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ABSTRACT OF THE THESIS

Malaria Control and Elimination in Africa:

Why are Some Countries Doing Better than Others?

By
Xiaoming Wang
Master of Science in Biomedical and Translational Science
University of California, Irvine, 2018

Professor Sheldon Greenfield, Chair

Objectives: To determine social, economic, biological and environmental factors
critical to malaria control effectiveness in African countries that are with contrasting
responses to the malaria control and elimination efforts, and use this information to inform

the development of improved malaria control strategies in Africa.

Methods: A systematic analysis was conducted using longitudinally collected data
from publically available data sources for the period of 2000 and 2016, for 8 African
countries with contrasting malaria incidence dynamics. Single- and multivariable linear
regression analyses were performed to determine the impact of various risk factors on

malaria incidence. The risk factors included autocorrelation with a one year time lag, study

Xi



country, and economic status, internal and external malaria control budgets, bednet

coverage, indoor residual spray coverage, and insecticide resistance status.

Results: Malaria incidence exhibited highly significant autocorrelation. Per capita
government funding for malaria control and insecticide resistance were the two significant

factors correlating with malaria incidence.

Conclusions: This study indicates the significance of malaria control investment

from African countries themselves and insecticide resistance management in malaria control

and elimination in Africa.

Key Words: Malaria incidence, National government funding, Malaria control

effectiveness, Insecticide resistance

xii



INTRODUCTION

1. Malaria Burden

Malaria has been a devastating public health problem worldwide over centuries? 3. It is
serious and life-threatening, but a preventable and treatable disease caused by Plasmodium
parasites and transmitted by female Anopheles mosquitoes via blood feeding*. A total of 216
million malaria cases and 445, 000 malaria deaths were reported from 91 countries globally
in 2016, an increase of 5 million cases over 2015 according to World Health Organization®.
Malaria remains one of the deadliest diseases, and nearly 50% population in the world are

at risk for malaria infection despite of intensive control efforts®.

African region carries the heaviest malaria burden with an estimate of 194 million clinical
cases and 407, 000 deaths (91.5%) in 2016, about 90% of all malaria-induced morbidities
and 92% of malaria mortalities in the world. Children, infants and pregnant women are
particularly vulnerable populations. Malaria has been a major or leading cause of mortality
among pre-school (<5 years) and school children, although there was a near 50% decline of
malaria deaths in these age groups during the past 5 years®8. Malaria in pregnancy is a main
risk factor for fetus mortality and poor birth outcome due to lower immunity and medicine
contraindications of pregnant women®. HIV/AIDS patients, migrants, mobile populations
and travelers also are high-risk populations10. Malaria also induces a major economic burden
as a consequence of increasing healthcare costs, decreasing workforce and associated

poverty in addition to life losses!!.



There are many possible reasons why Africa is in a malaria disaster. For example, the
tropical and subtropical environments and warm and humid weather conditions of the sub-
Saharan African countries are particularly suitable for the survival and development of
malaria mosquito vectors and parasites!2. In some countries malaria transmission occurs
seasonally but in most countries transmission can occur all year around!3. Insufficient
protection and prevention also contribute to the high malaria morbidity!4. Furthermore, lack

of resources and political instability negatively affect the malaria control activities1>.

2. Malaria Control and Elimination

There have been unprecedented investments in malaria control and elimination efforts
globally since 2000. Governments of the malaria endemic countries and developed countries
(e.g., United States and WHO) and non-governmental organizations (e.g., The World Bank,
Global Fund and Bill & Melinda Gates Foundation) have devoted billions of dollars to fund
malaria control and elimination. Various control efforts, initiatives and research agendas
have been developed to facilitate the malaria elimination and eradication efforts16.17, Related
researches are being conducted to develop new effective tools® 18. Important malaria control
techniques, testing methods, prevention and treatment therapies have been developed,
adopted or delivered. Insecticide treated nets (ITNs) and indoor residual spraying (IRS) are
the most common and efficient method for malaria control>. ITNs and treatment
(Artemisinin-based combination therapy, ACT) are distributed free of charge, malaria
diagnosis (Rapid Diagnostic Test, RDTs) and prevention (Intermittent preventive treatment
in pregnancy, IPTp) are widely used in most African malaria endemic countries> 19 20, but

malaria burden remains high in the sub-Saharan African countries.



Scale-up of malaria control and elimination interventions has led a significant reduction
in the number of malaria cases and deaths in the past 15 years. Between 2000 and 2015, the
global malaria mobility and morbidity declined by 37% and 60%, respectively!. The success
of malaria control has inspired the goal of malaria elimination and eradication. Steps and
phases for malaria control, elimination and eradication are shown in Figure 1. Countries with
zero indigenous cases for more than 3 consecutive years are eligible to request malaria free
certification from WHO. Since 2000, 17 countries and territories had no indigenous malaria
cases or endemic malaria, 2 were certified as malaria free, and 21 with the potential to
eliminate malaria by year 2020 (pre-elimination)! 6. In spite of the fact that malaria
incidence and mortality rates are declining globally these years, the decline rates are

lowering and some regions are even experiencing increasing or re-emergent malaria®.

3. Malaria Inequality in Africa

Although the overall malaria burden is decreasing worldwide, the magnitude of
reduction and current malaria burden vary greatly among countries and regions. For
example, of the 91 countries with indigenous malaria cases in 2016, the African region (176
million, 90%) harbored the most malaria cases, followed by South-east Asia (10.9 million,
7%) and Eastern Mediterranean Regions (3.6 million, 2%)¢. Many countries exhibited an
increased trend of malaria burden: 16 countries showing a >20% increase in total malaria

cases in 2016 over 20155.

In sub-Saharan Africa, there were 4 countries with > 20% decrease in malaria case and 8
with increased number of cases from 2015 to 2016 (Figure 2). The malaria incidence

differences among countries and regions represent different stages on the malaria



elimination path. Morocco was certified malaria free in 2010 after maintaining zero case of
malaria for more than 3 years since 200821, Algeria and Egypt are at malaria pre-elimination
stage. According to World Malaria Report 20175, 6 countries (Algeria, Botswana, Cape Verde,
Comoros, South Africa and Swaziland) in Africa have been identified as “eliminating
countries by 2020 (E-2020)”. Furthermore, malaria incidence in Africa shows endemicity
differences across the regions. West, Central and East African countries showed higher
malaria incidence than the Northern Africa. Several countries in Southern Africa show low
malaria endemicity (e.g., Swaziland and Botswana) whereas most countries exhibit high
disease endemicity. The malaria incidence varies across African countries, and it’s important
to explore the malaria transmission pattern and why some countries are doing better than

others in malaria control and elimination.

4. Mechanisms of Differential Responses to Malaria Interventions
4.1 Social and Economic Factors

The global malaria distribution shows an apparent correlation between malaria and
poverty?2. Gross domestic product (GDP) and related productivity, costs of malaria control,
knowledge, attitude and practice of malaria prevention and treatment, culture, human
behavior, human migration and policy adoption may all affect malaria transmission?23-26,
“Social vulnerability” has been found to be an important risk factor to malaria and other
vector-borne diseases (VBD) by leading to a larger high risk population with poor access to
malaria prevention and control tools27.28, Multiple social and economic factors, such as GDP,
malaria funds, education and culture etc., are always taken into consideration in malaria

intervention.



4.2 Entomological and Ecological Factors

The ability of Anopheles mosquito to develop and reproduce is another key determinant
for malaria transmission. ITNs and IRS are the first-line malaria prevention and control
tools29. During the past decade, malaria vector behavioral changes 39-32 (e.g., blood feeding
sources and resting time change, etc.) due to selection pressure have resulted in increased
outdoor transmission33. In addition, mosquito population becomes increasingly resistant to

insecticides34.

Because mosquito development and reproduction are contingent on suitable
temperature and availability of breeding habitats, mosquito distribution is strongly limited
by climate conditions and subsequently, malaria endemicity also is affected by climate
change3>. Environmental modifications such as land use and land coverage change36.37, dam
constructions38, urbanization3? and other environmental factors were reported significantly

related to changes in malaria transmission.

4.3 Epidemiological Factors

Access to antimalarial drugs and therapy effectiveness are important to the wellbeing of
malaria patients, but also to malaria transmission as lack of access to antimalarial drugs and
treatment failure may increase the size of malaria reservoirs who can then contribute to new
transmission. Children and pregnant women are the most vulnerable populations#*0-42, so
delivery of treatment to these most vulnerable populations is critical43. Obviously, anti-
malarial drug resistance represents a major obstacle to malaria control as currently
observed in Southeast Asia, and a challenging threat to Africa, although no drug resistance

has been reported yet.



