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Abstract 

 
Background: Malaria screen-and-treat (called Step-D in Zambia) is a reactive case detection strategy in 

which passively detected malaria cases trigger community health workers (CHWs) to screen for 

secondary cases within a 140-meters of the initial case’s household using rapid diagnostic tests (RDTs). 

Few studies have evaluated whether an evidence-based strategy using environmental variables that 

characterize the immediate surroundings of a household can improve the efficiency of secondary case 

identification. This study extended the screening radius to 250-meters and assessed whether local 

environmental factors can guide CHWs to identify secondary cases more efficiently. 

Methods: Demographic information, malaria diagnosis, and household characteristics were obtained 

from household visit survey tools. Households were stratified into malaria positive or negative secondary 

households using RDT and qPCR results (excluding index cases). ArcGIS was used to generate 

environmental variables such as number of animal pens within 100-meters, distance to nearest animal 

pen, nearest stream category, and main road, as well as, distance and elevation difference between 

households. Generalized estimating equations (GEE) were used to estimate the average cross-sectional 

effect for the difference in odds of a malaria positive vs. negative secondary household for each 

environmental variable. For the secondary analysis, GEE was used to estimate the cross-sectional 

difference in odds of a positive vs. negative household for each environmental predictor.  

Results: 4,202 individuals in 692 households were enrolled in the Enhanced Step D program between 

January 12, 2015 and July 26, 2017. 165 participants tested positive for malaria, 66% of whom resided in 

index households. The overall parasite prevalence in index households was 8.6% for the study period 

(2015-2017), while that in secondary households was 1.9%. Excluding index cases, stratification resulted 

in 488 negative secondary and 45 positive secondary households. Results from the primary regression 

revealed that if the nearest stream was category 3, 4, or 5, there was significantly higher odds of being a 

positive secondary household (OR stream category 3: 1.5; p=0.03, OR stream category 4: 1.9; p<0.01, OR 
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stream category 5: 1.5; p<0.01). Similar trends were observed in the secondary analysis for stream 

categories, in addition, to a significant OR for the presence of animal pens (OR: 5.5; p<0.001). 

Conclusion: Screening for secondary households within a low-transmission setting in southern Zambia 

could be optimized by using both local-scale indicators such as the presence of animal pens and large-

scale indicators such as streams as environmental guidance tools. 

 

Advisor and primary reader: William Moss, MD 

Secondary readers: Timothy M. Shields, MA & Douglas E. Norris, MS, PhD 
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1. Introduction 

1.1. Global Burden of Malaria  

The global burden of malaria has significantly decreased due to the implementation of effective 

control interventions.1  In 2000, 108 countries and territories were considered malaria endemic, but in 

2016 only 91 regions fit the World Health Organization’s (WHO) definition of a malaria endemic region.1 

The global incidence rate of malaria declined 21% from 2010 to 2015, with the highest rates of decline 

observed in the WHO European Region (100%) and the WHO South-East Asia region (54%).1 Mortality 

also declined by 29% (2010-2015), with the fastest decline observed in the WHO Western Pacific Region 

(58%) and the WHO South-East Asia Region (46%).1 The WHO African Region (AFR), which carries 

the heaviest malaria burden, experienced a 21% and 31% reduction in malaria incidence rate and 

mortality, respectively.1 The decline in mortality rates had a significant impact on life expectancy in 

children under five years. In the AFR, life expectancy rose by 1.2 years for children under five years from 

2000 to 2015.1  

The control interventions that contributed to the global progress in reducing malaria burden include: 

vector control strategies such as use of insecticide-treated mosquito nets (ITNs) and indoor residual 

spraying (IRS), chemoprevention for pregnant women through intermittent preventive therapy in 

pregnancy (IPTp), artemisinin-based combination therapy (ACT) to treat malaria and use of rapid 

diagnostic tests (RDTs).2 In the AFR, an estimated 53% of the population at risk slept under an ITN 

(2015), RDT use increased to 76% for suspected cases (2015), the median proportion of children under 

five years with confirmed malaria receiving ACT was 14% (2013-2015), and in 20 of 36 African 

countries 31% of eligible pregnant women received three or more doses of IPTp.1 In many regions 

malaria elimination becomes more realistic as the number of indigenous cases continue to decline, and so 

the WHO developed The Global Technical Strategy for Malaria 2016-2030 to guide future malaria 

control and elimination.1 One target of this strategy is to reduce the global malaria mortality rate by at 

least 90% and to eliminate malaria in at least 35 countries where malaria is transmitted by 2030.1   



2 
 

Despite the global progress, there were an estimated 212 million new cases and 429,000 deaths due to 

malaria in 2015, and the AFR continues to carry the heaviest burden accounting for 90% of malaria cases 

and 92% of malaria deaths in 2015.1 Insecticide and drug resistance pose as much a threat as ever to 

malaria elimination. Substantial gaps exist in the control and prevention of malaria and these require the 

development or optimization of new tools to reach the WHO targets. One factor that greatly contributes to 

these gaps is the vast heterogeneity in malaria endemicity that exists despite the implementation of similar 

control measures.2 One such example is Zambia, where the stark differences in malaria epidemiology are 

being investigated and incorporated into malaria control and elimination strategies by the Southern and 

Central Africa International Centers of Excellence for Malaria Research (ICEMR)6 in collaboration with 

Johns Hopkins Bloomberg School of Public Health and the Macha Research Trust in Zambia.  

 

1.2. Malaria Epidemiology and Elimination in Zambia 

Zambia is a landlocked malaria endemic country in sub-Saharan Africa that had an estimated 

population of 15.9 million people with more than 90% of the population being at risk for malaria in 

2016.3,4 Most of the population resides in rural areas (60%), and there exists is a stark economic divide 

between the urban and rural population, with 57.7% of the rural population living in poverty compared to 

13.1% of the urban population.3 In 2015, the national malaria incidence was 352.4 cases per 1000 

population and ranged from less than 50 cases to 500 cases per 1000 population across districts.3,4 Malaria 

deaths declined 65% since 2010, with 2,337 in-patient deaths reported in 2015 (annual case fatality rate of 

2%).3 Malaria transmission is both year-round and seasonal in places, with peak transmission occurring 

during the rainy season (November to April) and peak parasite prevalence occurring in April and May, 

thus resulting in a wide variation in the prevalence of infection.3,4 Plasmodium falciparum accounts for 

98% of malaria infections, with Anopheles gambiae s.s., An. arabiensis, and An. funestus as the main 

vectors.3 The challenge with malaria is the extremely heterogenous transmission, with different levels of 

transmission occurring in the same district and within districts in the same province.4 Based on malaria 
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parasite prevalence in children and population surveys conducted between 2008 and 2010, three 

transmission zones were identified in Zambia: Zone I – very low transmission (parasite prevalence less 

than 1% in children under five years), Zone II – low to moderate stable transmission (parasite prevalence 

of 2-14% in children under five years), and Zone III – moderate to high transmission (parasite prevalence 

more than 15% in children under five years).4 Provinces that fall into Zone III include Luapula and 

