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Introduction of malaria

Malaria

@ Severe public health problems worldwide for a long time

- about 229 million cases and 409K people died worldwide (2019)
- poverty, economic development

- children (age < 5) give 2/3 of fatalities, African region

A
Number of deaths from malaria, 2017
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Source: Our World in Data, Data: Institute for Health Metrics and Evaluation (IHME), 2018.
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Introduction of malaria

Malaria

@ mosquito-borne disease
vector: Anopheles mosquitoes (exclusively)

parasites: Plasmodium falciparum (Africa, deadliest)
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Introduction of malaria

Malaria

@ mosquito-borne disease
vector: Anopheles mosquitoes (exclusively)
parasites: Plasmodium falciparum (Africa, deadliest)
e malaria controls
insecticide-treated nets, indoor residual spraying
antimalarial drug (drug resistance), Intermittent preventive therapy
vaccine (RTS,S)

Source: MalariaWorld, USAID, WHO
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Introduction of malaria

Malaria

@ mosquito-borne disease
vector: Anopheles mosquitoes (exclusively)
parasites: Plasmodium falciparum (Africa, deadliest)
e malaria controls
insecticide-treated nets, indoor residual spraying
antimalarial drug (drug resistance), Intermittent preventive therapy
vaccine (RTS,S)

Better understand the disease dynamics — heterogeneity!

Source: MalariaWorld, USAID, WHO
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Heterogeneity in malaria infection
Natural immunity to malaria can be acquired through repeated exposure.

@ Age-related prevalence and immune profiles

@ Vary with environment - different transmission level

Low transmission region: flat profile
- High transmission region: peak in young children
@ Seasonality (temperature, humidity), elevation
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Filipe J et al, 2007, PLOS Computational Biology 3(12): €255, https://doi.org/10.1371/journal.pcbi.0030255
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Heterogeneity in malaria infection
Develop model to capture the heterogeneity in

@ Age-related prevalence and immune profiles

@ Vary with environment - different transmission level

Low transmission region: flat profile
- High transmission region: peak in young children
@ Seasonality (temperature, humidity), elevation
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Filipe J et al, 2007, PLOS Computational Biology 3(12): €255, https://doi.org/10.1371/journal.pcbi.0030255
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Mathematical modeling of malaria with immunity

Outlines

© Mathematical modeling of malaria with immunity
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Mathematical modeling of malaria with immunity

Human-mosquito transmission model

Ny Human Mosquito
7 Z W A
S (a,t): Susceptible J h(1—p) M¢
Ey(a,t): Exposed rod Ey
Ag (o, t): Asymp. infec.
Dy (a, t) : Severely diseased ‘/"pl_\H\ \ 4 . g ¢
Vi (o, t) : Vace. protected DH w AH ’V‘ ". IM
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Mathematical modeling of malaria with immunity

Human-mosquito transmission model

Ny Human Mosquito
K_\ A-H
7 Z Q A
S (a,t): Susceptible &’ h(1—p) M¢
Ey(a,t): Exposed rpg EM
AHEa,t§ Asymp. infec. oA ! o ¢
Dy (a,t): Severely diseased H N
Vi (o, t) : Vace. protected DH@AH; y IM
t
An(t) = b (Nm(t), Nu(t)) B NM((t)
/\M( ) = b/\/](NM(t) NH(t )+ ﬁAAH((X t)) da
0
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Mathematical modeling of malaria with immunity

Human-mosquito transmission model

Ny Human Mosquito
K_\ A-H
VH \w/ SH N Qb EH A SM
S (a,t): Susceptible 1 J h(1—p) M¢
Ey(a,t): Exposed rpg EM
Ag (o, t): Asymp. infec. oA o ¢
Dy (i, t): Severely diseased H A4
Vi (o, t) : Vace. protected DHﬂAH"”‘. T
\D/ )\ N M
17 (t
Ao(E) = i (Naa(8). Ni(1)) B M(( :
Mu(®) = bua (N (6) Mi(8)) g5 | (80Dt 0) + Bad(e ) d

o Am(t)
v )
o4+ pum Am(t) + pm

Iy (t) : quasi-static equilibrium Iy, (t) =
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Mathematical modeling of malaria with immunity

Tracking the population immunity

ny Human Mosquito
e A-H
Vi w __oSu »Eu|  |Su
2
W A
S (a,t): Susceptible 7 h(1—p) M¢
Ey(a,t): Exposed rod EM
Ag (o, t): Asymp. infec.
Dy (a,t): Severely diseased ‘/"pl_\H\ Y . o ¢
VH(Oé, t) : Vacc. protected DH ro(1—) AH SR I
\_/ * e’ M

@ What to track?
- anti-disease immunity: clinical symptoms, e.g. Ey — Dy?