5. Gapsin Knowledge

Intensive efforts have been in place for malaria control and elimination in African
countries in the past 15 years. These include internal and external fund investments,
introduction and scale-up of new malaria control tools such as long-lasting nets and
artemisinin-combination therapy, rapid diagnosis kits and other focal interventions such as
mass drug administration and mosquito larval control (Appendix 1). As discussed above,
there is a large variability among African countries in the response to these intervention
efforts. There are many potential reasons for this, but a comprehensive and systematic
analysis is lacking. Analysis of the mechanisms for treatment success or failure would

provide valuable information to guide future malaria control and elimination effort in Africa.

6. Objectives and Significance

In this thesis I want to address one key question: why are some countries doing better
than others in malaria control and elimination in Africa? To answer this question, I
examined the relation between malaria morbidity and various risk factors (social, economic,
entomological and intervention measures) based on publically available data sources. I
examined eight sub-Saharan African countries, representing the East, West, Central and
Southern African regions. These eight countries also represent three clusters in terms of the
malaria incidence trend in the past 16 years: increasing trend, sustained transmission and
downward trend. The result of this study may shed light on the key steps that the society can

take to enhance malaria control effectiveness.
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cases for more than 3 consecutive years are eligible to request malaria free certification

from WHO. Data Source: World Malaria Report 2017.



CHAPTER 1. BACKGROUND

1. Malaria Epidemiology and Transmission

Malaria is a life-threatening mosquito-borne infectious disease, caused by Plasmodium
parasites that are transmitted by infected female Anopheles mosquitoes through bites and
blood feeding. There are four human malaria parasite species, Plasmodium falciparum,
Plasmodium vivax, Plasmodium ovale, and Plasmodium malariae, and one zoonotic malaria
parasite species, Plasmodium knowlesi**. P. falciparum is the most prevalent and also the
deadliest species in Africa*>. P. vivax is not common in most African countries, but it is often
a dominant malaria species outside of Africa*¢. Malaria can cause febrile flu-like symptoms
such as fever, headache and chills 1-2 weeks after infection, and may lead to severe illness

or even death if not treated in time#.

1.1 Transmission

There are two main hosts for malaria parasites: human and Anopheles mosquitoes.
Malaria parasites develop from the gametocyte stage to the sporozoite stage in the mosquito
midgut and salivary glands under appropriate temperature and humidity (Sporogonic cycle).
Malaria parasites are transmitted and spread by female Anopheles mosquitoes via blood
feeding. Sporozoites infect human liver cells, mature into schizonts, and then release
merozoites to blood cells. Among the 5 malaria parasites, mature P. vivax and P. ovale
parasites (hypnozoites) can persist in the liver for weeks to years and cause relapses (Exo-

erythrocytic cycle). In the blood cells, parasites will develop from ring stage trophozoites to



schizonts, and release merozoites (Erythrocytic cycle). Blood stage parasites can cause

clinical malaria manifestations#’.

1.2 Malaria Vectors

The main method of malaria prevention is vector control. The geographical distributions
of dominant mosquito vector species vary greatly across countries. For example, in West
African countries such as Ghana and Guinea, An. gambiae and An. funestus are dominant
vector, whereas in East Africa such as Ethiopia, the dominant vector is An. arabiensis, but in
Tanzania and Democratic Republic of the Congo the most important vector is An. gambiae

s.s.48

1.3 Risk Populations

Malaria is a leading cause of illness and morbidity in Africa*°. In malaria endemic regions,
infants, children, pregnant women and patients with HIV/AIDs are most vulnerable to
malaria disease 10. Malaria infection can cause adverse maternal effects and is a risk to the
fetus and newborn children®?. Migrant workers tend to have high malaria risk as they often

lack appropriate protection from mosquito biting >1.

1.4 Malaria Prevention, Diagnosis and Treatment*

ITNs and IRS are the first-line vector control tools for malaria. Antimalarial prophylaxis
can be used for malaria prevention, especially for travelers. Microscopy or RDT is
recommended for diagnostic testing of suspected malaria cases. ACT is regarded as the best
available therapy for P. falciparum malaria, and chloroquine (CQ) is widely used for treating

P. vivax>?.

10



2. Malaria Burden, Control and Elimination

The overall trend of malaria case incidence has declined since 2000, and malaria deaths
have exhibited even larger reductions due to the scale up of RDT and ACT treatment, and
improved knowledge from the residents (Figure 3). Despite significant reduction in malaria
burden in the past 15 years, malaria in Africa is still high. According to the World Health
Organization, nearly half of the population is at risk of malaria and 90% malaria cases
occurred in sub-Saharan Africa. However, there are several African countries showing
successful malaria control (Table 1): six countries aim to reach zero indigenous cases of
malaria by 2020, and seven countries are projected to reduce case incidence by 20-40% and
2 by more than 40% by 2020. Why are some Africa countries more successful than others in

malaria control?

3. Challenges in Malaria Control and Elimination in Africa

3.1 Malaria Vector Insecticide Resistance

Insecticide-based vector control through the use of LLINs and IRS represents the largest
investment in malaria control in Africa and worldwide. Among the four classes of synthetic
insecticides (pyrethroid, organochlorine, organophosphate and carbamate), pyrethroids are
the only class approved by WHO for bednet impregnation> 3. Scale-up of ITNs has resulted
in the rapid increase and spread of pyrethroid resistance, which has hampered the
effectiveness of the current malaria vector control tools>%. Resistance to organochlorine
(mainly DDT), carbamate (e.g., Propoxur) and organophosphate (e.g.,, Malathion) is also
widespread in African malaria vectors>>. More than 60 countries reported resistance to at

least one insecticide by 2016, and resistance to two or more insecticide classes in 50

11



countries globally®. Most malaria epidemic countries and regions in Africa reported

resistance to at least one class of insecticide by 2016.

Understanding the mechanisms and impact of insecticide resistance on malaria is
important to the monitoring and management of insecticide resistance34 56.57. WHO has
recently released guideline for insecticide resistance and management in Global Plan for
Insecticide Resistance Management (GPIRM)%¢ and Framework for Monitoring and
Management of Insecticide Resistance in malaria vectors (IRMMPS)%3. New procedures for
malaria vector insecticide resistance testing were released >°. Important knowledge gaps
include 1) how effective the LLINs and IRS deployed in the field in reducing malaria
incidence, and 2) what are the alternative tools and approaches for malaria vector control in

the face multiple-insecticide resistance?

3.2 Malaria Vector Behavioral Change and Malaria Residual Transmission

LLINs reduce human-mosquito contact rate and protect people sleeping under the nets.
A number of recent studies show that vectors have evolved with behavioral changes from
biting early and biting outdoors®®. Anopheles mosquitoes may shift their resting site from
indoor to outdoor, avoiding the contact with the insecticides sprayed inside the house wall
61, There are reports that mosquitoes increase feeding on animals such as dogs, cows, poultry

and livestock®?2 63,

LLINs and IRS target indoor mosquito vectors and malaria transmission. “Residual
transmission”, defined as transmission that occurs despite high coverage of ITNs/LLINs and
IRS®4, is increasingly common. Malaria residual transmission may result from mosquito

12



behavioral changes and ineffective nets or IRS due to insecticide resistance or degradation
of net quality 5. Residual transmission will render malaria control and elimination more
difficult. There is an urgent need for new tools, approaches and strategies to control residual

transmission®®.

3.3 Malaria Parasite Drug Resistance

Resistance to antimalarial drugs is another major threat to malaria control and
elimination. Antimalarial drug resistance was first reported in 1950s with the widely used
treatment, chloroquine (CQ). Resistance to sulfadoxine-pyrimethamine (SP) was reported a
few years after its introduction, and now resistance is prevalent across Africa®’. ACTs have
been recommended as the first-line treatment for uncomplicated P. falciparum in nearly all
malaria endemic countries since 200552, Artemisinin resistance has been detected in the
Great Mekong sub region in Asia in recent years®8 69, but only several isolated cases of
artemisinin resistance were reported in Africa’0 71. Resistance to the drugs used in the
combination therapy is widespread in Africa’2 73. To date, P. vivax was found resistant to CQ
in low prevalence in several Africa countries with endemic vivax malaria, but no resistance
to ACTs was found’4 75. Despite apparently low artemisinin resistance in African malaria
parasites, containing the emergence and spread of ACT resistance in Africa is of paramount

importance 76.

4. Comparative Effectiveness Research in Malaria

Comparative effectiveness research (CER) is the generation, conduct and synthesis of
evidence that compares interventions and strategies to prevent, diagnose, treat and monitor

health conditions’’. The main purpose is to translate research finding into valuable and

13



informed decision-making in health care’8. Malaria risks and vector ecology vary across
African countries, and the effectiveness of prevention, diagnosis and treatment methods may

vary accordingly. Comparative effectiveness research for malaria is lacking.

