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Abstract: In this paper a mathematical model for trypanosomiasigtogporidium co-infection dynamics is investigated toegiv
a theoretical mathematical account of the impact of crypiddiosis on trypanosomiasis dynamics. The model stetates are
analyzed. The disease-free equilibrium is shown to be lpealymptotically stable when the associated epidemiccha&giroduction
number for the model is less than unity. The trypanosomiasig and the cryptosporidiosis only model are each foundxtobét
transcritical and backward bifurcation phenomena respdygt While the co-infection model exhibits the possityiliof multiple
endemic equilibria. From the sensitivity analysis, thgamyosomiasis reproductive numb@tt is more sensitive t@ (death due to
insecticides) and crypto parameters whene#gr> 1 (crypto reproductive number). While the cryptosporidosproductive number

Z§" is less sensitive to trypanosomiasis parameters Whem?égejs 1 (trypanosomiasis reproductive number). This is an intina
that cryptosporidiosis infection may be associated withnaneased risk of trypanosomiasis, while trypanosomimesction is not
associated with an increased risk for cryptosporidiosisiforporate time dependent controls, using Pontryatylamum Principle
to derive necessary conditions for the optimal control ef disease. Furthermore, the effect of the presence of etdtion on the
endemicity of the other is investigated and presented nicaikt
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1 Introduction species of trypanosome involved. The incubation period
is usually 1 week to 4 weeks. The primary clinical
Tsetse-transmitted ~ African animal trypanosomosissymptoms are intermittent fever, anemia, and weight loss.
hinders the establishment of developmental andCattle usually have a chronic course with high mortality,
sustainable agricultural systems in more than 30 countriegspecially if there is poor nutrition or other stress fagtor
of sub-Saharan Africa (FAO, 2001). Tsetse-transmittedRuminants may gradually recover if the number of
Trypanosomiasis diseases are caused by protozoa of thafected tsetse flies is low; however but stress results in
genus Trypanosoma which affects all domestic animalsrelapse 2§].
Most tsetse transmission is cyclic and begins when blood
from a trypanosome-infected animal is ingested by the fly.
The trypanosome then loses its surface coat and Control measures include eradication of tsetse flies (if
multiplies in the fly, thereafter it reacquires a surfacetcoa possible) and use of prophylactic drugs. Tsetse flies can
and becomes infectivd. brucei sppmigrate from the gut  be partially controlled by frequent spraying and dipping
to the proventriculus to the pharynx and eventually to theof animals, aerial and ground spraying of insecticides on
salivary glands; while the cycle far congolensatops at  fly-breeding areas, use of insecticide-impregnated sereen
the hypopharynx, and the salivary glands are not invadedand targets, bush clearing, and other methods. The
The entire cycle foiT vivaxoccurs in the proboscis. The trypanosomes that cause tsetse-transmitted
animal-infective form in the tsetse salivary gland is trypanosomiasis (sleeping sickness) in animal&rucei
referred to as the metacyclic form. The life cycle in the brucei closely resembleT brucei rhodesienseand T
tsetse may be as short as 1 week Withivaxor extendto  brucei gambiensefrom people, which requires that
a few weeks forT brucei spp Severity of disease varies adequate precautions should be taken when working with
with species and age of the animal infected and thesuch isolates 48. Humans and animals cannot be
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infected through direct contact with each other, so tsetse¢uberculosis and malaria, while inl7,?] the authors
flies remains the vehicle for the spread of the dise2ge [ proposed a model for Schistosomiasis and HIV/AIDS
Cryptosporidiosis on the other hand is a diarrhealco-dynamics and a deterministic model for malaria and
disease caused by microscopic parasitestyphoid co-infection. Also, in]], the authors presented a
Cryptosporidium, that can live in the intestine of humansmathematical assessment of the effect of traditional
and animals and is passed in the stool of an infectedeliefs and customs on ebola transmission. 26],[ a
person or animal. Both the disease and the parasite ammathematical model for cholera which include essential
commonly known as “Crypto”. The parasite is protected components such as hyper-infectious, short-lived bateri
by an outer shell that allows it to survive outside the bodystate, a separate class for mild human infections and
for long periods of time and makes it very resistant to waning disease immunity was formulated and analyzed.
chlorine-based disinfectants. During the past 2 decadeshn optimal control analysis of hepatitis C virus with
Crypto has become recognized as one of the mosacute and chronic stages was presente@h [n [32], a
common causes of waterborne disease (recreational watglobal dynamics of an hepatitis C virus was studied. The
and drinking water) in humans in the United States.authors in Nyabadza et.&1], presented the implications
Millions of Crypto germs can be released in a bowel of HIV treatment on the HIV-malaria coinfection
movement from an infected human or animal. Sheddingdynamics. A simple mathematical model was presented in
of Crypto in the stool begins when the symptoms begin[16] to assess whether HIV infection is associated with an
and can last for weeks after the symptoms (e.g.,diarrheancreased risk for cholera or not. While the co-infection
stop R4]. Cryptosporidium may be found in soil, food, dynamics of malaria and cholera were studied 2] [
water, or surfaces that have been contaminated with th@he authors in 33] presented a qualitative analysis of a
feces from infected humans or animals. Crypto is notmathematical model for malaria transmission and its
spread by contact with blood. Crypto can be spread by: variation. Hargrove et.al.6], presented a mathematical
—Putting something in your mouth or accidentally model for trypanosomigsis transmission to !dentify
Crypto. Recreational water is water in swimming studle§ have been carrle_d.ou.t on the formul_amc_m and
' analysis to cryptosporidiosis, trypanosomiasis or

pools, hot tubs, Jacuzzis, fountains, lakes, rivers, - .
springs, ponds, or streams. Recreational water can b&? infection models. In 25, the author presented a

! . eneral mathematical model of a vector-borne disease
contaminated with sewage or feces from humans or.g h - .
animals 9 involving two vertebrate host species and one insect

—Swallowing water or beverages contaminated With\s/ﬁzcktr?erzs:piicﬁess.cr?beilo?r]{):u?rttg]aetn:glkegc;gf(.)l :gcslljen?p;ng
stools from infected humans or animals.

