Program Director/Principal Investigator (Last, First, Middle): Dorsey, Matthew, Grant  Project Leader: Kamya, Moses R.


Research Project 1: Optimizing strategies for malaria surveillance and measuring the impact of control interventions

A. SPECIFIC AIMS

The epidemiology of malaria in Africa is in transition, with evidence of declining transmission and disease burden [1-3], a presumed consequence of expanded intervention coverage of insecticide-treated bednets (ITNs), indoor residual spraying (IRS) and effective case management with artemisinin-based combination therapies (ACTs). To date, most of the documented successes in malaria control in Africa have been limited to relatively low transmission settings or defined geographic areas such as islands. There has been very little scientific effort to document the transitioning epidemiology in areas of high malaria transmission using validated metrics of intervention coverage, infection risk, and disease burdens within a robust framework of malaria surveillance. Reliable surveillance is essential for the design, refinement and resource allocation of control programs and to provide assessment of the impact and cost-effectiveness of program activities. However, the capacity to conduct high-quality malaria surveillance is currently inadequate in much of Africa. One reason for this situation is the lack of financial and technical resources available to control programs for surveillance activities. Consequently, health information system (HIS) data are subject to the vagaries of incomplete data and inaccurate diagnosis. Furthermore, data on vector-based measures of transmission intensity and host-based measures of infection and disease are not collected routinely. 

A further reason for the current inadequate surveillance of malaria in Africa is a lack of understanding of the optimal approaches to routine malaria surveillance. The objectives of this project are to establish and validate simplified, reliable, and cost-effective surveillance tools at various sites across Uganda. This work aims to inform malaria control efforts in Uganda and to provide a model for malaria surveillance in other malaria endemic countries. Our specific aims will be as follows.

Specific Aim 1. To identify optimal strategies for malaria surveillance in Uganda by comparing different methodologies in multiple sites with varied transmission intensity.  We will perform comprehensive malaria surveillance studies at 3 sites in Uganda (Kabale – low transmission; Mubende – medium transmission; Apac – high transmission) to measure key metrics of malaria transmission (entomological inoculation rates), infection (parasite rates), and disease (measures of malaria morbidity and mortality). Surveillance methodologies using “streamlined” techniques designed to improve efficiency and feasibility will be compared with “gold standard” techniques, with the goal of identifying optimal strategies for surveillance under a range of epidemiological settings and with changing transmission intensity. 

Specific Aim 2. To estimate the impact of key malaria control interventions on measures of transmission intensity, infection, and disease using surveillance data at multiple sites in Uganda.  We will prospectively assess the coverage of key malaria control interventions (ITNs, IRS and ACTs) and measure metrics of malaria transmission, infection, and disease at multiple sites in Uganda. Statistical techniques will be used to estimate the impact of changing coverage levels of control interventions on our outcome measures. Over the course of the project, with streamlining of surveillance techniques, we will expand the number of sentinel sites from 3 to 6 to increase the diversity of epidemiological settings and levels of control interventions. 


Specific Aim 3. To conduct an economic evaluation of malaria control interventions to identify the optimal coverage levels and mix of interventions at multiple sites in Uganda.  We will prospectively collect data on the coverage and costs of key malaria control interventions at multiple sites in Uganda with variable transmission intensity. We will then model the cost-effectiveness of different interventions and their combinations at selected coverage levels as measured by various key impact indicators and disability adjusted life-years averted to determine the optimal level of coverage and mix of interventions to maximize health outcomes in different transmission settings. 


The work outlined in this proposal will be implemented within our existing health facility-based malaria surveillance system in six districts in Uganda encompassing a range of transmission intensities. To augment this existing infrastructure and expertise and to facilitate our entry into new scientific areas, the proposed work will benefit from collaboration with the KEMRI-Wellcome Trust Research Programme, which has extensive experience and expertise in malaria epidemiology and community and school-based malaria surveys. We have also established collaborations with entomologists at the London School of Hygiene and Tropical Medicine and the Liverpool School of Tropical Medicine. To ensure that research findings are of direct relevance to ongoing malaria control efforts, proposed work will be integrated into ongoing activities and conducted in collaboration with the Uganda National Malaria Control Program and international funding agencies such as the President’s Malaria Initiative. Further, the proposed research will develop innovative approaches to malaria surveillance that should be widely applicable. 
B. BACKGROUND AND SIGNIFICANCE

B.1 Burden of Malaria in Sub-Saharan Africa and Uganda. Malaria is Africa’s leading cause of mortality in children under five years of age and is responsible for 10% of the overall disease burden, 40% of public health expenditure, 30-50% of inpatient admissions, and up to 50% of outpatient visits (www.rbm.who.int). There are several reasons why Africa bears a large proportion of the world's malaria burden. First, most malaria infections in sub-Saharan Africa are due to Plasmodium falciparum, the cause of the most difficult to treat and severe form of the disease. Second, this region is also home to the most efficient malaria mosquito vectors, members of the Anopheles gambiae complex and those of the An. funestus complex. Third, most African countries are "the poorest of the poor", lacking the basic infrastructure and resources necessary to mount sustainable malaria control efforts. Uganda, where the proposed work would be located, is emblematic of the immense problem that malaria poses for African countries. Malaria is endemic in over 95% of the country, with some of the highest malaria transmission intensities reported in the world [4]. According to the 2008 World Malaria Report, Uganda ranked 6th in terms of number of malaria cases and 3rd in terms of number of malaria deaths [5]. Malaria is the leading cause of morbidity and mortality in Uganda and is responsible for up to 40% of all outpatient visits, 25% of all hospital admissions and 14% of all hospital deaths (Uganda Ministry of Health, unpublished). The overall malaria-specific mortality is estimated to be between 70,000 and 100,000 child deaths annually in Uganda, a death toll that far exceeds that of HIV/AIDS [6]. A 1995 Burden of Disease study indicated that 15% of life years lost to premature death was due to malaria and that families spend 25% of their income on malaria prevention and treatment (Uganda Ministry of Health, unpublished). Poor school performance and absenteeism due to malaria reduce chances of escaping from poverty [7]. Poor people tend to live in environments conducive to mosquito breeding and malaria transmission. Thus malaria enhances poverty, which in turn causes poor disease management, locking people in a malaria-poverty trap [8].


Despite the overwhelming burden imposed by malaria in Africa, there is increasing optimism that the tide can be turned through the establishment of several recent large-scale initiatives. The United States government has recently launched the President’s Malaria Initiative (PMI), with the goal of reducing malaria-related deaths in selected countries, including Uganda, by 50% within five years. Through PMI and other large funding sources, such as the Global Fund to Fight AIDS, Tuberculosis and Malaria (GFATM), Uganda and other African countries now have an unprecedented opportunity to reduce malaria associated morbidity and mortality on a national scale.

B.2  Epidemiology of Malaria in Sub-Saharan Africa. Malaria in sub-Saharan Africa is largely characterized by high rates of infection and the development of partial immunity after repeated exposure. Transmission intensity ranges from under ten to several hundred infective bites per person year, but the majority of these infections do not lead to clinical illness. The risk of developing symptomatic disease is inversely proportionate to the level of acquired immunity. Partial immunity develops through repeated exposure, leading first to protection against severe forms of disease, followed by protection against symptomatic illness [9]. The result of this phenomenon is that the burden of malaria in Africa is heavily borne by young children. Newborns are protected during the first few months of life due to the transplacental acquisition of maternal antibodies and relatively high hemoglobin F content in the infants’ erythrocytes [10]. After about 3-4 months of age, protection from these factors wanes, and the infant becomes highly vulnerable to malaria, including severe disease, with an estimated 75% of malaria deaths occurring in African children under the age of 5 years [11]. However, the age at which malaria risk peaks in endemic areas of Africa varies from 1-2 years of age in areas of high transmission intensity to approximately 5 years of age in areas of low to moderate transmission intensity [12]. The risk of symptomatic malaria declines as children get older, however, school aged children are at highest risk of asymptomatic parasitemia, with chronic parasitemia resulting in anemia [13-15]. Malaria parasitemia may also impact significantly on the education and learning of school-aged children [13]. However, as the intensity of malaria transmission declines due to control efforts, it is suggested that clinical immunity will be acquired more slowly and disease burdens will shift into older age groups [16]. In addition, the high prevalence of parasitemia in children (up to 90% at any time) creates a large reservoir for transmission [17]. Our proposed studies will benefit from the extensive experience we have gained studying malaria in Uganda and elsewhere in East Africa. Lessons learned in Uganda will also be relevant for other African nations.  

B.3  Malaria Control in Africa and Uganda. Proven effective malaria control interventions currently available in Africa include ITNs, IRS, and effective case management with ACTs. In controlled trials, ITNs have been associated with a 17% reduction in child mortality and a 50% reduction in the incidence of clinical malaria [18]. One challenge for African countries is to increase ITN coverage, especially amongst high risk populations. According to the Ugandan 2006 Demographic and Health survey only 10% of children under the age of 5 years were sleeping under an ITN. Currently, large scale efforts are underway to increase ITN coverage in Uganda, with a goal of reaching 85% of children under 5 years by 2010 (PMI Malaria Operational Plan 2007). Uganda, like many other African countries, has renewed efforts to provide vector control through the use of IRS of insecticide. In 2006, Uganda began a successful IRS program in low endemicity highland areas of the country; however these areas represent less than 5% of the Ugandan population. Uganda’s IRS program has been expanded to two high transmission districts, as well as internally displaced people’s camps in northern Uganda. However, it is unknown whether IRS is effective or sustainable in high transmission settings. The cornerstone of childhood malaria control for much of Africa has been the provision of prompt and effective antimalarial therapy (case management). However, the spread of resistance to inexpensive drugs has seriously compromised this strategy. Newer ACTs have been shown to be highly effective and have been adopted in most African countries, but these drugs are considerably more expensive than older therapies, and their availability remains limited. As these newer therapies become more widely available, it is important to use them in a rational way to prevent the further spread of drug resistance [19]. Based on the considerations noted above, there is no clear single path for improved malaria control in Africa. Rather, improvements in control will likely come from incremental advances through expanding and better targeting the coverage of proven interventions, as well as the development of new interventions. For the first time, resources are becoming available to fund the expansion of existing interventions, however, there is a critical need to generate an evidence base to support the targeted use of control interventions to maximize their impact. 

