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Introduction 

Quantifying human mobility 
patterns 

Modeling sources and sinks 
of malaria parasites in 

Madagascar 
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Malaria resurgence Targeted interventions

“Reappearance of new infections 
in significant numbers after 

malaria has subsided owing to the 
measured applied to reduce or 

interrupt its transmission” 
Bruce-Chwatt, 1972

Why do we care about human travel for 
malaria control?



Malaria resurgence Targeted interventions

Spain 1936-1943 
Russia 1960- 

Afghanistan 1970-1978 
Azerbaijan 1990-1996 

Turkey1990-1994 
Iran 1991-1999 

Liberia 1948-1951 
Swaziland 1971-1996 
Mauritius 1975-1982 
Ethiopia 1980-1991 
Sudan 1981-1993 

Uganda 1990 

Cohen (2012) Malar J

India 1965-1976 
Myanmar 1968-2008 
Thailand 1970-1981 

Bangladesh 1971-1994 
Vietnam 1979-1991 
Pakistan 1980-1992 
Sri Lanka 1982-1987 

French Guiana 1975-1990 
Peru 1981-1998 

Indonesia 1963-1973 
Malaysia 1967-1978

Why do we care about human travel for 
malaria control?
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Why do we care about human travel for 
malaria control?



Prothero (1961) WHO Report

How do we measure human travel 
patterns?
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Incorporating mobility into 
transmission models
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How can we extend this framework for malaria?
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Upper bound: Given prevalence (force 
of infection) and mobility estimates 
where are importations most likely?
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Lower bound: Given cases reported in 
a location where local transmission is 
unlikely where are the likely sources?

Can we identify sources and sinks?
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Malaria in Madagascar

Population: 23 million 
Largest city: Antananarivo (Tana) ~ 2M 

Area: ~ Kenya, Texas 
High ecological diversity
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Malaria in Madagascar

Population: 23 million 
Largest city: Antananarivo (Tana) ~ 2M 

Area: ~ Kenya, Texas 
High ecological diversity

Multiple epidemiological zones 
Year round, endemic transmission on the East and West 

Coasts 
Central Highlands and South have periodic outbreaks 

There is little (no) local transmission in the capital district 

Felana Ihantamalala Jean Maurice Rakotondramanga 
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Mobility in Madagascar
Volume Number of DestinationsRatio Avg Incoming vs 

Outgoing Trips

Data over 6 months (Jan - June 2015) 
~3.5M subscribers 

Mobile phone tower coverage in 102/112 districts
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High malaria risk

High malaria risk
Low malaria risk

Reintroduce 
parasites

Travel experience 
clinical symptoms 

Reintroduce 
parasites

Movement/Connectivity

How can we extend this framework for malaria?
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51

Sources (emitters) and sinks (receivers) of 
travel and parasite importation were 

identified

Based on daily travel and importation values, 
communes were assigned source and sink ranks  

The great sources were communes that emitted a 
large amount of parasites.  

The great sinks were communes that received a 
large amount of parasites.  

51
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Primary 
Source

Primary 
Sink

Sources and sinks of malaria parasites
Temporal What is the seasonal 

variability in travel?

Are there locations that are 
sources only certain times 

in the year? 

Spatial Are you well connected 
to a large number of 

locations?

Are you a source for 
many sinks?
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How can we extend this framework for malaria?
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Importations in Tana 
District



White et al 2013

Sources and sinks of malaria parasites
Spatial Wallinga-Teunis Method
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Sources and sinks of malaria parasites
Spatial Wallinga-Teunis Method

Churcher et al 2015
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Sources and sinks of malaria parasites
Tana District
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Sources and sinks of malaria parasites
Tana District

PfPR methodSpatial WT

Smallest Source Largest Source



Sources and sinks of malaria parasites
Tana District

PfPR methodSpatial WT



Mobility patterns vary in 
space, time, and volume. 

These differences can 
impact estimates of sources 

and sinks of malaria 
parasites. 

However, in many instances 
there are consistent (spatially 
and temporally) sources that 

can be inferred using 
multiple methods. 
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Malaria in Madagascar

population size madagascar = 23 million 
texas = 27 million / area slightly bigger

226,658 mi²
268,597 mi²

224,445 mi²

88% in high transmission >1 case per 1,000 
pop 
12% low transmission 0-1 case per 1,000 pop 
96% reported falciparum to vivid  
An. funestus, An. gambiae, An. arabiensis, An. 
mascarensis, An. coustani 
AS:AQ - artesunate-amodiaquine 

Kesteman et al (2014) 

Kesteman et al (2014) 



Sources 
Sinks



i j
Acquire infection

Introduce infection

Low transmission High transmission

P (infect) = �j ⇤ d

Susceptible individuals from iInfected individuals from i

P (import) = �j ⇤ d ⇤ Si

Onward infections? Interact with infected in j

Basic framework



Partnerships with:
flowminder.org 

Telenor Research Group 
Telenor Pakistan 

dtac 
D4D 

Orange Telecom 
Safaricom 
Ericsson 

University of Peshawar 
Johns Hopkins 

University of Florida 
Public Health Norway 

KEMRI 
University of Southampton 

Princeton University 
OUCRU 
Harvard 

Institute Pasteur 
Imperial

Haiti
Cholera Sierra Leone, 

Senegal, CIV
Malaria 
Ebola 

Cholera
Namibia
Malaria 

Madagascar
Malaria 

Influenza 
Rubella 
Measles 

Kenya
Malaria 
Rubella 

Norway
Influenza 

Pakistan
Dengue 
Measles 

Polio 

Nepal
Cholera 

Thailand
Dengue 
Malaria 

Bangladesh
Dengue 
Malaria 

Mobile phone data can be used to understand human mobility 
dynamics across a range of pathogens and countries

http://flowminder.org


Multiple epidemiological zones 
Year round, endemic transmission on the East and West Coasts 

Central Highlands and South have periodic outbreaks 
There is little (no) local transmission in the capital district 
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Spatial 
Wallinga-

Teunis





Utilizing these data for public health requires 
coordinations across academia, industry, government, and 

public health

Mobile phone operator

Privacy compliance office 
Business analytics 
Data warehouse 

Sustainability team 
Public relations

Government

Telecom regulators

Public Health

Ministry of health 
Epidemiologists

Academia

Mathematical modeler 
Epidemiologists

What is the public health application? 
What will the data be used for and who will analyze the data? 

How will the data be analyzed, aggregated, and anonymized?
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Multiple epidemiological zones 
Year round, endemic transmission on the East and West Coasts 

Central Highlands and South have periodic outbreaks 
There is little (no) local transmission in the capital district 

Malaria in Madagascar

2014
Population

21251 - 61194

61194 - 116146

116146 - 146883

146883 - 181936

181936 - 210899

210899 - 247984

247984 - 316756

316756 - 1334302

Regions



“The different tribes send out scouts to find 
out where rain has fallen, and where 
grazing will be available. On the basis of 
their information a decision is taken which 
may involve the movement of a 
considerable number of people for a 
distance of even 100 miles in 60 hours. It 
has been said of these scouts that they "... 
lie scientifically to try to ensure that their 
own people get first to the best grazing.” 

Prothero (1961) WHO Report

How can we measure mobility patterns?



High malaria risk
Low malaria risk

P (importi!j |Td) = 1� (1 + ↵bETd)�1/↵

P (importi!j |Td) = PfPR2�10(i)Td/200

P (importi!j |Td) = �iTd/200

i! j 6= j ! i