Muchinga Provinces, with parasite prevalence by RDT in children under five years of 55.5% and 35.6%, 

respectively.3  Provinces that fall into Zone I and Zone II include Lusaka (2.4%) and Southern Province 

(0.6%), respectively.3  

Zambia has implemented malaria control since the 1940’s, but the country has suffered many 

setbacks due to decentralization, a weakened economy, chloroquine resistance, and unstructured programs 

that only focused on case management at rural health centers.2 However, in the late 1990s the country 

instituted the WHO Roll Back Malaria Program and has made significant progress in the decline of 

malaria incidence in various part of the country.2 In 2007, Zambia was selected as a focus country for the 

President’s Malaria Initiative (PMI) to rapidly scale-up and expand malaria prevention and treatment 

intervention towards their goal of worldwide malaria eradication by 2040-2050.3 In collaboration with the 

National Malaria Control Program (NMCP), PMI, and other partners, Zambia set forth the National 

Malaria Elimination Strategic Plan (NMESP) to eliminate malaria in Zambia by 2021, maintain a malaria-

free status, and prevent reintroduction and importation of malaria into areas where it is already 

eliminated.4 The rationale for elimination was due to the substantial decline of malaria incidence in many 

districts and that a delay in elimination efforts could allow the emergence of drug and insecticide 

resistance.4 In addition, the availability of effective control programs allowed for coordination with 

neighboring countries to address cross-border malaria.4 The key interventions in this strategy are divided 

into 5 steps (A through E), and involve strategies such as parasitological and entomological surveillance, 

vector control through 100% IRS coverage and distribution of long-lasting insecticide-treated nets 

(LLINs), case management at health facility level using RDTs, and mass drug administrations (MDA) 

with ACT.4  
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This study addresses the fourth component (Step D) of the NMESP elimination strategy, designed for 

community case management and malaria case foci investigation for transmission containment.4 It is 

important to acknowledge that for Zambia to successfully achieve malaria elimination, the heterogeneity 

of malaria transmission at household and community levels demand tailored malaria control and 

surveillance methods to facilitate effective focal detection of cases. As malaria decreases, transmission 

becomes focal and ‘hots spots’ continue to facilitate transmission in low transmission areas.5 To identify 

these pockets of transmission, community case findings and local screening will help achieve elimination 

in low transmission areas.5 This study attempts to refine an existing reactive case detection strategy at the 

local level to assist community health workers (CHWs) in Choma District, Southern Province, Zambia.  

 

1.3. Reactive Case Detection 

In 2011, the Zambian government developed a reactive case detection (RCD) system as part of the 

2011-2016 NMESP.5 This strategy was officially launched in May 2013 in Southern Zambia with the 

purpose of enhancing malaria surveillance by utilizing the health system at the community level to find 

infected individuals who did not seek care or were asymptomatically infected.5 RCD can reduce focal 

malaria transmission and possibly achieve elimination in low transmission areas. The strategy starts with 

passive detection of an incident malaria case (index case) using RDT or microscopy at a local health 

facility by CHWs. CHWs then visit the index case household and its neighboring households (secondary 

households) that are within a 140-meter radius of the index household to screen and treat all members of 

the index case and secondary households.5 RCD is highly dependent on CHWs to investigate confirmed 

cases and report those confirmed during the household visits. RCD should improve and maximize case 

reporting, inform community level interventions, identify local versus imported cases, and allow for 

mapping of incident cases.5 It can also inform research on the role asymptomatic malaria cases have in 

focal malaria epidemiology and transmission.  
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The Southern Africa ICEMR, which aims to investigate malaria epidemiology, vector biology, 

parasite genomics and provide evidence-based strategies for control in Southern Africa, expanded the 

NMESP’s Step D component.2 Appropriately called Enhanced Step D (ESD), the search radius for 

secondary households was extended to 250-meter in addition to the original 140-meter, and quantitative 

polymerase chain reaction (qPCR) testing in addition to RDT testing was added to increase sensitivity in 

case detection. This study focuses on the ESD program employed in Choma District, Macha which is one 

of the three different malaria transmission sites of the Southern Africa ICEMR and an area of successful 

malaria control.11   

 

1.4. Targeted Case Finding using Environmental Predictors  

Detailed maps of index case and secondary households from the ESD program provided the 

opportunity to explore the role of the environment in focal malaria transmission. Conditions of human 

habitation and mosquito ecology, both of which are dependent on the surrounding environment, exert 

great influence on focal malaria epidemiology. The ability of mosquitoes to forage and breed depend on 

environmental features such as rain, humidity, temperature, elevation, and vegetation.7,8 During dry 

seasons in southern Zambia, malaria transmission prevailed in areas where there was more vegetation, 

more air moisture, and higher temperature.8 Similarly, houses made from mud-and-grass were shown to 

have a higher prevalence of malaria than houses made from brick or cement walls with grass or metal 

roofs.9 Because the variation in malaria transmission is tightly linked to the landscape and ecology at the 

household level7, it is important to characterize these environmental predictors to facilitate CHWs’ effort 

to identify and contain transmission from potential reservoirs and prevent resurgence of cases. The use of 

remotely sensed data and Geographic Information Systems (GIS) to create spatial prediction models are 

appropriate methods for the identification of environmental risk factors for malaria transmission in 

Choma District.10 Pinchoff et al. (2015) generated a predictive malaria risk map based on, Zambia using 

high-resolution satellite imagery and demonstrated that the distance to streams and marshlands were 
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associated with increased household malaria risk.11 This model, however, only looked at individuals that 

were predicted to be positive using RDTs and not qPCR as Nchelenge is an area of high malaria 

transmission resulting in a high positive predictive value using RDTs. A child and household level 

malaria risk map in Malawi identified increasing altitude and greater household wealth as protective risk 

factors for children under five years old,12 and by combining extensive household surveys, reactive case 

detection, and spatial assessment of environmental predictors, Chirombo et al. (2014) evaluated the 

improvement and validation of malaria control programs in three large regions of Ethiopia.13 Even though 

studies have characterized environmental risk factors for malaria and used these factors to inform large-

scale control programs, few have attempted to identify household level predictors that would assist CHWs 

to navigate on the ground towards households that are more likely to have positive cases. This study 

leveraged the ESD reactive case detection strategy to characterize previously identified environmental 

variables for malaria within the immediate surroundings of secondary households to determine which of 

these risk factors play an important role in the maintenance of malaria at the local scale. Implications of 

the findings from this study are that as Zambia works towards eliminating malaria, more refined and 

targeted case detection strategies are required to identify untreated infected individuals that could serve as 

potentially asymptomatic sources of infection. This study can help guide and plan reactive case detection 

strategies in Zambia that allow CHWs to employ an evidence-based strategy to find malaria-positive 

secondary households in relation to identified index case houses.  