- anti-parasite immunity: parasite clearance, e.g. recovery rates ra, rp
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Mathematical modeling of malaria with immunity

Tracking the population immunity

Ny Human Mosquito
Vi w45 gL Sm
»
) A
S (a,t): Susceptible J h(1—p) M¢
Ey(a,t): Exposed rpg EM
Ag (o, t): Asymp. infec. oA o ¢
D (v, t): Severely diseased H Y
Vi (o, t) : Vace. protected DHﬂAH T I
\_/ \ M

@ What to track?
- anti-disease immunity: clinical symptoms, e.g. Eyy — Dy?

- anti-parasite immunity: parasite clearance, e.g. recovery rates ra, rp
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Mathematical modeling of malaria with immunity

Tracking the population immunity

ny, Human Mosquito
e Ay
Vi w45 > B Sm
A xZ 8 A

Sy (a,t): Susceptible J h(i=p) M¢
Ey(a,t): Exposed i@ EM
Ajg (o, t): Asymp. infec.
Dy (a,t): Severely diseased H Y =Drn o ¢
Vi (o, t) : Vace. protected DH rp(=3 AH ;; ) —". IM

e What to track?

- anti-disease immunity: clinical symptoms, e.g. Ey — Dy?
p: Prob (Ey — Dpy) exposure — severe disease
. Prob (Ay — Dy) “superinfection” — severe disease
@: Prob (Dy — Sy) severe disease — fully recover
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Mathematical modeling of malaria with immunity

Tracking the population immunity

ny, Human Mosquito
Vi w_|Su L) |Su
>»
A 8% \@ h A M¢
Anti-disease
Immunity i@ Eum
Y ) O

E Ce Mle VCV ﬂH\ .—1 '*w b ¢

o | Mmer| | e || DH[ o@D JAHL, : | Iy

@ What to track?
- anti-disease immunity: clinical symptoms, e.g. Ey — Dy?

- three different sources
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Tracking the population immunity

N Human
Vil w3 Su—2E
HA W __4PH

Anti-disease
Immunity

Ce || Cn || Cy

Er

A @\@

(@18

Exposure-| [Maternal-| | Vaccine-
acquired derived derived

DH D ]_—

@ What to track?

An

-

W@ Auy

Y —or, O ¢

-
- .

e

Mosquito
Sm

En

Iy

- anti-disease immunity: clinical symptoms, e.g. Ey — Dy?

- three different sources

C, - immunity boosting vaccine (blood-stage vaccine)

Vi - infection protection v

Zhuolin Qu (UTSA)
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Mathematical modeling of malaria with immunity

Tracking the population immunity - different sources

Ce(a, t): exposure-acquired immunity for people age = «
immunity acquision (exposure)
0C. , 0C

8t +7aae :|f<AH) (CSSH+CEEH+CAAH+CDDH)|
waning loss from death
C.(0,t) =0 C. D
(01 1@ C mo (@) B
f ( Ay) = Ay >0 Saturation e H
H) = g+ 1 = function (natural) (disease)

PH(a,t) =Sy +Fg+Ag+Dyg+Vy

Filipe J et al, 2007, PLOS Computational Biology 3(12): €255, https://doi.org/10.1371/journal.pcbi.0030255
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_____ Mathematical modeling of malaria with immunity |
Tracking the population immunity - different sources
Ce(a, t): exposure-acquired immunity for people age = «

immunity acquision (exposure)
aC. , 0C,

ot os =|f(An) (csSu +cp By teadn+cpDy)l

waning loss from death
C.(0,t) =0 C Dy
00 e (@) ¢ po(@) B2,
f(Ag) = An >0 Saturation e H
YA + 1’ T function (natural) (disease)

PH(a,t) =Sy +Fg+Ag+Dyg+Vy

Cm(a, t): maternal-derived immunity for people age = «

waning loss from death
ot " oa d. | pr (2)Cry — pip () B, Con
oo birth (natural) (disease)

Cn(0,1) = mo/o (che(a,t) + c3Cy (i, 1)) dex

Zhuolin Qu (UTSA) Malaria PDE with immunity

6/25



Mathematical modeling of malaria with immunity

Tracking the population immunity - different sources

G, (v, t): vaccine-derived immunity for people age = «

boosting waning loss from death
oC, oC, C, D
+ =|c,vp(c, t) S |— —,uH(a)Cl,—,uD(oz)—HCl,
(vaceine) (natural) (disease)