5. Study Aims

The central aim of the study is to determine why some countries are doing better than
others in malaria control and elimination in Africa. Eight sub-Saharan countries with four
different classical malaria transmission patterns were selected in the study. The specific

aims are:

1) To determine key social & economic factors that are related to malaria control

effectiveness in Africa. The hypothesis is that malaria incidence is correlated with

malaria control investment (external fund donation and internal government
support), GDP per capita (economy level), policy adoption (LLINs/ITNs & IRS

coverage, larviciding status) and case management (ACT coverage).

2) Todetermine key entomological factors related to the effectiveness of malaria control
in Africa. The major hypothesis is that malaria incidence is correlated with malaria

transmission stability and vector insecticide resistance.

3) To determine the overall malaria control effectiveness and the underlying reasons
for contrasting response to malaria control and elimination efforts among African

countries.
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Figure 3. Dynamics of the estimated malaria cases and deaths in sub-Saharan
region during the past 15 years. Data Source: World Malaria Report 2013-2017.
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CHAPTER 2. METHODS

1. Data Sources and Cohort

This is a systematic review and analysis based on longitudinally collected data from
public available data sources, including the World Health Organization (WHO) and the World
Bank by individual African countries. The analysis covered the period of 2000-2016 when
more complete malaria data are available. Specially, data on malaria incidence and mortality,
risk population size, entomological factors (ITN coverage, IRS coverage, and insecticide
resistance status), total malaria drug courses being delivered and funding on malaria control
were obtained from the World Malaria Report 20175 The World Malaria Report is a
document published by the WHO and provides a comprehensive overview of progress in
malaria control and elimination. It is published yearly and includes up-to-date assessment
of malaria burden, progress towards global targets and elimination, related policies, financial

investment, gaps and recommendations>.

Social economic data such as Gross Domestic Product (GDP) and per-capital GDP, country
human population size were obtained from the World Bank. The World Bank is a component
of the World Bank Group, which is one of the world’s largest sources of funding and
knowledge for developing countries’?. The World Bank provides free and open access to
their comprehensive social economic data. GDP data were originally from World Bank

national accounts data and OECD (Organisation for Economic Co-operation and
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Development) National Accounts data files. GDP data are converted from domestic

currencies.

For this analysis, [ selected 8 African countries from East, West, Central and Southern
Africa, representing three distinct pattern of malaria transmission dynamics: increasing
(increasing malaria incidence in the past 5 years; Kenya, Ghana and Mozambique),
sustained (no significant improvement in malaria incidence; Ethiopia, Zimbabwe and

Guinea) and downward to pre-elimination (Botswana and Swaziland).

2. Data Collection

[ used malaria incidence & mortality as dependent variables. Malaria deaths were
reported malaria-induced deaths, including deaths due to malaria alone or due to co-
infections with other diseases such as TB and HIV. Malaria cases were total suspected and
confirmed indigenous cases. Because malaria diagnosis was often lacking in many health
facilities in Africa, diagnosis based on malaria-like clinical symptoms was considered as
“suspected” malaria, and this methods of measuring malaria morbidity is an acceptable
method>. Malaria incidence and mortality were calculated using population size under risk,
not the country’s total population size. UN population and risk population (low risk
population + high risk population) in 2009-2016 were extracted from World Malaria Report
in corresponding years. Populations of each African country in years were obtained from The

World Bank (http://www.worldbank.org/). Total malaria cases and deaths from 2000 to

2016 were extracted from World Malaria Report. Because the annual malaria report
released by the WHO only covers a certain period, I extracted data from multiple reports.
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Malaria case and death data were extracted from World Malaria Reports 2013, 2015, 2016

and 2017 (reference).

Malaria control budgets contributed by external donors and local governments in 2000-
2016 were collected from the World Malaria Report. All the fund data were contributions
targeted to malaria control and reported by donors in US dollars. The government funds
were from national malaria control programs (NMCP). The main external donors included
Global Fund (Data Source: The Global Fund), United States President’s Malaria Initiative

(PMI), United States Agency for International Development (USAID) (Source:

www.foreignassistance.gov), United Kingdom of Great Britain and Northern Ireland
government (UK) (Source: OECD Database), The World Bank (Source: OECD Database),
United Nations Children’s Fund (UNICEF), Non-Government Organizations (NGOs) (e.g.
Wellcome Trust) and foundations (e.g. Bill & Melinda Gates Foundation). GDP amounts for
each African country from 2000 to 2016 were sourced from The World Bank. GDP per capita
were calculated based on the total populations of each country in current years. Antimalarial
drug course distribution data, policy adoption (coverage of LLINs + ITNS and IRS) in 2000-

2016 were also extracted from the World Malaria Report.

All the shapefiles (.dbf, .prj, .shp and .shx files) with administrative areas and boundaries

used for generating malaria risk maps were downloaded from maplibrary.org for

geographical analysis.
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3. Measures

3.1 Study Sites

Eight sub-Saharan countries in four African regions were selected in this study (Figure

4):

1) West Africa: Ghana and Guinea. Both countries exhibit high transmission regions with
an increasing malaria incidence over years.

2) East Africa: Ethiopia and Kenya. Both countries exhibit high transmission regions
with an increasing malaria incidence.

3) South Africa: Botswana and Swaziland. Both countries have low transmission regions
with a decreasing malaria incidence, approaching pre-elimination stage.

4) Central/South Africa: Mozambique and Zimbabwe, Both countries show low

transmission regions with an increasing malaria incidence.

We selected these 8 countries because they represent three contrasting pattern of
malaria incidence dynamics in Africa. In West Africa, 14 countries have been showing
significant increases in malaria incidence from 2010 to 20165 Ghana, Guinea and 10
countries experienced more than 50% increases. In East Africa, 10 countries like Ethiopia,
Uganda and Kenya, had increasing malaria case incidence. The circumstances in South
African countries can be complex. Several Southern African countries show a decreasing
malaria incidence in 2010-2016, including Swaziland, Botswana, South Africa, Comoros and

Eritrea. Only Namibia had increasing malaria incidence. However, several countries like
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Zimbabwe, Namibia, showed sustained trend of malaria incidence, without significant

increase or decrease in malaria incidence.

3.2 Variables

The dependent variables in the study are malaria incidence and mortality. Annual total
suspected malaria cases and malaria deaths in the 8 countries were collected from World
Malaria Reports. The total risk population in each country was estimated in each year. The
malaria incidence and mortality rates were calculated as the ratio of the total malaria

cases/deaths and risk population.

The main independent variables in the study were malaria control budgets (external
donations, government funds, and total budgets), GDP per capita in current US dollars,
LLINs/ITNs coverage (%), IRS coverage (%), the first year with reported mosquito
insecticide resistance, resistance status (confirmed resistance, possible resistance, or

suspected resistance) (Table 2).

For the linear model and comparative effectiveness analysis, all variables described
above were included. The independent variables were divided into entomological and

ecological, social-economic and epidemiological risk factors.

4. Missing Data

Missing values for risk population in 2000-2008 were calculated using the average risk

ratio in years 2009-2016, which were available in World Malaria Reports.
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5. Statistical Analysis
JMP® Pro 12 (SAS Institute Inc., Cary, NC, 1989-2007) was used for all statistical analyses.
All data were first entered in .xIsx format and transferred to .jmp format for use in JMP. The
dependent variable is malaria incidence rate and mortality rate.
5.1 Dependent variables: Malaria Incidences and Mortality Rates
The ratio of population under malaria risk was calculated by dividing the total risk
population by the total human population for the country. Malaria incidence rate is

calculated following World Malaria Reports, WHO, as:

] ] Malaria cases in current year
Malaria Incidence (per 1000 person year) = 1000 X

Total Risk Population

Malaria mortality rate is calculated as:

] ) Malaria deaths in current year
Malaria Mortality Rate (%) = 100 X

Total Risk Population

5.2 Independent Variables
5.2.1 Malaria Control Budgets

The malaria control budget contributed by external donors in current U.S. dollars is the
sum of the amounts donated by Global Fund, PMI, USAID, and United Kingdom of Great
Britain and Northern Ireland government, The World Bank, UNICEF and other NGOs for
malaria control. The total malaria control budget per capita was calculated:

External Donations + NMCP Funds

Total Malaria Control Budget ita =
otal Malaria Control Budget ($) per capita Total UN Population
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5.2.2 Economic Status
The economic status is measured as GDP per capita in current US dollars in current years,
and calculated as the total GDP divided by the country’s population size in that year.
5.2.3 Case Management

The case management status was presented as percentage of malaria patients receiving

first-line treatment courses delivered (including ACT), and is calculated as:

