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ABSTRACT 

Serological markers, combined with spatial analysis, offer a comparatively more sensitive 

means by which to measure and detect foci of malaria transmission in highland areas compared to 

traditional malariometric indicators. 

 

Plasmodium falciparum parasite prevalence, seroprevalence and seroconversion rate to P. 

falciparum MSP-119 were measured in a cross-sectional survey to determine differences in 

transmission between altitudinal strata. Clusters of P. falciparum parasite prevalence and high 

antibody responses to MSP-119 were detected and compared. 

Results show that P. falciparum prevalence and seroprevalence generally decreased with 

increasing altitude. However, transmission was heterogeneous with hotspots of prevalence and/or 

seroprevalence detected in both highland and highland fringe altitudes, including a serological hotspot 

at 2,200 m. Results demonstrate that seroprevalence can be used as an additional tool to identify 

hotspots of malaria transmission which might be difficult to detect using traditional cross-sectional 

parasite surveys or through vector studies.  

 

Our study findings identify ways in which malaria prevention and control can be more 

effectively targeted in highland or low transmission areas via serological measures. These tools will 

become increasingly important for countries with an elimination agenda and/or where malaria 

transmission is becoming patchy and focal, but receptivity to malaria transmission remains high.  
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INTRODUCTION 

In the East African highland areas malaria transmission intensity generally decreases with 

altitude, often becoming heterogenous as altitude increases, to a point where malaria is no longer 

transmitted.
1–6

  The main drivers behind these changes are thought to be decreases in temperature and 

humidity that result in decreased mosquito vector density as altitude increases.  However, clusters or 

hotspots of relatively high malaria transmission have been detected in highland areas, often associated 

with proximity to vector breeding sites such as forests, natural swamps, highland floodplains, or 

farmlands and pastures. 
7–14

 Over a highland landscape, the heterogeneity in distribution of malaria 

can thus reflect microclimates suitable for vector breeding, coupled with differences in household 

structures or genetic factors. 
15–18

 

There is no standard definition of a malaria hotspot. WHO have previously defined foci of 

malaria as localities with continuous or intermittent epidemiological factors necessary for 

transmission. 
19 

Bousema et al defined a hotspot as a geographical part of a focus where malaria 

transmission exceeds the average level in surrounding areas. 
15 

 

Hotspots are likely to persist in highland areas unless interventions are targeted towards them. 

8,20,21 
This of particular importance because these sinks could act as temporal ‘seeds’ that propagate 

malaria outbreaks and epidemics should suitable conditions arise.   Thus, identifying the precise 

location of hotspots towards which interventions can be targeted could potentially prevent epidemic 

outbreaks in addition to targeting individuals or areas that contribute disproportionally to malaria 

transmission. 
22

  

However, identifying hotspots of malaria in highlands is challenging. Standard measures, such 

as Entomological Inoculation Rates (EIR) or parasite prevalence are more difficult to collect in low 

transmission areas due to very low numbers of either mosquitoes or infected individuals. 
23

  

Additionally, both measures are affected by seasonality so hotspots of transmission could be missed.  
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Finally, the impact of increased malaria control interventions, and the effects of inter-annual climate 

variability all make understanding trends in malaria transmission in highland areas particularly 

difficult.  

Conversely, antibody responses to some malaria parasite antigens have the potential to provide 

information about malaria transmission intensity over short or long periods of time. Drakeley et al 

estimated that Merozoite Surface Proteins-119 (MSP-119) antibodies persist for 49.8 years, reflecting 

cumulative exposure to malaria infection. 
24

 By examining seroprevalence in different age groups as 

well as for the population as a whole, transmission intensity can be estimated for more recent as well 

as longer-term periods. Serological markers of transmission show greater sensitivity in low 

transmission areas, and as a measure are less affected by seasonality due to the longer duration of 

specific antibody responses.  
24

 

 

Our study used serological measures to assess malaria transmission at different altitudes in 

southwest Uganda. In addition, spatial analysis was used to determine whether hotspots of parasite 

positive individuals are geographically similar to clusters of high antibody responses to MSP-119. 

 

MATERIALS AND METHODS 

Study area and population The ten villages included in the study were situated in the 

catchment areas of Kebisoni and Bufundi health facilities which are located in highland and highland 

fringe districts of Kabale and Rukungiri in southwest Uganda. Bufundi health centre is in a highland 

area at an altitude of 2,200 m and serves a population of approximately 18,000 who reside over 

altitudes of 1,700-2,200 m (Figure 1). Kebisoni health centre is in a highland fringe area at an altitude 

of 1,600 m and serves a population of 32,000 inhabitants residing over altitudes of 1,400-1,600 m.  

