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Abstract

Background: The Democratic Republic of the Congo (DRC) remains one of the countries most 

impacted by malaria despite decades of control efforts, including multiple mass insecticide treated 

net (ITN) distribution campaigns. The multi-scalar and complex nature of malaria necessitates an 

understanding of malaria risk factors over time and at multiple levels (e.g., individual, household, 

community). Surveillance of households in both rural and urban settings over time, coupled with 

detailed behavioral and geographic data, enables the detection of seasonal trends in malaria 
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prevalence and malaria-associated behaviors as well as the assessment of how the local 

environments within and surrounding an individual’s household impact malaria outcomes.

Methods: Participants from seven sites in Kinshasa Province, DRC were followed for over two 

years. Demographic, behavioral, and spatial information was gathered from enrolled households. 

Malaria was assessed using both rapid diagnostic tests (RDT) and polymerase chain reaction 

(PCR) and seasonal trends were assessed. Hierarchical regression modeling tested associations 

between behavioral and environmental factors and positive RDT and PCR outcomes at individual, 

household and neighborhood scales.

Results: Among 1591 enrolled participants, malaria prevalence did not consistently vary 

seasonally across the sites but did vary by age and ITN usage. Malaria was highest and ITN usage 

lowest in children ages 6–15 years across study visits and seasons. Having another member of the 

household test positive for malaria significantly increased the risk of an individual having malaria 

[RDT: OR= 4.158 (2.86–6.05); PCR: OR= 3.37 (2.41–4.71)], as did higher malaria prevalence in 

the 250m neighborhood around the household [RDT: OR= 2.711 (1.42–5.17); PCR: OR= 4.056 

(2.3–7.16)]. Presence of water within close proximity to the household was also associated with 

malaria outcomes.

Conclusions: Taken together, these findings suggest that targeting non-traditional age groups, 

children >5 years old and teenagers, and deploying household- and neighborhood-focused 

interventions may be effective strategies for improving malaria outcomes in high-burden countries 

like the DRC.
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Background

Despite decades of effort, malaria infection and death rates in the Democratic Republic of 

the Congo (DRC) remain some of the highest in the world (Organization, 2016, Mitchell et 

al., 2020). The majority of the DRC population lives in a high-risk zone for malaria, though 

within these zones there is high spatial variation in malaria outcomes across small 

geographic distances (Organization, 2016, Bousema et al., 2010, Bousema et al., 2012, 

Bejon et al., 2010, Clark et al., 2008, Gaudart et al., 2006, Kreuels et al., 2008, Ferrari et al., 

2016). This micro-scale spatial heterogeneity is the result of complex and dynamic human-

environment interactions playing out at individual, household and neighborhood scales that 

are influenced by more distal regional, national, and global forces (Degarege et al., 2019).

For instance, climatic and environmental variation that influences the behavior of 

Anopheline mosquito vectors, such as seasonality of rainfall or patterns of land use that 

promote or deter breeding, can alter malaria risk across the spatiotemporal landscape 

(Bomblies, 2012, Thomson et al., 2005, Thomson et al., 1996, Colón-González et al., 2016, 

Ferrao et al., 2018, Chuang et al., 2017, Dewald et al., 2016, Kweka et al., 2016, Kabaria et 

al., 2016, Jedrychowski et al., 2009). At the individual scale, age, occupation and 

perceptions of malaria risk can alter behaviors, such as the use of insecticide-treated nets 

(ITNs) or time spent outdoors at certain parts of the day (Storey et al., 2018, Mattern et al., 
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2016, Ernst et al., 2016, Babalola et al., 2016, Babalola et al., 2018, Moscibrodzki et al., 

2018, Moshi et al., 2017, Finda et al., 2019, Monroe et al., 2019, Roberts and Matthews, 

2016, Peprah et al., 2019). In households, population size and age composition, wealth, and 

building materials can impact exposure to mosquitoes and malaria (Ngatu et al., 2019, 

Bannister-Tyrrell et al., 2017, Mbohou et al., 2019, Guerra et al., 2018, Oguoma et al., 2020, 

Odufuwa et al., 2020, Were et al., 2018, Okiring et al., 2019, Mpimbaza et al., 2017). 