 

2. Methods 

2.1. Study Site  

This study was conducted in the 1,200 km2 catchment area of Macha Hospital in Choma District, 

Southern Province, Zambia which is 70 km from the town of Choma and 1,100 meters above sea 

level.14,15 The primary vector is An. arabiensis with P. falciparum accounting for most infections 

(prevalence by RDT is <1%).14,15 The weather consists of a rainy season (December to April), followed 
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by a cool dry season (April to August), and a hot dry season (August to November).10,14 The weather has a 

significant influence on the seasonality of malaria transmission, with peak transmission occurring 

primarily during the rainy season. The first-line anti-malarial therapy is ACT with artemether-

lumefantrine (Coartem®), introduced into the study area in 2004 with LLINs widely distributed in 2007.15  

 

2.2. Study Population 

The study population consisted of households enrolled in the ESD study between January 12, 2015 

and July 26, 2017. As mentioned, the ESD is an extension of the RCD malaria surveillance in Zambia that 

enhances community case finding. A positive malaria case (hereafter referred to as the index case) 

passively detected by CHWs at a health care center triggers follow up by the field team at the Macha 

Research Trust (MRT) within one week.5 If the RDT positive individual travelled outside their home 

district within the previous month and stayed overnight, they were not eligible for follow up.17  

GPS coordinates for the index case household were obtained by geocoding in ArcGIS version 10.5 

(Environmental Systems Research Institute [ESRI], Redlands, California) on a high-resolution map of 

Macha. Any other (secondary) households within 140 and 250-meters of the index case house were also 

indicated on the map. The field team first visited the index case household and followed the Step D 

screen-and-treat protocol,5 in which all consenting household members had a RDT for the detection of P. 

falciparum histidine-rich protein-2 (PfHRP2), and collection of blood samples for real-time qPCR 

analysis. A survey was administered to each participant using tablets to obtain demographic information, 

knowledge of malaria transmission, malaria symptoms, travel history, and prevention (e.g. bed-net use, 

IRS history). For participants younger than 16 years, a parent or guardian completed the survey on their 

behalf. Any household member found to be RDT positive was offered Coartem®. Severely ill participants 

and pregnant women who were positive were referred to the nearest clinic for further treatment.5 After the 

index household, the team enrolled and screened secondary households within the 140 and 250-meter 

radii. Participants from index and secondary households were followed up 30 and 90 days after the initial 
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visit. The field team was trained to follow the RCD protocol to perform RDT testing, provide ACTs for 

uncomplicated malaria, administer surveys, collect data electronically using tablets, and educate 

participants on malaria transmission. This analysis was restricted to initial visit date of all participants 

(excluding the index case) who gave consent, completed the survey, and had RDT and/or PCR results. 

The study was approved by the Johns Hopkins Bloomberg School of Public Health Institutional Review 

Board and the Tropical Diseases Research Center Ethics Review Committee. 

 

2.3. Malaria Diagnosis  

SD Bioline Malaria Ag. P.f tests (Standard Diagnostics Inc, Republic of Korea) were administered 

according to the manufacturer’s instructions. Briefly, the index finger was pricked, blood droplets were 

placed on the protein strip of the RDT after which four drops of buffer were added, and the test was read 

approximately after 20 minutes. A positive test was interpreted as two bands that appeared on the loading 

strip, one for P. falciparum and one for the control. A negative test was interpreted as the presence of only 

one control band. The WHO minimum sensitivity and specificity requirements for RDTs, when compared 

to the gold standard of microscopy detection, is 95% and 90%, respectively, for parasite densities around 

100 parasites per µL of blood.18 The reliable limit of detection for RDTs is between 100-200 parasites per 

µL of blood.20 If parasite density is more than 100 parasites/µL, the WHO sets the RDT sensitivity to be 

100%.18   

Blood samples for qPCR analysis were collected on Whatman 903™ Protein Saver cards (GE 

Healthcare Bio-Sciences Corporation, Piscataway, NJ) from the same finger prick used for RDT testing, 

stored in plastic bags with desiccator, and transported to the MRT laboratory. Samples were stored at -

20˚C until ready for parasite DNA extraction using the Chelex© method.15,19 Real-time qPCR was 

performed on a Applied Biosystems StepOnePlus™ Real-Time PCR System (Thermo Scientific, 

Waltham, MA, USA). Primers specific to the mitochondrial cytochrome b gene (cytb) for P. falciparum 

were used to amplify and detect P. falciparum DNA.21, 22 Dilutions of laboratory-cultured 3D7 genomic 
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DNA was used as positive control for the P. falciparum qPCR assay. Positive results were determined 

based on a uniform set of baseline thresholds and cycle count values within a set range according to the 

standards for all qPCR samples. qPCR is among the most sensitive molecular techniques for malaria 

parasite detection. Under optimal conditions, the limit of detection for qPCR is 0.02 parasites/µL.20 The 

limit of detection for P. falciparum qPCR in Choma District was reported to be 0.04 parasites/µL by 

Laban et al. (2015). Previously reported sensitivity and specificity of PfHRP2-based RDT in the Choma 

District, were 17% and >99%, respectively. However, these were determined based on comparisons to 

nested PCR between 2009 and 2012 and had been designed for active case detection and not for detecting 

symptomatic individuals.19 For this analysis RDT sensitivity and specificity was determined based on 

comparisons to qPCR results.  Cross-tabulation with chi-square test for proportions were used to assess 

the malaria prevalence by RDT and/or qPCR for index and secondary households by year. The sensitivity, 

specificity, positive predictive value (PPV), and negative predictive value (NPV) for each test was also 

calculated.  

 

2.4. Classification and Characteristics of Households  

All households that had initial visit data collected, completed participant surveys, and had RDT and 

PCR results available were included in this analysis. Households that had one or more malaria-positive 

individual by RDT or qPCR (excluding the index case) were classified as a positive household.10,14 A 

negative household had neither RDT or qPCR positive individuals present in the house at the time the 

survey was administered. Based on these criteria, four different types of households were generated: 

positive index households, negative index household, positive secondary households, and negative 

secondary households. A positive household could have individuals who were: RDT negative – qPCR 

positive, RDT positive – qPCR positive, RDT positive – qPCR negative, or RDT positive only (no qPCR 

performed). Participants who were RDT negative – qPCR positive were considered sub-patent infected 
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cases, and participants who were RDT positive – qPCR negative were assumed to be positive, as they 

could have lingering PfHRP2 in the blood from a previous infection that had cleared.23  

The following household level variables from completed survey data were generated for each 

household using STATA 14.2 (StataCorps, College Station, TX): household type, average number of 

individuals per household, average number of individuals five years and younger per household, average 

age per household, RDT positivity, RDT positivity for individuals five years and younger, bed net 

ownership, floor material, and cooking energy source. RDT positivity was defined as the number positive 

RDTs per household divided by the total number of RDTs performed per household. The four household 

types were compared based on the above-mentioned variables.  