B.4. Malaria Surveillance. Malaria surveillance, which encompasses monitoring and evaluation of malaria control efforts, is essential to guide program planning and management, inform governments and donors on progress, and assist with advocacy. Surveillance and monitoring provides the basis for the design, refinement and resource allocation of control programs [20, 21], while evaluation provides assessment of the impact and cost-effectiveness of program activities [22]. Most malaria control programs rely on routinely collected health facility-based data for surveillance needs. These data are inadequate to describe a changing clinical epidemiology, subject as they are to vagaries of incomplete data and poor diagnostics, and very few contemporary studies have tested the reliability of national case surveillance activities [23]. Furthermore, at a time when malaria transmission and disease burdens are in decline, with targets set for elimination or low stable endemic control, there is an important scientific requirement to design and implement comprehensive surveillance activities including monitoring sensitive metrics of infection risk, intervention coverage and disease outcome.  A practical approach to this problem is to identify a few key components of surveillance and implement these effectively, in a timely manner, and throughout the country. Defining the risks of P. falciparum infection and disease can be measured using a variety of techniques in different populations, but their cost and sensitivity depend on the overall levels of risk and the sampling strategies adopted [24]. Below we discuss current approaches to the different components of malaria surveillance in sub-Saharan Africa and provide the rationale for the selecting the methods to accomplish the specific aims of this proposal.
B.4.1 Measures of Transmission. The exposure of individuals to malaria parasites is typically represented as the Entomological Inoculation Rate (EIR), which is an estimate of the number of infective bites received during a season or annually. It is derived by multiplying the number of bites received each night by the proportion of mosquitoes that have sporozoites, and again with the number of nights during the period of interest. It is a fundamental measure that will allow us to determine whether the control measures are successful or not, as well as allowing us to interpret the pattern of malaria infection and morbidity we find.  Classically, human-landing catches have been used to estimate EIR. Here men collect biting insects landing on their exposed limbs. Since this method of sampling exposes individuals to the risk of vector-borne diseases, it is important to replace it with other techniques. We propose to move in this direction by directly comparing human-landing catches with two standard collection methods including: (1) light trap collections made indoors and (2) pyrethrum spray collections together with window traps collections. Whilst we recognize that other collection methods are currently being developed, they are still in the early phase of development, and we propose to limit ourselves to well-established sampling methods. A light trap positioned next to a person sleeping under a bednet provides a relatively simple method of estimating biting rates. We propose to use spray collections in homes in the early morning to collect bloodfed mosquitoes. Bloodmeals will then be analyzed to identify those bloodfeeding on people. If in addition mosquitoes are collected leaving the house in exit traps, an alternative estimate of EIR can be obtained by summing the number of human bloodfeds collected in the room and in the exit trap.  In addition to the major malaria vectors within the An. gambiae and An. funestus complexes there are a number of secondary vectors, so it is important to quantify the total transmission pressure, not just that posed by endophagic/endophilic primary vectors [25].
B.4.2. Measures of Infection. The parasite rate (PR) is defined as the proportion of surveyed persons harboring parasites in their peripheral blood, and PR among children aged 2-10 years provides an indirect quantitative measure of transmission intensity across a range of malaria endemicities [26]. PR is the most frequently measured malariometric index. The usefulness and robustness of malaria surveillance to generate estimates of PR will depend on the sampling strategy. The most robust sampling framework for national malaria surveys are household cluster surveys which collect information on malaria intervention coverage, patterns of antimalarial use, and in some cases, on the prevalence of malaria infection among pregnant women and children under five years. However, estimating PR among these age groups is not optimal, as pregnant women sequester infections [27] and infection prevalence in very young children is modified by a variety of factors, including presence of maternal antibodies [28]. More importantly, national cluster surveys are expensive, time-consuming, and technically complicated to undertake, and sampling is typically powered to provide only national or first-level administrative unit representative estimates of malaria risk and intervention coverage. Such limitations preclude frequent monitoring and evaluation, especially at local levels, hindering decentralized planning and allocation of resources for targeted control. Increasing the frequency of monitoring enables prompt feedback of intervention effectiveness, helping control programs to adapt and improve control strategies. Uganda has a relative paucity of data on PR, with only 94 surveys conducted since 1985, in contrast to its neighbors Kenya and Tanazania, where 987 and 773 surveys have been conducted over this same time period, respectively (www.map.ox.ac.uk/data/).


A complementary, inexpensive framework for malaria planning, monitoring and evaluation is offered by school malaria surveys [29-31]. The practical advantages of sampling children at school are clear: identification and selection of individuals is simplified, compliance is high, and costs are reduced, since only a fraction of the population is examined. In addition, ministries of education are increasingly developing or upgrading national school databases using geographical information systems (GIS). This allows incorporation of information on school locations and enrolment into a single database, and the use of geo-statistical methods to model risks between schools and across un-sampled schools. There are also important epidemiological reasons for sampling children who attend school. Historically, malaria endemicity was defined on the basis of PR among children aged 2-10 years, and geographical reconnaissance of malaria was recommended in all areas prior to a control program launching into an attack phase of the Global Malaria Elimination Program [24]. Recent mathematical models of malaria transmission dynamics indicate that EIR determines both the rate at which PR rises during early childhood and the age at which maximum PR is attained [32]. Age-stratified studies in varying transmission settings reveal that PR consistency has a convex relationship with age, with PR rapidly rising among young children, attaining a maximum within the 5-10 year old age class, and declining among adolescents and young adults, thereafter maintaining a relatively stable low value throughout adulthood [26]. Such consistency in the relationship between PR and age permits age-standardization of available PR estimates to the 2 to 10 year age range on the basis of catalytic conversion models [26], although estimates are most precise when the majority of the sampled population are within this age range.
B.4.3 Measures of Disease. One of the most important goals of any malaria surveillance program is estimating the number of malaria cases. The general working definition of a case of malaria is considered to be “fever with malarial parasitemia”, which normally defines all patients that require antimalarial treatment [5]. The number of reported cases of malaria is generally captured through a country’s health management information system (HMIS). However, the accuracy of these data are often limited due to incomplete reporting, failure of the system to capture cases that occur outside the formal health care system, and the absence of laboratory confirmation, particularly in African countries where the vast majority of reported cases of malaria are not laboratory confirmed [20, 33]. Indeed, national reports on trends in malaria cases from most countries in sub-Saharan Africa, including Uganda, simply reflect the number of cases of fever captured through HMIS system [5]. Another problem with monitoring trends in malaria cases is the lack of a clear denominator. As malaria is a disease that can occur repeatedly, the best metric for estimating malaria morbidity is malaria incidence, defined as the number of confirmed malaria cases per person per time at risk. The most accurate method of estimating malaria incidence involves longitudinal studies in defined cohorts, where all cases of suspected malaria (i.e. those with fever) are captured and undergo a diagnostic test that is highly sensitive and specific. However, such methods require considerable resources and are rarely undertaken as part of routine malaria surveillance programs. The slide positivity rate (SPR), defined as the number of laboratory-confirmed malaria cases per 100 suspected cases examined, provides an alternative method for estimating temporal changes in malaria incidence. The SPR gains accuracy in considering only laboratory confirmed cases of malaria, and it can provide a rapid and inexpensive means of assessing the burden of malaria in a population utilizing health care facilities. Decreases in the SPR have been cited as evidence for successful malaria control interventions in Africa [2, 3], yet there has been little work describing the relationship between changes in SPR and changes in malaria incidence using empiric data.

Estimating trends in malaria-associated mortality in sub-Saharan Africa also faces a number of methodological challenges and limitations. Representative household surveys (i.e. Demographic Health Survey) can provide high quality data on all cause mortality, but generally do not collect data on malaria-specific mortality and are limited by high costs, infrequency (typically every 4-8 years), and sampling over large areas, limiting geographic precision. Mortality surveys can be supplemented with verbal autopsy (VA) to provide malaria-specific mortality data, however, misclassification of deaths is a problem and further validation of these techniques are needed [34]. Health facility sentinel sites have also been used to examine trends in malaria-associated mortality, but are potentially limited by a lack of representativeness, limited sensitivity (many deaths occur at home) and absence of laboratory confirmation. Despite low sensitivity, facility-based trends would reflect true mortality trends in the community if sensitivity and positive predictive values were constant [34]. One could also follow trends in the proportion of all deaths reportedly caused by malaria, as this measure may be less susceptible to bias due to changing health facility use. With expanded efforts to reduce the burden of malaria, improved surveillance systems designed to accurately measure trends in malaria morbidity and mortality are needed, both at the level of the health facility and the community.  
B.5 Measuring the Impact of Malaria Control Interventions. Evidence supporting the use of key malaria control interventions (ITNs, IRS, and ACTs) in sub-Saharan Africa is highly variable. The efficacy of ITNs has been well established through a number of randomized controlled trials (RCTs) conducted across a wide range of epidemiological settings in Africa. Pooled estimates report a 50% reduction in the incidence of malaria and a 17% reduction in all cause childhood mortality associated with ITNs [18]. Similar results have been seen with large scale ITN distribution campaigns under operational conditions [35-37]. In contrast to ITNs, there are limited data from controlled trials on the efficacy of IRS, however many studies have documented the effectiveness of IRS in certain settings by comparing data before and after the intervention [38]. In sub-Saharan Africa, a number of malaria eradication pilot projects were initiated from the 1950s to the 1970s, with significant reductions in transmission and malaria cases, although in most cases transmission was not interrupted [39-41]. However, with few exceptions, IRS was not taken to scale during this period and interest in IRS waned. More recently, there has been a renewed interest in IRS as a major malaria control intervention in sub-Saharan Africa, with reports of significant declines in the burden of malaria following IRS in areas of low-moderate transmission intensity or discrete communities such as South Africa [42], the highlands of Kenya [43], and Bioko Island, Equatorial Guinea [44]. The WHO is now promoting wider application of IRS, including use in highly endemic settings in sub-Saharan Africa [38]. However, there are limited data supporting the effectiveness of IRS in high transmission settings, and historical data and modeling exercises suggest that several years of IRS may be needed to have an impact [45, 46]. There is also an urgent need to generate data on the operational effectiveness of IRS in different epidemiological settings, and to evaluate the potential impact of insecticide resistance on control. With respect to case management, the WHO now recommends ACTs for the treatment of uncomplicated malaria. There is a large body of evidence from RCTs documenting excellent efficacy of ACTs in Africa [47]. There is also evidence from non-controlled studies documenting significant declines in measures of malaria burden following the wide-scale implementation of ACTs in combination with vector control interventions in South Africa [42] and the island of Zanzibar [1]. It has also been suggested that wide scale use of ACTs may lead to decreases in transmission intensity due to the anti-gametocyte effects of these drugs in relatively low transmission settings [48], but this impact may be  less pronounced in higher transmission settings typical of sub-Saharan Africa [49]. In summary, there is a substantial body of evidence supporting the widespread use of IRS, ITNs, and ACTs in sub-Saharan Africa. However, considerable gaps in knowledge remain, such as the impact of these interventions in combination in operational settings under different epidemiological conditions, in various sequences and combinations, and over an extended period of time. The World Health Organization is advocating Integrated Vector Management (IVM), where a combination of tools are used to reduce malaria, yet there is little evidence to support which strategies work best in different eco-epidemiological settings. This study will provide important insights into which combinations are effective at reducing malaria over several years.  As the vast majority of malaria control interventions are not implemented as controlled experiments, it is important to develop standardized metrics and analytical methods for estimating their impact through routine surveillance.
B.6 Economic Evaluation of Malaria Surveillance and Control.  Economic evaluation compares the costs and consequences of competing alternative interventions to allow policy makers to make informed and rational decisions on the allocation of scarce resources. Different methods of economic evaluation are available; cost-effectiveness analysis (CEA) is most commonly used in the health sector. In CEA, the costs of different interventions are assessed per unit of health effect. In cost-utility analysis, which may be considered a subset of CEA, health is measured in terms of standardized increments, such as the disability-adjusted life year (DALY). The DALY, which captures the duration of time lived with a disability and the time lost due to premature mortality, has gained favor as the standard indicator of disease burden and is used widely in evaluations of malaria interventions [50, 51]. A number of studies have evaluated the cost-effectiveness of malaria control interventions, but gaps in the evidence remain. In 1999, a review of 14 studies concluded that the evidence on the cost-effectiveness of malaria prevention and treatment in Africa (including ITNs, IRS, IPTp, a hypothetical vaccine, and changing the first line drug for treatment) was limited [52]. Since then, multiple studies have evaluated the costs or cost-effectiveness of use of insecticide-treated bednets [53-55], indoor residual spraying [55-57], antimalarial treatment [58-63], malaria case management [64], malaria diagnostics [65-71], and intermittent preventive treatment [72-75], building the evidence base on malaria control interventions. Although these analyses suggest that interventions for the prevention and treatment of malaria are highly cost-effective in sub-Saharan Africa, including provision of ITNs (US$ 5-17 per DALY averted) and IRS (US$ 9-24 per DALY averted), CEA results are context specific and may not be generalizable to policy debates in other settings. Data on the costs and consequences of interventions, alone and particularly in combination, in different epidemiological settings, remain limited. Few studies based on Ugandan data are available and rapid change in the context of malaria control in terms of availability and coverage of interventions, epidemiological burden, spread of antimalarial resistance, and changes in the cost of interventions, calls for additional studies to inform policy decision-making and ensure that resources are allocated efficiently.
C. PRELIMINARY STUDIES
C.1 Uganda Malaria Surveillance Program (UMSP). UMSP was established by our collaboration and the Uganda Ministry of Health in 2001 with the purpose of creating a multi-site surveillance system for monitoring antimalarial drug efficacy and safety, monitoring malaria related morbidity and mortality, and building capacity for facility based management of malaria, with the goal of providing sustainable progress in malaria control. One of the strengths of UMSP is the presence of an active health facility based sentinel site surveillance system involving several government heath centers across the country. In 2006, UMSP expanded the scope of the sentinel site surveillance system to collect detailed and high quality data on the burden of malaria in the outpatient setting. Individual level patient data, including patient demographics, results of laboratory tests, diagnoses given, and treatments prescribed, are collected using a standardized case record form for all patients who present to the outpatient department of the sentinel site health facilities. Data are entered electronically at the sites in real time and sent to a core facility in Kampala at the end of each month using cellular technology. At our core facility in Kampala data are cleaned and merged into a larger database which is accessible through a website (www.mu-ucsf.org/UMSP). Our individual patient database allows us to correlate outcome variables and stratify data across demographic variables (i.e. age) and calendar time. For the research outlined in this proposal we will focus our activities in 6 districts where current UMSP surveillance sites are located. These sites consist of 2 districts with relatively low malaria transmission intensity (Kabale and Kanungu), 2 districts with medium transmission intensity (Mubende and Jinja), and 2 districts with high transmission intensity (Apac and Tororo). The sites see an average of 1,000-2,000 patients per month, with 30-48% of patients 10 years of age or younger. A majority of patients 10 years or younger are suspected of having malaria, ranging from 47% at the lowest transmission site to over 70% at the higher transmission sites. Among patients over 10 years of age, 29-61% are suspected of having malaria, with no difference in this level based on transmission intensity (Table 1).
Table 1. Description of outpatient data from sentinel districts to be included in this proposal.
	District
	Relative transmission intensity
	Average monthly data July 2008 – June 2009