Malaria-related behaviors and environmental conditions in other nearby households can 

further influence mosquito presence and the likelihood of transmission. At larger scales, 

malaria prevention campaigns designed and carried out by governments and non-

governmental organizations change availability of ITNs differentially over time and space. 

The complexity of this multi-scalar phenomenon necessitates studies that explore 

spatiotemporal drivers of malaria in ways that incorporate knowledge about behaviors and 

environments at multiple levels. In order to better understand how and why malaria varies in 

terms of individual, household and neighborhood characteristics, a prospective, longitudinal 

study of malaria was implemented across seven rural and urban sites in Kinshasa Province, 

DRC.

This prospective study allowed for linkage of malaria outcomes, as determined by both rapid 

diagnostic tests (RDT) and polymerase chain reaction (PCR), with time varying information 

such as age and ITN usage. Visiting households once per year in the dry season and once per 

year in the wet season for two years allowed for examination of any seasonal trends in the 

age distribution of malaria prevalence, as well as how ITN usage varies according to season. 

At the time of baseline enrollment, we found that malaria prevalence varied strongly by age 

category, peaking in children older than 5 years of age and in teens, and that these age 

categories also showed the lowest reported use of ITNs (Author, 2017). These findings 

confirmed the results of prior cross-sectional studies of malaria and behavior in 5–15 year 

olds, age groups that are often excluded from national surveys of malaria (Noor et al., 2009, 

Pinchoff et al., 2015, Pullan et al., 2010, Ross et al., 2006, Walldorf et al., 2015, Deutsch-

Feldman et al., 2020). Such studies, however, did not assess whether such patterns were 

driven by seasonality of rainfall or perceptions of riskier times of the year, which could 

impact ITN usage behavior.

Additionally, because the social and physical environment in which an individual lives can 

impact the persistence and transmission of malaria in communities, it is important to 

determine how malaria among family members and immediate neighbors influences 

individual risk of malaria. Behavior by family and friends has the potential to either increase 

or decrease malaria risk, such as through the usage of ITNs or via exposure to parasites 

during work or other activities that are brought into the household or neighborhood (Hawley 

et al., 2003, Afrane et al., 2004). Longitudinal surveillance of households with known 

geographic locations allowed for assessment of household and neighborhood influences on 

the malaria status of individuals.

To analyze the multi-scalar and time varying nature of malaria, RDT and PCR malaria 

outcomes were integrated with questionnaire data and spatially derived variables to examine 

correlates of malaria across seasons and at individual, household and neighborhood levels. 

The relationship between age and ITN use was explored, with particular focus on variation 

Carrel et al. Page 3

Health Place. Author manuscript; available in PMC 2022 July 01.

A
uthor M

anuscript
A

uthor M
anuscript

A
uthor M

anuscript
A

uthor M
anuscript



across rural-urban sites and rainy and dry seasons. The influence of household 

characteristics, including wealth and household malaria prevalence, on individual malaria 

outcomes were assessed, as was the role of neighborhood malaria prevalence and 

neighborhood aquatic environments. Understanding malaria at multiple levels can indicate 

how current malaria control and eradication efforts can be modified in ways that could more 

effectively address spaces where transmission is common.

Methods

Individuals residing in seven sites in Kinshasa Province, DRC were sampled at four separate 

time periods from 2015 to 2016 (Figure 1). The Lingwala and Kimpoko Health Zones were 

selected based on their year-round accessibility and ability to cover the urban/rural gradient. 

Health areas that are administrative subdivisions within these two health zones, and villages 

within these health areas, were selected using pre-specified criteria as previously described 

(Author, 2017). Detailed methods regarding study sampling choices and participant 

enrollment are provided in Author, 2017. The baseline visit took place during the rainy 

period in February- May 2015. Baseline data included information on time-varying 

individual-level characteristics and behaviors (e.g. recent fever, ITN use) as well as time-

invariant household characteristics (e.g. ownership of items, housing construction materials).