C(0,t) =|c,vp(0,£) Sk (0, 1)|

o Cy=cle+alCh+al
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Mathematical modeling of malaria with immunity

Connecting immunity to transmission

- Immunity dynamics create feedback on infection dynamics:
linking functions

- p(Cu/PH), ¥ (Cr/Pn), ¢ (Cu/Pn)

An
SH > [y o
s =
A 54 ‘@ h 1) %
=)
=]
=
ri{® <
ﬂff\ Y D
DH AH L 0
~——" W .o 2 4 6 8 10
p(1=¢ Cp /Py Per-person immunity level
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Mathematical modeling of malaria with immunity
An
SH > EH

S + 0aSy = ¢(Cu)rpDy +rady — Au(t)Sy
—n(a) vp(e,t) Sy +wVy — pp(a)Su,

0iFy + 0oEg = Ay (t)Sy — hEx — pu(a)Ew,
OAn +0aAn = (1= p(Cur))hEr — (Cr)An(t)ay ~ Human | @
K @ N Y
Al

+ (1= ¢(Cu))rpDy — raAn — pu(e)An,
8Dyt + 0aDyr = p(CiVhEg +(Crr)Ag (1) Apr Dy @3 ..
—rpDy — (III,H((I)+,[LD((J{))DH, A '
OV + 0oV = n(a) vp(a, t)Seg — wVy — pu(a)Va, N '
1
as '
T;VI =—Ap()Sm + gm — parSu - '
iB Mosquito
TZVI = Ay (t)Sy —0Enm — pmEn '
1
dly .
—— =0FEM — pumln
dt oLy — M dm '
9Ce +0.C. = f(An) (csSu + cpEy + caAn +cpDp) Feedback | I,
1 D . '
- (df, + ppla) + "D(“)JT:) Ce, Immunity \\ ,
0,Co + 0aC, ——<i+ (@) 4+ (a)D—H>C
i Cr + 0aCp = i HH KD By ) O Ce Cm CI/
1 D Exposure-| [Maternal-| [ Vaccine-
0Cy + 0aCy = ¢, (e, 1) Sy — (df + pu(a) + HD(Q)TH> c,, acquired | | derived derived
v H
9/25
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Basic reproduction number Rg

Outlines

© Basic reproduction number Rg
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Basic reproduction number Rg

Basic reproduction number R

@ Ry = the number of cases one case generates within its infectious
period, in a totally susceptible population
@ threshold condition for the disease transmission: Rg > 1
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Basic reproduction number Rg

Basic reproduction number R

@ Ry = the number of cases one case generates within its infectious
period, in a totally susceptible population
@ threshold condition for the disease transmission: Rg > 1

DFE : (§H7 EHvANHa DH, \7Ha 66, Cma CV) =
(6(c),0,0,0,1 — 6(e), C2(), Ciy(@), G (a))
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Basic reproduction number Rg

Basic reproduction number R

@ Ry = the number of cases one case generates within its infectious
period, in a totally susceptible population
@ threshold condition for the disease transmission: Rg > 1

DFE : (St, Er.An, D, Vi, Ce, Cn, G) =
(6(a),0,0,0,1 = 6(a), C(a), Cn(), G ()
By analyzing the threshold condition for the stability of DFE ...
Ry = C* / %) (8o D(a,0) + fa A(a, 0)) da
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Basic reproduction number Rg

Basic reproduction number R

@ Ry = the number of cases one case generates within its infectious
period, in a totally susceptible population
@ threshold condition for the disease transmission: Rg > 1

DFE : (St, Er.An, D, Vi, Ce, Cn, G) =
(6(a),0,0,0,1 = 6(a), C(a), Cn(), G ()
By analyzing the threshold condition for the stability of DFE ...
Ry = C* / %) (8o D(a,0) + fa A(a, 0)) da

X iy b2, b2 Ny Ny By o o
cr = O 2 M . M(a) = / 1r1(a)da
(bm Np + by Ny)2 (0 + ) pim 0

E(e,0) :/ 'e—”(a—”e(a) da,
0

D(a,O):/ e=(=3) ) h £(a,0) da
0

Ao, 0) = /Oa e—rala=3) (h(l —p)E(3,0) + rp(1 — ¢) D(a, 0)) da
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Basic reproduction number Rg