	
	
	Total patients seen
	Age < 10 years (%)
	Suspected malaria age < 10  years (%)
	Suspected malaria age > 10 years (%)

	Kabale*
Kanungu

Mubende

Jinja

Tororo

Apac
	Low

Low

Medium

Medium

High

High
	2073
1704

991

2382

2038

1527
	613 (30%)
588 (35%)

356 (36%)

792 (33%)

984 (48%)

595 (39%)
	288 (47%)
396 (67%)

282 (79%)

516 (65%)

745 (76%)

427 (72%)
	417 (29%)
478 (43%)

390 (61%)

586 (37%)

433 (41%)

314 (34%)


* Data only available from September 2008-January 2009

One of the strengths of the UMSP health facility based malaria surveillance system is the high quality of care and reliance on laboratory confirmed diagnosis that is generally not available for most public health facilities in sub-Saharan Africa. Health care workers at all UMSP sentinel site heath facilities have undergone a two week integrated team based training program to improve malaria case management as well as periodic retraining by UMSP staff. This training program was associated with a significant improvement in the proportion of patients with suspected malaria referred for diagnostic testing, and documented over 90% sensitivity and specificity of field microscopy when compared to expert microscopy [76]. At the sentinel sites that are the focus of this proposal and where data are available for the previous 12 months, the proportion of patients with suspected malaria who are referred for diagnostic testing has now reached 80% at all the sites and over 94% at 3 of the sites (Figure 1).
Figure 1. Proportion of patients with suspected malaria referred for diagnostic testing
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The slide positivity rate (SPR), defined as the number of laboratory-confirmed malaria cases per 100 suspected cases examined, has been advocated as a useful metric for monitoring trends in malaria morbidity [5]. The SPR can provide a rapid and inexpensive means of assessing the burden of malaria in a population utilizing health care facilities, and decreases in the SPR have been cited as evidence for successful malaria control interventions in Africa [2, 3]. Monthly SPR trends in children < 10 years of age from UMSP sentinel sites that will be the focus of this proposal are presented in Figure 2. There is a strong correlation between SPR and the level of transmission intensity, with ranges of 30-40% at the lowest transmission site to 60-80% at the highest transmission sites. Over the last 12 months there have been no clear changes in the SPR at any of the sites, with the exception of expected seasonal fluctuations. In summary, our collaboration is well positioned to carry out the health facility based outpatient surveillance studies outlined in this proposal. We have a number of well functioning government health facilities from a diverse range of epidemiological settings utilized by large numbers of patients, a high proportion of patients suspected of having malaria, and excellent diagnostic capabilities allowing us to focus on laboratory-confirmed cases of malaria.
Figure 2. Slide positivity rate (SPR) for children < 10 years of age
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C.2 Measuring the incidence of malaria in cohorts. Our collaboration has been an innovative leader in longitudinal studies of malaria incidence in cohorts of children living in both urban and rural environments. Between 2005 and 2008 we conducted a prospective study in a cohort of children living in the relatively low transmission setting of Kampala, Uganda. Following a census of an urban slum, we randomly selected a representative sample of 690 children age 1-10 years. Study participants were asked to come to a designated study clinic, open 7 days a week, for all healthcare needs. Subjects who presented to the clinic with fever (tympanic temperature > 38.0°C) or reported history of fever symptoms in the previous 24 hours had blood obtained by fingerprick for a thick blood smear. If the thick blood smear was positive, the participant was diagnosed with and treated for malaria. If the thick blood smear was negative, the participant was not given antimalarial therapy. Study participants were seen routinely at least once a month to review the study protocol and discourage the use of outside medications. These methods allowed us to generate accurate estimates of malaria incidence (number of malaria episodes per person time) and correlate this outcome measure with other variables of interest (Figure 3) [77]. 
Figure 3. Temporal trends in malaria incidence in a cohort of children living in Kampala, Uganda
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There was a greater than 3-fold decrease in the annual incidence of malaria over the 4 year follow-up period, with the most pronounced reduction following the distribution of ITNs to all study participants in May 2006. Malaria incidence was also associated with location of residence, with malaria incidence highest in those children living near a mosquito breeding area (swamp) that bordered the study area. These data demonstrate that well conducted cohort studies may capture marked changes in malaria incidence over a relatively short period of time and are particularly well suited for measuring the impact of interventions while controlling for other risk factors such as age and geography.


In 2007 we began a prospective study in a cohort of 350 infants living in a high transmission area in the Tororo District of Eastern Uganda. All study participants were given an ITN at enrollment and will be followed until 5 years of age using methods similar to those described above. The incidence of malaria in this cohort increased with age over the first 15 months of life (presumably due to the waning effects of maternal antibodies) before leveling off at over 5 episodes per year at 30 months of age. In addition, the incidence of malaria is over 3-fold higher in those living in a rural environment compared to those living in the town municipality (Figure 4). The incidence of malaria in Tororo is over 10-fold higher compared to similarly aged children in Kampala in the setting of uniform ITN use. In summary, the accurate measurement of malaria incidence in well defined cohorts can provide a wealth of information, but such studies require a considerable amount of expertise and a large commitment of time and resources. Our collaboration has been an innovative leader in prospective cohort studies and the lessons we have learned will be invaluable for the studies described in this proposal.
Figure 4. Relationship between malaria incidence and age in a cohort from Tororo, Uganda
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C.3 Relationship between changes in malaria incidence and slide positivity rates. As discussed above, the most accurate method of estimating malaria incidence involves longitudinal studies in defined populations, where all cases of suspected malaria (i.e. those with fever) are captured and undergo a diagnostic test that is highly sensitive and specific. However, such methods require considerable resources and are rarely undertaken as part of routine malaria surveillance programs. The slide positivity rate (SPR) provides an alternative method for estimating temporal changes in malaria incidence. The relative change in the incidence of malaria over time (r∆Im) can be defined as Imi+1 / Imi , where i represents the baseline time interval and i+1 represents the interval immediately following.  Assuming that that there is no differential bias in the subgroup of patients with suspected malaria who undergo laboratory testing within a target population and the incidence of non-malaria fevers does not change over time, SPR can be used to estimate the relative change in malaria incidence over time  by the following formula: 

	Estimated r∆Im
	=
	Im i+1  
	=
	SPRi+1  (1 – SPRi)

	
	
	Im i  
	
	SPRi (1 – SPRi+1)


Using data from our cohort of children living in Kampala (section C.2), we compared relative changes in malaria incidence that were directly observed with estimates that were derived from changes in the SPR using the above formula.  Using 2-month time intervals the relative change in the incidence of malaria ranged from 0.27-2.71 for the observed values and 0.25-2.59 for the estimated values. Using 6-month time intervals the relative change in the incidence of malaria ranged from 0.35-1.80 for the observed values and 0.37-1.86 for the estimated values (Figure 5). The observed and estimated r∆Im had the same directionality in 22 of 23 (96%) 2-month intervals and 7 of 7 (100%) 6-month intervals. In summary, changes in SPR provided an accurate means of estimating changes in malaria incidence in this well defined cohort. The SPR has several advantages as a surrogate measure for changes in the incidence of malaria using routine surveillance data. Surveillance using SPR applies a consistent and accepted case definition of malaria, is easy to integrate into most health management information systems, and can be done at a fraction of the cost of measuring the true incidence of malaria. However, further research is needed to validate these finding in other epidemiological settings using real world health facility based surveillance data.
Figure 5. Estimated versus observed temporal changes in malaria incidence
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C.4 Inpatient Malaria Surveillance. UMSP in collaboration with the Kenya Medical Research Institute carried out a retrospective review of inpatient records for children under 5 years of age for the year 2008 in the 6 district hospital which will be the focus of this proposal (Figure 6). 
Figure 6. Monthly average inpatient surveillance data for children < 5 years of age (2008)
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This retrospective review of hospital records allowed us to generated estimates needed for planning activities outlined in this proposal, but also indentified many limitations in the current system. Large numbers of children under 5 years of age were admitted to the hospital each month, and with the exception of our lowest transmission district (Kabale), the majority of under 5’s (71-81%) were given a diagnosis of malaria. However, for the vast majority of cases, the diagnosis of malaria was made without laboratory confirmation. The total number of deaths in children under 5 years admitted to the hospital ranged from 2-20 per month, with malaria accounting for 0-63% of deaths (malaria case fatality rate ranging from 0-4.2%). However, there were no standardized procedures in place for classifying the cause of death. In this proposal we plan to address many of these limitations by implementing standardized procedures for malaria diagnostics and classification of disease severity and outcomes (see section D.7)
C.5 Measuring the Impact of Malaria Control Interventions. There is an urgent need for data to assess the impact of malaria control interventions in operational settings. We measured the impact of IRS in 2 UMSP sentinel districts with very different transmission intensities using the slide positivity rate (SPR) in children under 5 years of age as our primary metric of malaria morbidity. In Kanungu, a district with a baseline EIR of < 10, indoor residual spraying (IRS) using lambda-cyhalothrin was implemented in February-March 2007 with 90% coverage of targeted households. IRS was associated with a substantial drop in SPR from 47% to < 15%, however after approximately 6 months the SPR began to increase, reaching pre-IRS levels after 2 years (Figure 7) [78]. In Apac, a district with a baseline EIR of > 1500, IRS using DDT was implemented in April-May 2008 with 92% coverage of targeted households. In contrast to Kanungu, there was no appreciable change in the SPR. Resistance phenotyping of the vectors in this area showed that they were highly resistant to DDT (John Morgan, personal communication). It should be noted that with the exception of the UMSP surveillance data there were no monitoring and evaluation programs in place to measure the clinical impact of IRS in these district due to a lack of resources, and data on the impact of IRS on measures of transmission intensity, infection and severe disease/mortality are lacking. These limited data highlight the need for comprehensive surveillance for measuring the impact of malaria control interventions and suggest that for IRS to be fully effective, a sustained program must be in place at lower transmission settings and repeated rounds of IRS may be needed in higher transmission settings before any clinical benefit becomes apparent. In addition, IRS programs will best pay attention to local insecticide resistance patterns.
Figure 7. Changes in SPR following IRS in two districts with varying transmission intensity
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C.6 Cost-Effective Analysis of Malaria Control Interventions. Our group has previously collaborated with LSHTM on economic evaluations of malaria control interventions in Uganda, developing interactive models to evaluate use of rapid diagnostic tests (RDTs) for malaria diagnosis [65], and Uganda’s program of home-management of malaria (Lubell and Staedke, unpublished data) which are described below. 