; . . density-dependence of the vector population which is
—Eating uncooked food contaminated with Crypto. ; . : ;
Thoroughly wash with uncontaminated water all subjected to a regulating migratory mechanism. Also, a

. three-parametetk(1) — k(3)) model for age-dependent
vegetables and fruits you plan to eat raw. adult instantaneous mortality rates was constructed using

Although  cryptosporidium infection itself isn't mark-recapture data for the tsetse fly Glossina morsitans
life-threatening, but if an immune system is compromisedmorsitans Westwood (Diptera: Glossinidae) & [In [9],
through diseases such as trypanosomiasis, then #he authors presented a spatial model of tsetse (Glossina
cryptosporidium infection can become life-threatening palpalis ssp. and G. pallidipes) life cycle incorporating
without proper treatmen®p)]. Cryptosporidium infection four control measures (aerial spraying of nonresidual
can be prevented by practicing good hygiene and avoidingnsecticides, traps and targets, insecticide-treated
swallowing water from pools, recreational water parks, livestock (ITL) and the sterile insect technique) in order
lakes and streams. Therefore, cryptosporidiosis remainto assess how much of each of various combinations of
an important global cause of morbidity and mortality, these control tactics would be necessary to eradicate the

capable of causing periodic epidemic disease. population. The model further included
Hence, a good understanding of the transmissiordensity-independent and dependent mortality rates,
dynamics and ecology of temperature-dependent mortality, an age-dependent

trypanosomiasis-cryptosporidiosis co-infection in mortality, two mechanisms of dispersal and a component
emergent epidemic regions can help to improve theof aggregation.

control of future epidemics. Mathematical models  To the authors’ knowledge no work has been done to
provide a quantitative and potentially valuable tool for investigate the trypanosomiasis-cryptosporidiosis
this purpose. co-infection dynamics.

Recently, the authors iLf] presented and analyzed a In this paper, arsIR(susceptible, infected, recovered)
deterministic model for the co-infection of HIV and model for trypanosomiasis-cryptosporidiosis co infettio
malaria in a community. Also, in 18], the authors isformulated. The paper is then organized as follows: The
examined a deterministic model for the co-infection of model description and the underlying assumptions are
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presented in Section 2. In Section 3, the mathematicabystem of equations is shown below:

analysis of the model is presented. While in Section 4, the

trypanosomiasis only model is analyzed. Section 5 is [ &S = A +VcR¢ + oRit + @Rer — HeS — &S
devoted to the analysis of the cryptosporidiosis only dr e
model. In Section 6, the analysis of the co-infection dile =" B’S — Belie — (He+ e+ pe)li

model is presented. The numerical results and discussions %kr = BeS —Biler — (e + Wac+ T¢)ler
are presented in Section 7. The conclusion is presented in )
Section 8. GiCibt = B"ler + Belit — (Ve + He + Wac + Yac)Cint

&Rt = pclit — (Ho+ Ve)Re + & (1 — Y)Cior
%Rcr = Oclor — (W + He)Rer + (1 — &) (1 — ¥ )Cipt
SRt = YCibt — (a1 + He)Riot

iSe= N—A"SH—(+0)S
: A*Sp— (v+9)lp

The total population, denoted bl is divided into Ec= 7(ler + 6Ciht) — UpEc

sub-populations of Susceptible individu&s individuals 1)
infected with trypanosomiasis onlyly, individuals here
infected with cryptosporidiosis onlyl,, individuals

2 Mathematical Model

I=%

Ip

=]
=

Sla

infected with both trypanosomiasis and cryptosporidiosis 8; = Vier + pEc A = ceac (In +C|bt>

Cibt, individuals who recovered from trypanosomiasis K+ lor (2)
only R, Iindividuals who recovered from . .

cryptosporidiosis onlyRe, individuals who recovered B = Bilp. m=Pe+Bilp

from both trypanosomiasis and cryptosporidid3ig. So
thatN; = § + Ijt + ler + Cipt + Rt + Rer + Ript.-

The vector population is assumed to comprise just

two compartments, susceptib®f and infective (), (so 3.1 Positivity and boundedness of solutions
that N, = S, + Ip) and the concentration of microbes

population isEe. For the transmission model)(to be epidemiologically

Susceptible individuals are recruited at rdte they meaningful, it is important to prove that all its state

either die from natural causes, at a rateor getinfected ~ Variables are non-negative for all time. In other words,
ataratef, = Bo+ Bl p. Wherepy = Klerclr 1 E., Ecis the solutions of the model systeml)( with non-negative

initial data will remain non-negative for all tinte> 0.
microbes population,v is the contact rate and the
microbes concentration is denotediyThe transmission Theorem 1Let the initial dat
rate of trypanosomiasis to livestockf@s Infected species S(0) > 0,1;;(0) > 0,1¢(0) > 0,Cy(0) > O,R;(0) >
either die due to disease, at rajg; or/and s, they  0,R(0) > O,Rpt (0 )> 0,Sp(0) > 0,1,(0) > 0,Ec(0) >0
respectively recover due to treatments at rgteso. and ~ Then the solutions
. Recovered individuals may lose their immunity and (S, Iy, ler,Cibt, Rit, Rers Rot, Sp.lp,Ec) of the model 1)
move to the susceptible class at ratgs «y anda;. It is are non-negative for all t~ 0. Furthermore
also assumed that infected individuals do not recover

spontaneously. IirtnsupN| (t)<1 and Iitm suNp(t) <1
—>00 —»00

3 Mathematical analysis of the model

Susceptible tsetse flies are generated at a/xgtthey
may die, from natural causes, at a rgate or from contact
with insecticides treated cattle, at a ré&teThey become _ .
infected after a blood meal from any infectiveyindividuals N =S+ e+ lor+ Gt + R+ Ror Ry and
the probability of blood meal from infectious is given by Np=Sp+lp; Ec
a: and the probability of an infected fly bite causing
infection is equal toc.. Susceptible tsetse flies thus ProofLet t; = sup{t > 0: S(t) > O,I;(t) > ,Icr(t)
become infectious at rate = acCc(lit + Cipt). Infectious  0,Cipe(t) > O,Ri(t) > 0,Rer(t) > 0, R (t ) 0,Sy(t) >
tsetse flies are also assume to die, from natural causes, @fl,(t) > 0,Ec(t) > 0}. Since §(0) > 0,I(0) >
a ratep, or from contact with insecticides treated cattle, 0,1¢(0) > 0,Cipt(0) > 0,Cipt (0) > 0, R (0) > 0,Rer(0) >
atarated. Itis further assume here that tsetse flies are no0, R (0) > 0,S,(0) > 0,1,(0) > 0,E¢(0) > 0, then,
involve in the spread of cryptosporidiosis. The resultmgtl > 0. Ift; < oo, thenSg,ly, IC,, Cipt, R.t Rer,Ribt, Sp, Ip or

with,
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E. is equal to zero at. It follows from the first equation 3.2 Invariant regions

of the systemZ), that

d_S =N+ VeRi + 01 Ript + W Rer — HeS — €S Model (1) will be analyzed in a biologically-feasible
dt region as follows. The systeni)(is split into individual
Thus, population (\B with
N =S + it + ler + Cipt + Rit + Rer + Ript) and the vector
%{S (t) expl| (&n+ Mot } population Np; with N = Sy + 1 ). Consider the feasible
region

= = t
(“C+VCR|t+a|R|bt+mRCf) exp (Em IJC) 9 =9 U.@pU.@BCRZ_ XR_Z,_XR_%_

Hence,
with,
-5(0)