Basic reproduction number R

@ Ry = the number of cases one case generates within its infectious
period, in a totally susceptible population
@ threshold condition for the disease transmission: Rg > 1

DFE : (St, Er.An, D, Vi, Ce, Cn, G) =
(6(a),0,0,0,1 = 6(a), C(a), Cn(), G ()
By analyzing the threshold condition for the stability of DFE ...
Ry = C* / %) (8o D(a,0) + fa A(a, 0)) da

. iy b2, b2 Ny Ny By o
" (bm Nm + by Nu)2(o + pm) im

E(a,O):/ e~ he=3)g(3) da,
0

M(a) := /Oa pny(a)da

D(a,0) = / e~0(*=3) ) h £(a,0) da, Interpretation?
0

A, 0) = /Oa e—ala=a) (h(l — p)E(3,0) + rp(1 — ¢) D(a, o)) da.
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Basic reproduction number Rg

Rq interpretation

o 1

Rs=1|b —_—

° < MBMU+NMMM
= RuH X Rum

) (bu [ e (3 D(0.0) + 82 Al 0)) o |

@ Ruyy: Mosquito — human transmission route

@ Rypm: Human — mosquito transmission route
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Basic reproduction number Rg

Rq interpretation

o 1

Rs=1|b —_—

° ( MBMU+NMMM
= RuH X Rum

@ Ruyy: Mosquito — human transmission route

@ Rypm: Human — mosquito transmission route

7L [sulME3i

O+ iy Py [ DY)

Ry = b Bum

l |—> Expected infect. period (days)
Prob. of survive to infectious stage
—> # bites per day
—— Prob. of transmission per bite

Zhuolin Qu (UTSA) Malaria PDE with immunity
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Basic reproduction number Rg

Human — mosquito transmission route

© Rum = bu [o~ nye ) (8o D(a,0) + Sa A(, 0)) da
- E(e,0) = [, e~ha=2)g(a) da,
- D(a,0) = [y e~@=phE(a,0) da
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Human — mosquito transmission route
© Rum = by [y~ e~ (8p D(at,0) + Ba A(x,0)) dav

- E(e,0) = [, e~ha=2)g(a) da,
- D(a,0) =[5 e~(@=DphE(a,0) da,

hé(a,0) = / he~M2=9(4) da,
0 !

Prob. age - a reach stage Ey

Prob.(leave Ey after o — a days)
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Basic reproduction number Rg

Human — mosquito transmission route

© Rum = by [y~ e~ (8p D(at,0) + Ba A(x,0)) dav
- E(e,0) = [, e~ha=2)g(a) da,

- D(a,0) =[5 e~(@=DphE(a,0) da,

o h&(a,0) = Probability an age-a person in Ey

hé(a,0) = / he~M2=9(4) da,
0 !

Prob. age - a reach stage Ey

Prob.(leave Ey after o — a days)
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Basic reproduction number Rg

Human — mosquito transmission route

© Rum = by [y~ e~ (8p D(at,0) + Ba A(x,0)) dav
- E(e,0) = [, e~ha=2)g(a) da,

- D(a,0) =[5 e~(@=DphE(a,0) da,

o h&(a,0) = Probability an age-a person in Ey

1 @ —rp(a—a
D(a,O):TDX/Orpe p( )Phg(f,o)da h(1—p)

Prob.(age-a person inEy) 1)
Prob.(EH — DH) :
Prob.(leave Dy after « — a days)
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Basic reproduction number Rg

Human — mosquito transmission route

© Rum = by [y~ e~ (8p D(at,0) + Ba A(x,0)) dav
- E(e,0) = [, e~ha=2)g(a) da,

- D(a,0) =[5 e~(@=DphE(a,0) da,

o h&(a,0) = Probability an age-a person in Ey

average time 1-— H(a) 9((1)
instage Dy | X | Prob. age -« in stage Dy |

D(a,0)= Lx/ rpe "=V p b E(a,0) da
0

D

Prob.(age-a person inEy) )

Prob.(EH — DH)
Prob.(leave Dy after « — a days)
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Basic reproduction number Rg

Human — mosquito transmission route

© Rum = by [y~ e~ (8p D(at,0) + Ba A(x,0)) dav
E(,0) = [;" e~ha=2)g(a) da,

D(a,0) =[5 e2(@=p hE(a,0) da,

h&(c,0) = Probability an age-« person in Ey

D(c,0) = expected time an age-a person spends in Dy

average time 1-— H(a) 9((1)
instage Dy | X | Prob. age -« in stage Dy |

D(a,0)= Lx/ rpe "=V p b E(a,0) da
0

D

Prob.(age-a person inEy) 9
Prob.(EH — DH) :
Prob.(leave Dy after « — a days)
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Basic reproduction number Rg