 

Page 4 of 28American Journal of Tropical Medicine & Hygiene



For Peer Review

LYNCH AND OTHERS       SEROLOGICAL TOOLS TO MEASURE MALARIA TRANSMISSION 

5 

 

Malaria is seasonal in both sites, with peaks in transmission in December (short rains) and 

April (long rains).  

 

Figure 1: Study site sub-counties and health facilities, Kabale and Rukungiri districts, southwest 

Uganda 

Study design In August 2007 (dry season), a cross-sectional survey was implemented in ten 

villages over five altitudinal strata in southwest Uganda.  Altitude was used as a proxy for 

transmission intensity, reflecting the relationship between altitude and lower temperatures which 

affects the parasites intrinsic incubation period in the mosquito.  Two of the study strata were in the 

highland district of Kabale, and three were in the highland fringe district of Rukungiri. The aim was to 

determine the prevalence of P. falciparum infections and to examine serological responses to P. 

falciparum MSP-119, in a population residing along a transect of low to relatively high malaria 

endemicity.  

 

Villages in health facility catchment areas were classified into five strata of malaria endemicity 

based on malaria incidence recorded by the health facility and using the health facility catchment 

population estimates. Local health teams verified the village categorisations based on their knowledge 

of malaria transmission intensity and village altitudes.  Between one and three villages were included 

in each stratum depending on village size. The primary sampling unit for the study was the household. 

All households in the selected village who had members present and who consented to the study were 

sampled. 

All consenting household members were tested for malaria parasite infection using Paracheck-

Pf rapid test (RDT) produced by Orchid Biomedical Systems (Goa, India).   In addition, filter paper 
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bloodspots were collected from all P. falciparum parasite-negative, and were stored and prepared as 

described previously 
25.   

 

Laboratory methods  

Antibodies to P. falciparum  MSP-119 were detected from blood eluted from the filter paper 

blood spots by an indirect enzyme linked immunosorbent assay (ELISA) using recombinant P. 

falciparum MSP-119.
26

 Sera were tested at a single dilution (1:1000) and a positive control curve of 

hyperimmune sera on each plate was used to standardize results between ELISA plates. Previous 

studies in the area showed that parasite-positive patients were significantly more likely to have 

travelled outside the area prior to presenting at health facilities, and that those who travelled were 

likely to be young men. 
27

 We thus excluded P. falciparum positive people from ELISA analysis 

during this study with the rationale that if those who were parasite positive were more likely to have 

travelled and be of a certain age, that their inclusion into the sample would have skewed the age 

prevalence data. Restriction to parasite negatives gave a more normal age distribution for establishing 

the intensity of any ongoing background transmission. 

 

Statistical analysis Household and laboratory data were entered using Epi info 2000; internal 

consistency checks and analyses were performed using STATA software (version 9; StataCorp).  Raw 

optical densities (ODs) were converted to percentages of a single point on the positive control curve.  

The cut-off between negative and positive was determined using maximum likelihood to estimate the 

parameters for a mixture model as described elsewhere. 
26,28

Age-specific seroprevalence data from 

parasite negative individuals was fitted by age using maximum likelihood methods to obtain a 

seroconversion rate (SCR), which gives a serological measure of force of infection in the area, as 

described elsewhere.
24,25

 Rho (ρ, the seroreversion rate,) was fixed based on previous estimates for 

MSP-119 from similar epidemiological settings in Tanzania. 
25 
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Spatial analysis To detect spatial clusters, all households included in the study were georeferenced 

and the Kulldorf spatial scan was used to test whether seroreactivity to MSP-119 and/or P. falciparum 

infections were distributed randomly over space, and if not, to identify significant spatial clusters. 
29,30

 

SatScan© TM software (http://SatScan.org/) was used. The spatial scan statistic uses a scanning 

window that moves across space. For each location and size of the window, the number of observed 

and expected cases is counted, and the window with the greatest ratio of observed to expected cases is 

noted. The numbers of expected cases are calculated by considering an even distribution of cases 

across the population. The statistical significance of the hotspot is evaluated taking into account 

multiple tests for the many potential cluster locations and sizes evaluated. 
31

 The scan statistic was 

calculated for two types of hotspots i) hotspots of P. falciparum parasites and ii) hotspots of MSP-119 

seroprevalence or immune responses.  