After baseline enrollment of participants, each household was visited three subsequent times 

over two years and participants were administered a follow-up survey. The follow-up visit 

schedule was designed to enable detection of seasonal patterns of malaria and associated 

covariates across the rainy and dry seasons; follow-up visits 1 & 3 were timed to capture dry 

season malaria patterns (July-October of 2015 and 2016) while follow-up 2 took place 

during the rainy season (January-April 2016) to augment the data collected during the 

baseline visit. Follow-up survey questions focused specifically on time-varying malaria-

associated covariates that were first assessed during the baseline visit, such as recent fever in 

participants, ITN use the previous night, and malaria diagnosis in the prior 6 months.

At each of the four scheduled visits, participants had blood drawn via either finger or heel 

stick, depending on age (young children received a heel stick) and applied to a malaria RDT 

(SD Bioline Ag P.f./Pan RDT [05FK60], Alere, Gyeonggi-do, Republic of Korea) and 

results were interpreted according to manufacturer protocol and immediately reported to the 

participant. All participants who tested positive for P. falciparum via RDT were referred to 

the local health center for treatment. Dried blood spots (DBS) were also prepared from 

finger or heel pricks using the protocol described in Author, 2017. DBS were transported to 

the <School Name Redacted> where DNA was extracted and duplex, quantitative PCR 

performed targeting the P. falciparum-specific lactate dehydrogenase (pfldh) and human 

beta-tubulin (HumTuBB) genes. The protocol for DNA extraction, PCR assays and quality 

control are described in Author, 2017. Treatment according to the National Malaria Control 

Program guidelines was offered at the local health center for malaria diagnosed via RDT.

At the time of the baseline survey, households reported ownership of various possessions 

(e.g. radios and lamps) as well as characteristics of the house (e.g. presence of electricity and 

roof material). The survey items were modeled on those used in Demographic and Healthy 

Carrel et al. Page 4

Health Place. Author manuscript; available in PMC 2022 July 01.

A
uthor M

anuscript
A

uthor M
anuscript

A
uthor M

anuscript
A

uthor M
anuscript



Surveys (DHS) to estimate wealth, as were the methods used to generate wealth quintiles for 

study participant households based on item responses (MEASURE-DHS, Rockville, MD) 

(Rutstein, 2015). This measure of wealth was then used as a covariate in further analysis.

The baseline survey also indicated that differences in the local environment could be 

associated with variation in malaria outcomes, namely the type of water present within a 

two-minute walk of the household. The presence of various types of water bodies (swamps/

marshes, puddles, ponds/lakes and streams), providing potential habitat for mosquitoes, was 

investigated as a risk factor for malaria in individual participants across time (Author, 2017).

Characteristics of participants at baseline and scheduled follow-up visits were summarized 

and Pearson’s chi-square tests were used to detect differences between RDT- and PCR-

positive malaria outcomes. Charts of malaria prevalence by age and at the times of each 

scheduled visit were generated to explore the consistency of age profiles of malaria across 

the seven sites that were detected at baseline. The potential for seasonal trends in malaria 

prevalence and ITN usage were explored. Agreement on malaria outcomes measured via 

RDT versus PCR, stratified by febrile status, was tested using Cohen’s kappa (Cohen, 1960). 

Chi-square tests, calculation of Cohen’s kappa and descriptive charts were completed in R 

using the stats package (CRAN, R Foundation for Statistical Computing, Vienna, Austria).