 

2.5. Spatial Risk Map  

A Quickbird™ satellite image of the 1,200 km2 catchment area of Macha Hospital in Choma District 

was obtained from DigitalGlobe Services, Inc. (Denver, Colorado) in 2011, and imported into ArcGIS 

version 10.5 (Environmental Systems Research Institute [ESRI], Redlands, California). This image had a 

resolution of 0.7-meters per pixel and was used to geocode index case households passively detected by 

CHWs and identify secondary households within a 140 and 250-meter radius of each index house. After 

each visit, final GPS coordinates for all enrolled households were collected on the ground by the MRT 

field team using hand-held GPSMAP® 62 devices (Garmin Ltd, Olathe, Kansas). These coordinates were 

used to map all households where residents consented and completed the survey. All data layers were 

projected onto the Universal Transverse Mercator (UTM), Southern Hemisphere, Zone 35, WGS198414.  

A digital elevation model (DEM) with 90-meter resolution was obtained from Shuttle Radar 

Topography Mission (SRTM) version 3, processed in ERDAS Imagine 2011 software (ERDAS Inc., 

Bethesda, MD) and imported into ArcGIS.10,11 Each pixel represented a 90-meter average elevation 

around the center of the pixel.11 The DEM was used to determine elevation values for water flow 

direction and accumulation.16 The ArcHydro Tools module of ArcGIS was used to build a stream network 
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according to the Strahler stream classification which assigned order values of 1, 2, 3, etc. based on a 

hierarchy of tributaties.11, 16, 24 The beginning of each stream is classified as a first-order stream or 

category 1, when two first-order streams come together a second-order or category 2 stream is formed, 

and when two second-order streams come together a third-order or category 3 stream is formed, etc.24 A 

shape file for roads was created by digitizing roads in ArcGIS on a 1:50,000 topographic map of Zambia 

and the 0.7-meter satellite image which helped identify which roads were in use.  

 

2.6. Creation of Environmental Variables  

Malaria risk at the local setting (e.g. 100-meters) can vary from a larger scale environmental setting 

(e.g. >100-kilometers). This risk is driven by human behavior, mosquito ecology, and heterogeneity in 

landscape and local topography.28 Previously identified ecological determinants for malaria include 

elevation, and proximity to livestock, roads, and streams.8,10,28,29,30,31 As this study sought to understand 

the local environment around secondary households in the ESD program, creation of environmental 

variables was restricted within a defined radius to represent the local setting around each household and 

allow for comparisons to be made within household clusters. Through this approach, the local 

environmental variables were household-specific or cluster-specific. Household-specific variables were 

variables generated within a 100-meter radius around each house and included: number of animal pens 

and distance to animal pens. By design, the ESD screening method generated household clusters. A 

cluster consisted of the index household at the center and its neighboring secondary households within 

140 or 250-meters from the index house. Cluster-specific variables were those generated within the 250-

meter ESD boundary. Cluster-specific variables included: distance between secondary and index 

households, distance between negative and positive secondary households, difference in elevation 

between positive and negative secondary households, and difference in elevation between index and 

secondary households. Distance to the main road and distance to streams, were important risk factors that 

could not be restricted to within the 100 or 250-meter boundary because the satellite image of the Choma 
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catchment area was taken during the dry season, resulting in sparse distribution of water bodies and low 

water-levels in lower order streams. These two variables were therefore included as large-scale 

components into the analysis.  

Household level variables along with the corresponding household coordinates were imported and 

mapped into ArcGIS to facilitate the creation of the household-specific, cluster-specific and large-scale 

variables. The households were categorized using the attribute-driven symbology feature to visually 

distinguish between the four household types (positive index households, negative index household, 

positive secondary households, and negative secondary household). Within cluster distances (i.e. distance 

between index household and secondary households and distance between negative and positive 

secondary households) were generated by exporting the UTM coordinates for index and secondary 

households separately into Microsoft Excel, matching secondary households to their corresponding index 

household, and using the Pythagorean theorem formula to calculate distance. The distance between 

secondary and index households was subsequently used to generate a binary variable that distinguished 

secondary households located within the 140-meter radius and those between the 140 and 250-meter 

radius. Due to errors in GPS accuracy when registering coordinates, secondary households could be 

outside of the 250-meter radius. If the distance between the index and secondary house was more than 

300-meters, coordinates were manually cross-referenced with the MRT field team and re-mapped when 

necessary. The MRT database was also used to confirm that secondary households were not incorrectly 

matched to index households.  

Within cluster differences in elevation between index households and secondary households were 

generated by taking the difference of the elevation coordinates from each secondary household and its 

corresponding index household. Differences in elevation between negative and positive secondary 

households were created using the same method. Missing elevation coordinates were extracted from the 

DEM. Animal pens were manually digitized in ArcGIS and were defined as enclosed dark- or light-brown 

oblong, circular, or rectangular roofless structures of any size within a 100-meter radius of the main house 

structure. The number of animal pens and Euclidian distance to nearest pen for each household were 
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generated using the join by spatial location feature in ArcGIS. The location, number of pens, and distance 

for animal pens that were visually problematic to identify in ArcGIS, were cross-referenced with Google 

Earth. The join by spatial location feature in ArcGIS was also used to find the Euclidian distance for each 

household to the main road and individual stream categories. The distance to the nearest stream and a 

categorical variable identifying the closest stream type were created in STATA 14.2. All variables 

generated using ArcGIS were exported into a comma separated value spreadsheet and imported into 

STATA 14.2 for further statistical analysis.   

 

2.7. Statistical Analysis 

Exploratory data analysis was used to assess differences in means and proportions for the household 

characteristics between all four household-types, as well as the environmental variables between positive 

and negative secondary households. The chi-square test for proportions, and Student’s t-test and analysis 

of variance (ANOVA) for means, were used for comparisons. Additionally, two-way log-transformed 

scatter plots for continuous variables (x-axis) and the probability of a positive secondary household (y-

axis) were generated to assess the distribution of variables. For the primary analysis, generalized 

estimating equations (GEE) were used to estimate the cross-sectional population average effect for the 

difference in odds of a positive secondary vs. negative secondary household for each environmental 

predictor. The GEE model was chosen for its ability to account for the clustering of households around 

the 140 and 250-meter screening radii and to correctly estimate standard errors. The following model 

specifications were used: binomial family, logit link, robust variance, and independent working 

correlation. The outcome was a binary variable distinguishing positive and negative secondary 

households. The household-specific, cluster-specific, and large-scale environmental covariates included in 

the model were: a binary variable for the ESD screening radius, a binary variable for the presence of 

animal pens, categorical variables for nearest stream type and number of animal pens, continuous 

variables for the difference in elevation between index and secondary households, distance to the main 
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road, nearest animal pen, nearest river, and the distance between index and secondary households 

modeled with a spline term at 100-meters. Model fit was evaluated with the Hosmer-Lemeshow goodness 

of fit test and significance was evaluated at a p-value of 0.05.  