C.6.1. Economic evaluation of RDTs. Increasingly, RDTs for malaria are being considered for routine use in Africa. However, many RDTs are available and selecting the ideal test is challenging. The appropriateness of RDT implementation depends in part on patient population and epidemiological setting, and on policy makers’ priorities and preferences. We developed a model based on a decision-tree structure and cost-benefit framework, incorporating consequences of diagnosis and treatment to estimate the total costs, representing both expenditure and outcomes, for different management strategies. The interactive model is available online at http://www.hefp.lshtm.ac.uk/publications/downloads/models/Lubell_RDT_MJ_online.xls.  Strategies compared in the model include case management based on the results of two available RDTs, one detecting histidine-rich protein 2 (HRP2) and one detecting plasmodium lactate dehydrogenase (pLDH), or presumptive treatment without a confirmed diagnosis. Data inputs were obtained from clinical evaluations of the two RDTs at seven sites in Uganda [79]. Applying the model in the Ugandan context demonstrates that when considering direct expenditure alone, the pLDH test is the preferred option for adult patients at all sites except in high transmission settings, while young children are best treated presumptively in all settings. When health outcomes are considered, the HRP2 test gains an advantage in almost all settings and for all age groups. When the model is adjusted to account for compromised adherence to test results, as has been observed in a number of studies [80, 81], the efficiency of using RDTs drops sharply. The outputs of the model vary by location, depending on factors such as transmission intensity and the particular costs and accuracies of the RDTs under consideration. Researchers and policy-makers can manipulate the values for the different variables in the model, to take account of local conditions, thus making the model relevant to their situation. Adaptable models such as this one can offer immediate policy recommendations that encourage the most efficient deployment of new technologies.
C.6.2. Economic evaluation of home management of malaria (HMM). To improve access to antimalarials, HMM programs are being promoted across Africa. However, data on the effectiveness of such community-based programs that distribute antimalarial drugs for presumptive treatment of malaria to febrile children are limited. The cost-effectiveness of HMM programs can be expected to vary widely with malaria transmission, access to medical facilities, and the cost and effectiveness of the antimalarial drugs delivered. In addition, health outcomes for children with other causes of illness who are incorrectly treated with antimalarials, and the societal costs associated with widespread use of antimalarials, such as the possible development of parasite resistance, must also be considered. We designed a Markov model to assess the cost-effectiveness of HMM programs in different transmission intensities and at varying levels of access to health care facilities. The data were obtained from Uganda where an HMM program has been in place since 2002. The preliminary analysis suggests that adoption of HMM programs is not always a cost-effective strategy. In some situations, where access to health facilities is greater or malaria transmission is lower, HMM is less effective and potentially more costly than delivery of care through health facilities. The model also suggests that delivery of ACTs through HMM in certain settings may have no advantage over the use of non-ACT regimens, despite their lower overall effectiveness.  HMM can be cost-effective, but not in all settings. Decisions to deploy HMM should take into account the local variation in malaria transmission and alternative sources of health care. Strengthening diagnostic capacities both within health facilities and in HMM programs could enhance positive health outcomes in the management of febrile illness.    
C.7 Summary of Preliminary Studies. This research proposal will greatly benefit from the existence of a sentinel site malaria surveillance system which represents a diversity of epidemiological settings and is strongly support by government programs. Existing strengths include health facility based outpatient surveillance, measuring malaria incidence in cohorts, and experience with economic evaluations as summarized above. Formal collaborations have been established by world-renowned groups already working in Uganda to expand our activities to include inpatient surveillance, population-level surveys, and entomological evaluations. This comprehensive approach to malaria surveillance will allow us to build capacity in Uganda and establish a research agenda designed to evaluate innovative approaches to malaria surveillance and improve our ability to measure the impact of key malaria control interventions.
D. RESEARCH DESIGN AND METHODS
D.1 Overall Design. We will collect comprehensive malaria surveillance data at multiple sites in Uganda with varying transmission intensity with the overall objective of optimizing surveillance methodology and measuring the impact and cost-effectiveness of control interventions. Comprehensive malaria surveillance will be defined as an approach to surveillance which simultaneously looks at transmission, infection, and disease. The project will initially compare different surveillance methodologies in 3 sentinel districts. In the first year of the project we will enumerate and map all household within the catchment areas of our 3 districts to generate a sampling frame for random sampling of households for surveillance studies. In years 2-3 we will undertake entomological surveys to measure transmission intensity using both CDC light traps and more extended evaluations using human-landing collections, perform repeated cross-sectional surveys at both the level of the household and primary school, and conduct longitudinal studies in cohorts of children to measure malaria incidence. Outpatient data will be collected at level IV government health facilities for measures of malaria morbidity. Inpatient data will be collected at district hospitals for measures of and mortality/severe disease. We will use this data to compare different methodologies for generating estimates of transmission, infection, and disease as outlined in specific aim 1. In years 4-6 we will expand the number of sentinel districts from 3 to 6 and streamline our surveillance activities if appropriate (see section D.9 for discussion of analytical plan for comparing different surveillance methodologies). Throughout the course of the project we will collect data on the cost and coverage levels of key malaria control inventions including IRS, ITNs, and ACTs. This data will be used to measure the impact and compare the cost-effectiveness of malaria control interventions as outlined in specific aims 2 and 3. A schematic of these surveillance activities is outlined in Figure 8 below.  
Figure 8. Summary and timeline of malaria surveillance activities.



D.2 Enumeration and mapping of households. Target areas will include the sub-counties surrounding UMSP level IV health centers in the following 3 districts: Kabale (low transmission), Mubende (medium transmission) and Apac (high transmission). Each sub-county is estimated to have between 20,000-30,000 residents living in 4,000-6,000 households (see Appendix III for maps). Investigators will first meet with local officials and community representatives to discuss the study and plans for the household enumeration and mapping. Teams of study personnel will systematically cover the target areas to identify and enumerate all households. A household will be defined as any single permanent or semi-permanent structure acting as the primary residence for a person or group of people that cook and eat together. Households will be assigned sequential unique identification numbers and locations mapped using hand-held GPS receivers. Readings will be taken from the door of the household, if possible, or from a point that is most representative of the household. At each household, a reading will be taken every five seconds for 2 minutes, and the average values from these readings will be recorded (Easting, Northing, and Altitude) in UTM units.  All primary schools within each sub-county will also be uniquely identified and mapped. Enumerations of households and primary schools will provide the sampling frames for the surveillance studies described below. The complete list of households from each sub-county will be stratified into 3 groups for random selection of households for participation in the following surveillance activities: 1) entomology surveys, 2) community surveys, and 3) cohort studies.  
D.3 Entomology surveys. As part of our comprehensive surveillance studies we will perform two types of entomological surveys in each of our 3 sentinel districts: 1) Extended entomological surveys including man-landing collections, pyrethrum spay collections, and window trap collections. 2) CDC light trap collections.
D.3.1 Extended entomological surveys. Extended entomological surveys will be performed in each of our 3 sentinel sites in order to estimate the EIR and to collect data needed for the modeling exercise described in Research Project 2 such as the Basic Reproduction Number. Each month, catches will be made in and around eight randomly selected houses at each site using man-landing catches indoors and outdoors. Two different houses will be used each night, in each site, for four consecutive nights. At each house two collectors will be stationed indoors and two outdoors 5-10m from the house. Human baits will collect mosquitoes landing on their exposed legs using aspirators and flashlights. Collections will be from 6pm to 7am. Mosquitoes will be collected at hourly intervals through the night and processed the following morning. Concurrent indoor and outdoor hourly light trap catches will be made in nearby houses for comparison with night-biting collection. Ten randomly selected houses will be sprayed with an aerosol of non-residual pyrethroids with a piperonyl butoxide (PBO) synergist each month in each site. Collection will take place between 6am-8am. The number of children and adults who slept in the house the previous night will be determined and the presence of ITNs recorded. White sheets will be spread on the floor and over the furniture in the house.  Two collectors, one inside the house and one outside, will spray around the eaves with 0.025% pyrethrum emulsifiable concentrate with 0.1% PBO in kerosene.  The collector inside the house will then spray the roof and walls.  The house will be closed for 10 minutes after which dead mosquitoes will be collected from the sheets and transferred to the field laboratory on moist filter papers in petri dishes.  To collect house-leaving mosquitoes, window exit traps will be set at 6pm and collected between 6-7am the following morning.  The mosquitoes from each trap will be put into paper cups separately and transferred to the field laboratory for processing. Parity dissections will be performed on 500 of each species each month at each site. 
D.3.2 CDC light trap collections. At each of the 3 sentinel sites, 96 houses will be randomly selected for CDC light trap collections. Each night 12 traps will be set for 4 nights/week, such that the same 96 houses can be sampled every 2 weeks during the study. Mosquitoes will be sampled using miniature CDC light traps (Model 512; John W. Hock Company, Gainesville, Florida, USA) positioned 1m above the floor at the foot end of the bed where a person sleeps under an untreated bed net. Traps will be set at 7pm and collected at 7am the following morning. If the trap cannot be set-up in the intended house, the trap will be moved to the nearest similar house. If the occupant does not spend the night in the selected room or the trap is faulty, the data will be excluded from the analysis. 
D.3.3 Processing of mosquito specimens and estimation of entomological indicators. A large number of specimens will be collected from the different sites and from the different collection methods. In order to process them for the different tests to be performed and the analysis and interpretation of the results we will implement a systematic procedure for labeling and recording the specimens which will include the following information: 1) area where the samples were collected, 2) house number (which will be linked to GIS data), 3) method of collection, 4) date of collection, and 4) serial number of the specimen. When processing the specimens, labels will be written in pencil and placed with the relevant specimens in eppendorf tubes and similar information recorded in a register for easy data entry and cross-checking.  A list of entomological indicators that will be measured and the methods used to generate this data are summarized in Table 2 below.
Table 2. Entomological indicators measured by each collection method

	Indicator
	Extended surveys
	CDC light trap collection

	
	Man-landing collections
	Pyrethrum spray collection
	Window trap collection
	

	Species*
	X
	X
	X
	X

	Vector density
	X
	
	X
	

	Biting rate
	X
	X
	
	X

	Physiological status
	X
	X
	X
	X

	Parity rate
	X
	X
	X
	X

	Sporozoite infection rate*
	X
	X
	
	X

	Human blood index*
	X
	X
	
	

	Proportion resting indoors
	
	X
	X
	

	Proportion exiting after blood meal
	
	X
	X
	

	Proportion biting early or late
	X
	
	
	