To detect the potential influence of sharing a household with a malaria-positive person on an 

individual’s malaria status, a measure of household malaria prevalence exclusive of the 

individual was created. To explore the potential influence of malaria in neighboring 

households on an individual’s malaria status, the percentage of individuals with a malaria 

positive test via RDT or PCR in a 250-meter radius around each household was calculated in 

ArcMap and R (Esri, Redlands, CA; CRAN, Vienna, Austria). This neighborhood malaria 

proportion does not include malaria outcomes within the household of residence for the 

individual, only those in other households. The radii of neighborhoods surrounding 

households were chosen to detect micro-scale within-site variability and to assess how 

malaria prevalence among immediate neighbors’ is influential on an individual’s malaria 

outcome. A distance of 250m has been shown to more fully capture malaria-positive 

individuals than smaller radii around index households in test and treat studies (Deutsch-

Feldman et al., 2018). Larger distances, perhaps reflective of mosquito flying capabilities, 

would obscure within-site variation as all but one of the study sites are less than 2km across.

A three-level logistic regression model with random intercepts, a special case of a 

generalized linear mixed model (GLMM), was used to explore the influence of hypothesized 

covariates on RDT and PCR malaria outcomes for individuals clustered within households 

within sites. The three-level hierarchical logistic model allows for the estimation of the 

effects of covariates on the individual-level responses, while accounting for the dependence 

among binary outcomes from clustered individuals. The intraclass correlation coefficients 

(ICC) were calculated from the null model (without covariates) to estimate the proportion of 

variability explained by the differences between households (level 2) and between sites 

(level 3). The within-subject correlation from the repeated measurements of malaria 

outcomes obtained from an individual over four occasions were accounted for as a quadratic 

time trend in the model. All individual- and household-level variables were included in the 
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models as fixed-effects. The parameters were estimated as odds ratios using a maximum 

likelihood approach based on a Laplace approximation of the marginal log-likelihood.

While every attempt was made to retain participants across all four scheduled study visits, 

longitudinal studies often suffer from participant loss-to-follow-up; this missingness can 

lead to a loss of power and robustness of results in regression models (Fitzmaurice et al., 

2011). To address problems of missingness in the longitudinal data from baseline across the 

three follow-up visits, Multiple Imputation (MI) by Fully Conditional Specification (FCS) 

was used to create imputations of missingness in malaria outcome in follow-up 1–3 and to 

preserve the uncertainty of missing values (Van Buuren et al., 2006, Patrician, 2002). A total 

of 25 imputation sets were generated based on the assumption that unobserved responses are 

missing at random (MAR) and the regression outcomes from these 25 imputation datasets 

were combined to estimate regression coefficients and standard errors that inherently include 

the uncertainty. GLMM and FCS MI were conducted in SAS 9.4 (SAS Institute, Cary NC). 

Residual spatial autocorrelation was assessed using Moran’s I and a neighbor definition of 

250m.

The study was approved by Institutional Review Boards at the University of North Carolina- 

Chapel Hill, the University of Kinshasa and the University of Iowa..

Results

At baseline enrollment, 1591 participants in 242 households across the seven sites joined the 

study and had RDT results recorded. DBS were available for PCR analysis for 1565 

individuals at the baseline visit. Retention in the study was high, 74% of participants had 

malaria outcomes recorded across all four visits, with an additional 13% recording three of 

four visits (Supplemental Table 1).

Overall malaria prevalence was highest at follow-up two (37.1% via RDT and 39.6% via 

PCR) during the rainy months of January-April (Figure 2, Supplemental Tables 2–5, 

Supplemental Figure 1). Malaria prevalence as measured by PCR was consistently higher 

than via RDT. The urban Kinshasa site (site 7, Voix du Peuple) had the lowest malaria 

prevalence in all four time periods, while sites with the highest malaria prevalence varied 

across visits, ranging as high as 60% via PCR in a rural village in Bu (site 5) during follow-

up 2.

Factors such as participant gender, prior malaria outcomes, fever in the prior two weeks and 

ITN usage were associated with malaria according to Chi-square tests during specific 

follow-up visits but not consistently across the four visits and RDT and PCR outcomes 

(Supplemental Tables 2–5). Malaria prevalence by RDT and PCR was higher among those 

who reported having fever in the prior week than those who did not for all scheduled visits, 

except for the final visit. Significant variation in both RDT and PCR malaria was observed 

across wealth categories, with lower malaria prevalence in wealthier households 

(Supplemental Tables 2–5, Supplemental Figure 2).

