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Parasite Life-Cycle



Basic Reproduct ive 

Num ber (R0)

Basic Reproduct ive Num ber

The expected num ber of infected m osquitoes

that  will eventually ar ise from  one infected m osquito

after one com plete generat ion of the parasite.
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Plasm odium  falciparum

Parasite Rate (PfPR)

Plasm odium  falciparum

Parasite Rate ( PfPR)

Proport ion of 

Hum ans I nfected

Sporozoite Rate

Proport ion of Mosquitos 

that  are I nfect ious



Entom ological I noculat ion 

Rate

Entom ological I noculat ion Rate

The Num ber of I nfect ious bites received per day by a hum an



Malaria I m m unity

PREVENTS I NFECTI ON

I nfect ion Blocking:  infect ion of hum ans

Transm ission Blocking:  infect ion of m osquitoes

PROTECTS AGAI NST CLI NI CAL MALARI A

Prem unit ion:  asym ptom at ic infect ion

Acute-Phase:  recent  clinical episode

Funct ional I m m unity:  age & exposure

Blood Stage I m m unity:  age & exposure



Evolution of Resistance

De novo m utat ion rate

World Malaria Report, WHO 2005 P
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Spread of resistant  parasites



Populat ion Genet ics 

Models

Reasons for resistance em ergence in 
low t ransm ission set t ings
A higher frequency of resistant  alleles (m utat ion-
select ion balance)

(Hast ings Parasitology (1997)  1 1 5 :133-141)

More drug t reatm ent  (per parasite)
(White and Pongatavornpinyo Proc R Soc Lond B (2003)  2 7 0 : 545-554)

More selfing
(Dye and William s Proc R Soc Lond B (1997)  264: 61-67;  Hast ings Parasitology (1997)  
1 1 5 :133-141)

Mutant  parasites are less likely to survive a host  
im m une response when im m unity is bet ter 
developed

(Gat ton et  al Parasitology (2001)  1 2 3 : 537-46)



Epidemiological models

Ross – 1910 Macdonald – 1957



The Garki Model

I m m une

Negat ive

Non-I nfect ious

Posit ive

Recovering Slowly

Non- I m m une 

Negat ive

I ncubat ingI ncubat ing

I nfect ious 

Posit ive

Non-I nfect ious

Posit ive

Recovering Fast



SI R Model

Suscept ible
I nfected

(Sensit ive)

Hum an Populat ion

I nfect ious

I m m une

Mosquito Populat ion

I nfected Suscept ible

Koella and Ant ia, Malar ia Journal 2003, 2: 3



SI R Model with Resistance

Suscept ible

I nfected

(Resistant )

I nfected

(Sensit ive)

Hum an Populat ion

I nfect ious

I m m une

Mosquito Populat ion

I nfected Suscept ible

Koella and Ant ia, Malar ia Journal 2003, 2: 3



I m m une I ndividuals 

Are I nfected

Dietz, K et  al. Bull Wld Hlth Org (1974)  50: 347-357

Prevalence of P. falciparum (trophozoites/gametocytes) by age and season



I m m une I ndividuals 

Transm it

Githeko, AK et  al Trans R Soc Trop Med Hyg (  1992)  86, 355-358

Infectiousness to Mosquitos by Age



Two-Stage SI S Model

Suscept ible

(non- im m une)

I nfected

(non- im m une)

I nfected

(non- im m une)

Resistant  I nfect ions

I nfected

(sem i- im m une)

I nfected

(sem i- im m une)

Suscept ible

(sem i- im m une)

θ

θ

γ

rx2

ρ2+rw2ρ1+rw1

rx1

hw(1-ξ1) hw(1-ξ2)

hxhx

Sensit ive I nfect ions



Model Equat ions

1 2 1 1 1 1 1
( ) ( (1 ) )w w x x w xS B S I r I r S h hγ ρ ξ μ= + + + + − − + +&

1 1 1 1 1
(1 ) ( )w w w wI S h I rξ ρ θ μ= − − + + +&

1 1 1
( )x x x xI S h I r θ μ= − + +&

2 2 2 2 2 2
( ) ( (1 ) )w w x x w xS I r I r S h hρ ξ γ μ= + + − − + + +&

2 2 2 1 2 2
(1 ) ( )w w w w wI S h I I rξ θ ρ μ= − + − + +&

2 2 1 2
( )x x x x xI S h I I rθ μ= + − +&

(1)



Model With No Resistance



Model With No Resistance



R0 – Again!

Basic Reproduct ive Num ber ( R0 )

The expected num ber of infected hum ans that  will 

eventually ar ise from  one infected hum an after 

one com plete generat ion of the parasite.

The Replacem ent  Num ber ( RX)

The expected num ber of infected hum ans that  will 

eventually ar ise from  one infected hum an after 

one com plete generat ion of the parasite when the 

prevalence of infect ion is X.



A Refuge for 

Sensit ive Parasites

R0 resistant

parasite

R resistant parasite

Immune 

sensitive

individuals

Log of Vectorial Capacity
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Fitness cost of Resistance



Conclusion

Asym ptom at ic sem i- im m une individuals provide a 

refuge for sensit ive parasites and can prevent  the 

spread of resistant  parasites at  high t ransm ission 

levels assum ing a great  enough fitness cost

I m plicat ions for cont rol st rategies aim ed at  

reducing the t ransm ission level ( I TNs, I RS)

Unlike m odels of ant ibiot ic resistance (Bonhoeffer, 

Lipsitch et al. 1997), the parasite with the highest  

R0 m ay not  predom inate

Allows for coexistence of both sensit ive and 

resistant  parasites
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