Si(t) exp| (&m+ He)t

P = {(3-,||x-,|cr-,C|bt,Rn-,Rcr-,Rbt) €RT S +lit +ler +Cibt +Rit +Rer +Ript <Ny }

Dg = {EceRi ; Ec}.

ty
:/0 (Mc + VeRt + a1Ript + @ Rer) exp

(&m— uc)p] dp

so that,

S(t1) =S(0) eXp[—(Er’;Jruc)tl +exp| — (&m+ M)ty
1 and
/O (Me + VeRit 4 a1 Ript + @ Rer) exp[(éiﬁ—uc)p dp
>0. %:{(Spvlp)ERi:Sp“pSNp}-

®)
It can similarly be shown thdg > 0, l¢r > 0,Cipt > 0, R > ] ] N
0,Rer > 0,Rppt > 0,8, > 0,1, >0andE; > Oforallt >0.  The following steps are followed to establish the positive
For the second part of the proof, it should be noted thafnvariance ofZ (i.e., solutions in% remain inZ for all

0 < Ii(t) < Ni(t) and O< Ip(t) < Np(t).

t > 0). The rate of change of the individual and vector
populations is given in equatiod)( it follows that

Adding the first eight equations and the last three equations

of the model {) gives

4)

d’\(:ift) =N — UeNi(t) — ol (t) + Cine (1)) — Wac(he (1) +Cipe (1)),
dN(t)
C;)t =ty — HNp(t).
Thus,
Al = HeNi () — Wae(lie () +Cine (1)) — Wac(he (1) + Cipt (1)) Ni (1)
< dN(®) <A — UeN
STt S | — HeNi(t),
A (ot SNy < T < - gt

Hence, respectively

N <liminf Ny (t) < limsupN(t) < ﬁ,
He+ Yac+ YPac — toe t—o0 He

()

A standard comparison theoreri] can then be used to
show that Ni(t) < N(O)eHt + (1 — e Hl) and
Np(t) < Np(0)e Ht 4 (1 — e Ab). In particular,Ni(t) < 1
andNp(t) < 1if Nj(0) <1 andNp(0) < 1 respectively.
Thus, the regionZ is positively-invariant. Hence, it is
sufficient to consider the dynamics of the flow generated
by (1) in 2. In this region, the model can be considered
as been epidemiologically and mathematically well-posed
[5]. Thus, every solution of the basic model) (with
initial conditions in 2 remains inZ for all t > 0.
Therefore, thev-limit sets of the systeml]j are contained

in 2. This result is summarized below.

and,
/\V . . . /\V
1, = minf Np(t) < lim SUpNp(t) < )’ Lemma 1The region? = % U %, U % C R] x R2 x RY
is positively-invariant for the basic model)(with non-
as required. negative initial conditions ifR%!
(@© 2016 NSP
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4 Trypanosomiasis only model

Here, the trypanosomiasis only model is considered.

S = N+VRt — S - B'S

he = B'S — (He+ WYac+ pc) it

%th = pclit — (He+ Ve) Ry (6)
@S = A-A"S— (I +0)S

o= A"So— (W +9)lp

Sa Zla

hence,

A =ceacl, B =pBlp (7)

4.1 Stability of the disease-free equilibrium for

trypanosomiasis only model

The trypanosomiasis only mode)(has a DFE, obtained
by setting the right-hand sides of the equations in the

model to zero, given by

6o = (S*vIITvR;;vS\E)’I;)

/\| /\V
= <—C,O,O, 7( y 5),O>

4.2 Existence of endemic equilibrium

_/\I+VCR|);
S et B
¥ = BI*S*
It —
(Mc+ Pac+ pe)
ok pc'f{
=1 10
Ri Ve + Uc (10)
AT FY
A*
|;§= SE
He+ O

Hence, the trypanosomiasis endemic equilibrium, satisfies
the following polynomial

PR =1 (Gullp 2+ Gl +Ga) =0 (1)
G1 = (0 + ) [He(He + Pc+ Ve) + (M + Ve) Wacl[acCe/N (He + Ve) + M|,

Gz = pe(8 + ) (He + Vo) (He + Pe + Wac) [cCer (He +- Ve)
+2(0+ pv)[Me(He + Ve + Pe) + (He + Vo) Yac]],

Ga = (o + Vo) (o + Po+ Wae)2(8+ ) (1 — RYG)

(12)
where

My = (& + Hv) (Me(Me + Pc+ Ve) + (He + Ve) Wsc

Proposition 1

1. If F% > 1 then system@) exhibits a transcritical
bifurcation.
2. 1f I#é < 1then systemg) has no endemic equilibrium.

Proof.

| . . .
The linear stability of% can be established using the next F0r Ry > 1 thatGg < 0. This implies that systens} has

generation operator metho81] on the system€), it then

a unique endemic steady stateRg‘ <1, thenG3z > 0 and

follows that the reproductive number for trypanosomiasisSinceGz > 0, in this case systengfhas no endemic steady

only is given by

it :\/ acCcNAB
He (8 + thv)? (He + Pe+ Wac) ©)

Theorem 2The DFE of the model6], given by%g, is
locally asymptotically stable (LAS) ii%g <1, and
unstable ifZy > 1.

states.

5 Cryptosporidiosis only model

The cryptosporidiosis only model is considered here.
45 = A+ @R — S — BS
%lcr = BeS — (He+ Yac+ 0c)ler
$Rer = Ocler — (@ + o) Rer
SEc= mer — ppEe

(13)
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here, where

V(ler)
Be = K1 Ee, (14) R = (VHo+KpPe) (KPP HZ+ (M0 ) (TetWa)+HeHo (V-+He) (et Ot Wac+Mp))
cr K o He ( e+ O+ Yac)

My = Oc+V Y
5.1 Stability of the disease-free equilibrium for 2= Mol oo+ Oo + V) + (V+ Ho) )
cryptosporidiosis only model Theorem 4For K = 0, the cryptosporidiosis only model
(13) has no endemic equilibrium
The cryptosporidiosis only modell®) has a DFE,
obtained by setting the right-hand sides of the equationg’heorem 5For K > 0, the cryptosporidiosis only model

in the model to zero, given by (13) exhibits
So = (S,15,R:ES 1. atranscritical bifurcation if R > 1.
0= (5l Ror-Ec) 2. abackward bifurcation if R< 1.
15)
A (
< T ,0,0 O) Proof.

The linear stability of6; can be established using the next 1. ForR > 1 we obtain whenz® > 1 thatFs < 0.
generation operator methagll] on the systeml3), itthen i impjies that the systerd ) has a unique endemic
follows that the reproductive number of cryptosporidiosis steady state. If7S" < 1, thenFs > 0 andF, > 0. In this

only is given by case systeni@) has no endemic steady states.
2. ForR¢ < 1 we discuss the following cases:

VAV \/(V2A|2Hb+4K27THc2P(IJc+ Oc+ WYac)) i. Z5 > 1, in this casé= < 0 and system1(3)
- 2K ¥ O+ has a unique endemic steady state.
e/ e + Oc + Yic) (16) ii. Z5' < R« in this case bottF, and Fs are

positive implying that system1@) has no endemic
steady states.