Due to the small sample size of positive secondary households in the low-endemic study area, 

secondary analyses were preformed to evaluate the strength of the association between the environmental 

variables from the primary model and positive households, regardless of index or secondary status. GEE 

with the same model specifications were used to estimate the cross-sectional population average effect for 

the difference in odds of a positive vs. negative household for each environmental predictor. Because the 

outcome in the secondary analysis combined index and secondary households, this model did not include 

the difference in elevation between index and secondary household and the distance between index and 

secondary household variables. The household-specific, cluster-specific, and large-scale covariates 

included in this model were: a binary variable for the ESD screening radius, a binary variable for the 

presence of animal pens, categorical variables for nearest stream type and number of animal pens, 

continuous variables for elevation, and the distance to the main road, nearest animal pen, and nearest 

river. For the distance to the nearest animal pen, a spline term at 35-meters was included. The spline was 

determined from two-way log-transformed scatter plots for distance to nearest animal pen (x-axis) and the 

probability of a positive household (y-axis). All statistical analyses were carried out using STATA 14.2.  

 

3. Results 

3.1. Study Population  

Between January 12, 2015 and July 26, 2017, a total of 4,202 individuals in 692 households received 

an initial visit from the MRT field team, completed a survey, and had RDT and/or qPCR results available. 

Of the 692 households, 533 were classified as secondary households and 159 as index households, with 

2,934 individuals residing in secondary households and 1,268 individuals in index households. The 

distribution of males and females was similar between index and secondary households. In index 
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households, 47% of individuals were males while in secondary households, 45% of individuals were 

males. The mean age of residents in secondary households (mean: 19.1 years; SD: 18.6 years) and index 

households (18.5 years; 17.6 years) (p=0.38) was the same. 25% (1,036) of the study population was aged 

five years or younger. More individuals in index households owned one or more bed nets (86%) 

compared to those in secondary households (80%) (p<0.01); however, among those who owned a bed net 

the proportion of individuals sleeping under it was the same between index (60%) and secondary 

households (61%) (p=0.72). The proportion of individuals residing in households with natural flooring 

(earth, mud, dung), was similar between index (71%) and secondary (73%) households (p=0.65), as was 

the proportion of individuals who used wood as their main cooking energy source (% index vs. secondary 

household: 61% vs. 59%, p=0.65).  99% (4,142) of participants had qPCR results available and only one 

participant did not have their RDT result recorded. Baseline characteristics for all participants within 

index and secondary household are reported in Table 1.  

 

3.2. Participant Malaria Diagnosis 

165 of the 4,204 participants tested positive for malaria by RDT or qPCR, 66% (109) of whom 

resided in index households. The overall parasite prevalence for the total study period (2015-2017) was 

3.9% by RDT and qPCR, while overall prevalence by RDT alone was 1.3% and by qPCR alone was 

3.7%. There was an increase in overall parasite prevalence in 2016 (5.0%) compared to 2015 (3.6%), but 

a marked declined in 2017 (1.6%), although prevalence data for 2017 was only collected until May of that 

year. The sensitivity of RDT compared to qPCR in this setting was 27%, which is comparable to the 

sensitivity reported by Laban et al. (2015). The PPV, NPV, and specificity for RDTs compared to qPCR 

were >99%, 81%, 97%, respectively (Table 2). The overall parasite prevalence for participants residing in 

index households for the entire study period (2015-2017) was 8.6%, while for participant in secondary 

households it was 1.9%. The trend of increasing prevalence (RDT + qPCR) from 2015 to 2016, and 

subsequent decline in 2017 was evident in index and secondary households. In 2015, the overall 
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prevalence (RDT + qPCR) was 7.5% and 1.9% for index and secondary households, respectively, 

increased to 11.4% and 2.1% in 2016, and then decreased to 2.0% and 1.5% in 2017. Tables 2, 3, 4, and 5 

summarize the test results for all positive malaria diagnosis, the prevalence by household for the entire 

study period (2015-2017) and separately by year.  

 

3.3. Classification and Characteristics of Households  

Table 6 provides a summary of the household level characteristics across the four different household 

types. After applying the inclusion criteria, there were 81 malaria negative index households, 78 positive 

index households, 488 negative secondary households, and 45 positive secondary households. 

Comparison of malaria prevalence at the household level revealed higher RDT positivity in secondary 

households (mean: 8.8%; SD:12.7%) compared to index households (6.1%; 9.3%); however, for residents 

five years and younger RDT positivity was higher in index households (mean: 5.2%; SD: 16.8%) 

compared to secondary households (1.3%; 8%). This indicated that those getting infected in secondary 

households were more likely to be adults who did not exhibit care-seeking behavior. Index cases initially 

reported to CHWs at health centers or health posts, and as children are more likely to exhibit symptoms 

associated with malaria or other diseases and injuries, they are more likely seen at health centers. The 

average age per household was 18.6 (SD: 5.5), 18.8 (4.2), 22.2 (13.6), and 18.9 (10.1) (p<0.01) years for 

negative index, positive index, negative secondary, and positive secondary households, respectively. Bed 

net ownership was highest in negative index households (88%), and lowest in positive secondary 

households (78%) (p=0.48). Positive index households were also more likely to have floor material of 

natural composition (i.e. earth, dung, mud) (83%), while malaria negative houses were more likely to 

have finished flooring (30% for negative index and 25% for negative secondary households), although 

these differences were not significant (p=0.48). Finally, more positive secondary households had wood as 

the primary cooking source (67%) (p=0.83), compared to the other three household types.   
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3.4. Spatial Risk Map 

Figure 1 depicts the high-resolution image catchment area of Macha Hospital in Choma District with 

the four different household types. Figure 2 illustrates the ESD screening configuration of index 

household and secondary household within 140 and 250-m radii of the index house.  

 

3.5. Description of Environmental Variables  

Table 7 summarizes the environmental variables that were generated to distinguish between positive 

and negative secondary households. 13 households were excluded from the analysis as no identifiable 

structures were discerned on the high-resolution risk map. Six additional households located further than 

300-meters from their index households were also excluded. This reduced household sample size to 79 

negative index, 76 positive index, 474 negative secondary, and 44 positive secondary households. For 

eight households, animal pens were cross-referenced with Google Earth as no discernable pens were 

identified on the map. Both negative (60%) and positive (64%) secondary households were more likely to 

be located between the 140 and 250-meter radius than within the 140-meter radius (p=0.63). Compared to 

negative secondary households, positive secondary households tended to be further from the index house 

(mean: 169.9 m; SD: 62.8 m) (p=0.21), at lower elevation than the index house (-4.6 m; 21.1 m) (p=0.44), 

and further from the main road (10,327.9 m; 7,328.6 m) (p=0.21). Positive secondary households were 

closer to stream category 1 (609.5 m; 447.6 m) (p=0.10), category 2 (2,002.5 m; 1465.7 m) (p=0.14), 

category 3 (3,517.2 m; 2,438.2 m) (p=0.79), and category 6 (35,649.1 m; 10,677.5 m) (p=0.80), while 

negative secondary households were closer to stream category 4 (5,930 m; 4,117.4 m) (p=0.35), and 

category 5 (5,322.2 m; 4,044.3 m) (p=0.17). The distance to the nearest stream was significantly smaller 

for positive secondary households (424.3 m; 316.7 m), compared to negative secondary households 

(595.0 m; 400.2 m) (p<0.01), suggesting that positive secondary households overall were closer streams. 