Human — mosquito transmission route

Rim = by [o° 1567 (8p D(at,0) + Ba A(ax,0)) dav
E(,0) = [;" e~ha=2)g(a) da,

D(a,0) =[5 e2(@=p hE(a,0) da,

h&(c,0) = Probability an age-« person in Ey

D(c,0) = expected time an age-a person spends in Dy
- Eyy — Dy route only at DFE

average time 1-— H(a) 9((1)
instage Dy | X | Prob. age -« in stage Dy |

D(a,0)= Lx/ rpe "=V p b E(a,0) da
0

D

Prob.(age-a person inEy) )

Prob.(EH — DH)
Prob.(leave Dy after « — a days)
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Basic reproduction number Rg

Human — mosquito transmission route

© Rum = by [y~ e~ (8p D(at,0) + Ba A(x,0)) dav

- A, 0) = [ e~mala=2) (h(l — p)&(a,0) + rp(1 — ¢) D(a, 0)) da
- h&(a,0) = Probability an age-« person in Ey

- rpD(a,0) = Probability an age-« person in Dy

average time X | Prob. age - v in stage A Hl
in stage
£ An Epg — AH

e [ I
A(a,0) = ri / rae Talaa) ((1 — p)h&(a,0)
A +(1—¢)TDD(CL,O)> da

DH—)AH
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Basic reproduction number Rg

Human — mosquito transmission route
© Rum = by [y~ e~ (8p D(at,0) + Ba A(x,0)) dav

A(a,0) = [ e~rala=2) (h(l — p)&(a,0) + rp(1 — ¢) D(a, 0)) da
h&(a,0) = Probability an age-a person in Ey

rpD(c,0) = Probability an age-a person in Dy

A(a,0) = expected time an age-a person spends in Ay

average time X | Prob. age - v in stage A Hl
in stage
£ An Epg — AH

e [ I
Ala,0) = ri / rae Talaa) ((1 — p)h&(a,0)
A +(1—¢)7“DD(CL,O)> da
Dy —)AH
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Basic reproduction number Rg

Rq interpretation

o Rom = by /0 1e M@ (55 D(a,0) + fa.Ala, 0)) dar
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Basic reproduction number Rg

Rq interpretation

o Rom = by /0 1e M@ (55 D(a,0) + fa.Ala, 0)) dar

- Rum,a = buBpD(a, 0) + bpBaA(a,0)
= new cases produced by infectious age-a people
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Rq interpretation

o Rom = by /0 1e M@ (55 D(a,0) + fa.Ala, 0)) dar

- Rum,a = buBpD(a, 0) + bpBaA(a,0)

= new cases produced by infectious age-a people

o0
- Rum :/ Rum,a Pr(a) da,
0

where Py(a) = pf,e~M(@), age distribution of population at DFE
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Rq interpretation

o Rom = by /0 1e M@ (55 D(a,0) + fa.Ala, 0)) dar

- Rum,a = buBpD(a, 0) + bpBaA(a,0)

= new cases produced by infectious age-a people

o0
- Rum :/ Rum,a Pr(a) da,
0

where Py(a) = pf,e~M(@), age distribution of population at DFE

The overall basic reproduction number

Ro =Ry =VRmH X Rum
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Numerical examples

Outlines

@ Numerical examples
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Numerical examples

Numerical discretization

Numerical scheme to mimic biological properties...
@ positivity preserving
@ conservation law of population (people don't disappear magically)

Not too severe time-step constraint

0S 0S
TtH + (9707 = f/\H(t)SH + ¢prpDy + raApy — ,U,H(Oz)SH *no vaccine
e uniform grid (a, t,), Ao = At
k+1,n+1  ck,n
CLhs_ OSn  9Su Sk sk
ot folel At

- RHS: “explicit” - “implicit” approach
—An(t)SH + ¢rpDp + raAp — pip(a)Sp

Martcheva, M., 2015. An introduction to mathematical epidemiology (Vol. 61). New York: Springer.
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Numerical examples

Model calibration

@ Assumptions

no disease-induced mortality

constant demographic structure

Immunity linking parameters

susceptibility to developing clinical disease: p (age, aEIR)