Consistent age differences in malaria outcomes were observed at all four visits (Figure 2, 

Supplemental Tables 2–5, Supplemental Figure 1). The age category of <1 year old was 
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aggregated into the 1–5 year old category for charting purposes because all those children 

had passed the age of one by follow-up visits 2 and 3. Malaria prevalence was lowest in 

these young children and in adults age 26 and older. Children ages 6–15 years old had the 

highest malaria prevalence across all four study visits in all six rural sites.

ITN usage was highest in the youngest and oldest age groups. The 6–15 year-old age group 

reported consistently low prevalence of ITN usage (Figures 3–4, Supplemental Figure 3). 

Rural sites 2 & 3 had lower ITN usage than did rural sites 6 all study visits, while urban site 

7 had relatively low ITN usage as well (Figure 3).

No consistent seasonal trends were observed amongst malaria in study participants. In some 

sites, such as one rural village in Bu (site 1), malaria prevalence appeared relatively stable 

over time, while in others, it peaked at follow-up 1 or follow-up 2 (Figures 2 & 4). Similarly, 

ITN usage did not appear to systematically vary according to season (Figure 3, 

Supplemental Figure 3).

Agreement on malaria status of participants via RDT and PCR at the time of home visits, as 

measured by Cohen’s kappa, was high. Agreement was higher in those with fever (kappa = 

0.74, 95% CI 0.71–0.78) than those without (kappa=0.68, 95% CI 0.66–0.70).

A hierarchical model was used to assess the predictors of RDT and PCR malaria across four 

scheduled visits. Imputation was used to address the seven different patterns of missing data 

observed over time (Supplemental Table 1). ICC indicated that a hierarchical model with 

fixed effects was necessary to avoid overestimation of the significance of malaria predictors. 

No residual spatial autocorrelation was detected.

Individual Factors

In the hierarchical model using the PCR outcome across four time periods and accounting 

for correlation in malaria outcomes in individuals across time, the odds of malaria among 

participants aged 6–10 years, 11–15 years and 16–25 years were 2.373 (1.94–2.91), 3.853 

(3.08–4.82) and 1.96 (1.56–2.46) times the odds of malaria among participants ages 5 years 

or younger, respectively (Table 1). Odds of PCR malaria were lower in adults age 26 and 

older, but not significantly so. In RDT analysis, malaria odds were similarly higher among 

participants ages 6–10 and 11–15 than in children 5 or younger, while malaria odds were 

lower in adults age 26 and older. Odds of malaria in the PCR model were lower for women 

than men [OR=0.855 (0.75–0.98)]. Sleeping under a ITN was protective in both the RDT 

and PCR model [RDT: OR=0.825 (0.71–0.96); PCR: OR=0.75 (0.65–0.87)], while reporting 

fever in the week prior to a visit was associated with increased odds of malaria at a 

scheduled visit in both RDT and PCR models [RDT: OR= 1.961 (1.65–2.33); PCR: OR= 

1.342 (1.13–1.59)].

Household & Neighborhood Factors

As household prevalence of malaria increases, exclusive of the individual being considered 

in the model, so does individual malaria risk [RDT: OR= 4.158 (2.86–6.05); PCR: OR= 3.37 

(2.41–4.71)]. Higher malaria prevalence in other households within 250m increases an 
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individual’s odds of positive results for both RDT and PCR malaria [RDT: OR= 2.711 

(1.42–5.17); PCR: OR= 4.056 (2.3–7.16)].

In comparison to individuals living in the poorest households, residents in the wealthiest 

category of households had lower odds of malaria for both RDT and PCR outcomes [RDT: 

OR=0.518 (0.27–0.98); PCR: OR= 0.474 (0.25–0.90)].