Malaria Treatment Delivered Courses
Case Management (%) = 100 X

Total Risk Population

[ conducted clustering analysis using Hierarchical cluster complete linkage method to
classify the 8 countries into 3 different transmission patterns. I then used univariate analysis
and multivariate analysis to determine the association among malaria incidence rate and

social economic, entomological and other risk factors.
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Figure 4. Distribution of Study Countries.
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CHAPTER 3. RESULTS

1. Malaria Incidence and Mortality Rate in Study Countries

1.1 Malaria Cases

The total malaria cases in the 8 countries changed dynamically during the past 17 years
(Figure 5). During this period, Kenya had an average of 7.7 million malaria cases (95% CI:
5.5 - 10.0 million), and Ethiopia 3.5 million cases (95% CI: 2.4 - 4.7 million). Malaria cases
have been stably high over these years, and exhibit an increasing trend during the past 6
years. The large decline in reported malaria case number in 2008 in Kenya was due to a
doctor and nurse strike (reference). Similar to Kenya, Ghana and Mozambique also showed
a continuously increasing trend in malaria case numbers. Malaria case numbers in
Zimbabwe and Guinea were relatively lower and did not show an increasing trend. There
have been fewer than 1500 suspected malaria case in Botswana and Swaziland since 2011.
Low malaria case number in these two countries made them eligible to be categorized as

pre-elimination countries.

1.2 Malaria Incidence

Malaria incidence shows a similar trend as total malaria cases (Figure 6). Botswana (26.9
per thousand / person year * standard error 5.0) and Swaziland (42.3 * 9.7) had the lowest
malaria incidences. Please note that all incidence measures reported in this thesis use the
unit of the number of cases per 1000 person year. The average malaria incidences over the

study period in other study countries were 62.7 + 8.6 for Ethiopia, 42.3 + 9.7 for Guinea,
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199.6 + 24.3 for Ghana, 144.8 + 12.5 for Zimbabwe, 232.0 + 26.9 for Kenya, 264.2 + 46.1 for

Mozambique.

1.3 Malaria Mortality Rates

The malaria mortality rates generally exhibited rapid reduction in recent years, but
several countries had much higher rates (Figure 7). By 2016, Mozambique (53.6%), Ghana
(49.8%) and Kenya (31.6%) harbored higher malaria mortality rates than other countries.
Botswana and Swaziland showed < 1% malaria-induced mortality rates. Ethiopia, Guinea
and Zimbabwe made good progress in reducing malaria deaths despite of sustained malaria

transmission.

1.4 Classification of the Study Countries

The malaria incidence pattern of the 8 countries from 4 geographic regions was classified

into 3 clusters using Hierarchical cluster complete linkage method (Figure 8):

Cluster 1: countries with increasing malaria incidence: Kenya, Ghana and Mozambique;
Cluster 2: countries with sustained malaria incidence: Ethiopia, Guinea and Zimbabwe;

Cluster 3: countries with malaria elimination: Botswana and Swaziland.

2. Social Economic Status and Malaria Control Efforts in the Study Countries

2.1 Economic Development Status

Economic status was calculated in per capita GDP in US dollars. The overall GDP per

capita in most countries showed an increasing trend. There was no significant difference for
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cluster 1 and 2 with increasing and sustained malaria incidences. And the countries in cluster
3 with malaria elimination had the highest GDP per capita at US $ 5164 averagely during the
past 5 years. There were significant difference in per-capita GDP levels among the three
clusters (One-way ANOVA, F2,37=64.7, P<0.0001) (Fig. 11; Table 3). In 2016, the per-capita
GDP values were US $6,924 in Botswana, US $2,770 in Swaziland, US $1,455 in Kenya, US
$1,513 in Ghana, US $1,029 in Zimbabwe, US $707 in Ethiopia, US $662 in Guinea and US

$382 in Mozambique.

2.2 Malaria Control Budget

Over the past decade there has been steady increase in the overall investment for malaria
control (Figure 12). Malaria control investment came from two sources: domestic
investment from malaria-endemic government countries and international donation. The
absolute size of investment varied among countries due to risk population size differences,
the country’s economic status and other factors (Figure 9). For example, the total budget for
malaria control in 2016 was US $58.4 million in Kenya, and $65.2 million in Ethiopia (East
Africa), $70.6 million and $43.0 million in Ghana and Guinea (West Africa), $87.8 million and
$31.3 million in Mozambique and Zimbabwe (South Africa with increasing malaria
transmission), $0.86 million in Swaziland and nearly zero in Botswana (South Africa with
low malaria transmission at malaria elimination stage) (Figure 10). Most malaria control
budget (>90%) came from external donations from the Global Fund, PMI, USAID, and other

donors, particularly those countries in Cluster 1 with increasing malaria incidence (Table 3).
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We used per-capita budget for malaria control in the analysis to correct for the human
population size effect. The external funding for malaria control in countries in Cluster 1
(increasing trend of malaria incidence) was the highest, followed by the countries in clusters
2 and 3 (Figure 10B). In East Africa (Kenya and Ethiopia), the investment per population was
stable at around US $1-2/person in malaria control since 2006. Malaria control funding was
increased to US $3-4 per person per year for the past 5 years in the two West Africa countries
(Ghana and Guinea). The average funding for malaria control in Mozambique was US $3 per
person in 2016. The overall trends show a steady and stable increase in malaria control
funding for countries in Cluster1 and Cluster 2 (Figure 12A, 12B). Botswana and Swaziland
are at pre-elimination stage, the malaria control investment was only US $1-2 per person per

year in both countries (Figure 12C).

2.3 LLINs and IRS Coverage

LLINs and IRS are the major methods for malaria control and prevention in Africa.
Between 2014 and 2016, ~505 million LLINs were delivered to sub-Saharan countries,
among them, 33 million nets delivered in Ethiopia, 19.6 million in Ghana, 17.6 million in

Mozambique and 16.9 million in Kenya.

The LLIN free distribution policy was adopted in 2006 in Kenya, 2004 in Ethiopia and
Ghana, 2009 in Guinea, Botswana and Zimbabwe, 2003 in Mozambique, 2002 in Swaziland.
Overall LLIN coverage has been increasing in most countries (Figure 10C). In the two South
African countries in the pre-elimination stage, LLIN coverage has been low in Swaziland and
Botswana (Figure 13G, 13H). Higher ITN coverage was reported in countries in Cluster 1 and
3 than that of Cluster 2 (Table 3).
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IRS was implemented in 2003 in Kenya and Mozambique, 1960 in Ethiopia, 2005 in
Ghana, 2013 in Guinea, 1947 in Zimbabwe, 1946 in Swaziland and 1950 in Botswana. The
number of countries implementing IRS and malaria incidence declined in the past 5 years
due to insecticide resistance. In the 8 study countries, the IRS coverage decreased since 2012.
In Mozambique, Kenya, Guinea and Botswana, the IRS coverages were 0 in 2016. IRS

coverage was higher in countries in Cluster 2 (Table 3).

2.4 Larval Control

Larval source management (LSM) is one of the WHO recommended core vector
management tools that target the mosquito breeding sites and mosquito immatures (larvae
and pupae), but implementation varied among countries. Larval source management was
not widely implemented in Kenya, Guinea and Mozambique, but there are different larval
control tools being used. Swaziland and Ethiopia adopted larval control since 1960, Ghana

in 1999, Zimbabwe, and Botswana in 2012.

2.5 Malaria Transmission Seasons

Malaria endemicity may vary among countries due to the climate conditions (Table 4).
Countries in West and East Africa can have a transmission season that lasts for 6-7 months
or all year around transmission. In contrast, Botswana and Swaziland, have malaria

transmission typically last for 3-4 months, November to March.

2.6 Insecticide Resistance

Resistance to pyrethroids, the insecticide used in all ITNs and IRS spraying, is
widespread. 81% of the malaria endemic countries report insecticide resistance. The

starting year that pyrethroids were used for vector control and mosquito resistance status

31



are presented in Table 5. Mozambique was the earliest country to report pyrethroids
resistance in 1999, followed by Zimbabwe in 2000 and Guinea in 2001. Kenya detected
insecticide resistance in 2009 and by now, more than 75% reports showed confirmed
resistance. There were 94 tests conducted in Zimbabwe since 2010, and only 18 tests (19%)
got confirmed resistance results, representing the lowest reported resistance. By 2016
Ghana reported 177 tests, 154 (87%) of which showed confirmed resistance, representing

the highest resistance.

2.7 Case Management

The case management coverages changed over years in different countries (Figure 14).
In 2016, Mozambique had the highest coverage with 49.0% risk population access to first-
treatment courses, followed by Guinea (27.1%) and Kenya (23.4%). Botswana and
Swaziland had the lowest case management ratios (< 0.5%) due to very few malaria cases in

the country.