The proportion of households that had animal pens was similar between negative (62%) and positive 

(64%) secondary households (p=0.79). Among households that had an animal pen located within 100-
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meters, the distance to the nearest animal pen within that radius was similar for positive and negative 

secondary households (p=0.91).  

 

3.6. Regression Models 

Results from the primary regression model for the association between the household-specific, 

cluster-specific, and large-scale environmental variables and odds of being a positive secondary 

household are outlined in Table 8. Secondary households located between the 140 and 250-meter 

screening radius had a 50% (p<0.001) lower odds of being positive secondary households, compared to 

household located within the 140-meter screening radius. If there was an animal pen present within 100-

meters of the secondary household, there was 70% higher odds of being a positive secondary household 

than if no animal pen was present. However, this association was not statistically significant (p=0.59). 

There was no association between the odds of a positive secondary household and distance between 

secondary and index households, difference in elevation between secondary and index households, 

distance to the main road, distance to the nearest river, distance to nearest animal pen, and number of 

animal pens within 100-meter radius. But if the nearest stream category was a category 2 stream, there 

was a 60% lower odds of a positive secondary households, than if the nearest stream was of category 1. 

And if the nearest stream was a category 3, 4, or 5 stream, there was an increased odds of being a positive 

secondary household compared to category 1 stream (POR stream category 3: 1.5; p=0.03, POR stream 

category 4: 1.9; p<0.01, POR stream category 5: 1.5; p<0.01). These results suggested that the presence 

of animal pens and residing next to category 3, 4, and 5 streams were predictive of a positive secondary 

household. 

Similar trends were observed for the secondary analysis that compared the odds of being a positive 

household to odds of being a negative household, regardless of index or secondary status. The POR 

comparing households located between the 140 and 250-meter screening radius to those located within 

the 140-meter radius was 4.4 (95%CI: 3.7, 5.3), and the POR for the presence of animal pens was 5.5 
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(95%CI: 3.6, 8.4). These PORs were higher in magnitude compared to the primary analysis where only 

secondary households were compared to each other. The PORs for stream category 2, 3, and 4, also 

exhibited the same trend as above and were also higher in magnitude compared to the previous analysis 

(POR stream category 2: 0.8; p=0.63, POR stream category 3: 1.7; p=0.013, POR stream category 4: 1.6; 

p<0.001). The POR for stream category 5 was slightly smaller compared to that from the primary analysis 

(POR: 1.3, p=0.036). Again, there was no association between the odds of a positive household and 

elevation, distance to the main road, distance to the nearest river, distance to nearest animal pen, and 

number of animal pens within 100-meter radius. Results from the secondary regression model are 

outlined in Table 9.  

 

4. Discussion 

Screening for secondary households within low-transmission settings in Zambia could be optimized 

by using both local-scale indicators such as the presence of animal pens and large-scale indicators such as 

streams as environmental guiding tools. These variables certainly warrant a closer look using longitudinal 

analysis and spatial prediction modeling. Both guiding tools could easily be implemented while CHWs 

are screening secondary houses. Animal pens, for example, are noticeable structures located near 

households, and the presence of nearby cattle, goat tribes, and other farm animals roaming within close 

distances of the houses could be indicative of animal pens located near the house. Some of these features 

are identifiable on high resolution satellite imagery. Higher category streams would require some prior 

knowledge of the landscape, which could be provided by local guides and community members. These 

two variables, however, are by no means the only indicators of a house having malaria positive residents. 

Vegetation cover around households plays an important role in mosquito foraging behavior and is a 

known environmental risk factor for malaria and thus a possible guiding tool.7 To evaluate this, detailed 

characterization of the type and density of vegetation around houses is required. Ricotta et al. (2014) 

attempted this by using an image processing software called ImageJ on Google Earth satellite imagery of 
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Macha to enumerate plants and total amount of vegetation around households. These indicators are not 

limited to Macha and could be used in many different geographical regions where malaria is endemic. 

However, it should be noted that the malaria risk of associated with these indicators may vary based on 

the transmission setting. A study evaluating individual and household level risk factors for malaria in 

Nchelenge District by Pinchoff et al. (2015), found that the stream category 1 was associated with a high 

RDT positivity as was residing closer to roads. These results are contradictory to the findings from this 

analysis and could possibly be attributed to intense perennial transmission in Nchelenge District, 

changing the association of malaria risk with these same risk factors.  

This analysis has several limitations, the first of which is that the direction of infection could not be 

determined based on the case detection strategy. The ESD relies on symptomatic patients reporting to 

health centers who subsequently trigger the CHW to screen households around the index case. Whether 

the index cases or other the residents in the index or secondary house were the first ones to become 

infected could not accurately be determined from these data. The direction of infection may not be of 

significance for improving secondary household detection, however, it may be of importance for the 

national malaria elimination strategy in Choma as additional control measures would need to be 

considered if most of the cases are imported and not locally acquired.   

The accuracy of the handheld GPS used by the MRT field team varied to the extent that households 

needed to be re-mapped, creating uncertainty in the precise locations of households and subsequent 

measurement error in the household-specific, cluster-specific, and large-scale variables. Some coordinates 

did not have any house structures associated and required re-mapping by the MRT field team. Similarly, 

using the 90-meter resolution DEM to replace missing elevation values resulted in measurement error as 

the values obtained from the DEM were underestimated when compared to the true elevation obtained 

through GPS. Although the map of the study area had a resolution of 0.7-meter pixels, it was challenging 

to discern animal pens that were smaller than the household structures. Since animal pens are common 

among the multi-family dwellings in Macha, it is likely that many animal pens were missed during 

manual digitizing. Additionally, one of the many smaller structures around the households could easily 
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have been incorrectly digitized as an animal pen. Finally, as this was a cross-sectional study design, 

seasonal malaria effects, which are major drivers of the malaria burden, could not be considered. In 

Macha, malaria prevalence increases right after the rainy season (April and May) and decreases during the 

dry season (April to August). The high-resolution image of the study area was procured during the dry 

season with dry and sparsely vegetated areas present throughout the image. Results from this study are 

therefore restricted to the dry season as association of these same environmental variables may change 

during the rainy season.  