Theorem 3The DFE of the modell@), given byZ(', is o1 h
locally asymptotically stable (LAS) i < 1, and while M \/tﬁé< %Odécri’mii;]? - O;nsz ;3)0
unstable i%oc > 1. A(Z%S') = F§ — 4F1F3, can be either positive or

negative. We have A(l) = FZ > 0 and
A(Ry) = —4FF3 < 0, then there exist&g such that

5.2 Existence of endemic equilibrium A(FS) = 0, AAS) < 0 for Re < 7" < % and
A(Zg) > 0 for Zg. < Z¢§'. This together with the
A+ @R signs of /, and Rz imply that system 13) has no
S = TR endemic steady states whéf < Zg" < Z§., one
e endemic steady state whe#§ = Z§ and two
) ocl, endemic steady states whex§; < Hg < 1.
Rer = O+ e (17) . . . L
G+ He The existence of backward bifurcation is illustrated
i numerically in Figure 1(a))
Ef=—Y
T

o . ... . 6 The co-infection model
and hence, the cryptosporidiosis endemic equilibrium,

tisfies the followi | ial - :
satisiies fhe foflowing polynomia 6.1 Stability of the disease-free equilibrium

P(I:ozlz(a(cr) R >+F3)=o sy (DFE)

The cryptosporidiosis-trypanosomiasis mod#) has a
DFE, obtained by setting the right-hand sides of the

F1 = ppc(Ue(Ue + Tc + Yac) + (He + Yac) @), equations in the model to zero, given by
_ K He(pe + ¢ + Yiac) ' & = (S,1i1
F= Vub+KppC (Rk—Rg)7 (19) ($ Its IvaIbthlthivaibtvSEN p’
r /\I A (20)
F3 = Kppte(He + @ ) (e + Oc + Yac) (1 — RG) ,0,0,0,0,0,0,———,0,0.
He (Hy+9)
(@© 2016 NSP
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Table 1: Number of possible positive real roots Bfl ;)
The linear stability 0¥, can be established using the next for Roc > 1 andRoc < 1
generation operator metho8ll] on the systemX), it then

. . . . . Cases Hjp Hy Hs Hs Hs Ro No of sign No of +ve
Lollows that the co-infection reproductive number is given ° change  real roots
y
+ + + + + Roc< 1 0 0
It ocr 1
Roc = max{Ry, Rg'} (21) o+ 4+ oo Re>1 1 1
+ - - - +  Ree<1 2 0,2
2
+ - - - - Roc>1 1 1
+ + - - +  Ree<1 2 0,2
3
+ + - - - Roc > 1 1 1
Theorem 6The DFE of the modellj, given byZc, is + - 4+ -+ Reg<l 4 0,2,4
locally asymptotically stable (LAS) i#o. < 1, and 4 e e Rt s L3
unstable if%y > 1. ¢ '
+ - - + 4+ Ree<1 2 0,2
5
+ - - + - Roc > 1 3 1,3
+ + + - +  Ree<1 2 0,2
6
. . . + + + - - Roc > 1 1 1
6.2 Endemic equilibrium (EEE) ‘
+ + - + 4+ Roc<l1 2 0,2
;
+ + - + - Roc > 1 3 1,3
+ - + + + Roc< 1 2 0,2
Next we calculate the endemic steady states. Solving 8
+ - + + - Roc > 1 3 13

system {) at the equilibrium we obtaini = O (which
corresponds to the DFE) or

Haler +Hale +Haler +Hale +Hs =0 (22) 7 Numerical Simulations

Remark: The system 1) has a unique endemic In order to illustrate the results of the foregoing analysis
equilibrium E* if Roc > 1 and Cases 1-3 (as declared in numerical simulations of the co-infection model are
Table 1) are satisfied. It could have more than oneCa'ied out, using parameter values given in TaB)ekor
endemic equilibrium ifRec > 1 and Case 4 is satisfied:; it the purpose of illustration, some parameter values are

could have 2 endemic equilibriaRoc < 1 and Cases 2-4 assumed. Find below in Table2)( the parameter
are satisfied. descriptions and values used in the numerical simulation

of the co-infection model.
Figure @) shows the existence of a backward

bifurcation phenomena, a situation where the disease free
Theorem 7. and endemic equilibrium coexists. The implication of this
The systeml) has a unique endemic equilibrium® Bf is that the classical epidemiological requirement for
Roc > 1 and Cases 1-3 and 6 are satisfied; it could have disease eradication of cryptosporidiosis with reprodurcti
more than one endemic equilibrium ifR> 1 and Cases number less that unity is no longer sufficient. In Figure
4,5, 7, and 8 are satisfied; it could have 2 or more (2), the bifurcation diagram shows that whe < 1 there
endemic equilibria if B < 1 and Cases 2-8 are satisfied. s a stable disease free equilibrium and whn> 1, a

stable endemic equilibrium exists. This further confirms

the analytical results which shows that a stable endemic
Table 1, shows the existence of multiple endemicequilibrium exists wheng > 1 and the disease free
equilibria when Ry < 1. The Table suggests the equilibrium becomes unstable when this condition holds.
possibility of backward bifurcation, where the stable DFE Figures 8, 4) illustrate the existence of endemic
coexists with a stable endemic equilibrium, when theequilibrium. Figure %, 6) shows that in both host and
reproduction number is less than unity. Thus, themicrobes, cryptosporidiosis infection is lower and faster
occurrence of a backward bifurcation has importantto reach equilibrium when trypanosomiasis is present.
implications for epidemiological control measures, sinceThe effect of trypanosomiasis is therefore to reduce
an epidemic may persist at steady state ev&gdf 1. cryptosporidiosis incidence. Als@,(8) show that in both
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Table 2: Description of variables and parameters of the
co-infection model 1).

Para. Description value Ref
Trypa.