For P. falciparum parasite hotspots, cases were people with P. falciparum parasites and 

controls were people who were P. falciparum parasite negative. For seroprevalence hotspots, log-

transformed age-adjusted OD values were calculated. Adjustment for age was done by first log 

transforming antibody responses and then fitting Loess lines to determine at which point the 

relationship between age and log (Ab response) became non-linear. A linear regression model was run 

for each age group (0-11, 12-17, 17-22, 23-29, 30-52, > 52 years) and residuals were used as age-

adjusted antibody response. 
32

 Residuals greater than zero were used set as cases and those less than 

zero as controls for the scans.   

Secondary clusters were set to not overlap the most significant cluster. For each location and 

size of the scanning window, a likelihood ratio test was conducted to test the hypothesis that there was 

an elevated rate of disease (or antibody response) when compared with the distribution outside. The 

window size and location with the maximum likelihood was defined as the ‘most likely’ cluster (i.e. 
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least likely to have occurred by chance). The distribution and p-value of the most likely and secondary 

clusters were determined by conducting Monte Carlo replications of the data set. In order to scan for 

small to large clusters, the maximum cluster size was set to 50% of the total population at risk. All 

data was examined at district level, i.e. strata were split into the two highest altitudes (Kabale) and 

three lowest altitudes (Rukungiri).  In the two highest strata, spatial analysis could only be undertaken 

with the serological data because of the very low number of P. falciparum parasite positive (n=3) 

individuals detected.  Maps were made using ArcGIS version 9 (Environmental Systems Research 

Institute). 

Ethical considerations Ethical clearance was obtained from Ugandan National Technology 

and Science Council (HS-35) and London School of Hygiene and Tropical Medicine (# 3053).  In 

addition, the blood sampling was demonstrated to Local Chairmen (LC) and executive committee of 

each village surveyed, and approval for the survey sought. Informed consent was obtained from the 

head of household for all human adult participants as well as any children under 18. Parasite positive 

individuals were referred to the local health facility to receive free treatment. 

 

RESULTS 

A total of 2,125 individuals were sampled all of whom were tested for parasite infections using 

Paracheck-Pf RDT and 1,919 tested for MSP-119 using ELISA.  Overall, the sample comprised of 

45.9% men and 54.1% women aged between 0 and 99 years (Table 1). 

Table 1: Summary table of population characteristics including age, gender, socioeconomic status and 

residency 

 

Prevalence of P. falciparum malaria infection and MSP-119 seroprevalence 

Malaria infections were detected in 12.1% of people (95% CI: 10.0 – 14.2).  Seroprevalence to  

MSP-119 was 35.0% (95% CI: 32.1 – 37.9)   The force of infection, calculated from MSP-119 age –
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seroprevalence data, was estimated as a seroconversion rate of 0.04 per year across the study strata, 

correlating to an EIR of ~ 1.3 (Figure 2). Parasite and serological measures were highly correlated 

with altitude. P.falciparum prevalence decreased significantly as altitude increased (OR 0.5; 95% CI 

0.5 – 0.6) (Figure 2). Seroprevalence to MSP-119 was significantly lower in subjects living in the 

highest altitude stratum (OR 0.11; 95% CI: 0.07 – 0.19) compared to the lowest altitude. However, 

seroprevalence in stratum five was more than double that of stratum four indicating that factors other 

than altitude were influencing transmission there. 

 

There was no significant difference between MSP-119 seroprevalence and P. falciparum 

prevalence amongst men and women.  Prevalence of P. falciparum infection was highest in  7-10 year 

olds. As would be expected, seroprevalence to MSP-119  increased with age (Figure 2).  

 

Figure 2: Prevalence of P.falciparum malaria infection and MSP-119 seroprevalence by age group  

Seroconversion rates decreased from 0.16 (95% CI: 0.11 – 0.21) in stratum 1 (lowest altitude) 

to SCR 0.01 (95% CI: 0.00 – 0.01) in strata 4 and 5 see Table 2 and supplementary graphs. The 

seroconversion rates corresponded to EIRs of 31.7, 7.8, 3.3, 0.01 and 0.01 from the lowest to highest 

strata respectively.  

Table 2: Risk of being MSP-119 or P. falciparum positive compared to highest altitude stratum (5) and 

estimated EIR 

Figure 3: Prevalence of P. falciparum parasite prevalence and MSP-119 seroprevalence by strata 

Spatial distribution of P.falciparum parasite and MSP-119 seroprevalence infections  

Age-adjusted P. falciparum seroreactivity was significantly increased in six clusters of 

households across the study sites: three in the upper two strata (Kabale) and three in the lower three 

altitudinal strata (Rukungiri). 
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Lower altitudinal strata (Rukungiri) 

Two clusters of P. falciparum infection were detected in the highland fringe strata of 

Rukungiri. One primary cluster of P. falciparum infection was detected with a radius of 3.1 km 

consisting of 155 households (p=0.001) (Figure 4). Further scans carried out at village level detected 

one cluster with a much smaller radius of 0.60 km in which there were 40 households (p=0.04).  

