Modeltihegntofalypanbsomal
r hodestihernosnegsash e mopr o @yl
l nsectil ciaodeaet-ttlree.at €

ROui fIkK a | uri[gnjzl.i Mar gr ov

* SACEMA, Stellenbosch University
[ Uganda/Tanzania

Micro and Macro Systems in Life Sciences,

8/6/2015 Bedlewq June 2015



Outlines:

C Background

C Mathematicahodels of Africairypanosomiasis
C Discussion andonclusion

C Work In progress

Micro and Macro Systems in Life Sciences,

8/6/2015 Bedlewo, June 2015



|. Background:

C African trypanosomiasis is a vector born disease caused by a parasit
transmitted by tsetse flies

C African trypanosomiasis affects both humans and animals

A HumanAfricantrypanosomias{®AT) is fatal if untreated.
A Theaverage number of cases of HAT recorded per year has ra
between ~38000 (1998) and ~7000 (RO11

A Animal Africartrypanosomias{®\AT) is fatal to some livestock

species and has a significant impact on their productivity.
A AAT kills more than 1 million cattle each year
C The annual economic loss due to combined impact of HAT and AAT

been estimated at-82 billion



Human African trypanosomiasis (HAT) comprises two diseases:

1. Gambian HAT caused byypanosomaruceigambienstund in West

and Central Africa.

2. Rhodesian HAT caused by Tthmdesienstund in East and

Southern Africa

This presentation deals only with Rhodesian HAT
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|.1. Human African trypanosomiasis in Africa*
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|.2. Control of Rhodesian HAT

A Treatmenbf infectechumans

A Treatmenof cattlewith Trypanocidal drugs (chemotherapy
and chemoprophylakis

A Tsetseontrol:
Insecticiddreateccattle, Baits, Targets, Aerial spraying,

Ground spraying
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Il. A basic model fortrypanosomiasistransmission:

—_— > Cattle population
/ Tsetse flies
—_—> >
JAN
—> > > Humanpopulation

T N
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1I.1. Model equations:

[ d
ESH =Ag+vgRy —pugSy — Ag(t —Ty)Su(t —TyH)
d
EIH = Ag(t —Tg)Su(t —Tu) — (95 +ou)ln
d
ERH =gulg — (by +vE)Ry
d 1 1

4 ESC = Ae — peSe — et —Te)Sc(t — Te)
d
EIC = Mt —T¢)Sc(t —T¢) —oclc
d T
ESV = Ay — e HviV }kvft — TVJSV(f — Tp) — #L’SV
d T
EI‘" — E_'H'V v /\T" (t — Tlf}s‘["(t — Tirf) — j'_g',ilfIL!
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Recruitment and mortality rates

iy = —1In[geq165 + (1 — 9c)g145]/d
Ay = — (1 — e=(a+rv))
(a+ py )

Force of infection

Ae(t) = agBglv(t)/Nu(t) Ac(t) =acBoIv(t)/Ne(t)

Av(t) = alagIg(t)/Ng(t) +aclc(t)/Ne(t)]
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Ill. Adding trypanocides:
/

Treatment of

caz‘z‘/g with Treatment of cattle
preventive drugs &_ ) with curative drugs
AN
—> >
N
—_— >
N
— > >
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V. Trypanocides and insecticidescombined:

Treatment of
cattle with
preventive drugs

Treatment of cattle
with curative drugs

(1-)
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— >
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V. 1. Mathematical Model

;

\,

8/6/2015

d

&SH =Ag+vgRyg — pugSyg —Ag(t —Ty)Sy(t—Tg)

d

&IH — }.H{:t — TH)SH(t — TH) — (QH + JH)IH

d

ERH =gl — (g +ve)Re

d .

ESC = Ao +vehe +70FP0 — ocSc — peSe — Ac(t — Teo)Sc(t — Te)
{TLR_ = QP ‘juf_- — e R;— — [.-.P[-_-- — | l — € |,\-.,:;' (T — E_.: .'_I!L_Jf_- (T — E_[ |
dt ] ) )

d

&IC = }&c(t — Tc)[i 1l —e)Pelt—T¢c)+ Sc(t — Tc)] — golo —oclo

%-F'Jf_' = gclc — (pe +ve)Re
al .
d — eIy
&SV = ﬁv(p) — e HvEiV )y, (i — Tv)SV (t — Tv) — ;.LV(;U)SV
d T
&IV = e HviV }kv(f — TL”)SV (f — Tv) — My (;{J}IV
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Effect of insecticide treated cattle

iy (p) = —In[(1 —plgcgids + (1 — gc)q145]/d
_1'11-[_;}.] _ Bl .. (\1 . E_{a+|u1-::,?3:l}}
(a =y (p))
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V. 2. Mathematical analysis

Disease Free Equilibrium

—. 0,0,

B (ﬁH Ac(pe +c) dcl\c
D - % i 1 I
i ﬂ-c(ﬂ-r_ﬁ' + Yo + @c) H-C(ﬂ-c + Yo + @c)