At the cluster level, countries in Cluster 1 with increasing malaria incidences received
highest treatment coverage. Cluster 3 in the malaria pre-elimination stage had the lowest

first line malaria treatment delivery and coverage (Table 3).

3. Multivariable Regression for Variables and Malaria Incidence in Study

Countries

Using the data from the 8 countries, multivariable linear regression models with
standard least-squares method were done to determine the impact of risk factors on malaria

incidence differences. The model included autocorrelation with a one year time lag, clusters,
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countries nested within clusters, and economic status (GDP per capita), internal and external

malaria control budgets, ITN and IRS coverage, and insecticide resistance status (Table 4).

As expected, malaria incidence exhibited highly significant autocorrelation. Clusters
showed a significant effect, similar to the country classification results discussed above.
Economic status (per-capita GDP), ITN coverage and IRS coverage did not affect malaria
incidence significantly. The analysis detected two significant factors: per-capita government
funding for malaria control and insecticide resistance (Table 6). The more government
funding for malaria control, the lower malaria incidence. Similarly, the higher insecticide

resistance, the higher malaria incidence.

We then performed the same analysis separately for countries in each cluster, and found:

Countries in Cluster 1 with increasing malaria incidence. Using the data from the three
countries showing increasing malaria incidence trend (Ghana, Kenya and Mozambique), the
only significant factor detected was the per-capita government funding for malaria control.

This indicates the importance of national malaria control program (Table 7).

Countries in Cluster 2 with sustained malaria incidence. Using data from Ethiopia,

Guinea and Zimbabwe that show sustained malaria control, funding was the only factor

associated with malaria incidence changes (Table 8).
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Countries in Cluster 3 with malaria pre-elimination. Data from Botswana and
Swaziland, the two countries in malaria pre-elimination stage, I found ITN coverage was the
only significant factor for malaria incidence (Table 9), indicating the importance of malaria

intervention.
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Table 5. Pyrethroid Insecticide Resistance Status of the Study Countries.

Country FirstYear = Number of Confirmed Possible Susceptible
Detected* tests* resistance resistance
Guinea 2001 25 19 1 5
Ghana 2004 177 154 20 3
Ethiopia 2003 341 290 31 20
Kenya 2009 550 434 78 38
Mozambique 1999 273 87 59 127
Zimbabwe 2000 94 18 10 66
Botswana 2002** 20 10 2 8

Data source: IR mapper
* Data collected from Malaria Threat Map with tests from 2010-2016
** 2002 possible resistance, mortality: 97.6%
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Table 6. Linear regression model of malaria incidence and related impact factors for

the 8 study countries®.

Variables Estimated Beta Standard Error P value
Autocorrelation 0.3838211 0.141548 0.0095
Clusters 0.0011
Cluster 1 168.70888 77.73368 0.0354
Cluster 2 5.637838 77.74418 0.9425
Countries (nested Clusters) 0.3286
Cluster 1: Country [Ghana] -78.54552 34.09611 0.0260
Cluster 1: Country [Kenya] 4.4276043 29.00013 0.8794
Cluster 2: Country [Ethiopia] 2.0004448 28.23065 0.9438
Cluster 2: Country [Guinea] -8.929042 36.62872 0.8085
Cluster 3: Country [Botswana]  -35.50489 71.49961 0.6220
Economic Status
GDP per capita 0.0137636 0.050921 0.7882
Malaria Budgets
External Fund per capita 1.0390393 16.1905 0.9491
Government Fund per capita 264.40608 119.9677 0.0328
Malaria Prevention
Insecticide Resistance -46.23303 22.23858 0.0435
ITN Coverage -0.200166 0.553777 0.7195
IRS Coverage -0.034599 1.139099 0.9759
Case Management
Treatment Coverage -1.047131 0.851155 0.2251

*Linear regression: R2=0.81, P<0.0001 (ANOVA, F1s,44=12.36) for adjusted model

Numbers in bold indicate significant difference (P<0.05). .
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Table 7. Linear regression model of malaria incidence and related impact factors for

cluster 1 with increasing malaria incidence (Ghana, Kenya and Mozambique).

Variables Estimated Beta Standard Error P value
Autocorrelation 0.2640925 0.264198 0.3334
Countries

Country[Ghana] -182.3833 81.13401 0.0400

Country[Kenya] 36.812134 62.26416 0.5632
Economic Status

GDP per capita 0.0340287 0.140133 0.8114
Malaria Budgets

External Fund per capita -34.7471 33.78723 0.3201

Government Fund per capita 976.00979 330.5374 0.0099
Malaria Prevention

Insecticide Resistance (IR"=0)  -49.03643 44.65973 0.2895

ITN Coverage 0.2237804 1.030207 0.8310

IRS Coverage -3.973215 4.566568 0.3980

Case Management

Treatment Coverage -1.498066 1.222581 0.2393

“Linear regression: R2=0.70, P=0.019 (ANOVA, F10,15=3.26) for adjusted model.

Numbers in bold indicate significant difference (P<0.05).
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Table 8. Linear regression model of malaria incidence and related impact factors for

cluster 2 with sustained malaria incidence (Ethiopia, Guinea and Zimbabwe).

Variables Estimated Beta Standard Error P value
Autocorrelation -0.468152 0.176376 0.0180
Countries

Country[Ethiopia] -41.13635 17.23065 0.0306

Country[Guinea] -0.705522 15.33008 0.9639
Economic Status

GDP per capita -0.066285 0.044159 0.1541
Malaria Budgets

External Fund per capita 20.07608 9.862897 0.0599

Government Fund per capita 378.32022 133.1696 0.0124
Malaria Prevention

Insecticide Resistance -8.982735 15.58778 0.5730

ITN Coverage -0.639435 0.431475 0.1590

IRS Coverage 0.5501426 0.691141 0.4385

Case Management

Treatment Coverage 0.1395575 0.804212 0.8646

“Linear regression: R2=0.78, P=0.002 (ANOVA, F10,15=5.32) for adjusted model.

Numbers in bold indicate significant difference (P<0.05).
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Table 9. Linear regression model of malaria incidence and related impact factors for

cluster 3 with malaria pre-elimination (Botswana and Swaziland).

Variables Estimated Beta Standard Error P value
Autocorrelation 0.1087738 0.125106 0.4244
Countries

Country[Botswana] -8.022766 3.324425 0.0606

Economic Status

GDP per capita 0.0018518 0.001572 0.2917
Malaria Budgets

External Fund per capita - - -

Government Fund per capita - - -
Malaria Prevention

Insecticide Resistance - - -

ITN Coverage -0.32998 0.073421 0.0064

IRS Coverage 0.0498812 0.040191 0.2696
Case Management

Treatment Coverage 5.2929295 1.853678 0.0356

“Linear regression: R2=0.94, P=0.007 (ANOVA, Fs,5=12.26) for adjusted model.

Numbers in bold indicate significant difference (P<0.05).
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Figure 5. Total Malaria Cases in 8 Study Countries. Total suspected malaria cases

in A) East Africa (Kenya and Ethiopia), B) West Africa (Ghana and Guinea), C)

Central/Southern Africa (Mozambique and Zimbabwe), and D) Southern Africa

(Botswana and Swaziland,) Africa years 2000-2016.
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Figure 6. Malaria incidences (per 1000 person year) of study countries in 2000-2016.