Ysc trypa. related death 0.0Gfay ! [6]

B prob. of getting infected 0.6day * [6]

He Natural death rate in humans 0.00088/ 1 [6]

Ly Natural death rate in tsetse flies 0.03 6] [

Ve trypa. immunity waning rate dayt [6]

w cryptos. immunity waning rate 0.001 assd
o trypa-cryptos immunity waning rate 0.001 assd
By birth rate 22day ! [6]

By tsetse flies birth rate 1,440y ! [6]

Ve recovery rate of co-infected 0.0000134 assd
Oc recovery rate of cryptos infected 0.6ay ! assd

Pc recovery rate of trypa. infected 0.084y ! assd

£ co-infected recovering from trypa. only 0.0001 assd
Cryptos

v ingestion rate 0.5 0

K Microbes concentration in environment 1000 assd
Wac cryptos related death 0.02407 assd
T cryptos. infected contrib. to the environment 0.7 assd
2] modification parameter 1.2 16]

Hp microbes mortality rate 0.033 20

Be microbes contact rate with individual 0.05 assd

host and vectors, trypanosomiasis infection is lower anc
faster to reach equilibrium when cryptosporidiosis is
present. The effect of cryptosporidiosis is therefore to
reduce trypanosomiasis incidence.

o o
w 4 'S o
[ R

o
w

o
2 o
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o
e

Individuals Infected with Cryptosporidiosis only ( Icr)
o
N
o

]
il \
0 ) ~ . . . . )
0.8 1 12 14 1.6 18 2
Reproduction Number ( R;’)
(@)

Fig. 1: Simulations of modelk) showing the bifurcation
phenomena of cryptosporidiosis and trypanosomiasis.
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Fig. 2: Simulations of model%) showing the bifurcation
phenomena of cryptosporidiosis and trypanosomiasis.
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cY

Fig. 3: Simulations of modelX) showing the phase plane

of co-infected individuals against individuals infecteitw
trypanosomiasis. The graph shows a phase plane for
endemic model withRy; > 1. It was obtained by varying
the parameter values @ and i; respectively with other
parameters fixed as shown in Tab® (
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Fig. 4: Simulations of modelX) showing the phase plane Fig. 6: Simulations of model %) showing

of co-infected individuals against individuals infectetfw  cryptosporidiosis incidence in host and microbes with and
trypanosomiasis. The graph shows a phase plane fowithout trypanosomiasis infection.

endemic model witlRy. > 1. It was obtained by varying

the parameter values @f and Li; respectively with other

parameters fixed as shown in Tab® (
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Fig. 7: Simulations of model X) showing the
@ trypanosomiasis incidence in host and vectors with
and without cryptosporidiosis infection is shown.
Fig. 5: Simulations of model X) showing Trypanosomiasisand cryptosporidiosis are simultengousl
cryptosporidiosis incidence in host and microbes with andintroduced into a population in the presence and absence
without trypanosomiasis infection. of co-infection.
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Fig. 8: Simulations of model ¥ showing the

Fig. 10: Simulations of model ) showing effect of

trypanosomiasis incidence in host and vectors withtreatment on cryptosporidiosis in host and microbes with
and without cryptosporidiosis infection is shown. trypanosomiasis infection.

Trypanosomiasis and cryptosporidiosis are simultengousl

introduced into a population in the presence and absence

of co-infection.
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Fig. 11: Simulations of model ) showing effect of
(@) treatment on trypanosomiasis in host and vectors with

Fig. 9: Simulations of model k) showing in effect of

cryptosporidiosis infection is shown. Trypanosomiasis an
cryptosporidiosis are simulteneously introduced into a

treatment on cryptosporidiosis in host and microbes withpopulation in the presence and absence of co-infection.

trypanosomiasis infection.
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Table 3: Sensitivity indices oR! expressed in terms &'

4000F
Para. Descri Sensitivity ~ Sensitivity
3500 Trypanosomiasis with cryptosporidiosis if R(C)r <1 if RS' >1
1 T crypto contributed to enviro. .686 051
3000 2 p prob. of infection thro enviro. 1.686 0.51
s 3 Wy microbes mortality rate -1.686 -0.51
§ 2500 4 Oc recovery rate from crypto -0.877 -0.0077
§ 5 o death due to insecticides —-0.813 —0.813
5 2000 , p=0.0,=04 6 a prob. of blood meal &) 0.5
?)3 P ] 7 c prob. of a bite causing infection .® 0.5
1500} IR s S 8 K concentration of microbes B 05
B BRI VIR R 9 B prob. of infection thro trypa 0.5 B
1000 ¢ i 10 v ingestion rate -05 0.5
11 pc recovery rate from trypa -0.41 0.41
500 ] 12 g crypto death related -0.3 —0.002
, . . . . 13wy tsetse natural death -0.188  -0.188
0 10 20 Tim;(’ems) 40 50 60 14 s  trypanosomiasis death related -0.074 —0.074
4 15 g natural death of hosts -0.014  —0.0068
@

Fig. 12: Simulations of model §) showing effect of
treatment on trypanosomiasis in host and vectors with
cryptosporidiosis infection is shown. Trypanosomiasis an
cryptosporidiosis are simulteneously introduced into a
population in the presence and absence of co-infection.

16.8%. In the same way, increasing (or decreaspngdr

0, decreases (or increasé@ by 16.8% or 81% resp. As
the following parameterg;, K anda, increases/decreases
by 10%, the reproduction number of trypanosomia@ﬁs,
increases/decreases by 5%.

For R} > 1, the most sensitive parameters are the
death due to insecticides, crypto mortality rate, the prob.
of blood meal, the prob. of bites causing infection, crypto
contributed to the environmentd( u,, @, Cc T,

8 Sensitivity analysis of the co-infection
model

It
respectively). Sincefél20 = 0.5, increasing (or decreasing)

by 10%, increases (or decreasé@ by 5%; similarly,

increasing I(tor decreasing) the by 10% increases (or

We next derive the sensitivity cRg (i.e. expressing it in Qecreasesieo by 5.1%. Also, as parameterfs,.cc andac

terms of RS') to each of the 16 different parameters. increases/decreases by 10%, the reproduction nuRiper

However, the expression for the sensitivity indices for increases by only ?% N

some of the parameters are complex, so we evaluate the It is clear thatRj is sensitive to changes Rg'. That

sensitivity indices of these parameters at the baselinés, the sensitivity ofR! to some parameter variations

parameter values. depends orRS"; wheneverRS' < 1, RY is more sensitive
The sensitivity index oﬂ?'g with respect tof,, for to the model crypto parameters.

example, is

8.1 Sensitivity indices offRwhen expressed in
terms of i§

'tzd—Rng—f=05
- R =05

Be 9B
The detailed sensitivity indices @ resulting from the  We next derive the sensitivity d&' (i.e. expressing it in
evaluation to the other parameters of the model are showgy mg of R!) to each of the 16 different parameters.

in Table3. However, the expression for the sensitivity indices for
Table3 shows the parameters, arranged from the moskome of the parameters are complex, so we evaluate the

sensitive to the least. FORy' < 1, the most sensitive gensitivity indices of these parameters at the baseline
parameters are the crypto contributed to the e”V'ronmemparameter values.

prob. of infection through contact with environment, The sensitivity index ofRS with respect top, for
microbes mortality rate, recovery rate of crypto infected example, is
individuals and death due to insecticides 0, u, oc and

8.2 Sensitivity indices offRwhen expressed in

(23)
terms of B

| r r
J, respectively). SinceY,fOt = 0.5, decreasing (or 00 = 00& X P _
° P

r
increasing) the microbes contact with hg&t by 10% RS

decreases (or increase®) by 5%; similarly, increasing The detailed sensitivity indices &% resulting from the
(or decreasingjt by 10%, increases (or decreasE%)by evaluation to the other parameters of the model are shown

