthermore,

A A
lim sup Np(t) < ZE 0 limsup N (t) < =,
t—+00 Hh t—-+o0 Hm

Proof. From the first equation of model system (2.5), we have

In(t)
Ni(t)

S (t)
dt

> - <uh + o ¢> Si(t).
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By direct integration we obtain

Si(t) meexp{_/ot (uh+¢+<h§jf(g) dq} >0

as long as fot 11\7,11((3)) dq < +o0. Clearly Sp(t) > 0 for all ¢ > 0.

From the second equation of (2.5) we have

Vi (t)
dt

> = (n + (L = D) Ln(8)/Ni () + o) Vi (2).

On integration we get

Vit) > ¢2(0) exp {— [+ = I + ) dq} >0,

We repeat the same argument on all the other equations of (2.5) and show that
I, (t) > 0, Np(t) >0, Sp(t) > 0, I, (t) > 0 and Ny, (t) > 0 for all time ¢ > 0.

For the second part of the proof, we have for the total human and mosquito
population

dNp(t) AN, (t)
< Ap — unNp(t < Ay — i Non (8),
g = PN (1), a = H (t)
which implies that Sy (t), Vi (t), In(t), Sm(t), L, (t) is uniformly bounded. All solutions
starting in Q4 approach, enter or stay in 2. This completes the proof. O

Appendix B

Lemma B.2. For the system (2.5), the disease free equilibrium is globally asymptot-
ically stable if Ry(y) < 1.

Proof.  From the equation of Ij(t) from system of equations in (3.6), we use the
substitution @ =t — (s — 73,), take the lim sup of both sides of the equation and apply
the fact that limsup [ f < [limsup f (see [40], Lemma 2) to get

limsup; o, 11 (t)

. e Spt—x)+ (1 —9)Va(t —2) _ _
= limsu L,(t—x e HrTh e =VOT g
t—>00p/0 Gl ) Np(t —x)
> t— 1-— t—
= / im sup Sult—o)+ 1 - 7)Valt— @) Cre M limsup I, (t — 2)e” 0% da,
0 t—oo Nh(t - JI) t—o00
Sh(t 1—9)Vi(t o0
< limsup h( ) + ( '7) h( )Che_HhTh lim sup Im(t)/ e—womdx,
t—o0 Nh(t) t—00 0
—HhTh 1—
_ Cne pn+o+(1—7)p limnsup I, (1), B1)

Yo ph + 0o+ t—o0
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Using the same approach to the equation of I,,,(¢) in (3.6), and using the substitution
x =1t— (s —Tp) in the equation of I, (¢) and taking limsup of both sides we get

mAm 7(#m+am)7m
< SmAmpne lim sup Iy, (£). (B.2)

limsup I,,,(t) <
tﬁoop ( ) (Mm + am)2Ah t—o0

Substituting (B.2) into (B.1), we obtain

. uph+o+ (1 =)o .. .
limsuply, < R limsup I (t) = R, lim sup Iy, (t).
t~>oop ho=T0 Wh + 0+ ¢ tHOOp h( ) ¢(FY) tHOOp h( )

If Ry(7y) < 1, we have a strict inequality (and contradiction)

lim sup I, (t) < limsup Ip(¢)

t—o0 t—o0

unless limsup,_, . I (t) = 0. If limsup,_, . I5(t) = 0 it follows limsup,_, . I, (t) = 0.
Thus the disease free equilibrium is globally asymptotically stable if Rg(y) < 1. U

Appendix C

By = —ajpniz,bo(unCm — anpim)* (1n + 0 + @),

By = an(pnlm — anpim) pnpimo((1 = )6 + 28 (pn + 0 + @) (thlm — 20 im))
+an(hCm — anpim) pim e (Yo — rhe” ™),

By = pmAnpee™ ™ (i + 0 + (L= 7)) (ra(pnlm — 20npim) — an(Bnm — anfim))
i Ao (n (4nGm — anpim) (4nCm — 5anpim) = (nlm — anpm)?),

By = pmAjte(pn + 0+ (1= 7)) ((km (rn — an) + (pnGm — anim))e ™™ — o)
+2pn 3, N3 2bo (pun + o + @) (2an i — pthCm)
+punAn (1 = 7) 6 (V6 / 1t — oy Anibo),

By = pnpim Aro(un + 0+ ¢)(Rp(y) — 1).
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Appendix D

Ay = (v = 1)%KspmG (Kspim — K2k (Potm + thCme™ ™)
+poks (Cotm + néme ™)),
Az = (2um(pokg + porakalh — (pn + 0)ks) + KrpnCplme ™) X
(ks — wokaCn) (Y = DAnpmCn + (v = 1)% K26 G (k1 — wokaln)
+(v = V)G Cm Anpinpime™ "™ ((k7r6 — pokake) + (un + 0)k2 (268 — wokalh)),
Ay = olnpm(pokopim + K2 (woripm — (v — Dkopje ™))
+An(pn + o)kl ((n + 0) ks — 2p0ko)
—(v = 1)k166ChCm (7 + 2(pn + 0)K2)
+00(y — 1)kokeChCm(Kakaln + K3) + 200k2kaAn 2, Crn 0ok — (pn + 0)ks)
+ (k7 + (n + 0)k2) (PoraiCm (Y = 1)ke + Ankapinpime ™)
+(poky — (un + 0)ks)porakie AnpinpmCre ™),
A1 = kelmlkr + (n + 0)k2)((n + 0)k1 — YokzkaCh — Poks) + PokoksnCrlm X
((un + o) Appnpime™ "™ 4 (v — 1)kg)
+poror2Anihtm (2pim (oo — (fn + 0)ks)+ Ch(2@0k2kafim + Krppe " ™)),
Ay = (porokapntim)’An(l — Ry(y,01,2,¢€)),
where
Ko = pp+to+ao,
K1 = KarpCpe MR,
ky = Oirp+ (1 —02)an + pn,
k3 = ¢y —1)0irpCre ™,
ke = pr(2=7)+o+(1-7)e,
ks = Oirp +ap(l—06),
Ko = AmplGue e tnT,
k= pole —1)(v—1)9,
kg = Ka(rn +ap)Ce M,
K9 = ¢(y— 1)rsChe "™,
Ko = polpkalae M.
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