Malaria incidences in A) East Africa (Kenya and Ethiopia), B) West Africa (Ghana and

Guinea), C) Central/South Africa (Mozambique and Zimbabwe), and D) South Africa

(Botswana and Swaziland) in years 2000-2016.
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Figure 7. Malaria mortality rates (%) of study countries in 2000-2016. Malaria
mortality rates (%) in A) East Africa (Kenya and Ethiopia), B) West Africa (Ghana and
Guinea), C) Central/South Africa (Mozambique and Zimbabwe), and D) South Africa

(Botswana and Swaziland) Africa in years 2000-2016.
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Figure 8. Malaria incidence clustering analysis result. Clustering analysis using
Hierarchical cluster complete linkage method. Results were shown in Dendrogram.
Botswana and Swaziland: malaria pre-elimination countries; Ethiopia, Guinea and
Zimbabwe: countries with sustained malaria transmission; Kenya, Ghana and Mozambique:

countries showing increasing trend of malaria incidence.
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Figure 9. Malaria Control Budget Contributed by Governments (US $). Budgets of

national malaria control programs (NMCP) in A) Countries with increasing malaria: Kenya,
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Zimbabwe; C) countries in malaria pre-elimination stage: Botswana and Swaziland in years
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Figure 10. Malaria Control Budget Contributed by External Donors (US $). Budgets of
donations for malaria control from Global Fund, PMI, USAID, and United Kingdom of Great
Britain and Northern Ireland government, The World Bank, UNICEF and NGOs in A)
Countries with increasing malaria: Kenya, Ghana and Mozambique; B) countries with
sustained malaria: Ethiopia, Guinea and Zimbabwe; C) countries in malaria pre-elimination

stage: Botswana and Swaziland in years 2000-2016.
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Figure 11. Total per capita Gross Domestic Product (GDP) (in US $) of the study
countries in years 1990-2016. A) Countries with increasing malaria trend: Kenya, Ghana
and Mozambique; B) countries with sustained malaria: Ethiopia, Guinea and Zimbabwe; C)

countries in malaria pre-elimination: Botswana and Swaziland.
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Figure 12. Per capita Malaria Control Budget (US $) in years 1990-2016. A) Countries
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Figure 14. Treatment Coverage (%) of the study countries in years 2000-2016. A)

Countries with an increasing malaria trend: Kenya, Ghana and Mozambique; B) countries
with sustained malaria: Ethiopia, Guinea and Zimbabwe; C) countries in malaria pre-

elimination stage: Botswana and Swaziland.
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CHAPTER 4. DISCUSSION

In the present study, we performed a systematic review, Univariate and multivariable
regression analysis to determine the impact of social economic, biological and
environmental factors on malaria incidence dynamics in Africa. Longitudinal data from
publically available data sources across the past 17 years for eight African countries were
collected and analyzed, including Ghana and Guinea from West Africa, Ethiopia and Kenya
from East Africa, Mozambique and Zimbabwe from Southern/Central Africa, and Botswana
and Swaziland from Southern Africa. The overall malaria endemicity was assessed, and
three distinct malaria transmission patterns in these countries were found: malaria
incidence with an increasing trend, sustained transmission and incidence reduced to pre-
elimination level. The countries showing increasing malaria incidence trend were Kenya,
Ghana and Mozambique. The countries showing sustained malaria transmission were
Ethiopia, Guinea and Zimbabwe. The countries in malaria pre-elimination stage were
Botswana and Swaziland. The key factors I analyzed included per-capital GDP, national
malaria control budget and malaria budget from international donors. Biological factors
include LLIN coverage, IRS coverage and insecticide resistance, and malaria case

management.

1. Economic Status: per-capita GDP

Malaria has been thought to be difficult to control in African countries due to the its
strong association with poverty80. Poverty can affect healthcare equality8l, and
consequently, people’s access to malaria prevention, diagnosis and treatment. A vicious cycle

between poverty and malaria indicates that economic development is a major determinant
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of malaria incidence. The per-capita GDP variation showed that there was a large economic
development disparity among our 8 study countries. For example, in 2016 the per-capita
GDP in Botswana was US $6,924 whereas US $382 in Mozambique, a difference more than
US $6000. Botswana is in the pre-elimination stage but Mozambique is showing increasing

malaria over years.

2. Malaria Control Budget: National Government and External Funds

The malaria control requires funds to support activities from bednet distribution,
drug and diagnosis kit procurement, and case management. The overall malaria control
investment has been in a steady increase in Africa, and most malaria control budgets come
from international donations from organizations such as Global Fund, PMI, USAID, The
World Bank, UNICEF and various NGOs. In the past decade, the international funding for
malaria control has been increasing, and the external funding amount in a country was
positively associated with its malaria disease incidence: the higher malaria incidence, the
more donations a country received. Though external funding represented most of the
malaria control budget, my analysis showed that only national government malaria
investment was significantly associated with malaria incidence reduction. The reason for
this is that national government malaria investment reflects the determination and perhaps

overall organization of the malaria control efforts.
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3. Malaria Intervention Tools: LLINs/ITNs, IRS and Insecticide Resistance

LLINs and IRS are the core malaria vector control tools used in Africa. Research has
demonstrated the efficacy of LLINs and IRS in malaria control,8> the scale up of LLIN and IRS

was made possible by funding from the Global Funds and PMI since 2005.

3.1 LLINs and IRS coverage

The overall LLIN coverage has been increasing over years in our study countries. The
LLIN coverage was high in countries with increasing malaria incidence trend and in
countries in the pre-elimination stage, at around 70% in 2016. The target ITN coverage by
the WHO is 80%. I observed dramatic changes in some years in several countries. For
example, the peak coverage in Ghana was in 2005. The reason for this was due to a
calculation change in the size of risk population as LLIN coverage was calculated as the
number of LLIN distributed divided by the risk population. In Zimbabwe, domestic violence
and international sanction in 2004 and 2005 contributed to the sharp decline of LLIN

coverage.

Overall IRS coverage was low in all 8 study countries. IRS is an effective tool in malaria
control, but is also an expensive method in the insecticide and labor cost in relation to its
short duration of protection. IRS coverage fluctuated over time, which reflected the
consequence of funding availability. Overall, the countries with increasing malaria trend and

countries in malaria pre-elimination stage had lower IRS coverage.

3.2 Insecticide Resistance
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Insecticide resistance is an inevitable consequence associated with scale up of
insecticide-based malaria control measures. Meta-analysis on the impact of insecticide
resistance on the effectiveness of LLINs and IRS found that insecticide resistance increased
the survivorship of malaria vectors, but there is insufficient evidence on its impact on clinical
malaria incidence.86 87 In this study I found a significant negative association between
insecticide resistance and malaria incidences with odds ratio of 20, suggesting insecticide
resistance is a major obstacle to malaria control.

WHO has urged effective insecticide resistance management. There are several useful
approaches for insecticide resistance management: 1) insecticide resistance monitoring by
better understanding insecticide resistance mechanisms and developing field applicable
sensitive resistance biomarkers; 2) implement new malaria vector control strategies, such
as rotation of insecticides to reduce selection pressure on mosquitoes and mosaic use of
insecticides to provide refugia for the susceptible mosquitoes; 3) control the spread of
insecticide resistance genes by limiting the spread of resistant mosquito populations; and 4)
develop alternative vector control methods using products with totally different mosquito
killing mechanisms. Methods under development include genetically modified mosquitoes,
use of biological insecticides, sterile male release, and house modification to control human-

vector contact rate.

4. Case Management

ACTs are the most effective first-line treatment for uncomplicated malaria. Failure for
timely treatment can cause severe malaria and mortality. In most African countries, the

national malaria control guideline requires treating symptomatic malaria patients. In my
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univariate regression analysis for cluster of countries in pre-elimination stage, treatment
coverage was negatively associated with malaria incidence. In countered with high
transmission, asymptomatic malaria is extremely common which contributes to continuous
transmission and leads to clinical illness. This may explain why no significant correlation

between treatment coverage and malaria incidence was found.

5. Autocorrelation

In this study, autocorrelation with 1 to 5 year time lag was used to examine the
correlation between malaria incidence in the present year and previous years. Regression
models found that 1-year lag showed the largest correlation (R?=0.61 for 1-year lag, and 0.42,
027,0.17 for 2, 3, 4-year lags). Therefore, in the multivariate model, [ used 1-year time lag in
the model. The autocorrelation was positive, suggesting that malaria incidence in the present

year was highly correlated with incidence in the previous year (Appendix 2).

6. Other Factors

Malaria transmission is modulated by entomological and ecological factors such as
seasonality and climate change, etc. Climate change has been found associated with
increased epidemic intensity in areas previously with no or little malaria8® %0. Transmission
duration is an important factor that should be considered in malaria control measures. For
example, areas with perennial transmission may require multiple IRS in a year and more
intense malaria vector control than areas with a short transmission season. Among the 8
countries | examined, the countries with perennial transmission exhibited higher malaria

incidence and also increasing trend of malaria.
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7. Significance and Values

This study examined entomological, ecological, social-economical and biological
factors that may affect malaria disease incidence, and identified national malaria control
investment and insecticide resistance were the significant factors associated with clinical
malaria incidence. The implications of these findings include:

1) The study comprehensively examined risk factors for clinical malaria incidence in
selected African countries. A comprehensive analysis of risk factors distinguishes
from past studies that focused on single or a small number of factors.

2) The study determined that national government funding in malaria control is
significantly associated with reduced malaria incidence. This finding suggests the
determination of the African countries themselves for malaria control is very
important.

3) Insecticide resistance represents a major obstacle to malaria control and
elimination. Resistance management and developing alternative malaria control

tools are imperative to further reduce malaria in Africa.