~05. (24)
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in Table4. Table4 shows the parameters, arranged from have,

89S = A+VeRi + a1 Rt + @Ry — [eS — (1—u) &S
d « *
e . Slhi= (1-u —(1-u Iit — (He + Wac + Uzpc)|
Table 4: Sensitivity indices oRS" expressed in terms &} alt = (L UAS = (L) b= (ke Yo+ Ul
% lee = (1—w)BsS — (1—up) B ler — (M + Wac + UsTc) ler
d « «
SCpt = (1—u le+(1—u lit — (Usyf + e + +
Para. Description Sensitivity Sensitivity driet ( 1)B| ot Z)BC e~ (UM + HoF Yo F Yac)Cix
if R <1 if R§ > 1 SRe= Uspelit — (Mo + V)R + & (1— Usy)Cint
1 ™ crypto contributed to environment —0.5 -05 d o5
2w microbes mortality rate 0.5 05 gt Ror = UaOcler — (@ + He)Rer + (1 — &) (1 — Us )Y )Cint (25)
3 Oc recovery rate from crypto 0.37 0.37 d
4y  crypto death related 0.127 @7 ai Riot = Us Y Cior — (@1 + pe)Rix
5 He natural death of hosts 0.0029 .0029
6 0 death due to insecticides —0.00000045 —0.000000018 dg = A~ (1—u)DA*S, — (U + 5
7 a prob. of blood meal ©0000027  MO0000011 atSp v wWAS = (W)
8 prob. of a pite causjng infection ~ .@000027 (00000011 % b= (1-u)A*S,— (i +90)lp
9 K concentration of microbes .@000027 00000011
10 S prob. of infection thro crypto 00000027 00000011 p
11 B prob. of infection thro trypa. 00000027 (00000011 GiEc= (1—u2)m(ler +6Cibt) — poEc
12 v ingestion rate —0.00000027 —0.000000011
13 pc recovery rate from trypa —0.00000023 -0.0000000092 Where,
14 tsetse natural death -0.0000001 —0.0000000041
15 ac  trypanosomiasis death related -0.000000044-0.0000000016 vl or
* *
B = + PEc A" =ccac| It +Cipt

(26)

. BI*:B|ID7 Er;:ﬁc*‘f'ﬁllp
the most sensitive to the least. FB < 1, the most . i o )
sensitive parameters are the crypto contributed to théOr this, we consider the objective functional
environment, prob. of infection through contact with i )
environment and microbes mortality ratet, (0 and pp, J<“1"”2"”3’““’“"’):/o [zl -+ 2olr + 26 23l + AL B+ CUE DU + ELE e
' @7)

r
respectively). ~Since W)Rg = —05, decreasing (or Our control problem involves a situation in which the
increasing) the prob of contact with crypm by 10%  number of trypanosomiasis infected individuals,
increases (or decreasd®yf by 5%; similarly, increasing  cryptosporidiosis  infected individuals, co-infected
(or decreasingjt by 10%, decreases (or increasBg§)by individuals and the cost of applying preventions and
5%. In the same way, increasing (or decreasiag)or  treatments controlgy(t), ux(t), us(t), us(t) andus(t) are
YJac, increases (or decreasd®y by 3.7% or 13% resp.  minimized subject to the systerhd).
As the following parameters f, K and S ty is the final time and the coefficients,
increases/decreases by 10%, the reproduction number @f. z, 73,74, A,B,C, D, E are the balancing cost factors due
cryptosporidiosis, Rg', increases/decreases by to scales and importance of the ten parts of the objective
0.0000027%. function. We seek to find an optimal contraj, uj, us, uj

k
For R§' > 1, the most sensitive parameters are also?"dUs, such that

thecrypto contributed to the environment, prob. of g s ul g, ug) = min{JI(us, Uy, Us, Us, Us)|ug, Up, Us, Us, Us € 7} (28)
infection through contact with environment and microbes
mortality rate, (r, p and g, respectively). Since Where% = {(uy,up,us,Us,Us) such thatuy, Uz, Uz, Us, Us
r . . . are measurable with€ u; <1,0<u; <1,0< uz < gy,
= 0.0029, increasing (or decreasing} by 10%,

inGreases (or decreas@®y by 0.03% 0<ug <gzandO0<us < g, fort € [0,t;]} is the control

set.
. . o ¢ .
h Itis C!te.a.: thaR§t|s sensitive to cr;angeglig. Th(?t IS, d 1.The controlu; (t) and ux(t) represents the efforts on
eslensu i yoRgl osome parame eryqna lons depends preventing trypanosomiasis and cryptosporidiosis
onRy; wheneverR! < 1, RS is less sensitive to the model infections respectively.

trypanosomiasis parameters. 2.The control on treatment of trypanosomiasis infected
individualsus(t) satisfies 0< uz < gp, whereg; is the
drug efficacy use for treatment of trypanosomiasis
infected individuals.

9 Optimal control analysis of the model 3.The control on treatment of cryptosporidiosis infected
individualsu,(t) satisfies 0< ugq < g3, wheregs is the
drug efficacy use for treatment of cryptosporidiosis

In this section, we apply Pontryagin’s Maximum infected individuals and, .
Principle to determine the necessary conditions for the 4-1he control efforts on treatment of co-infected
optimal control of the co-infection model. We incorporate  individualsus(t) satisfies O< us < ga, wheregy is the
time dependent controls into the moda) (o determine drug efficacy use for treatment of co-infected
the optimal strategy for controlling the disease. Hence we individuals.
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The necessary conditions that an optimal solutionand
must satisfy come from the Pontryagin et 2l Maximum
Principle. This principle convertd8)-(27) into a problem v — min{l,max(o, MG Moy 7M“bt]+”e'zqé"MR“ 18O Mra ) 1
of minimizing pointwise a Hamiltoniahi, with respect to (36)
Uz, Up, Ug, Ug and us. The adjoint variable associated with proqf. corollary 4.1 of Fleming and Rished] gives the
wﬁttg?;esm is represented by, the Hamiltonian is then existence of an optimal control due to the convexity of the
integrand of] with respect tai;, up, uz, us andus, apriori
H =21l + Zoler + 25Cint + zaly + A + BB 4+ C13 + DUZ + E 12 boundedness of the state solutions, and tli@schitz
Mg (A VR R+ @Ry — 1S — (1 1) €3S} property of the state system with respect to the state
T - | | variables. The differential equations governing the adjoi
My {1~ U)A'S = (1= u2)Behe = (ke +Uabse +Po)li} variables are obtained by differentiation of the