Basic Reproductive number RO

Ry = \/Rjy + Rje

0g = -
1y (p)Ae (9 + om)

R e=#v TV Ay (p)aatpcBeoll — e
0Cc = -
13 (p)Ac(oc + oc)
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V. 3. Sensitivity analysis

To determine how best one can reduce the burden afhddesiensm both
humans and cattle, it is necessary to know the relative importance of the
parameters of the model:

One way of achieving this is to calculatdahbdorward sensitivity index D
to the parameters of interest

Definition:

Theforward sensitivity indeaf RO with respect to a parameter u isd¢he of

the relative changeR0to the relative changeun This is given
A O

o— O
FE T

Takingthe limit agd tends to zero we obtain:



Usi ng t he

mo d e |

sobtaimr amet er s O

Parameter

Sensitivity index

Parameter

Sensitivity index

-1.2772
+0.9448
+0.500
+0.500
+0.4992
+0.4992
-0.4992
-0.3328

-0.2700
-0.1872
+0.0044
+0.0008
-+0.0008
-0.0008
-0.0006
-0.0002

V a

This table demonstrates that the parameter p (proportion of ITC) has
highest negativepact on RO.
An increase of 1% in p would result in a decrease 0.3898% in RO.

As for

we can see that an increase of 1% in this parameter will res

In 0.0879% decrease in RO which around four times less than that re
from 1% decrease in p.



IV. 4. Mo d edimiilations

Hargrove et al. (2012)

Using this model, Hargrove et al. (2012) estimated that trypanosomi
can be eradicated

If 15% of cattle are treated with insecticides compared to 65% that
needs to be treated

with trypanocides.

Kajunguri et al. (to be submitted)
In Kajunguri et al. (in progress), we estimated time to eradication an
corresponding cost usiktatlabs o | dde23® owievent o

t

locationb o pti on to deter mi ne he t
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Eradication time and coresponding cost for f e 0.1 and g, = 0.014
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This 1sall good and
well.
BUT
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4.2

41

s
©

it
oo

Tsetse flies population

ot
-‘\I
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x10

4 f,=01,9,=0.014 r_=0.46851, p=0.026035, RO = 1.0222

| that treating 20% afattle with insecticides will resul

by

- >infinity we find that "

According to this model, the population of flies dos
not go extinct, while eviderfcem the field shows

In theeradication of tsetfiges.
In fact the equation of total population of flies is gi

— O=AnC)- () O) :
Solving this equatidar () and taking the limit t

ANO

() - ) ]
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What went wrong
and how can we fix It?



Dead flies do not reproduce!!!

The above model assumed a constantratghmplyinghateven if
a high level of insecticicla® appliednd even if flies feed only on
cattle (leading to fly eradication),rtheber of neviirths,\ ( ),
stays significantly high.

Thissuggesteeplacing the constant birth rate( ) , by alinear
one;A () ()

Theresultingsetse equation becomes ()= (A ( ) -

() O



Another problemL

Theresulting model predicts either exponential growth or
extinction while data from Antelope Island (for example) show a

stable growth.

15000

10000

Adult Female Data

5000

| | | |
Feb 81 Sep 81 Mar 82 Oct 82 May 83
Time
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V. Including fly density-dependency

V.1. Adensity dependent model for tsets@ties dynamics

%P = bA — (up + cP(t))P(t) — aP(t)

d
EAzﬂ:P—p:AA

With temperature ardiDVI

%P(t} = bA(t) — (np + c1e"2NPVI®IP(¢)) P(t) — (T (1)) P(t)

%A(t) — o (T () P — [y (T (t)) + Traps(t) + Target(t)] A
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V.2. Tsetse model fit to data

8/6/2015

Tsetse population

15000
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5000

Model fit with temperature and NDVI with traps

@ Adult females data
Fitted adult females
Fitted pupae

Sep 81 Mar 82 Oct 82
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V. 3. Trypanosomiasismodel with density-dependency

d

&SH@) —

Linear
birth rate

8/6/2015

Ap +veRyg — pgSuy — AgSu
AgSg — (9 +og) Iy
gl — (pg +ve) Ry

Ac +veRe +vcPc — (U +¢c) Sc — AcSc

ecSc — (e +7¢) Pe — (1 —e) AcPe

Density dependent
term

Ao [(1—¢)Pe+ Sc] — (ge +o¢) I

gclc — (pe +ve) Re

Ay Ny — KNy Sy — e_“‘-"TV,\v (t — Tv) Sy (t — T:’) — Uy Sv
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V.3.1. Mathematical analysis

Disease Free equilibriumPointSSSSS

The flies pcnpﬁlation is then modeled by the following logistic equation
d
dt

The growth rate of tsetse flies is then

_h'r'i'! (t) = {:\ Vv (p} — ;_Lilx (p) — I{'J'.'\“T f) .n!""\'T'F,»’

r(p) = Av(p) — oy (p)

clearly when r(p) < 0, the population of flies goes extinct and the model only DFE is

i ;ﬂi
59 =2
Ky
SO, — Ae (pe +7¢)
pe (ke +v0 + ¢c)
<
Pg _ ‘FG‘:EG'
pe (ke +7vc + ¢ec)
S =0