8. Limitation of the Study

This study has several limitations. First, data reliability may be questioned. Although
[ used data from the WHO statistics, malaria incidence data at the country level in Africa
where there is limited surveillance and diagnosis may have a large confidence interval.
Second, some variables contained missing data. I limited my analysis to the period of 2000-
2016 to minimize the missing data. Third, malaria data and the associated risk factor data

are aggregated data at the country level, some risk factors such as climate and mosquito

57



densities which are available only on the site level can’t be analyzed. Fourth, insecticide
resistance is a quantitative variable. Because the resistance data available were a binary
valuable (presence or absence), further analysis on the quantitative measurement of

resistance and malaria incidence should be examined.

9, Conclusions

Using a comprehensive multivariate analysis, | found that national government
funding from African countries and insecticide resistance were the factors significantly
associated with clinical malaria control incidence. This study indicates the significance of
malaria control investment from African countries themselves and insecticide resistance

management in malaria control and elimination in Africa.

58



REFERENCES

1. World Health Organization. A framework for malaria elimination, 2017.

2. Trampuz A, Jereb M, Muzlovic [, Prabhu RM. Clinical review: Severe malaria. Crit Care

2003; 7(4): 315-23.

3. Guinovart C, Navia MM, Tanner M, Alonso PL. Malaria: Burden of disease. Curr Mol

Med 2006; 6(2): 137-40.

4, World Health Organization. Malaria: Fact Sheet. 2018.
http://www.who.int/mediacentre/factsheets/fs094 /en/ (accessed 19 April, 2018).

5. World Health Organization. Malaria: World Malaria Report. 2018.
http://www.who.int/malaria/publications/world malaria report/en/ (accessed April 19,

2018).

6. World Health Organization. World Malaria Report 2017. 2017.

7. Marsh K, Forster D, Waruiru C, et al. Indicators of Life-Threatening Malaria in African

Children. New Engl ] Med 1995; 332(21): 1399-404.

8. Rowe AK, Rowe SY, Snow RW, et al. The burden of malaria mortality among African

children in the year 2000. Int | Epidemiol 2006; 35(3): 691-704.

9. Lindsay S, Ansell ], Selman C, Cox V, Hamilton K, Walraven G. Effect of pregnancy on
exposure to malaria mosquitoes. Lancet 2000; 355(9219): 1972-.

10.  World Health Organization. Malaria: High-risk groups. 2018.

http://www.who.int/malaria/areas/high risk groups/en/ (accessed April 19, 2018).

11.  Greenwood BM, Bojang K, Whitty CJM, Targett GAT. Malaria. Lancet 2005; 365(9469):
1487-98.

59


http://www.who.int/mediacentre/factsheets/fs094/en/
http://www.who.int/malaria/publications/world_malaria_report/en/
http://www.who.int/malaria/areas/high_risk_groups/en/

12. Craig MH, Snow RW, le Sueur D. A climate-based distribution model of malaria

transmission in sub-Saharan Africa. Parasitol Today 1999; 15(3): 105-11.

13. Grover-Kopec EK, Blumenthal MB, Ceccato P, Dinku T, Omumbo JA, Connor SJ]. Web-

based climate information resources for malaria control in Africa. Malaria ] 2006; 5.

14. O'Meara WP, Noor A, Gatakaa H, Tsofa B, McKenzie FE, Marsh K. The impact of
primary health care on malaria morbidity - defining access by disease burden. Trop Med Int

Health 2009; 14(1): 29-35.

15. Breman ]G, Alilio MS, Mills A. Conquering the intolerable burden of malaria: What's
new, what's needed: A summary. Am | Trop Med Hyg 2004; 71(2): 1-15.

16.  Organization WH. Malaria elimination. 2016.

17.  Cotter C, Sturrock HJW, Hsiang MS, et al. The changing epidemiology of malaria
elimination: new strategies for new challenges. Lancet 2013; 382(9895): 900-11.

18. Head MG, Goss S, Gelister Y, et al. Global funding trends for malaria research in sub-

Saharan Africa: a systematic analysis. Lancet Glob Health 2017; 5(8): E772-E81.

19.  Atake EH. Sustaining Gains in Health Programs: Technical Efficiency and its
Determinants in Malaria Programs in Sub-Saharan Africa. Appl Health Econ Hea 2017; 15(2):
249-59.

20.  Farooq F, Bergmann-Leitner ES. Malaria Prevention and Control. Introduction to

Global Health Promotion 2016: 191.

21. Atta H, Zamani G. The progress of Roll Back Malaria in the Eastern Mediterranean
Region over the past decade. 2008.

22. Sachs ], Malaney P. The economic and social burden of malaria. Nature 2002;

415(6872): 680-5.

60



23. Lowassa A, Mazigo HD, Mahande AM, et al. Social economic factors and malaria

transmission in Lower Moshi, Northern Tanzania. Parasite Vector 2012; 5.

24.  StenbergK, Axelson H, Sheehan P, et al. Advancing social and economic development
by investing in women's and children's health: a new Global Investment Framework. Lancet

2014; 383(9925): 1333-54.

25. Chuma ], Okungu V, Molyneux C. The economic costs of malaria in four Kenyan

districts: do household costs differ by disease endemicity? Malaria ] 2010; 9.

26. Bizimana |P, Twarabamenye E, Kienberger S. Assessing the social vulnerability to

malaria in Rwanda. Malaria ] 2015; 14.

27.  Kienberger S, Hagenlocher M. Spatial-explicit modeling of social vulnerability to

malaria in East Africa. Int ] Health Geogr 2014; 13.

28.  Hagenlocher M, Castro MC. Mapping malaria risk and vulnerability in the United
Republic of Tanzania: a spatial explicit model. Popul Health Metr 2015; 13.

29. Williams YA, Tusting LS, Hocini S, et al. Expanding the Vector Control Toolbox for
Malaria Elimination: A Systematic Review of the Evidence. Advances in parasitology 2018;

99: 345-79.

30. Moiroux N, Gomez MB, Pennetier C, et al. Changes in Anopheles funestus Biting
Behavior Following Universal Coverage of Long-Lasting Insecticidal Nets in Benin. J Infect

Dis 2012;206(10): 1622-9.

31. Paaijmans KP, Thomas MB. The influence of mosquito resting behaviour and

associated microclimate for malaria risk. Malaria ] 2011; 10.

32. Gatton ML, Chitnis N, Churcher T, et al. The Importance of Mosquito Behavioural
Adaptations to Malaria Control in Africa. Evolution 2013; 67(4): 1218-30.

61



33. Mwangangi JM, Muturi E], Muriu SM, Nzovu ], Midega |JT, Mbogo C. The role of
Anopheles arabiensis and Anopheles coustani in indoor and outdoor malaria transmission

in Taveta District, Kenya. Parasite Vector 2013; 6.

34. Ranson H, Lissenden N. Insecticide Resistance in African Anopheles Mosquitoes: A
Worsening Situation that Needs Urgent Action to Maintain Malaria Control. Trends Parasitol

2016; 32(3): 187-96.

35. Gething PW, Smith DL, Patil AP, Tatem AJ, Snow RW, Hay SI. Climate change and the
global malaria recession. Nature 2010; 465(7296): 342-U94.

36. Wang XM, Zhou GF, Zhong DB, et al. Life-table studies revealed significant effects of
deforestation on the development and survivorship of Anopheles minimus larvae. Parasite

Vector 2016; 9.

37. Chang XL, Zhong DB, Lo E, et al. Landscape genetic structure and evolutionary
genetics of insecticide resistance gene mutations in Anopheles sinensis. Parasite Vector

2016; 9.

38. Yewhalaw D, Getachew Y, Tushune K, et al. The effect of dams and seasons on malaria

incidence and anopheles abundance in Ethiopia. Bmc Infect Dis 2013; 13.

39. Tatem AJ], Gething PW, Smith DL, Hay SI. Urbanization and the global malaria
recession. Malaria | 2013; 12.

40.  World Health Organization. Malaria in pregnant women. 2017 (accessed April 19
2018).

41. Rogerson §J, Desai M, Mayor A, Sicuri E, Taylor SM, van Eijk AM. Burden, pathology,
and costs of malaria in pregnancy: new developments for an old problem. Lancet Infect Dis

2018; 18(4): E107-E18.

472. Hay SI, Guerra CA, Tatem A], Noor AM, Snow RW. The global distribution and
population at risk of malaria: past, present, and future. Lancet Infect Dis 2004; 4(6): 327-36.

62



43.  Wells TNC, Willis P, Burrows JN, van Huijsduijnen RH. Open data data in drug
discovery and development: lessons from malaria. Nat Rev Drug Discov 2016; 15(10): 661-

2.

44, Centers for Disease Control and Prevention. Malaria Parasites. March 29, 2018 2018
(accessed April 19, 2018).