 * Laboratory methods for species identification, sporozoite detection, and identification of blood meal source described in the Laboratory Core
D.4 Cross-sectional surveys. Two survey methods will be used to collect cross-sectional data: 1) community surveys, and 2) primary school surveys. Both types of surveys will be done twice a year (once during the rainy season and once during the dry season) for two years (4 surveys total) in each of our three sentinel districts. 
D.4.1 Community surveys. In each of our three sentinel districts, 200 households will be randomly selected to participate in each community survey from the list of households enumerated within the sub-county of interest. Random selection of households without replacement will be repeated for each survey. Selected households will be approached and project personnel will ask the head of the household or, if he/she is not available, another adult resident (18 years of age or older) for verbal consent to participate in the questionnaire part of the survey. If no adult resident is available, households will be revisited up to four times to complete the survey. The house will be considered vacant if no residents are present at the household after four visits. Information sheets will be used to describe the purpose of the survey. Using a standardized questionnaire, information will be gathered on all household members including demographics, socio-economic status, bednet use, and recent fever treatment practices. In addition, if any women living in the household has given birth, she will be questioned about the vital statistics of her children (date of birth of each child, whether the child is still alive, and the age of death for any child) supplemented by verbal autopsy. Written informed consent will be obtained from parents/guardians and assent from all children age 6-14 years living in the household for the collection of a finger-prick blood sample for testing for malaria parasitemia using a rapid diagnostic test (RDT)(ParaCheck, Span Diagnostics, India), preparation of thick and thin malaria blood smears, filter paper blood samples and to record hemoglobin concentration using a portable, battery-operated hemoglobinometer (Hemocue Ltd, Sheffield, UK). All children with a positive RDT and those identified as anemic (hemoglobin levels < 8 g/dL) will be referred to the nearest health facility for treatment according to national guidelines. Transportation costs will be covered by the project. 
D.4.2 Primary school surveys. In each of our three sentinel districts, three primary schools in the sub-county of interest will be randomly selected to participate in each primary school survey from a complete listing of schools. Random selection of primary schools without replacement will be repeated for each survey. Prior to the onset of the study, staff from participating schools will be sensitized about the study and plans for recruitment, and a copy of the school registers will be obtained. In each school, 100 children plus 20 reserve children (12 boys and 12 girls in each of classes 2-6) will be randomly selected from the school registers using a computer-generated random number table. Prior to the day of the school survey, group meetings will be held with the parents/guardians of selected school children to review the selection criteria for study participation. Those parents who do not attend the group meetings will be visited at home. During the meetings or household visits, the purpose and procedures of the study will be discussed, an information sheet will be distributed, and written informed consent will be sought from the parents/guardians and assent from the children. Parents/guardians will be instructed to come to the school on the day of the survey.
On the day of the survey, consecutive children from the randomization list will be screened for the following study selection criteria: 1) enrollment at participating school in classes 2-6; 2) age 6-14 years; 3) living in the sub-county where the primary school is located for the last six months; 4) parent/guardian willing to give informed consent; 5) child willing to take part in the study and able to give informed assent. A total of 100 children who fulfill the study selection criteria will be enrolled. A standardized study questionnaire will be administered to all children and their parents/guardians to collect information on demographics, socio-economic status, bednet use, and recent fever treatment practices. Each child will be asked to provide a finger-prick blood sample for testing for malaria parasitemia using a RDT, preparation of thick and thin malaria blood smears, filter paper blood samples and to record hemoglobin concentration using a portable, battery-operated hemoglobinometer (Hemocue Ltd, Sheffield, UK). All children with a positive RDT will be treated on site with the nationally recommended age-specific drug dosing regimen by a qualified nurse. Children identified as severely anemic (hemoglobin levels < 8 g/dL) will be referred to the nearest health facility for treatment according to national guidelines. Transportation costs will be provided and costs of treatment will be covered by the project. 
D.4.3 Laboratory procedures for cross-sectional surveys. Thick blood smears from all RDT-positive children and a random selection of RDT-negative children will be read by two independent microscopists with a third validation QA reading where discrepancies occur. Thick and thin blood smears will be stained with 2% Giemsa for 30 minutes. Parasite densities will be calculated by counting the number of asexual parasites per 200 leukocytes (or per 500 leukocytes, if the count is <10 asexual parasites/200 leukocytes), assuming a leukocyte count of 8000/µl. A blood smear will be considered negative when the examination of 100 high power fields does not reveal asexual parasites. Thin smears will also be read for identifying parasite species in a random sample of children with positive thick smears.  
D.4.4 Management of data collected from cross-sectional surveys. Laboratory and epidemiological data will be entered into hand-held PDAs. For quality control, check programs will be written into the database to limit the entry of incorrect data and ensure entry of data into required fields. Data from these devices will be transferred monthly to our data core facility in Kampala and stored on a secure server (see Data Management and Statistical Core for further details). 

D.5 Cohort studies. Based on our enumeration list of households, we will generate a random list of potential households for recruitment. Using door-to-door recruiting, households will be approached sequentially from our random list and those households with at least one child aged 6 months - 10 years will be identified. Interested parents or guardians and all children from the household between the ages of 6 months -10 years will be brought the study clinic or given an appointment to come to the study clinic for screening and enrollment.  At the study clinic, interviews will be conducted in the appropriate language with parents or guardians by study physicians. Eligibility criteria will include (1) age 6 months-10 years, (2) lack of intention to move outside of the sub-county during the 2 year follow-up period, (3) agreement to come to the study clinic for any febrile episode or other illness, (4) agreement to avoid medications administered outside the study, (5) provision of informed consent by parents or guardians. All eligible children from the same household will be recruited. Study enrollment will begin the day informed consent is provided. On the day of enrollment children will undergo a history and physical examination and have blood collected by finger-prick for thick blood smear and filter paper storage. Children who have history of fever in the previous 24 hours or a temperature > 37.5ºC (axillary) will have their thick blood smear read urgently in the study clinic.  Children with history of fever in the previous 24 hours or a temperature > 37.5ºC (axillary) and a positive blood smear will be diagnosed with malaria and treated as described in section D.2.5.2.
D.5.1 Follow-up of cohorts. Study participants will receive all routine medical care at a study clinic located within the UMSP government run level IV health center.  Parents/guardians will be asked to bring their child to the study clinic for all medical care. Routine medical care will be provided free of charge and transport cost to and from the clinic will be reimbursed. At each visit for a new medical problem, subjects who are febrile (axillary temperature > 37.5˚C) or report history of fever in the past 24 hours will have blood obtained by finger-prick for a thick blood smear and collection of blood on filter paper. If the thick blood smear is positive, the patient will be diagnosed with malaria (see section D.5.2). If the thick blood smear is negative or not clinically indicated, the patient will be managed by study physicians following existing treatment algorithms designed to provide standardized guidelines for the treatment of common non-malarial illnesses. The local district hospitals will be available for inpatient care and urgent care outside of study clinic hours. Use of a similar approach to longitudinal follow-up in our cohorts in Kampala and Tororo has resulted in excellent cohort retention, with less than 5% of lost person time per year and minimal use of outside medications which could interfere with our ability to accurately estimate the incidence of malaria. 
D.5.2 Diagnosis and treatment of malaria. We will utilize a passive case detection system to diagnose episodes of malaria based on study subjects presenting to the clinic with fever and/or signs of complicated malaria. All episodes of malaria will be classified as uncomplicated or complicated based on the following criteria:  Uncomplicated malaria (all of the following): 1) fever (> 37.5ºC axillary) or history of fever in the previous 24 hours, 2) positive thick blood smear, and 3) absence of complicated malaria. Complicated malaria (any of the following): 1) evidence of severe malaria and parasitemia according to WHO criteria [82], or 2) danger signs (< 3 convulsions over 24 hour period, inability to sit up or stand, vomiting everything, unable to breastfeed or drink, or lethargy) and parasitemia, or  3) parasite density > 500,000/ul. On the day malaria is diagnosed, patients will undergo a standardized clinical history and physical examination. All patients diagnosed with uncomplicated malaria will be treated with artemether-lumefantrine, the recommended first-line treatment in Uganda (twice a day for 3 days according to weight-based dosing guidelines). Patients with complicated malaria will be treated with quinine (10 mg/kg three times a day x 7 days), either as an inpatient (I.V.) or outpatient (oral) in accordance with local guidelines. On the day malaria is diagnosed, patients will receive paracetamol (10mg/kg) to take every 8 hours until the resolution of fever.  For patients with anemia (Hb < 10 gm/dL), we will follow Integrated Management of Childhood Illness (IMCI) guidelines: anemic children will be treated with iron sulfate (100 mg daily for 2 weeks) and mebendazole (only children > 1 year of age; 250 mg age 1-2 years; 500 mg > 2 years age; no more than every 6 months).

D.5.3 Diagnosis and management of non-malarial illnesses. Patients who are found to have illnesses other than malaria will receive standard-of-care treatment according to diagnostic and treatment algorithms that have been developed by our study team. During follow-up for non-malarial illnesses, blood smears will be done at the discretion of the study physician if the subjects are febrile or report history of fever. If the blood smear is positive, the patient will be diagnosed with a new episode of malaria and managed per study protocol. If a patient is diagnosed with a non-malarial illness at the same time as malaria or during malaria follow-up, treatment of the non-malarial illness will be at the discretion of the physician, but this will have no impact on the management of malaria.
D.5.4 Routine evaluations. Routine evaluations will be done in the study clinic every 3 months. Study subjects not seen in the clinic for any consecutive 3 month period will be visited at home and requested to come to the study clinic as soon as possible. Parents/guardians will be asked about visits to outside health facilities and the use of any medications outside the study protocol. The study protocol will be reinforced with discussion regarding the need to come to the study clinic promptly upon the onset of any illness and to avoid use of outside medications. Study subjects who are febrile (axillary temperature > 37.5˚C) or report history of fever in the past 24 hours at the time of their routine evaluation will have blood obtained by finger-prick for a thick blood smear and collection of blood on filter paper. If the thick blood smear is positive, the patient will be diagnosed and treated for malaria (see section D.5.2).
D.5.5 Cohort study duration. We will maintain dynamic cohorts based on limiting observation time to children between the ages of 0.5-10 years. Children will be removed from the cohort when they reach 11 years of age. Additional children from participating households will be added to the cohort when they reach 0.5 years of age. We have chosen this age range as it represents the highest risk group in terms of malaria incidence across our levels of transmission intensity. Additionally, cohort study participants will be prematurely withdrawn from follow-up if they meet any of the following criteria: 1) permanent movement out of the sub-county, 2) inability to be located for > 3 months, 3) withdrawal of informed consent, or 4) inability to comply with the study schedule and procedures

D.6 Outpatient surveillance. We will collect prospective data on all patients who presented to the outpatient department at one selected level IV government health facility in each of our 3 districts using the currently active UMSP system.  A standardized case record form, which has been developed in collaboration with the Uganda MOH health management information system, will be completed for each patient who presents to the outpatient department (see Appendix IV). Patients will be assigned a unique ID number at registration and have demographic data recorded including age, gender, and location of residence. Patients will then be referred to clinicians who will record basic clinical information. Patients with suspected malaria (i.e. fever) will be referred to the laboratory for diagnostic testing and results will be recorded. Clinician will then record all diagnoses given and treatments prescribed and refer the patient back to the registration desk where one copy of the case record form will be retained. At the end of each day all case recorded forms will be entered into an Epi-Info database. At the end of each month databases will be remotely sent to our core facility in Kampala using cellular technology. At our core facility data will be cleaned and merged into a larger database, which will be web-accessible. Having an individual patient database will allow us to easily generate standardized metrics and stratify data across demographic variables (i.e. age and location).
D.7 Inpatient surveillance. We will collect prospective data on all children < 12 years of age who are admitted to the district hospitals in each of our 3 districts using a system analogous to the one described above. A standardized case record form will be used to collect data on clinical examination, residence, laboratory investigations, discharge diagnoses, and outcomes for each child and entered in a central database. Clinical examination will include an assessment of the level of consciousness and children will be given a Blantyre coma score. All children admitted to the hospital will have blood obtained by finger-prick for a thick blood smear and hemoglobin measurement. Hospitalized malaria will be defined as any admission with fever or history of fever and a thick blood smear positive for malaria parasites. Severe malarial anemia will defined as a positive thick smear and a hemoglobin concentration of less than 5 gm/dL. Cerebral malaria will defined as a positive thick smear and a Blantyre coma score of less than 3. These definitions will not be mutually exclusive. Although impaired consciousness might not be due to parasites in some patients, this is the most objective definition of cerebral malaria and can be uniformly applied to all admissions. Malaria-associated death will be defined as death during hospitalization of a patient given a diagnosis of hospitalized malaria.
D.8 Streamlined surveillance. In years 4-6 we will expand the number of sentinel districts to 6 by adding the following 3 districts: Kanungu (low transmission), Jinja (medium transmission) and Tororo (high transmission)(see maps of these districts in Appendix III). Pending the comparative evaluation of our different surveillance methodologies (see section 9.1), surveillance activities will be streamlined and limited to entomological surveys using CDC light traps, cross-sectional surveys using primary schools, outpatient surveillance, and inpatient surveillance as described above. We project that the estimates generated from these streamlined surveillance activities will provide accurate outcome measures to be used in specific aim 2 to assess the impact of malaria control interventions. Expanding from 3 to 6 sentinel districts will increase our statistical power and our ability to measure the impact of control interventions across a wider range of epidemiological settings and coverage levels.
D.9 Analytic and statistical considerations.