FMig {(1 - U2)BeS — (1) B ler — (He + Uallac + Oc)ler } Hamiltonian function, evaluated at the optimal control.
Moy, (1 ) s + (1= Un) Belic — (Usye + Ho + Wac + Uiac) i Solv_lng for uj,us,us, Uy e_md uz subject to _the
constraints, the characterizatioB2{36) can be derived
+Mg, {uspclit — (ke + V)R + & (1— Us i )Cipt } (29) and we have
+MRrer {UaGclor — (@ + He)Rer + (1~ &) (1~ Usy )Cint } oM
+MRyy, {UsYCint — (a1 + ple)Ript } 0= ou 2 =SBz A+ Blp] My —Mg] = B lerMciy —Mier] = A"Sp My —Ms]
+Ms, {A = (1—w)A*S, — (v +8)Sp} 0= g_:l = 2Bup — B My, — M, ] — B2 S Migy + Mg [ler + BCi]
FMip {(1-U)A"S, — (v +6)lp} 37)
+Me {(1— Uz) Tt(ler + 6Cipt) — toEc}
oH
0= —— =2Cus— pclit[My, — Mr,]
whereMs , M, ,Mi;,, Mg, MR, MR, MRy, Ms,, Mj, and ous
Mg, are the adjoint variables or co-state variables. The JH (38)
system of equations is found by taking the appropriate 0= s = 2Dug — Ocler[Mi,, — MR, |
partial derivatives of the Hamiltonia29) with respect to
the associated state variable. oH
0= d_lj_r, = 2Elk_, — Mclb‘[Mclbt — MRIbt] — ME|C|thRh — (17 SI)MCIthRU
Theorem 8Given optimal controls {u5,u3, uj,us and @9)
solutions . . .
. and with transversality conditions
St ler, Giot. Rt Rer, Rt Sv. Iy, Ec. of the corresponding 4
state systeml@)- (27) that minimize Jui,u,U3,Us,Us) Mg (tf) = M, (tt) =My, (tf) =My, = ... =My, (ts) =0,
over U. Then there exists adjoint variables (40
Mg, M., M, Mg, MR, , MRy, MR, ME,; Ms,, M}, Hence, we obtain (see Lenhart and Workman (2007)%
satisfying . . .
" = S[B + Bilp] My, —Ms |+ B ler Mg, — Mige ] + A S5 [My, —Ms, ]
2A
—dM JH . Bl [Mgy, — My ]+ BESMig — Mg [ler + 8Cint]
—_— == 30 w =
dt i (30) 2 2B
. . . pcit[My, — Mg, ]
wherei = §, lit, ler, Cmso Rt , Rer, Rmso Ec, Sy; v and with S (41)
transversality conditions Oeler[Migy — Mg, ]
N
Ms (tr) = My (tr) = My (tr) = Mcy, (tr) = MR, (tr) o Y [Mo, — My, | + Y& CiMey + (1 &) CinMrer
5T 2E

= MR, (tr) = MRy, (t1) = Mg (tr) = Mg, (tr) = My (tr) =0
(31) By standard control arguments involving the bounds on the

and controls, we conclude
ui:min{l,max(o_’ S[Bc + Bilol My ’Msi]*ﬁ*'sz[Z'Clbt —Mig ] +A"$ My, — M| ’ 0 If&*<0
) ) 1 If&>1
= min{l,max(o, Be lie Moy, — My ]+ B¢ EBMlcr — Mg [ler + OCint] ’
(33) forie 1,2,3,4,5 and where
5 = min{1.max(0, W) b (34) o SIB A1V Mg Bl Moy, M) £1° Sy M)
2A
U= min{l,max(o, 7%'”[%;37 Mg ] ) } . (35) &= Bt [Mayy — My | +Bg§;|'cr — Mec[ler + 6Cni]
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~ pclie My, —MR,]

& = — optimize the objective functiod while we set the other

controls (ug,us and us) relating to trypanosomiasis to

. Ocler M, — MR, ] zero. We observed in FigurE9 a continuous rise in the
&= 2D number of trypanosomiasis infected humadpscases.

_ _ This may be connected to the absence of interventions
g = G Moy MR'thMEl?é’tMR“JF(l &)Y Ciox MR against trypanosomiasis in this strategy. The negative
) . , .. effect of this strategy is also shown in Figu2g where
Next, we discuss the numenca_ll solutions of the op'.umalltythe number of infected vectdy cases is seen to be on the
system and the corresponding results of varying thencrease after 50 days. The result in the depicted Figure
optimal controls uy, uz,us,us and us, the parameter pq clearly suggest that this strategy is very efficient and
choices, and the interpretations from various cases. effective in the control of the number of cryptosporidiosis
infected humans; and similarly, the positive impact of
. . . the cryptosporidiosis controlled cases resulted in the
10 Numerical Simulations significant control of the Microbes population in the
environmentE. as shown in Figure23. While the
population of the co-infected humarGy shown in
Figure 21 show significant difference between the cases
without control and the controlled cases. The control
‘i)rofile revealed that the control on treatmem on
cryptosporidiosis should be at maximum till the end of
The intervention, while the control on preventionrises
from 15% up to 55% before gradually decreasing to zero
at the end of interventio®4.

In order to illustrate the results of the foregoing analysis
numerical simulations of the co-infection model are
carried out, using parameter values given in TaBjeKor
the purpose of illustration, some parameter values ar
assumed. Find below in Table2)( the parameter
descriptions and values used in the numerical simulatio
of the co-infection model.

10.1 Prevention (1) and treatment (g) of

trypanosomiasis only
10.3 Trypanosomiasis and cryptosporidiosis

The trypanosomiasis prevention contrap and the prevention (4 and W) only

trypanosomiasis treatment contrglare used to optimize
the objective function) while we set the other controls

(uz2,us andus) relating to cryptosporidiosis to zero. We The trypanosomiasis and cryptosporidiosis prevention
observed in Figurel3 a significant difference in the controlsu; and the control, are used to optimize the
number of trypanosomiasis infected humadpsin the  gbjective function) while we set the other contro{siz, us
controlled cases compare to the cases without Contr0|andu5) to zero. That s, preventions 0n|y mechanisms are
The positive effect of this strategy ok is shown in  optimized without treatments. We observed in Figage
Figure14, where the number of infected veclQrcases is  that the number of trypanosomiasis infected humigns
seen to be significantly controlled. The result in the was significantly controlled before it start rising again at
depicted Figurd 6 clearly suggest that this strategy is not the final time. This may be connected to the fact that
very efficient and effective in the control of the number of treatment of infected individuals is neglected and as a
cryptosporidiosis infected humank; and similarly,  result the disease persists in the community. This effect is
impact of the cryptosporidiosis controlled cases resultechlso observed in Figur@8 in the control of number of
in the lower microbes population in the environmEp@is  jnfected vectors,. While in Figure26 the impact of this
shown in Figure 17. While the population of the strategy in controlling the cryptosporidiosis infected
co-infected humansCi,; shown in Figure15 show individuals I yielded positive results because the
significant difference between the cases without Contr0|prevention strategy worked effectively in the control of
and the controlled cases. The control profile revealed thagryptosporidiosis infected individuals. The effect ofsthi
the control on preventiom; on trypanosomiasis should strategy also impact positively on other population clases
be maintained at maximum for 15 days before graduallyas shown clearly in Figur@7, 29. This strategy suggest
decreasing to zero, while the control on treatment ofthat optimal preventive strategies against trypanosdamias
trypanosomiasisiz would only require control efforts of and cryptosporidiosis in a community while adequate
7%18. treatment regime is not put in place at the same time
would not be an effective approach to controlling
] co-infection at the final time. The control profile revealed
10.2 Prevention (&) and treatment (x) of that the control on prevention, on cryptosporidiosis
cryptosporidiosis onIy rises to maximum of 90% before decreasing gradually to
zero at the end final time, while the control on prevention
The cryptosporidiosis prevention contrah, and the  uj rises to 30% before gradually decreasing to zero at the
cryptosporidiosis treatment control; are used to end of interventior80.
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10.4 Trypanosomiasis and cryptosporidiosis
treatment (g and ) only