45.  Rich SM, Leendertz FH, Xu G, et al. The origin of malignant malaria. Proceedings of the
National Academy of Sciences 2009; 106(35): 14902-7.

46. Howes RE, Battle KE, Mendis KN, et al. Global Epidemiology of Plasmodium vivax. Am
J Trop Med Hyg 2016; 95(6): 15-34.

47. Centers for Disease Control and Prevention. Malaria: Biology. March 1, 2016 2016.
https://www.cdc.gov/malaria/about/biology/index.html (accessed April 19, 2018).

48. Kiszewski A, Mellinger A, Spielman A, Malaney P, Sachs SE, Sachs J. A global index
representing the stability of malaria transmission. Am J Trop Med Hyg 2004; 70(5): 486-98.

49.  Schumacher RF, Spinelli E. Malaria in children. Mediterranean journal of hematology

and infectious diseases 2012; 4(1): e2012073.

50. Desai M, ter Kuile FO, Nosten F, et al. Epidemiology and burden of malaria in
pregnancy. Lancet Infect Dis 2007; 7(2): 93-104.

51. Martens P, Hall L. Malaria on the move: Human population movement and malaria

transmission. Emerg Infect Dis 2000; 6(2): 103-9.

52. World Health Organization. Guidelines for the treatment of malaria. Third edition;

2015.

53. World Health Organization. Framework for a national plan for monitoring and

management of insecticide resistance in malaria vectors. 2017.

63


http://www.cdc.gov/malaria/about/biology/index.html

54, Ranson H, N'Guessan R, Lines ], Moiroux N, Nkuni Z, Corbel V. Pyrethroid resistance
in African anopheline mosquitoes: what are the implications for malaria control? Trends

Parasitol 2011; 27(2): 91-8.

55. Yewhalaw D, Wassie F, Steurbaut W, et al. Multiple Insecticide Resistance: An

Impediment to Insecticide-Based Malaria Vector Control Program. Plos One 2011; 6(1).

56. Hemingway ], Ranson H, Magill A, et al. Averting a malaria disaster: will insecticide

resistance derail malaria control? Lancet 2016; 387(10029): 1785-8.

57.  Kelly-Hope L, Ranson H, Hemingway ]. Lessons from the past: managing insecticide
resistance in malaria control and eradication programmes. Lancet Infect Dis 2008; 8(6): 387-

9.

58.  World Health Organization. Global plan for insecticide resistance management in

malaria vectors. 2012.

59.  World Health Organization. Test procedures for insecticide resistance monitoring in

malaria vector mosquitoes (Second edition). 2016.

60. Bayoh MN, Mathias DK, Odiere MR, et al. Anopheles gambiae: historical population
decline associated with regional distribution of insecticide-treated bed nets in western

Nyanza Province, Kenya. Malaria ] 2010; 9.

61. Ototo EN, Mbugi JP, Wanjala CL, Zhou GF, Githeko AK, Yan GY. Surveillance of malaria

vector population density and biting behaviour in western Kenya. Malaria ] 2015; 14.

62. Tchouassi DP, Okiro ROK, Sang R, Cohnstaedt LW, McVey DS, Torto B. Mosquito host

choices on livestock amplifiers of Rift Valley fever virus in Kenya. Parasite Vector 2016; 9.

63. Logue K, Keven ]B, Cannon MV, et al. Unbiased Characterization of Anopheles
Mosquito Blood Meals by Targeted High-Throughput Sequencing. Plos Neglect Trop D 2016;
10(3).

64



64. Durnez L, Coosemans M. Residual Transmission of Malaria: An Old Issue for New

Approaches. Anopheles Mosquitoes - New Insights into Malaria Vectors 2013: 671-704.

65. Killeen GF. Characterizing, controlling and eliminating residual malaria transmission.

Malaria ] 2014; 13.

66. World Health Organization. Control of Residual Malaria Parasite Transmission-

Technical Note. In: Global Malaria Programme, editor.; 2014.

67. Laxminarayan R. Act now or later? Economics of malaria resistance. Am | Trop Med

Hyg 2004; 71(2): 187-95.

68.  Wongsrichanalai C, Meshnick SR. Declining artesunate-mefloquine efficacy against

falciparum malaria on the Cambodia-Thailand border. Emerg Infect Dis 2008; 14(5): 716-9.

69. Noedl H, Se Y, Schaecher K, et al. Evidence of Artemisinin-Resistant Malaria in

Western Cambodia. New Engl ] Med 2008; 359(24): 2619-20.

70. Duru V, Witkowski B, Menard D. Plasmodium falciparum Resistance to Artemisinin
Derivatives and Piperaquine: A Major Challenge for Malaria Elimination in Cambodia. Am |

Trop Med Hyg 2016; 95(6): 1228-38.

71. Ashley EA, Dhorda M, Fairhurst RM, et al. Spread of Artemisinin Resistance in
Plasmodium falciparum Malaria. New Engl ] Med 2014; 371(5): 411-23.

72. Dondorp AM, Yeung S, White L, et al. Artemisinin resistance: current status and

scenarios for containment. Nat Rev Microbiol 2010; 8(4): 272-80.

73.  Plowe CV. Antimalarial drug resistance in Africa: Strategies for monitoring and

deterrence. Curr Top Microbiol 2005; 295: 55-79.

74. Teka H, Petros B, Yamuah L, et al. Chloroquine-resistant Plasmodium vivax malaria in

Debre Zeit, Ethiopia. Malaria ] 2008; 7.

65



75.  Hupalo DN, Luo ZP, Melnikov A, et al. Population genomics studies identify signatures

of global dispersal and drug resistance in Plasmodium vivax. Nat Genet 2016; 48(8): 953-+.

76.  Fairhurst RM, Dondorp AM. Artemisinin-Resistant Plasmodium falciparum Malaria.

Microbiol Spectr 2016; 4(3).

77. Yalowich R, Wirth B, Takach M. Matching patients with their providers: lessons on
attribution and enrollment from four multi-payer patient-centered medical home initiatives.

Portland, ME: National Academy for State Health Policy 2014.

78.  Sox HC, Greenfield S. Comparative Effectiveness Research: A Report From the
Institute of Medicine. Ann Intern Med 2009; 151(3): 203-W44.

79. The World Bank Group. The World Bank Group: Who We Are. 2018.

http://www.worldbank.org/en/who-we-are.

80.  Gallup JL, Sachs ]JD. The economic burden of malaria. Am J Trop Med Hyg 2001; 64(1-
2): 85-96.

81.  Falkingham ]. Poverty, out-of-pocket payments and access to health care: evidence

from Tajikistan. Soc Sci Med 2004; 58(2): 247-58.

82. Korenromp EL, Hosseini M, Newman RD, Cibulskis RE. Progress towards malaria

control targets in relation to national malaria programme funding. Malaria ] 2013; 12.

83. Pigott DM, Atun R, Moyes CL, Hay SI, Gething PW. Funding for malaria control 2006-
2010: A comprehensive global assessment. Malaria ] 2012; 11.

84.  Steketee RW, Campbell CC. Impact of national malaria control scale-up programmes

in Africa: magnitude and attribution of effects. Malaria | 2010; 9.

85. Akachi Y, Atun R. Effect of Investment in Malaria Control on Child Mortality in Sub-
Saharan Africa in 2002-2008. Plos One 2011; 6(6).

66


http://www.worldbank.org/en/who-we-are

86.  Souris M, Marcombe S, Laforet ], Brey PT, Corbel V, Overgaard H]J. Modeling spatial

variation in risk of presence and insecticide resistance for malaria vectors in Laos. Plos One

2017; 12(5).

87.  Viana M, Hughes A, Matthiopoulos ], Ranson H, Ferguson HM. Delayed mortality
effects cut the malaria transmission potential of insecticide-resistant mosquitoes. P Natl

Acad Sci USA 2016; 113(32): 8975-80.

88. Bhatt S, Weiss D], Cameron E, et al. The effect of malaria control on Plasmodium

falciparum in Africa between 2000 and 2015. Nature 2015; 526(7572): 207-+.

89. Caminade C, Kovats S, Rocklov |, et al. Impact of climate change on global malaria

distribution. P Natl Acad Sci USA 2014; 111(9): 3286-91.

90. Murdock CC, Sternberg ED, Thomas MB. Malaria transmission potential could be
reduced with current and future climate change. Sci Rep-Uk 2016; 6.

67



PR7+

Insecticide Resistance I I l I I
%) N

Behavior Change
onomy Developme
\ & Internal Fund
Healthcare

\ Case Management

Dlagn051s Treat ent

\m",@,

5 q External . .
6 6 ‘3 Malaria Fund Geographical Location

Prevention

Climate Changes
Transmission Season

Appendix 1. Potential factors influencing malaria disease in Africa.
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