D.9.1 Specific Aim 1. To identify optimal strategies for malaria surveillance in Uganda by comparing different methodologies in multiple sites with varied transmission intensity.  We will perform comprehensive malaria surveillance studies at 3 sites in Uganda to measure key metrics of malaria transmission (entomological inoculation rates), infection (parasite rates), and disease (measures of malaria morbidity and mortality). Surveillance methodologies using “streamlined” techniques designed to improve efficiency and feasibility will be compared with “gold standard” techniques with the goal of identifying optimal strategies for surveillance across a range of transmission intensities (Table 3). 

Table 3. Measurements for specific aim 1
	Category
	Primary Metric
	Age range of target population
	Gold standard 

method
	Streamlined

method

	Transmission
	EIR
	N/A
	Human landing collections
	CDC light traps

	Infection
	Parasite rate
	6-14 years
	Community surveys
	Primary school surveys

	Morbidity
	Changes in malaria incidence
	0.5-10 years
	Cohort studies
	Outpatient surveillance

	Mortality
	Changes in malaria mortality
	< 12 years
	Community surveys with VA
	Inpatient surveillance


D.9.1.1 Transmission intensity. The primary metric used to measure transmission intensity for both the gold standard method and streamlined method will be the EIR, defined as the number of infectious bites per person per unit time, or equivalently, the human biting rate multiplied by the sporozoite rate. For the gold standard method, the human biting rate will be measured directly from the human landing collections done in 8 houses each month. For the streamlined method, the human biting rate will be measured from the number of mosquitoes collected using CDC light traps in 96 houses done twice a month (192 collections per month). The sporozoite rate will be calculated as the number of mosquitoes infected with sporozoites divided by the total number of mosquitoes examined using each respective method of mosquito collection. Each month up to 500 randomly selected mosquitoes will be examined for sporozoites for each method used. 

We will test the hypothesis that annual estimates of EIR will be similar using the two methodologies. Point estimates of EIR using both methods will be calculated at monthly intervals and compared annually using the non-parametric Wilcoxon matched-pairs signed-ranks test. Sample sizes will be determined by the human biting rate, number of mosquitoes tested for sporozoites, and the sporozoite rate. Power calculations based on published estimates of the human biting rate and sporozoite rate in high and low transmission intensity settings [4] are presented in Table 4. In  our high transmission setting, we will have 80% power (one-sided significance level of 0.05) to reject the alternative hypothesis that there is a difference between our estimates assuming that the annual EIR using the gold standard method is 1586 and the annual EIR using the streamlined methods is within the range of 1205-1964. In  our low transmission setting, we will have 80% power (one-sided significance level of 0.05) to reject the alternative hypothesis that there is a difference between our estimates assuming that the annual EIR using the gold standard method is 4 and the annual EIR using the streamlined methods is within the range of 0–24. 
Table 4. Power calculations for comparing estimates of EIR

	Level of transmission intensity
	Gold standard method estimates
	Streamlined method

	
	Average nightly human biting rate
	Average sporoziote rate
	Annual EIR
	Range of annual EIRs for which no significant difference detected

	High
	108
	0.0402
	1586
	1205 - 1964

	Low
	7
	0.00157
	4
	0 - 24


Whether or not these analyses show any evidence of significant differences between the methods, we will explore whether there is any systematic bias in the estimate of the streamlined method compared to the gold standard method (e.g. the streamlined method consistently over- or underestimates the EIR). If systematic bias is found, ecological log-linear regression models will be used to predict the result of the gold standard method using data from the streamlined method, allowing adjustment for bias. Final models will then be prospectively validated in independent test sets to insure their accuracy. 
D.9.1.2 Infection. The primary metric used to measure infection for both the gold standard method and streamlined method will be the parasite rate (PR), defined as the number of positive blood smears divided by the number of smears examined. For the gold standard method, PR will be measured using cross-sectional surveys of an estimated 300 children (200 households x 1.5 children per household) aged 6-14 years from our community surveys. For the streamlined method, PR will be estimated using cross-sectional surveys of 300 children (3 schools x 100 children per school) aged 6-14 years from our primary school surveys.


We will test the hypothesis that estimates of PR will be similar using the two methodologies. Point estimates of PR will be calculated for each biannual survey and compared using the McNemar’s test of paired proportions. Assuming that we will have a sample size of 300 children per survey for each methodology, we will have 80% power (one-sided significance level of 0.05) to reject the alternative hypothesis that there is a difference in estimates of PR assuming that the absolute difference in PR is no greater than 10% across a range of PRs in the community surveys of 20-80%. Whether or not these analyses show any evidence of significant differences between the methods, we will explore whether there is any systematic bias in the estimate of the streamlined method compared to the gold standard method (e.g. the streamlined method consistently over- or underestimates PR). Ecological logistic regression models will be used to predict the result of the gold standard method using data from the streamlined method, allowing adjustment for bias. Final models will then be prospectively validated in independent test sets to insure their accuracy. 
D.9.1.3 Morbidity. It will not be possible to compare point estimates of malaria morbidity using our different methodologies due to differences in the units of measurement. Therefore, the primary metric for malaria morbidity will be the relative change in the incidence of malaria over time (r∆Im) defined as an incidence rate ratio = Imi+1 / Imi , where Imi represents the incidence of malaria during the baseline time interval and Imi+1 represents the incidence of malaria during interval immediately following using two month time intervals. For example if the Imi = 2 episodes per person year for Jan-Feb and Imi+1 = 1 episode per person year for Mar-Apr, the r∆Im would equal 0.5 (e.g. 2-fold decrease in the incidence of malaria). For the gold standard method, r∆Im will be measured directly from our cohort studies in children 0.5-10 years of age where malaria incidence will be equal to the number of cases of malaria per person per unit time. For the streamlined method, r∆Im will be estimated using the SPR among children 0.5-10 years of age captured in our outpatient surveillance system by the formula described in section C.3.  

We will test the hypothesis that estimates of r∆Im will be similar using the two methodologies. Point estimates of r∆Im from one 6 month time period to the next will be compared by calculating the variance of the streamlined method using the delta method and the variance of the gold standard method using a bootstrap test. Assuming that we will have a sample size of 1800 blood smears per 6 month period for SPR and 300 children in cohorts, and assuming baseline SPR’s of 20%, 40%, and 70%, and baseline malaria incidence rates of 2, 4, and 6 cases per person year for low, medium, and high transmission areas respectively, we will have 80% power (one-sided significance level of 0.05) to reject the alternative hypothesis that there is an absolute difference in estimates of r∆Im of 0.3, 0.23 and 0.22 for low, medium, and high transmission sites, respectively. Whether or not these analyses show any evidence of significant differences between the methods, we will explore whether there is any systematic bias in the estimate of the streamlined method compared to the gold standard method (e.g. the streamlined method consistently over- or underestimates r∆Im). Ecological log-linear regression models will be used to predict the result of the gold standard method using data from the streamlined method, allowing adjustment for bias. Final models will then be prospectively validated in independent test sets to insure their accuracy. 
D.9.1.4 Mortality. It will not be possible to compare point estimates of malaria mortality using our different methodologies due to differences in the units of measurement. Therefore, the primary metric for malaria mortality will be the relative change in absolute measures of malaria mortality. For the gold standard method, the measure of malaria morality will be the number of malaria-associated deaths in children under 5 years of age per 1,000 live births. Data on malaria mortality using the gold standard method will come from biannual community surveys and verbal autopsy. For the streamlined method, the measure of malaria morality will be the number of malaria-associated deaths in children under 5 years of age captured by our inpatient surveillance system. 


We will test the hypothesis that relative changes in malaria mortality will be similar using the two methodologies. Point estimates of relative mortality from one year to the next will be calculated and compared, by calculating the variance of the streamlined method using the delta method and the variance of the gold standard method using a bootstrap test. Assuming that we will have a sample size of 800 children per year from our community surveys with baseline mortality rates of 6.5, 12.9, and 19.4 per 1000 (based on 2006 Uganda DHS survey and assuming malaria-attributable mortality of 20%, 40%, and 60%), and baseline number of malaria-associated deaths from our inpatient surveillance of 12, 60, and 84 (based on preliminary inpatient surveillance data) for low, medium, and high transmission sites respectively, we will have 80% power (one-sided significance level of 0.05) to reject the alternative hypothesis that there is an absolute difference in estimates of relative mortality of 1.30, 0.50 and 0.41 for low, medium, and high transmission sites, respectively. Whether or not these analyses show any evidence of significant differences between the methods, we will explore whether there is any systematic bias in the estimate of the streamlined method compared to the gold standard method (e.g. the streamlined method consistently over- or underestimates relative mortality). Log-linear regression models will be used to predict the result of the gold standard method using data from the streamlined method, allowing adjustment for bias.
D.9.1.5 Decision on the optimal methods for surveillance. If any of the streamlined methods described above do not approximate the corresponding gold standard methods and attempts at correcting systematic bias are not reliable (e.g. unable to consistently predict estimates using the gold standard method) then we will conclude that the streamlined method is not a reasonable substitute for the gold standard method. If any of the streamlined methods are rejected then we will continue with the gold standard method when expanding from 3 to 6 sentinel sites for years 4-6 as described in Figure 8.
D.9.2 Specific Aim 2. To estimate the impact of key malaria control interventions on measures of transmission intensity, infection, and disease using surveillance data at multiple sites in Uganda.  We will prospectively assess the coverage of key malaria control interventions (ITNs, IRS and ACTs) and measure metrics of malaria transmission, infection, and disease at multiple sites in Uganda. Statistical techniques will be used to estimate the impact of changing coverage levels of control interventions on our outcome measures. Over the course of the project we will expand the number of sentinel sites from 3 to 6 to increase the diversity of epidemiological settings and levels of control interventions. 
D.9.2.1 Measurement of coverage levels of key malaria control interventions. Detailed data will be collected prospectively on coverage levels of key malaria control interventions as detailed in Table 5. Data will be collected from 3 sentinel districts in years 2-3 and then expanded to 6 districts in years 4-6. Data on IRS coverage will come from the Uganda MOH and implementing partners. Data on ITN coverage and ACT use will come from the cross sectional surveys and outpatient surveillance system as described above. 
Table 5. Malaria control intervention variables of interest
	Category
	Metric
	Source of data

	IRS
	Date, formulation, and proportion of households sprayed
	MOH records

	ITNs
	Percentage of household with at least one bednet
	Cross-sectional surveys

	
	Percentage of household with at least one ITN
	

	
	Average number of nets per household
	

	
	Average number of ITNs per household
	

	
	Percentage of children age who slept under any net the prior night
	

	
	Percentage of children age who slept under an ITN the prior night
	

	ACTs
	Proportion of febrile episodes in children treated with an ACT
	Cross-sectional surveys

	
	Proportion of antimalarial doses prescribed that were ACTs
	Outpatient surveillance

	
	Number of ACT doses prescribed at health care facility per month
	Outpatient surveillance


D.9.2.2. Measurement of malaria outcome variables of interest. Detailed data on outcome variables of interest will come from the comprehensive surveillance studies described in sections D.3-D.7 above and summarized in Table 6 below.
Table 6. Malaria outcome variables of interest
	Category
	Metric
	Source of data

	Transmission
	EIR
	Entomology surveys

	Infection
	Parasite rate
	Cross-sectional surveys

	Morbidity
	Slide positivity rate
	Outpatient surveillance

	
	Prevalence of anemia (Hb < 8gm/dL)
	Cross-sectional surveys

	Mortality and 

severe disease
	Number of deaths due to malaria
	Inpatient surveillance

	
	Number of cases of severe malaria
	

	
	Age distribution of malaria deaths
	

	
	Age distribution of severe malaria cases
	


D.9.2.3 Statistical modeling to measure the impact of changing coverage levels of malaria control interventions. We will use observational data on intervention and outcome variables to estimate the causal effect of interventions. These analyses will be performed on a population rather than individual level, as many of the variables of interest (Tables 5 and 6) are only available at a population level (population here defined as a particular sentinel site). To model the population effect of interventions for infectious processes, such as malaria, such population-level analyses are in fact preferable to individual-level analyses, as standard assumptions about independent outcomes between subjects are violated when disease dynamics are nonlinear [83]. Indeed, population-level analyses may be more powerful as well as less biased in such situations [83].