)
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when 7(p) > 0 the flies population stabilies at its maximal carrying capacity

A Vv (;D} — My (pj

er F—
! K
and an additional DFE exists
( 50 _ Ay
%=
Ky
g0 _ Ac (pe +vc)
&=
pe (e +7v¢ + @)
{ ;
po pcc
2 =
po (pe +7vc + ¢c)
0 _ Av (p) — py(p)
VvV -
K
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Basic Reproductive number:

Ro = \/R2,, + R
0 =/ fog T fgc

where
R B fe_“i'[P}T"S\D.-cmH aglBy
oH \' 5% (9r +om) py(p) +KSY
fre—#*r':?f’}T’i'S\D,&ac acBec (1 —e) P2 + S
Roc ' '

“\ S2(gc+o0)  SE(uy(p) + KSY)

This model does indeed predict flies eradication wipgmwgth p* being
thecriticalvalue that satisfies RO=1.

The model is then used to estimate, for each value tftpetime to
eradication and correspondougts Figures nashown here.



V. 4. Model 0s key finding:

With this model, insecticides based interventionhzaorse between:

1. Eradicatindsetsdliesby increasing p; until r(p)O<

2. If this notpracticaltoo costly,or onejustwantsto be nice tdlies
Interventiongan ainat eradicating thotseasevhile preserving the
population of uninfected flies.

This can be achievediimynging RO bellow while keeping r(p)>0.
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VI.

Model with open populations (to fly immigration)

d

ESH(t) = Ag+vgRyg — pgSy —AgSu
d

—Iu(t)= oSy —(9m+on)In

d

—Rp(t)= gulg — (uy +vu) Ry

—Sc(t) = Ac+vecRc+vcPo — (e + ¢c) S — AcSc

—FPc(t) = ¢oSc — (ko +7¢) Pe — (1 —¢€)AcFe

—Ic(t)= Acl(1—¢)Pc+ Sc]—(9c+oc)lc

—Rc(t) = gclc — (e +ve) Re

—Sv(t)= (1—7£)Qv +AvNy — KNy Sy —e ™IVAy (t—Tv) Sy (t — Tv) — py Sy

—Iv(t)= Qv +e ™ IVAy (t—Tv) Sy (t—Tv) — pyIv — KNvIy
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VIi.1. Model 0s key finding

x Thisis where the mathematical tools reach their limit.
No DFE and thereforé\lo RO.
X No DFE then eradication it possiblein open populations

x However t he di sease can be contro

simulations
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Model Simulation
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12000 T
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f, =025 7,.=05,Q,=1p=1, R0=0.00060028
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fy=025,7,=05,(),=5 p=1,R0=00013422

But flies are not eradicated. ewer
knowswhat these flies can be usefullfor
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VII.

X

Conclusion:

This model confirms (what we already know) that, in open populatic
eradication ofrypanosomiasisnot possiblewith the use of
trypanocides and insecticides only.

Disease eradicatican be achieved if immigratafnflies is stopped
compl etely (using treated trap
affectedcarea).

Otherwise, control of the disease can be achieved if high levels of

Insecticides and/or trypanocides are implemented and maintained.



In progress Time-dependent controls:

%Sh — Bh‘i‘fihﬁh—phsh —ShSh

= BpSk — ppur ()1, — oply

%Rh = (pop, + pru1(t)) In — pp Ry — iRy,

%S{:u = By +VRoy +7Sct — 1oSenw — BoSen — uslt)Sey

%Iﬂu — .ﬁcScu + TIct — pcu?(t)fm — chcu — H'S{ﬁ:]lrcu
ZRew = (po.+ poua(t)) Iey + YRt — o Rew — VeRew — us(t)Rey

{ dit
%Sct — Bct + VcRct — }'-icsct — .ScSct — H.T’Sc:t + u3 [.t:' Scu
%Ict = .ﬁcSc:t - pcIc:t - gcjct - ’]rfd; + 14{-3'::_t:|fcu
ERCt = (Pﬂc + ch I — f-’tcRcﬁ — VR — YR + uzlt)Rey
%SU = A,(t) = AS, — 11, (1),
{ 51w = ASy — p,(t) 1,
where
1 d E(t)P(t—kd)—P(t—(k+1)d)
Loy (t) = — n(qf“) + ZLLS == hd ' ' —
B : l P (T | | dr
t—(k+1)d
with N ()
P(T):= S is the proportion of cattle treated with insecticides

Ng(t)+ N, (T)
at time 7.
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Thisleads to amtegrodifferential equation with multiple delays for
which an optimal control problem needs téob@ulated.

Any ideas are moselomé&?
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Thank you
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