 

A primary serological cluster was detected in Rukungiri, which consisted of 11 households 

(Figure 4) with a radius of 0.16 km at an altitude of 1,470-1,539 m (p=0.001). A pond lies in the 

middle of the primary cluster, which is also flanked (outside the cluster) by two protected springs 

(0.35 km and 0.46 km from the cluster center) and another pond (0.35 km).  

 

Two secondary serological clusters were also detected across the three lower altitudinal strata, 

the largest of which were close to the lake and consisted of 93 households and spanned a radius of 

1.83 km (Figure 4) (p=0.004). The other secondary cluster detected consisted of 16 households and 

spanned 0.28 km (p=0.006). The center of the cluster was 0.35 km away from a forested area and 

within the cluster there were three unprotected wells and a stream.  

Parasite infection and seroprevalence clusters overlapped to a large extent in the fringe 

highland strata. The largest serological cluster lay completely within the primary parasite cluster, but 

had a far smaller radius and number of households. One of the secondary serological clusters fell with 

the secondary parasite infection cluster, but was again far smaller in radius. One additional secondary 

serological cluster fell completely outside either of the parasite infection clusters.  

 

Upper altitudinal strata (Kabale) 
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As only three parasite positive subjects were found in the two highland strata in Kabale district 

spatial analysis was not possible. The three cases were in two different villages, two in a village 

closest to Lake Bunyonyi and one in a village 2 km to the north at altitudes of 2,096 and 2,153 m. 

 

The primary cluster in the upper two strata included 95 households and had a radius of 2.2 km 

(p=0.001) (Figure 5). The cluster included the village closest to Lake Bunyonyi which is within 2 km 

of the lake and situated between altitudes of 2,107 and 2,180 m. Two secondary clusters were also 

detected, consisting of 13 (p=0.001) and 4 (p=0.001) households in two different villages. None of 

these villages were situated close to mapped open sources of water such as lakes or ponds.  

Figure 4: MSP-119 seroprevalence hotspots in two highest altitudinal strata (Kabale) 
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Figure 5: P.falciparum prevalence and MSP-119 seroprevalence and hotspots three lower 

altitudinal strata (Rukungiri) 

 

 

DISCUSSION 

A cross-sectional survey was undertaken across five strata of different malaria endemicity in 

the highland areas of South West Uganda. Both parasite prevalence and serological responses to 

P.falciparum MSP-119 were used to investigate transmission dynamics.  Results indicate that parasite 

prevalence decreased with increasing altitude, with only three parasitaemic subjects’ found in the two 

highest altitude strata. SCR, which has been shown to correlate with EIR, 
24,33

 decreased with altitude 

except at the very highest altitude where it was greater than that for the next lowest stratum. 

Seroprevalence in this highest stratum was driven in part by high seroprevalence among 7-15 year 

olds in one of the villages closest to the health facility. One possibility is that the decline in drug 

efficacy that began around 15 years prior to the survey resulted in increased seroprevalence responses 

in this age group, whereas with adults this would not have been the case. Less efficacious drugs could 

result in lack of clearance of parasites and therefore higher exposure of the immune system to 

parasites resulting in a stronger immune response. The sudden drop in seroconversion rates seven 

years ago could also be explained by the introduction of a combination therapy CQ&SP, followed by 

the introduction of ACTs. Alternatively, a higher seroprevalence in this age group could be related to 

internal migration to lower altitudes (and thus higher transmission intensity) for primary or secondary 

education. Historically, children in Uganda were sent to boarding schools for education (Gould, 1975) 

and this continues to an extent today (Lynch, CA, unpublished).  Overall, results suggest that while 

altitude is a good proxy for transmission intensity other factors, such as migration may influence 

transmission in the area.   

Significant hotspots were detected for both P.falciparum infections and seroreactivity to MSP-

119 in the highland and highland fringe sites. In the highland fringe sites, clusters of parasite 
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prevalence and MSP-119 overlapped, but a greater number of clusters of smaller diameter were 

detected using age-adjusted seroreactivity. A hotspot of seroreactivity was detected where no parasite 

prevalence was measured, and at a surprisingly high altitude of ~2,200 m suggesting that transmission 

is ongoing in that area, despite no current infections being detected.  This may have been because the 

survey was undertaken during the dry season.  