To obtain appropriate causal inference on the effect of interventions on a population, we will use a counterfactual framework to estimate what the outcome variable of interest would be if the malaria control intervention were set to a specific level (e.g. what PR would be if ITN coverage was set to 25%). In this framework, the counterfactual or missing data are defined as the unobserved levels of the intervention for a given population at a certain time. To evaluate the effect of an intervention (i.e. different levels of the counterfactual), we will fit a statistical model to appropriate covariates, then use the model to predict different outcomes at different levels of the intervention for a given population by changing the value of the covariate of interest (e.g. how much would the PR change if ITN coverage increased from 25% to 50%).

The unit of analysis will be data from a single sentinel site during a 6-month period. An interval of 6 months was chosen as all intervention and exposure variables will be measured at least every 6 months. In addition, effects of interventions are expected to lag over the period of a few months or longer, so little information should be lost in aggregating variables collected more frequently than every 6 months. Analyses will be performed across all sentinel sites, allowing us to evaluate the potentially different effects of interventions when performed in areas of differing transmission intensity (Section C.5). However, estimates of the effect of interventions will only be evaluated for transmission intensities where these effects are identifiable (e.g. if no IRS is performed in medium transmission sites, we will not attempt to evaluate the effect of IRS in medium transmission sites even though our model could in theory compute an estimate).


Our dependent variables will be the outcome variables of interest (Table 6) for each site for each 6-month interval. Independent variables will include the outcome of interest from the prior interval (to assess change in the outcome), EIR and parasite rate from the prior time interval (to incorporate transmission intensity), and values of control intervention variables (Table 6) from appropriate prior intervals. Specifically, ITN use (proportion of households with at least one ITN) and ACT use (proportion of febrile episodes in children treated with an ACT) will be incorporated from only the prior interval, as any longer term effect of these interventions should be mediated through transmission intensity which is already parameterized. In contrast, IRS may have a longer term, cumulative effect (Section C.5) and will be parameterized as two covariates: (number of sprayings in the last 10 years) x (proportion of households sprayed); (months since last spraying)-1 x (proportion of households sprayed).


Relationships between interventions and outcomes are likely to be non-linear and non-independent. Therefore, the use of standard linear models is unlikely to approximate true relationships, and pre-specified parametric models are likely to result in biased estimates. Numerous data-adaptive prediction algorithms (e.g. generalized boosted regression [84], multivariate adaptive polynomial spline regression [85], or random forests [86]) exist to provide flexible estimates that may more closely reflect complex relationships found in nature, however it is difficult to predict a priori which of these algorithms will perform best with a particular type of data. Choosing the algorithm with the best prediction in a given data set (i.e. smallest residuals) is likely to result in over-fitting and produce a model which is not generalizable to other data sets. A data-adaptive approach that provides flexible estimates while avoiding over-fitting called Super Learner has recently been shown to possess strong theoretical advantages over other methods as well as providing excellent prediction in practice [87]. In this approach, numerous pre-specified prediction algorithms, which may include simple least-squares regression models and more data-adaptive approaches, are fit on the data set. V-fold cross validation is used to select a convex combination of algorithms which minimizes a specified loss function (in this case L2-loss), then uses this combination of predictors fit on the entire data set to produce a final prediction for each data point. Super Learner prediction models will be fit to the outcome of interest using the appropriate model family for the dependent variable (e.g. Poisson for counts, binomial for proportions). The effect of an intervention on a given population will then be assessed by setting the counterfactual to desired levels and using the Super Learner to predict the outcome given the covariates for that population. Confidence intervals for each prediction will be calculated using a bootstrap procedure. Plots of outcomes versus levels of a given intervention will be produced to visualize the predicted effects of interventions for a given population. Specific parameters of interest (e.g. change in parasite prevalence for population “A” if ITN use goes from 25% to 50%) and confidence intervals associated with those parameters can be performed using the estimates and bootstrap-derived inference of the parameters. 

The accuracy of predictions using past data will be validated prospectively as interventions are performed. Of note, predictions of outcomes given interventions will also be produced in research project 2 (modeling) using a very different, parametric approach as opposed to the more empirical one outlined here. These analyses will thus be complementary, and can both be prospectively validated to compare accuracy of predictions as well as used to improve the other. For example, parametric transmission models from research project 2 may be incorporated into the Super Learner as one of a number of a priori specified prediction algorithms.
D.9.3 Specific Aim 3. To conduct an economic evaluation of malaria control interventions to identify the optimal coverage levels and mix of interventions at multiple sites in Uganda.  We will prospectively collect data on the coverage and costs of key malaria control interventions at multiple sites in Uganda with variable transmission intensity. We will then model the cost-effectiveness of different interventions and their combinations at selected coverage levels as measured by various key impact indicators and disability adjusted life-years (DALYs) averted. This will allow us to determine the optimal level of coverage mix of interventions that maximizes health outcomes in different transmission settings. 

D.9.3.1 Model design. Two types of model structures are commonly used in economic evaluation, decision trees and Markov models [88, 89]. Although the design of the economic evaluation model in this study is expected to evolve during the data collection process, we anticipate developing a Markov model to compare the cost-effectiveness of malaria control interventions alone and in combination from a variety of perspectives. Markov models are useful for evaluating diseases or treatments that recur, including recurrent acute diseases, such as malaria. In constructing a Markov model, the disease is divided into distinct health states which are assigned transition probabilities that dictate the movement of patients between the states over discrete time periods, or cycles. After attaching estimates of cost and health outcome to the states, it is possible to evaluate the costs and outcomes associated with a disease and particular health care interventions by running the model over many cycles [88]. 
For example, five health states could be defined to represent malaria in children (Figure 9) including 1) State A - Healthy, in which a child is afebrile and is susceptible to illness; 2) State B - Fever/malaria, representing a single episode of symptomatic malaria per cycle; 3) State C - Fever/malaria, representing two or more episodes of symptomatic malaria per cycle; 4) State D - Severe malaria; and 5) State E - Death. The arrows in the diagram in Figure 9 represent possible transitions which may occur between health states from one cycle to the next. The circular arrows alongside States A, B, C, and D indicate that a child may remain in the state s/he was in during the previous cycle. Death is referred to as an ‘absorbing state’, as it is impossible to transition out of this state. For each cycle of the model, it is assumed that each child will enter the model at time 0 in a healthy state and transition between the Markov states at pre-defined probabilities. To run the model, a hypothetical cohort of 1000 individuals would be evaluated over 12 one-month cycles, equivalent to one year of follow-up.      

Figure 9.
Markov model structure
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D.9.3.2 Data collection. The model will include the following parameters: coverage and costs of interventions, transition probabilities, and measures of effectiveness (Table 7). Detailed data will be collected prospectively on coverage levels of key malaria control interventions as detailed in Table 5. Data on the costs of interventions, including the capital and recurrent costs, and household costs will be collected using the ingredients approach. Capital costs will be annuitized where relevant and a discount rate of 3% will be applied. All costs will be converted into US$ based on official yearly average exchange rates for the period during which the costs were incurred and deflated to 2010 prices using the GDP deflator. The model will be designed to compare the interventions from both the provider perspective, which will include capital and recurrent costs, and the societal perspective, which will also include expenditures at the household level. All costs directly related to the research will be excluded. Data on the direct measures of effectiveness, including number of persons and children under five protected by ITNs and IRS, clinical cases averted, and child deaths averted will be collected through the proposed surveillance activities. A DALY will be calculated by considering the years of life lived with a disability and the years of life lost, using standard life tables and disability weights [59]. Weights are typically taken from the Global Burden of Disease study, which assigned specific weights, ranging from 0 (death) to 1 (perfect health), to six different disability classes in attempt to capture the preferences for a given health state [90]. Transition probabilities will be estimated using data collected on children enrolled in the cohort studies.

Table 7. Model input parameters: costs and effectiveness measures of malaria control interventions 

	
	ITNs
	IRS
	ACTs

	Capital costs
	Buildings

Vehicles

ITNs

Other equipment

Start-up costs
	Buildings

Vehicles

Sprayers

Other equipment
Start-up costs
	Microscope
Start-up costs

	Recurrent costs
	Insecticide (if re-treating nets)

Personnel

Fuel/maintenance

Management costs

Training meetings

Office rental

Supplies

Recurrent building costs

Advertising
Basic monitoring and evaluation
	Insecticide

Personnel

Fuel/maintenance

Management costs

Training meetings

Office rental

Supplies

Recurrent building costs

Basic monitoring and evaluation
	Drugs

Staff salaries

Building rental

Utilities

Consumables
Rapid diagnostic tests

Basic monitoring and evaluation

	Household costs
	Bednets/ ITNs
Mosquito prevention costs

Medication 

Clinic/hospital fees

Transport costs

Indirect costs
	Bednets/ ITNs
Mosquito prevention costs

Medication 

Clinic/hospital fees

Transport costs

Indirect costs
	Medication 

Clinic/hospital fees

Transport costs

Indirect costs

	Measures of effectiveness
	Number of persons protected

Number of children under five protected

Clinical case averted

Child death averted

DALYs averted
	Number of persons protected

Number of children under five protected

Clinical case averted

Child deaths averted

DALYs averted
	Clinical case averted

Child deaths averted

DALYs averted


D.9.3.3 Model outputs. The model will be designed to evaluate the cost-effectiveness of malaria control interventions at various coverage levels, and in different combinations, in different transmission settings. Although the costs and effects of control interventions are not expected to be additive, the model will be designed to assess the impact of different mixes of interventions and to determine the optimal mix in various settings. Comparisons will be made between individual interventions and combinations of interventions, and between interventions at specified coverage levels. The methods for evaluating combinations of interventions will be developed as part of the work package; however, we will likely use regression analysis with the coverage levels of different interventions as covariates to explain differences in malaria related health outcomes. The final outcome of the model will include the incremental cost-effectiveness ratio (ICER), and the ceiling ratio (the threshold value that decision makers are willing to pay to avert a DALY). Interventions will be defined as cost-effective if they are less costly and more effective or have an incremental cost per DALY averted of less than a specified decision threshold equivalent to the Ugandan GDP/capita. Alternative scenarios will also be considered, and sensitivity analyses will be conducted, including one-way, multiway, and probabilistic sensitivity analyses to vary key input variables that are either uncertain, or likely to vary in other settings and test the robustness of our results. 

D.10 Timeline and Milestones.