Going forward, a serial cross-sectional approach that incorporates the seasonal effects and other 

existing malaria control efforts, such as IRS, could support the findings of this study. To better understand 

the ability of stream categories to serve as guiding tools for CHWs, simulation studies where positive 

households are actively tracked along theses streams could provide a preliminary assessment on the 

efficiency of these indicators. Spatial prediction models that incorporate both entomological, 

environmental, and geographical data can also be used to assess the efficacy of streams to guide RCD. If 

CHWs are successfully able to use these streams and animal pens as guiding tools, other malaria control 

tools can further reduce the malaria risk associated with these variables. For example, mosquito traps 

could be placed near animal pens and their drinking-source can be treated with larvicides. Similarly, 

CHWs could trace back to the category 3, 4, and 5 streams that led them to positive households, and 

subsequently treat the streams with larvicides. Non-toxic larvicides such as larvivorous fish or microbial 

larvicides (e.g. Bti) would be appropriate to use as they pose no harm to humans and animals.32,33To 

further characterize the local scale environment around households, the type and density of vegetation 

immediately surrounding households should be evaluated and included as a risk factor in the analysis. As 

malaria transmission continues to decline in Zambia, more sensitive RDTs are needed, because PCR is 

time intensive and costly to be employed at a national level. The new Alere™ Malaria Ag P.f Ultra-

Sensitive RDT (uRDT) designed for low-transmission settings could be an alternative to the less sensitive 

S.D Bioline Malaria Ag P.f RDTs.34 uRDT was recently employed as a field-test in low-transmission 

Nagongera, Uganda and high-transmission Karen Village, Myanmar and outperformed RDTs in both 
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settings.32 The uRDT has a 10-fold lower limit of detection for HRP2 compared to RDTs and detected 

new infections in P.f-induced blood-stage malaria study participants 1.5 days sooner.32 Sensitive field-

deployable diagnostic tests like the uRDT are imperative for malaria elimination in low-transmission 

settings like Macha.  

 

5. Conclusion 

To achieve malaria elimination in Macha, a combination of entomological, environmental, diagnostic 

and pharmacotherapy preventative measures present the best strategy.35 Choma is well underway to 

elimination by using the effective ESD program alongside other effective measures (i.e. LLINs, IRS, 

chemoprevention, ACTs, etc.), and with the environmental indicators presented in this study CHWs’ 

ability to screen for infected individuals can be maximized. The key to elimination in low-transmission 

settings ultimately would be to find-and-treat all asymptomatic individuals who have the potential to keep 

low-level transmission going while also controlling regional borders for imported malaria.  
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Tables and Figures 
 

Table 1: Participant baseline characteristics within index and secondary households from 

2015-2017 

  Index Household Secondary Household p-value 

N  1268 2934  

     

Gender Female 673 (53.1%) 1602 (54.6%) 0.36 
 Male 595 (46.9%) 1332 (45.4%)  

     

Age in years, mean 

(SD) 
 18.5 (17.6) 19.1 (18.6) 0.38 

     

Age category Older than 5 years 970 (76.5%) 2196 (74.8%) 0.25 
 5 years and younger 298 (23.5%) 738 (25.2%)  

     

Parasitemia (RDT & 

qPCR) 
Negative 1159 (91.4%) 2878 (98.1%) <0.001 

 Positive 109 (8.6%) 56 (1.9%)  

     

RDT only Negative 1234 (97.3%) 2913 (99.3%) <0.001 
 Positive 34 (2.7%) 20 (0.7%)  

 RDT Not Done 0 (0.0%) 1 (<1%)  

     

qPCR only Negative 1149 (90.6%) 2840 (96.8%) <0.001 
 Positive 101 (8.0%) 52 (1.8%)  

 No qPCR 18 (1.4%) 42 (1.4%)  

     

Bed net ownership No bed nets 69 (13.9%) 221 (17.9%) 0.003 
 One or more bed nets 427 (85.7%) 990 (80.0%)  

 Do not know 2 (0.4%) 27 (2.2%)  

     

Sleep under bed net No 172 (40.1%) 397 (39.1%) 0.72 
 Yes 257 (59.9%) 619 (60.9%)  

     

Household floor 

material 
Natural*  355 (71.3%) 905 (73.4%) 0.65 

 Rudimentary** 3 (0.6%) 8 (0.6%)  

 Finished*** 140 (28.1%) 320 (26.0%)  

     

Cooking energy source Paraffin/Kerosene 1 (0.2%) 2 (0.2%) 0.65 
 Coal/Charcoal 191 (38.4%) 504 (40.7%)  

 Wood 306 (61.4%) 731 (9.1%)  
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*Earth, mud, and dung 

**Wood and planks 

***Parquet, tiles, brick, ceramic, concrete, and carpet 
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Table 2: Comparison of PfHRP2-based RDT with qPCR from 2015-2017 

 qPCR (+)  qPCR (-)  Total 

RDT (+) 42 10 52 

RDT (-) 111 3,978 4,089 

Total 153 3,988 4,141* 

*Excludes 1 participant that did not have RDT performed, and 60 participants that had no qPCR test 

performed on their samples. 

Sensitivity of RDT compared to qPCR = 27% 

Specificity of RDT compared to qPCR = >99% 

Positive predictive value of RDT compared to qPCR = 81%  

Negative predictive value of RDT compared to qPCR = 97% 
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Table 3: Positive malaria diagnosis for participants enrolled in ESD from 2015-2017 

 Index Household Secondary Household 

Total (+) 109 56 

RDT (+) and qPCR (+)  24% (26) 29% (16) 

RDT (+) and qPCR (-) 5% (6) 7% (4) 

RDT (-) and qPCR (+) 69% (75) 64% (36) 

RDT (+) only (no qPCR performed) 2% (2) - 
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Table 4: Parasite prevalence for index and secondary households enrolled in ESD from 

2015-2017 

Prevalence Index Household Secondary Household 

Overall  8.6% 1.9% 

RDT 2.7% 0.7% 

qPCR 8.1% 1.8% 
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Table 5: Parasite prevalence for index and secondary households enrolled in ESD by year 

 2015 2016 2017 

Prevalence 
Index 

Household 

Secondary 

Household 

Index 

Household 

Secondary 

Household 

Index 

Household 

Secondary 

Household 

Overall  7.5% 1.9% 11.4% 2.1% 2.0% 1.5% 

RDT 3.1% 0.5% 2.4% 0.9% 1.0% 0.6% 

qPCR 6.6% 1.8% 11.2% 2.0% 2.2% 1.3% 
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Table 6: Household-level baseline characteristics by household type from 2015-2017 

Household Type  Negative 

Index 

Positive 

Index  

Negative 

Secondary 

Positive 

Secondary 
p-value 

N  81 78 488 45  

       

Age in years per 

household, mean 

(SD) 

 18.6 (5.5) 18.8 (6.2) 22.2 (13.6) 18.9 (10.1) 0.008 

       

Number of 

Participants per 

household, mean 

(SD) 

 7.2 (3.4) 8.8 (4.2) 5.3 (3.3) 7.3 (3.4) <0.001 

       

Number of 

Participants 5 

years and 

younger per 

household, mean 

(SD) 

 1.8 (1.0) 1.9 (1.3) 1.3 (1.2) 1.9 (1.3) <0.001 

       

RDT positivity, 

mean (SD) 
 - 6.1 (9.3) -  8.8 (12.7) <0.001 

       

RDT positivity 5 

years and 

younger, mean 

(SD) 

 - 5.2 (16.8) - 1.3 (8.0) <0.001 

       

Bed net 

ownership 
No bed nets 10 (12.3%) 11 (14.1%) 78 (16.2%) 10 (22.2%) 0.55 

 One or more 

bed nets 
71 (87.7%) 65 (83.3%) 396 (82.2%) 35 (77.8%)  