Living within a two-minute walk of frequent puddles increased the odds of malaria 

compared to no residential proximity to water in PCR model [OR=1.296 (1.01–1.66)]. No 

difference was observed if the water in close residential proximity was a stream or a pond/

lake or swamp/marsh.

Discussion

Among the total study population, the prevalence of malaria was highest among children 

ages 6–15. This was true within the six rural sites, though not in the single urban site (site 7). 

In addition to older children having the greatest malaria prevalence across rural sites, the 

patterns of malaria by age also held true across study visits, which spanned multiple years 

and included both rainy and dry seasons (Figure 4). This age distribution has been reported 

in several recent studies and was predicted by a recent DRC countrywide model (Walldorf et 

al., 2015, Pinchoff et al., 2015, Deutsch-Feldman et al., 2020). Lower use of ITNs and 

greater amounts of time spent outdoors in the evening hours in children age 6–15 are 

potential explanations, as both could lead to greater exposure to mosquitoes (Babalola et al., 

2016, Kateera et al., 2015, Noor et al., 2009, Pullan et al., 2010, Walldorf et al., 2015). This 

and prior work on the age patterns of malaria indicate that older children are an important 

reservoir of infection and should be included in malaria surveys and that treatment of school 

age children could reduce infection and transmission (Cohee et al., 2020).

Previous research indicates that use of ITNs is dependent on perceptions of risk; for 

instance, seasonal variation in usage, namely lower use in the dry season, is related to lower 

mosquito presence (Babalola et al., 2016, Afrane et al., 2004, Toé et al., 2009, Adongo et al., 

2005, Agyepong and Manderson, 1999, Okrah et al., 2002, Pinchoff et al., 2015). This study, 

however, did not identify evidence of seasonal trends in ITN usage (Figure 3). Urban site 7 

did, however, have consistently low ITN usage in comparison to some of the rural sites 

(excluding rural site 3 which also had low usage rates), suggesting that perhaps the 

perception of lower malaria risk in urban environments, in addition to the presence of air 

conditioning and sealed windows in some households, influences the use of protective 

strategies.

While fever was significantly predictive of malaria infection in the model, many participants 

reported no fever despite testing positive for malaria via RDT or PCR at one or more home 

visit. The absence of fever symptoms despite detectable parasitemia presents challenges for 

active detection of infection that depends either on febrile status or parasite densities high 

enough for detection by microscopy (Sturrock et al., 2013a). Agreement on infection status 

of participants via RDT and PCR was higher in those with fever symptoms than those who 

were asymptomatic during surveillance visits. As has been previously argued, the 
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identification of individuals with asymptomatic malaria via active surveillance using RDT or 

PCR is an important component of malaria elimination efforts (Chen et al., 2016, Laishram 

et al., 2012, Bousema et al., 2014).

If a participant had higher prevalence of malaria among their household members, it 

significantly increased their odds of a malaria diagnosis (RDT: OR=4.158 (2.86–6.05); PCR: 

OR=3.37 (2.41–4.71)). Previous analysis (not shown) with a binary indicator of a single 

other household member with malaria rather than household malaria prevalence also 

indicated that this significantly increased an individual’s odds of malaria outcome. This 

finding emphasizes the potential impact of household-focused interventions, given that 

household parasite prevalence was a striking 78% in the 2013–2014 DRC DHS (Mitchell et 

al., 2020). Other studies indicate that larger households have greater risk of malaria 

compared to smaller households and that large households are higher risk transmissions sites 

than low occupancy households, due at least in part to increased attractiveness to mosquitoes 

(Kateera et al., 2015, Lwetoijera et al., 2013, Takken and Knols, 1999, Port et al., 1980). The 

results from this study indicate that in addition to household size, the overall prevalence of 

malaria amongst household members is an important risk factor for malaria. The importance 

of household malaria prevalence in our analysis provides support for interventions targeting 

households, rather than simply targeting specific types of individuals (young children, 

women of childbearing age) (Stresman et al., 2020).