the final intervention time. The control profile revealed
that the control on cryptosporidiosis treatmeptshould
be at maximum till the end of the intervention, while

The trypanosomiasis and cryptosporidiosis treatmenPrévention controli; on cryptosporidiosis rises to 50%

controls us and u, are used to optimize the objective P€fore gradually decreasing to zero at the end of
functionJ while we set the other interventions, that is the intervention. Also, this strategy suggests that littletooin

preventive measuresi, U, andus) to zero. That is, only efforts would be required on trypanosomiasis for both

the treatment mechanisms are optimized withoutdiS€ases to be effectively controlléd

preventions. We observed in Figusé that the number of

trypanosomiasis infected humang was significantly

controlled before it start rising again at the final time. 11 Concluding remarks

This may be connected to the fact that preventions are

neglected and as a result the disease persists in th@ this paper, we formulated and analysed a deterministic
community. This effect is also observed in Figua4 in model for the transmission of trypanosomiasis and
the control of number of infected vectots While in  cryptosporidiosis co-infection that includes use of

Figure 32 the impact of this strategy in controlling the preventions, treatments of infectives and also performed
cryptosporidiosis infected individualg: yielded positive  optimal control analysis of the model. The model was

results because the treatment strategy worked effectivelyigorously analysed to gain insights into its qualitative

in the control of both cryptosporidiosis
trypanosomiasis individuals. The effect of this strategy

and dynamics. We obtained the following results:

also impact positively on other population clases as 1. The trypanosomiasis only model has a locally-stable

shown clearly in Figur®3, 35. This strategy suggest that
optimal treatment strategies against trypanosomiasis and
cryptosporidiosis in a community while adequate
preventive regime is not put in place at the same time
would also be an effective approach to controlling
co-infection. The control profile revealed that the control
on treatmentus on cryptosporidiosis should be at
maximum till the end of the intervention, while the
control on treatmentus rises 30% before gradually
decreasing to zero at the end of interventn

10.5 Trypanosomiasis and cryptosporidiosis
preventions with treatment {Lu>, Us, Ug, Us)

In this strategy all the control mechanism
(ug,up,U3,Ug,Us) are used to optimize the objective
functionJ. That is, both the preventions and treatments of
trypanosomiasis and cryptosporidiosis are optimized. We
observed in Figur87 that the number of trypanosomiasis
infected humangy; is effectively controlled. The impact
of this strategy is also shown in Figu#®, where the
number of infected vector is significantly reduced to
zero at the end of the intervention period. The result
shown in Figure38 clearly suggest that this strategy is
also very efficient and effective in controlling the number
of cryptosporidiosis infected humaig and leading also

to effective control of the Microbes populatiog: as
shown in Figure 41. The population of the
trypanosomiasis-cryptosporidiosis co-infected humans
Cipt shown in Figure39 show significant difference
between the cases without control and the controlled
cases. This strategy suggests that optimal prevention and
treatment regime against both trypanosomiasis and

5.Focusing only on

disease free equilibrium whenever the associated
reproduction number is less than unity. Also, the
model has a unique endemic equilibrium whenever
R > 1.

2. The cryptosporidiosis model has a locally-stable

disease free equilibrium whenever the associated
reproduction number is less than unity and exhibits
the phenomenon of backward bifurcation, which
suggests a case where stable disease-free equilibrium
co-exists with a stable endemic equilibrium whenever
the basic reproductive number is less than unity.

3.The co-infection model has a locally-stable disease

free equilibrium whenever the associated reproduction
number is less than unity.

4.From the sensitivity analysis, the trypanosomiasis

reproductive numbe@(')t is more sensitive t@ (death

due to insecticides) and crypto parameters whenever
Zg > 1 (crypto reproductive number). While the
cryptosporidiosis reproductive numbeg§' is less
sensitive to trypanosomiasis parameters whenever
,@g > 1 (trypanosomiasis reproductive number). This
is an indication that crypto infection may be
associated with an increased risk of trypanosomiasis,
while trypanosomiasis infection is not associated with
an increased risk for crypto.

trypanosomiasis intervention
strategies (optimal preventions and treatments) while
cryptosporidiosis is not under control would lead to
effective control of co-infection at the end of the
intervention. As clearly shown in Figuré3 17,
where the number of cryptosporidiosis infected
individuals and microbes are lower under control
compared to cases without control. This is an
indication that cryptosporidiosis infection may be
associated with an increased risk of trypanosomiasis.

cryptosporidiosis in a community would be a very 6.That optimal efforts on cryptosporidiosis intervention

effective approach to effectively control both diseases at

strategies (optimal preventions and treatments) while
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trypanosomiasis is not under control would only
result in effective control of cryptosporidiosis only 4= = —up =, =u; =, =00 /|
while trypanosomiasis still persist. This is shown in gl T 070 #0201 =0 .
Figure19-23, where the number of cryptosporidiosis '
infected individuals are effectively controlled at the
final time. This suggests that trypanosomiasis
infection is not associated with an increased risk for
cryptosporidiosis.

7.Whenever there is co-existence of trypanosomiasis
and cryptosporidiosis in the community, our model
suggests the incorporation of cryptosporidiosis
control measures with the trypanosomiasis
intervention strategies for effective trypanosomiasis

25r

Cryptosporidiosis Infected Individuals (x1000)

co ntro I . . 0 20 - 4‘0 ) 6;0 86 160 120
8.However, the cost may be unbearable to farmers ir Time (days)
areas of extreme poverty, most especially the rural @)

poor and some disadvantaged urban populations to
combine therapies, it is suggested that policy markersi:-

G t should id i 19 14: Simulations of the trypanosomiasis-
?hris rg\g/]zrrr&men should provide hecessary Suppor Incryptosporidiosis model showing the effect

transmission
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