	Activity
	Year 1
	Year 2
	Year 3
	Year 4
	Year 5
	Year 6
	Year 7

	Research Project 1

	Protocol development and approvals
	
	
	
	
	
	
	
	
	
	
	
	
	
	

	Personnel and training
	
	
	
	
	
	
	
	
	
	
	
	
	
	

	Household enumeration
	
	
	
	
	
	
	
	
	
	
	
	
	
	

	Comprehensive surveillance
	
	
	
	
	
	
	
	
	
	
	
	
	
	

	Streamlined surveillance
	
	
	
	
	
	
	
	
	
	
	
	
	
	

	Data analysis and measures of impact
	
	
	
	
	
	
	
	
	
	
	
	
	
	

	Data analysis and measures of cost-effectiveness
	
	
	
	
	
	
	
	
	
	
	
	
	
	


Milestones:

Year 1


· Develop protocols and obtain IRB approvals

· Hire and train staff for the surveillance studies

· Complete the enumeration of households and generate randomization list for sampling

Years 2-3

· Conduct comprehensive surveillance studies in 3 districts

· Performed comparative analysis of different surveillance methodologies to determine whether streamline methods can be used to replace gold standard methods

· Measure the impact and cost-effectiveness of malaria control interventions 

· Hold annual meetings with project investigators and policy makers to review data and make recommendations regarding control interventions

Years 4-6
· Begin surveillance studies at 3 additional sites

· Conduct streamlined surveillance studies (if determined to be appropriate) in 6 districts

· Measure the impact and cost-effectiveness of malaria control interventions 

· Hold annual meetings with project investigators and policy makers to review data and make recommendations regarding control interventions

Year 7

· Complete the analysis of all surveillance data

· Hold annual meeting with project investigators and policy makers to review data and make recommendations regarding control interventions
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F. PROTECTION OF HUMAN SUBJECTS
F.1 Risks to the Subjects 
F.1.1 Human subjects involvement and characteristics. All of the research involving human subjects described in this proposal will involve surveillance studies conducted in Uganda. Surveillance studies involving human subjects will include the following categories: 

1) Outpatient and Inpatient surveillance at government health facilities - These activities will only involve the collection of routine surveillance data that is part on the Ugandan Health Management Information System and therefore is exempt from human subjects research. Therefore this category of surveillance studies will not be discussed further. 

2) Community surveys – In each of three sentinel districts, 200 households will be randomly selected to participate in community surveys which will be performed twice a year for two years (2400 total household will be surveyed). Selected households will be approached and project personnel will ask the head of the household or, if not available, another adult resident (18 years of age or older) for verbal consent to participate in the questionnaire part of the survey. Questionnaire data will be collected on all household residents (4 residents estimated per household = data collected on a total of 9600 household residents). Written informed consent will be obtained from parents/guardians and assent from all children age 6-14 years living in the household for the collection of a finger-prick blood sample (1.5 children age 6-14 years estimated per household = finger-prick blood samples collected on a total of 3600 children). 
3) Primary school surveys - In each of 6 sentinel districts, three primary schools will be randomly selected to participate in cross-sectional surveys. In each school, 100 children (equal numbers of boys and girls) will be enrolled in each survey if they meet the following inclusion/exclusion criteria: 1) enrollment at participating school in classes 2-6; 2) age 6-14 years; 3) living in the sub-county where the primary school is located for the last six months; 4) parent/guardian willing to give informed consent; 5) child willing to take part in the study and able to give informed assent. Primary school surveys will be conducted on a total of 14,400 children (300 children per district per survey x 2 surveys per year x 5 years x 3 districts; 300 children per district per survey x 2 surveys per year x 3 years x 3 districts). 
3) Cohort studies - In each of 3 sentinel districts, 100 households with at least one child aged 6 months to 10 years will be identified. All eligible children from the same household will be recruited into the cohort studies if they meet the following inclusion/exclusion criteria: 1) age 6 months-10 years, 2) lack of intention to move outside of the sub-county during the follow-up period, 3) agreement to come to the study clinic for any febrile episode or other illness, 4) agreement to avoid medications administered outside the study, 5) provision of informed consent by parents or guardians. It is estimated that a total of 900 children will be enrolled in the cohort studies (3 children per household x 100 households x 3 districts). 
F.1.2 Sources of materials.

1) Community surveys - Questionnaire date will be gathered on all household members including information on demographics, socio-economic status, bednet use, and recent fever treatment practices. In addition, if any women living in the household have given birth, they will be questioned about the vital statistics of their children (date of birth of each child, whether the child is still alive, and the age of death for any children) supplemented by verbal autopsy. All children age 6-14 years living in the household will have blood collected by finger-prick for testing for malaria parasitemia using a rapid diagnostic test, preparation of thick and thin malaria blood smears, filter paper blood samples and to record hemoglobin concentration.
2) Primary school surveys – Questionnaire data will be collected from all children and their parents/guardians  including information on demographics, socio-economic status, bednet use, and recent fever treatment practices. Each child will be asked to provide a finger-prick blood sample for testing for malaria parasitemia using a rapid diagnostic test, preparation of thick and thin malaria blood smears, filter paper blood samples and to record hemoglobin concentration. 

3) Cohort studies - On the day of enrollment children will undergo a history and physical examination using a standardized case record form and have blood collected by finger-prick for thick blood smear and filter paper storage. Study participants will receive all routine medical care at a study clinic. At each visit for a new medical problem a standardized case record form will be filled out and subjects who are febrile (tympanic temperature > 38.0˚C) or report history of fever in the past 24 hours will have blood obtained by finger-prick for a thick blood smear and collection of blood on filter paper.
All records will be kept as confidential as possible. Study participants will be identified only by a unique identification number. Patient names will not be entered into the computerized database. Cross-sectional survey data will be entered directly into handheld PDAs. Cohort study participant case record forms will be kept in individual files in a secured filing cabinet in the study clinics. Additional records will be kept in laboratory record books, which will be stored in the central study laboratory. No individual identities will be used in any reports or publications resulting from the study. Much of the data to be collected for this study will come from tests and procedures normally done in the care of infants and children.
F.1.3 Potential risks.

Loss of Privacy. Participation in research may involve a loss of privacy for research subjects. Personal and medical information will be collected from subjects and study staff will have access to such data. 

Drawing blood by fingerstick. This may cause momentary discomfort or soreness when blood is drawn and bruising. Rarely, blood collection may cause local infection.
F.2 Adequacy of Protection against Risks 
F.2.1 Recruitment and informed consent.
1) Community surveys - Selected households will be approached and project personnel will ask the head of the household or, if not available, another adult resident (18 years of age or older) for verbal consent to participate in the questionnaire part of the survey. Written informed consent will be obtained from parents/guardians and assent from all children age 6-14 years living in the household for the collection of a finger-prick blood sample
2) Primary school surveys – Prior to the onset of the study, staff from participating schools will be sensitized about the study and plans for recruitment, and a copy of the school registers will be obtained. Children will be randomly selected from the school registers using a computer-generated random number table. Prior to the day of the school survey, group meetings will be held with the parents/guardians of selected school children to review the selection criteria for study participation. Those parents who do not attend the group meetings will be visited at home. During the meetings or household visits, the purpose and procedures of the study will be discussed, an information sheet will be distributed, and written informed consent will be sought from the parents/guardians and assent from the children.
3) Cohort studies - Using door-to-door recruiting, households will be approached sequentially from a randomization list and those households with at least one child aged 6 months to 10 years will be identified. Interested parents or guardians and all children from the household between the ages of 0.5-10 years will be brought the study clinic or given an appointment to come to the study clinic for screening and enrollment.  At the study clinic interviews will be conducted in the appropriate language with parents or guardians by study physicians. Written informed consent by parents or guardians and assent from children > 6 years of age will be obtained for all children who meet the eligibility criteria.
F.2.2 Protection against risk.

Confidentiality. Successful implementation of the study will require that the confidentiality of all study participants be strictly maintained. For all data collected as part of the studies, participants will be assigned a unique identification number. All data and information collected will be kept in password protected PDAs or locked file cabinets. All project staff will be trained on procedures for maintaining confidentiality and asked to sign a pledge of confidentiality. 

Collection of finger-prick blood samples. Procedures will be put in place to minimize the risk of infection due to finger-prick blood collection through the use of individually packaged sterile alcohol swabs and gauze. 
F.3 Potential Benefits of the Proposed Research to the Subjects and Others.

1) Community surveys and primary school surveys – Children who participate in these surveys may benefit from the identification and treatment of malaria parasitemia as part of the active screening process using rapid diagnostic tests. 
2) Cohort studies – Study participants will likely benefit from the provision of all routine medical care at no cost. This is a benefit that has been greatly appreciated in our previous cohort studies, as the medical care provided in these studies is generally far superior to that routinely available and costs of medical care are a major difficulty for families in Uganda, where even routine care at public institutions often requires payment. In addition, subjects will be reimbursed for the costs of transport for all visits to our study clinics.
The societal benefit of these surveillance studies is potentially huge, as it is anticipated that the knowledge gained will improve the impact of malaria control interventions. 
F.4 Importance of the Knowledge to be Gained.

Uganda is a country with an extremely high burden of malaria, but also a wide range of transmission intensities and diverse epidemiological settings. Recent increases in funding from international donors have provided Uganda with the opportunity to greatly expand coverage of malaria control interventions. However, there is currently limited capacity to conduct the high quality research needed to maximize the impact of interventions through an evidence-based approach. The objectives of this project are to establish and validate simplified, reliable, and cost-effective surveillance tools at various sites across Uganda. This work aims to inform the evaluation of malaria control efforts and to provide a model for malaria surveillance in other malaria endemic countries.
G. INCLUSION OF WOMEN AND MINORITIES. We will recruit both genders into our study. We do not plan specific efforts to encourage or discourage the enrollment of either sex. All subjects in this study will likely be of African heritage (Ugandan) and we do not plan specific efforts to encourage or discourage the enrollment of persons of any heritage.
H. TARGETED/PLANNED ENROLLMENT TABLE. See attached sheet on following page.
I. INCLUSION OF CHILDREN. Several aspects of this research proposal will include children. In highly endemic areas such as sub-Saharan Africa, malaria is primarily a disease of children. With advancing age and multiple episodes of malaria, partial immunity develops, such that malarial incidence decreases. The decreased incidence of malaria in older children and adults and the increased antimalarial immunity of these individuals makes them less useful subjects for study, as malaria episodes are less common. In addition, malaria control efforts in Africa are appropriately focused on young children. Specifically our cohorts will enroll children 6 months to 10 years of age, who will be followed for 2 year. Our cross-sectional surveys will focus on children 6-14 years of age. Inpatient surveillance will only be done for children 12 years of age or younger admitted to our sentinel hospitals. 

J. VERTEBRATE ANIMALS. Not applicable. 

K. SELECTED AGENT RESEARCH. Not applicable.

L. MULTIPLE PD/PI LEADERSHIP PLAN. Not applicable. 
M. CONSORTIUM/CONTRACTURAL ARRANGEMENTS


A memorandum of understanding is in place between UCSF and Makerere University for scientific collaboration. Dr. Moses Kamya is the director of the Infectious Disease Research Collaboration (IDRC) which has a memorandum of understanding in place with Makerere University for this organization to operate as the legal management center for our Makerere University research and training projects. The IDRC is a registered NGO and is recognized as such by the Republic of Uganda. It is located on the Mulago Hospital campus in Kampala. The IDRC will be responsible for personnel management; purchasing equipment and supplies in Uganda; purchasing, insuring, and maintaining research vehicles at local cost and adhering to UCSF and NIH guidelines; creating and upholding agreements for space for research activities in Uganda; and maintaining and ensuring financial transparency of grants through multiple funding sources including the NIH. IDRC is registered with the Office of Human Research Protections and has been issued a Federal Wide Assurance number (FWA00013482) and DUNS Number (850452797). Funds for collaborators at the LSHTM and KEMRI will be transferred by sub-contract between UCSF and these institutions. 
N. LETTERS OF SUPPORT. None.
O. RESOURCE SHARING PLAN. Not applicable.
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