As the prevalence of malaria within 250 meters of the household increased, so did an 

individual’s odds of a malaria diagnosis [RDT: OR= 2.711 (1.42–5.17); PCR: OR= 4.056 

(2.3–7.16)]. Prior research has indicated that neighborhood and household effects operate 

over and above those of individual behaviors in influencing malaria risk, but little research 

has evaluated the two simultaneously or with such granularity (Stresman et al., 2010, Mosha 

et al., 2013, Sturrock et al., 2013b, Rulisa et al., 2013, Bejon et al., 2014). These studies did, 

however, indicate that individual risk of malaria was associated with positive malaria tests 

among household members, though evidence of malaria in neighboring houses at small (e.g., 

100 meter) distances were not significantly associated with an individual’s malaria status 

(Rulisa et al., 2013, Stresman et al., 2010, Sturrock et al., 2013b). However, in contrast to 

the results presented here, that research often relied solely on diagnosis by RDT or had 

households that were surveyed days or weeks following the active detection of an index case 

at a clinic. A test and treat program in a low transmission context found that a radius of 

250m rather than 140m more accurately captured the population at risk of infection from an 

index case (Deutsch-Feldman et al., 2018). The much higher odds of an individual having 

malaria if there was higher malaria prevalence in the surrounding neighborhood, over and 

above other malaria in the household and individual behaviors, suggests that the immediate 

social environment is an important driver of malaria. Findings presented here indicate not 

only that concurrent household-level testing and treatment of malaria could be beneficial, 

but that further simultaneous testing and treatment of neighborhoods may be appropriate.

The wealthiest category of households had significantly lower odds of malaria than the 

poorest households in this study. Indicators of housing construction, along with item 

ownership, that were measured during the baseline survey were summarized using factor 

analysis to generate a wealth index. Thus, the wealth index may be masking the direct 
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impacts of housing materials on malaria risk, namely that mud walls, thatched roofs, 

unscreened windows, and other low-quality, porous materials are associated in many studies 

with increased exposure to mosquitos and increased malaria risk. Disentangling the 

contribution of household form to malaria outcomes via either decreased exposure to biting 

vectors or via increased access to resources that come with higher wealth is challenging. For 

instance, the majority of households that reported having glass or screen windows were in 

the urban site 7, and all households with electricity were also in urban site 7. These 

characteristics contribute to higher wealth calculations in the index and also provide physical 

barriers to mosquito bites. Site 7 had the lowest malaria prevalence of any of the study sites 

and also had a high proportion of participants with the highest wealth index (85%).

Households and small neighborhoods are sites of not only diverse behaviors (e.g., ITN usage 

by age of individual, time spent outside by age or profession or depending on house 

structure) but also environmental diversity (e.g., puddling of water), potentially contributing 

to the influence of household and neighborhood malaria on individual outcomes (Clark et 

al., 2008, Bejon et al., 2010, Peterson et al., 2009). High variability in malaria across small 

spatial scales is mirrored by variability in mosquito density across space, with the majority 

of adults within close range of breeding sites (Minakawa et al., 2002, Minakawa et al., 

2005). Indeed, self-reporting of frequent puddles within a very short distance (2-minute 

walk) of a household increased an individual’s risk of PCR-confirmed malaria amongst the 

study cohort. Such environmental variation and its importance in assessing risk of malaria in 

individuals needs to be taken into account, alongside household- and neighborhood-level 

malaria prevalence and associated behaviors, in designing effective malaria treatment and 

eradication efforts.

