The mathematics of malaria control
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1. The basic reproductive
number of malaria
2. Compartmental models

of malaria

3. Modeling human malaria
transmission

4. Modeling mosquito
ecology



The basic reproductive number, R,
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Time (units: serial infection interval)

R, = The average number of people infected by a typical infectious person
over their infectious period, in an otherwise entirely susceptible population

For an epidemic to take off, we require that Ry,>1



Number of infected people

Aim for control isto get R, < 1
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R, for other diseases

0 More contagious
234\567891011 2 13 14 15 16

Ebola (2) Flu(2.5) SARS (3.5) HIV (4) Mumps (10)




What do you think the R, for malaria is?

Ry

More contagious
234\567891011 2 13 14 15 16

Ebola (2) Flu(2.5) SARS (3.5) HIV (4) Mumps (10)




Basic reproductive number, R,, for malaria

R, = Ron_v X Rov_.+
Average number of mosquitoes Average number of people
infected by a typical infectious person  infected by a typical infectious mosquito



Basic reproductive number, R,, for malaria
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R, = Rou_v X Rov_+
Average number of mosquitoes Average number of people
infected by a typical infectious person  infected by a typical infectious mosquito
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Basic reproductive number, R,, for malaria

Places with — |

Ro < 10 have
promise for
elimination

1000 10000

100

o
-

—y

R, for malaria
can be as high
as 3,000

— For highly-endemic
areas in sub-Saharan
Africa, Ry tends to be
~100 (50-200)

10 100 700
Annual EIR

Smith DL, McKenzie FE, Snow RW, Hay Sl (2007) PLoS Biology 5: e42



Compartmental models: The SIR model

S(t) = Number susceptible I(f) = Number infectious R(t) = Number recovered
people at time t people at time t people at time t

A1) v
A(t) = Rate of infection per r = Recovery rate
person per unit time
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Compartmental models: The SIR model

B. Constant Rates.

(10) Much insight can be obtained as to the process by which epidemics in 00
limited populations run their peculiar courses, and end in final extinction,
800 |
from the consideration of the special case in which ¢ and ¢ are constants «
and [ respectively. 700
In this case the equations are
dr _ 600 .
A
i 500 |
= ey —ly (29)
. 400 |
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o b 300 |
and as before x + y 4+ 2 = N.
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« Kermack WO, McKendrick AG (1927) Proc Roy Soc London A 115: 700-721
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Compartmental models: Malaria

r = Recovery rate

- Sy(t) = Number ¥ I4(t) = .Numl?er
susceptible infectious
people people
at time t e, at time ¢
human H( )
7 /
/ /
/ /
,/ /! Ax(t) = Rate of infection per
/) / person per unit time
/
,/ ) Ay () = Rate of infection per
/ mosquito per unit time

\A/ I(t) = Number
/ \ infectious
mosquitoes

mosquito attime t

Hy

Sy(t) = Number
susceptible
mosquitoes

uy (t) = Mosquito death rate at time ¢




Compartmental models: Malaria

An Application of the Theory of Probabilities to the Study of
a priori Pathometry.—Part 1.
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Prefatory.—It is somewhat surprising that so little mathematical work
should have been done on the subject of epidemies, and, indeed, on the
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Predictions from first malaria model

80% 1 « Prevalence
reaches ~79%
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What % of mosquitoes are infectious for malaria?
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Compartmental models: Malaria

r = Recovery rate
o Sy(t) = Number 7 I4(t) = _Numt?er
susceptible infectious
people people
at time t ﬂ,H(t) at time t
human o :
e !
’ |
// | Ax(t) = Rate of infection per
R : person per unit time
7/
.7~ y=Rate of progression '. Ay (f) = Rate of infection per
// to infectiousness || mosquito per unit time
L7 in the mosquito I
¥
VY4 4 A1) Hy
ON E\(1)
mosquito It) = N:cjmper St) = Number_bI
n eCtIO.E(JS Hy E\(t) = Number latently Hy suscepil ©
MOSQUItoes infected mosquitoes _ MOSqUIToes
at time t at time uy (t) = Mosquito attime t

death rate



Predictions from second malaria model
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What else would you include in a malaria model?

r = Recovery rate
o Sy(t) = Number 7 I4(t) = _Numt?er
susceptible infectious
people people
at time t ﬂ,H(t) at time t
human o :
e !
’ |
// | Ax(t) = Rate of infection per
// : person per unit time
.7~ y=Rate of progression '. Ay (f) = Rate of infection per
// to infectiousness || mosquito per unit time
L7 in the mosquito I
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Hy
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S\(t) = Number
mfeCtIO.E(JS Hy E\(t) = Number latently Hy suscep.’;lble
MOSQUItOesS infected mosquitoes _ MOSqUItoes
at time t at time uy (t) = Mosquito attime t

death rate



Imperial College human malaria model

Prophylactic Treated
protection people
Diseased
P T people

D

Humans
initially _
susceptible Asymptomatic, Undetectable,
detectable asymptomatic

Griffin JT, Hollingsworth DT, Okell LC, Churcher TS, White M et al. (2010) PLoS Medicine 7: €1000324



Mosquito life history model
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More detailed mosquito control model
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Le Menach A, Takala S, McKenzie FE, Perisse A, Harris A et al. (2007) Malaria Journal 6: 10



Optimal interventions to eliminate malaria
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Not possible!
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« Walker PGT, Griffin JT, Ferguson NM, Ghani AC (2016) Lancet Global Health 4: E474-E484