- aEIR: annual entomological inoculation rate
1.0 4

@ Rop~6.9 08 1

aEIR ~ 85 at endemic 0% 1
04 -

susceptibility

02 A

0.0 T T T T Y
0 10 20 30 40 50
age (years)

EIR=1 ——EIR=10 ——EIR=20
Rogers, D. et al, 2002, Nature; Filipe J et al, 2007, PLOS Computational Bibiogy EIR=100
Zhuolin Qu (UTSA) Malaria PDE with immunity
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Numerical examples

Immunity profile (age, aEIR)

Immunity level per person

100 Per-person immunity dist. Per-person immunity dist.
| =-C. (Exposure-acquired immunity) N
10 2 0 - &, (Maternal immunity) '_'g b‘\
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@ low aEIR region (center): flat immunity

@ high aEIR region (right): fast decay of maternal immunity after birth
and increases as getting older due to repeated exposure
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Numerical examples

Impact of immunity feedback

Dynamic immunity

g 1

= i

.L; i —Dpy + Ay

p oDy
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g i

< ) | RO ~ 6.9

L‘: O aaadias Adedoddodedld a2 222 4
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Bur
When having dynamic immunity feedback
- As By (exposure level) increases, Ay keeps increasing, Dy peaks

- stronger exposure, larger feedback onto progression parameters p, ¥,
more likely to become Ay than Dy
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Numerical examples

Impact of immunity feedback

. Fixed low immunity 1 Dynamic immunity L Fixed high immunity
5]
:g —Du + A
D

8' Ro ~ 2.5 A;j
f 0.5 0.5 -»-Unstable |{ 0.5 1
o Izor, —Baseline
3
£ r
L%} ok i 0 > Ro ~ 6.9

0 0.2 04 0 0.2 0.4 0.2 0.4

ﬂ]\[ ﬁ]\f ﬁ]lf

When fixing the population immunity at constant level (low or high)
- as B (exposure level) increases, monotone increase in Dy

- worse disease outcome
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Numerical examples

Immunity feedback onto age-distributions

Y-axis - fraction of population: Sy(a) = Sy(a)/Pr(a) at EE

- Final age dist. (fixed low) Final age dist. (dynamic) Final age dist. (fixed high)
3
=1 1 1
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=05 0.5 . 0.5
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o 1| A RN -
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£ 0 Py e 0
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- fast transition near age zero due to maternal protection
- dynamic immunity creates heterogeneity in the age-distributions

- for fixed immunity, almost homogeneous age-distributions
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Numerical examples

Immunity feedback onto age-distributions

Dynamic immunity with different exposure level

Final age dist. (dynamic) Final age dist. (dynamic)

Final age dist. (dynamic)

Age (years) Age (years)
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- amount of heterogeneity depends on the exposure level

- low transmission (left): limited boosting in immunity for age < 3

- high transmission (right): more heterogeneity for children < 15
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Numerical examples

Preliminary simulation of RTS,S vaccination

- children complete three doses series around 9 months old

- 1/2: daily per-capita vaccination rate
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- drop in the Dy, but slightly higher Dy curve when > 3 years old

- reduced exposure delays the development of exposure-acquired
immunity
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Numerical examples

|Mode|ing immunity to malaria with an age-structured PDE Framework|

Feedback
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heterogeneity
in immunity

Mosquito

heterogeneity
in prevalence

Immunity

verage time X Prob. age - avin stage Ay

a
in stage Ay

1
/mﬂm 2((1-p)hE@0)+ @1~ $)70D(a, 0)) da
TA

Immunity level

Fraction of population

Eyg — Ag

Per-person immunity dist.

DH—)AH

Per-person immunity dist.

=-C. (Exposurc-acquired immunity)
6-1_¢, (Maternal immunity) 6 1
Cir (Total immunity) |
4 41
2 low-exposure 2 S high-exposure
Y
0= - - m e e mm e == L —
0 5 10 0 5 10
Age (years) Age (years)
Final age dist. (dynamic) Final age dist. (dynamic)
1 1 -
low-feedback [~ high-feedback
>
] 0.5 AN
_________________ X
N,
o \\\.
0 o Resrmm ]
0 by 20 30 10 20 30
ge (years) Age (years)
Malaria PDE with immunity 23 /25



Numerical examples

Future work

model assumptions

diseased-induced mortality

growing population in sub-Saharan Africa

vaccination

more realistic description of RTS,S vaccine

boosting dose, optimal strategy

blood-stage vaccine (boosting C, rather than protection Vi)

seasonality

spatial heterogeneity, human movement
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