Conclusions

The results of this longitudinal study of diverse rural and urban sites in Kinshasa Province, 

DRC, suggest that malaria interventions that target entire households and neighborhoods 

rather than specific age or high-risk groups may be beneficial. Targeted vector control 

interventions beyond ITN distributions, such as indoor residual spraying of insecticides, 

should also be considered as ways to address malaria drivers above the scale of the 

individual. Household interventions could also address differences in the malaria outcomes 

we observed by participant age, as well as differences in ITN usage by age, capturing in 

particular the high malaria prevalence group of older children. Surveys that target only very 

young children or pregnant mothers, as is commonplace in large malaria surveys, could 

underestimate malaria prevalence and ignore important household and neighborhood risk 

factors. Further, effective interventions in settings like the DRC need to include households 

and communities living in close proximity to risky environments, such as vector breeding 

sites. Longitudinal surveillance of households across seasons in the present study provided 

an opportunity to detect temporally varying and multi-scalar influences on malaria and 

identified potential gaps in effective malaria prevention efforts. Longitudinal analysis of 

household, neighborhood, and environmental drivers of individual malaria risk can improve 

malaria control efforts and identify circumstances when bundled interventions are most 

impactful.
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Highlights

Increased household malaria prevalence significantly increases malaria risk in 

individuals.

Neighborhood malaria prevalence impacts individual risk of malaria after accounting for 

household malaria prevalence and individual risk factors.

Children experience high malaria prevalence and report low bednet usage.

Malaria control efforts should target households and neighborhoods rather than 

individuals.
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Figure 1. 
Location of the study sites.
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Figure 2. 
PCR malaria by age group across baseline and follow-up visits for seven sites and 

summarized across all sites.
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Figure 3. 
ITN usage by age group across baseline and follow-up visits for seven sites and summarized 

across all sites.
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Figure 4. 
Malaria prevalence according to RDT (dashed red) and PCR (solid red) testing andITN 

usage (black) in all seven sites across four separate study visits.
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Table 1.

Results of the hierarchical model, using RDT or PCR outcomes.

RDT PCR

Parameter Odds Ratio p-value Odds Ratio p-value

Age ≤5 Referent

Age 6–10 2.311 (1.9–2.82) <.0001 2.373 (1.94–2.91) <.0001

Age 11–15 2.607 (2.1–3.23) <.0001 3.853 (3.08–4.82) <.0001

Age 16– 25 1.119 (0.89–1.4) 0.3347 1.960 (1.56–2.46) <.0001

Age >25 0.425 (0.35–0.52) <.0001 0.847 (0.70–1.02) 0.0785

Male Referent

Female 0.89 (0.78–1.23) 0.0882 0.855 (0.75–0.98) 0.0199

Slept Under ITN 0.825 (0.71–0.96) 0.011 0.750 (0.65–0.87) 0.0001

Fever in Prior Week 1.961 (1.65–2.33) <.0001 1.342 (1.13–1.59) 0.0007

Household Malaria Prevalence 4.158 (2.86–6.05) <.0001 3.370 (2.41–4.71) <.0001

Malaria Prevalence in 250m 2.711 (1.42–5.17) 0.0024 4.056 (2.30–7.16) <.0001

Wealth 1 (Poorest) Referent

Wealth 2 0.971 (0.77–1.22) 0.7987 1.012 (0.80–1.28) 0.9210

Wealth 3 0.727 (0.57–0.93) 0.0099 0.822 (0.64–1.05) 0.1169

Wealth 4 0.811 (0.62–1.05) 0.1157 0.799 (0.61–1.05) 0.1055

Wealth 5 (Richest) 0.518 (0.27–0.98) 0.0433 0.474 (0.25–0.90) <.0001

No Water in 2 Minutes Referent

Stream 1.036 (0.74–1.46) 0.8383 0.937 (0.67–1.32) 0.7079

Pond/Lake 1.205 (0.7–2.09) 0.5052 1.386 (0.79–2.42) 0.251

Swamp/Marsh 1.275 (0.82–1.97) 0.276 1.435 (0.91–2.25) 0.1162

Frequent Puddles 1.176 (0.93–1.49) 0.1851 1.296 (1.01–1.66) 0.0413

Variances (null model) Variance SE Variance SE

Household level 0.91 0.095 0.756 0.076

Site level 0.726 0.4 0.811 0.443

ICC

Household level 0.332 0.323

Site level 0.181 0.17
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