 Do not know 0 (0.0%) 2 (2.6%) 8 (1.7%) 0 (0.0%)  

       

Household floor 

material 
Natural*  56 (69.1%) 65 (83.3%) 357 (74.2%) 35 (77.8%) 0.48 

 Rudimentary** 1 (1.2%) 0 (0.0%) 3 (0.6%) 0 (0.0%)  

 Finished*** 24 (29.6%) 13 (16.7%) 121 (25.2%) 10 (22.2%)  

       

Cooking energy 

source 
Coal/charcoal 32 (39.5%) 31 (39.7%) 195 (40.5%) 15 (33.3%) 0.83 

 Wood 49 (60.5%) 47 (60.3%) 287 (59.5%) 30 (66.7%)  

*Earth, mud, and dung 

**Wood and planks 

***Parquet, tiles, brick, ceramic, concrete, and carpet 
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Table 7: Environmental characteristics by secondary household type from 2015-2017 

Secondary Household   Negative  Positive p-value 

N  474 44  

     

ESD screening radius 140 m 190 (40.1%) 16 (36.4%) 0.63 
 140-250 m 284 (59.9%) 28 (63.6%)  

     

Distance secondary to index 

household, mean (SD) 
 157.2 (64.6) 169.9 (62.8) 0.21 

     

Elevation difference secondary and 

index household, mean (SD) 
 -1.5 (25.6) -4.6 (21.1) 0.44 

     

RDT positivity, mean (SD)  - 8.5 (12.6) <0.001 

     

RDT positivity 5 years and younger, 

mean (SD) 
 - 1.1 (7.5) <0.001 

     

Distance stream category 1, mean 

(SD) 
 721.3 (434.3) 609.5 (447.6) 0.10 

Distance stream category 2, mean 

(SD) 
 2387.5 (1653.3) 2002.5 (1465.7) 0.14 

Distance stream category 3, mean 

(SD) 
 3618.4 (2423.5) 3517.2 (2438.2) 0.79 

Distance stream category 4, mean 

(SD) 
 5930.2 (4117.4) 6544.0 (4778.0) 0.35 

Distance stream category 5, mean 

(SD) 
 5322.2 (4044.3) 6229.2 (5777.5) 0.17 

Distance stream category 6, mean 

(SD) 
 36007.7 (9012.0) 35649.1 (10677.5) 0.80 

     

Distance nearest stream, mean (SD)  595.0 (400.2) 424.3 (316.7) 0.006 

     

Nearest stream category Category 1 317 (66.9%) 25 (56.8%) 0.28 
 Category 2 46 (9.7%) 3 (6.8%)  

 Category 3 36 (7.6%) 7 (15.9%)  

 Category 4 21 (4.4%) 2 (4.5%)  

 Category 5 54 (11.4%) 7 (15.9%)  

     

Distance main road, mean (SD)  8992.1 (6697.4) 10327.9 (7328.6) 0.21 

     

Distance nearest animal pen, mean 

(SD) 
 44.2 (24.1) 41.2 (24.7) 0.53 

     

Number of animal pens within 100-

meters, mean (SD) 
 1.0 (1.1) 1.0 (1.1) 1.00 
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Animal pen No 182 (38.4%) 16 (36.4%) 0.79 
 Yes 292 (61.6%) 28 (63.6%)  
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Table 8: Regression coefficients (POR) from GEE model for the association between 

environmental variables and probability of positive secondary household 

Variables POR 
Robust 

Std. Err.   

Wald 

Test 
 p-value* 

ESD screening radius (140-250 m vs. 140 m) 0.5 (0.4, 0.6)** 0.05     -7.08 <0.001     

     

Animal Pen (yes vs. no) 1.8 (0.2, 14.4) 1.9      0.5 0.59 

     

Distance secondary to index household (<100 m) 1.0 (1.0, 1.0) <0.01      2.4 0.019     

     

Distance secondary to index household (>100 m) 1.0 (1.0, 1.0) <0.01      4.3 <0.001     

     

Elevation difference between index and secondary 

household 
1.0 (1.0, 1.0) <0.01 0.3 0.76     

     

Distance to main road 1.0 (1.0, 1.0) <0.001 1.4 0.16 

     

Distance to nearest stream 1.0 (1.0, 1.0) <0.001 -2.1 0.04    
     

Nearest stream category     

Category 1 Ref - - - 

Category 2 0.4 (0.05, 3.6) 0.5     -0.8 0.45 

Category 3 1.6 (1.0, 2.5)** 0.4  2.2 0.03 

Category 4 1.9 (1.2, 3.1)** 0.5      2.7 <0.01  

Category 5 1.5 (1.2, 2.0)** 0.2  3.1 <0.01  
     

Distance to nearest animal pen 1.0 (1.0, 1.0) <0.01 -0.5 0.64 

     

Number of animal pens 1.0 (0.7, 1.4) 0.2 -0.3 0.79 

*Statistical significance evaluated at p < 0.05 

**Statistically significant effects 
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Table 9: Regression coefficients (POR) from GEE model for the association between 

environmental variables and probability of positive household 

Variables POR 
Robust 

Std. Err.   

Wald 

Test 
 p-value* 

ESD screening radius (140-250 m vs. 140 m) 4.4 (3.7, 5.3)** 0.4 15.7 <0.001 

     

Animal Pen (yes vs. no)  5.5 (3.6, 8.4)** 1.2 8.1 <0.001 

     

Elevation  1.0 (1.0, 1.0) <0.001 -1.6 0.11 

     

Distance to main road 1.0 (1.0, 1.0) <0.001 3.8 <0.001 

     

Distance to nearest stream 1.0 (1.0, 1.0) <0.001 -3.4 <0.01 
     

Nearest stream category     

Category 1 Ref - - - 

Category 2 0.8 (0.4, 1.9) 0.3 -0.5 0.63 

Category 3 1.7 (1.1, 2.6)** 0.4 2.5 0.013 

Category 4 1.6 (1.5, 1.7)** 0.1 11.7 <0.001 

Category 5 1.3 (1.0, 1.7)** 0.2 2.1 0.036 
     

Distance to nearest animal pen (<35 m) 1.0 (1.0, 1.0) <0.01 -8.3 <0.001 

     

Distance to nearest animal pen (>35 m) 1.0 (1.0, 1.0) <0.01 9.0 <0.001 

     

Number of animal pens 1.0 (1.0, 1.0) <0.001 532.5 <0.001 

*Statistical significance evaluated at p < 0.05 

**Statistically significant effects 
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Figure 1: High-resolution satellite image of catchment area 

 

 

Figure 1.  High-resolution Quickbird™ image for catchment area of Macha Hospital in Choma District 

with the four-different household type, clinic locations, and main road 
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Figure 2: 140 and 250-meter Enhanced Step D (ESD) screening configuration 

Figure 2. Enhanced Step D (ESD) screening configuration of index household and secondary household 

within 140 and 250-meter radii of the index house with animal pens within 100-meter of households 
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