It is not possible to determine whether hotspots detected in this study are stable or not. Few 

studies have examined the stability of hotspots over time, and those that have used multiple years of 

either malaria infection or clinical episodes to identify clusters that predicted future hotspots. 
8,15,34

  

Mosha et al found that clusters with high MSP-119 seroprevalence were at lower risk of infection 

suggesting some protection at the neighbourhood level. 
35

 The same study found that malaria infection 

clusters were predictive of future hotspots and that hotspots of seroprevalence (in this case AMA-1) 

was predictive of future malaria infection. Mosha’s findings indicate hotspots of seroprevalence are 

relatively stable for several years. 
35

 Applied to our findings, this would mean that hotspots we 

identified could possibly be used to more effectively target interventions in the coming 2-3 years.        

Our results confirm findings from studies that demonstrate altitude to be highly correlated with 

malaria infection in Uganda and that serological responses to MSP-119 can be used as a proxy for 

longer-term malaria transmission, which allows for historical hotspots to be identified. 
4,5,24,36–41

 

Previous studies in Southwest Uganda have shown that transmission intensity in the highland areas is 

generally low but increases sharply below 1,500 m with the exception of hotspot areas around lakes or 

other types of breeding sites. 
4,36,38,42–44,45

 Nevertheless, P.falciparum infection measured in this study 

was still relatively high in lower altitudinal strata of Rukungiri compared to previous studies, even 

though the survey was undertaken in the dry season. For example, parasite prevalence in 2-9 year-olds 

from this study is far higher for those reported from Jelliffee’s study in 1957 (PR: 1.6%) or Langi and 

Lalobo’s study in the same district in 1992 (PR: 2.7%). 
46,42

 However, results are comparable to those 
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found by Killian et al in Kabarole in 1994, just North of Rukungiri (PR 27.8% at 1,530 m), although 

those results were an average of both wet and dry season rates. 
4
 Differences could be attributed to 

spatial variation in transmission. Alternatively, they could be as a result of changing epidemiology in 

the Southwestern highlands in general.   Previous studies took place sometimes up to five decades 

prior to our research. Since that time, the highlands have undergone deforestation and farming-related 

changes in land use both of which can affect malaria transmission patterns. 
47

 Changes in climate in 

East Africa are also debated as to whether they have had a negative impact on malaria transmission in 

the highlands specifically.  
48–51

  

In addition, previous studies used microscopy to detect malaria parasites whereas our study used 

RDTs.  Abeku et al have demonstrated that RDT specificity varies considerably by month of test, age 

of patient, and presence or absence of fever during consultation in this area of Uganda. 
52

 Their 

findings indicate that RDTs had a high false positive error rate (up to 30%) in the areas of our study, 

which may mean that the relatively high prevalence detected in Rukungiri could have been as a result 

of false positives rather than true parasite infections.  

Three of the six clusters detected (including the largest clusters) were near open water bodies 

such as lakes or ponds that confirms findings from other studies in highland settings that showed that 

clusters of P.falciparum parasite prevalence existed along lakeshore areas. 
53

 Entomological findings 

in the same area found that both A. gambiae s.s. the dominant vector in the area, and A. Funestus 

preferred open water bodies with the latter species playing an important role in transmission around 

the highland lakes
6
  

There are several limitations to the study. Firstly, we stratified villages in the study sites by using 

incidence rates from health facilities in the area. However, it is possible that villages further away 

from health facilities were classified as lower endemicity when the lower number of malaria cases was 

as a result of their distance from the facility rather than true endemicity. This would have resulted in a 
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misclassification of village endemicity relative to others along the altitudinal transect. Our survey 

undersampled men that could have led to an underestimation of overall P.falciparum prevalence and 

seroprevalence, if they were absent because of travel outside the area to places of higher malaria 

transmission intensity. 
27

 We also excluded parasite positive individuals which could have led to an 

underestimation of seroconversion rates overall.  Finally, as previously mentioned, using RDTs in this 

area could have led to a high false positivity rate and an overestimation of parasite prevalence.  

Regardless of these limitations, the study findings have multiple implications.  Firstly, results confirm 

the existence of hotspots of malaria transmission at extremely high altitudes in Uganda. While these 

were documented previously in the 1940s at slightly lower altitudes in the same area, 
36,54

 their 

continued existence in the presence of increased control measures suggests that other factors, such as 

migration, are potentially driving increased seroprevalence rates. Lynch et al have previously 

described the association between malaria incidence and travel in the highest altitude strata this should 

be explored further in terms of seroepidemiology and migration. 
27

 Our findings also further confirm 

the use of seroprevalence as a useful diagnostic to assess exposure to infection, particularly in higher 

altitude areas (lower transmission intensities) where parasite prevalence is often not detectable with 

conventional diagnostics.  

In an era of malaria elimination and in the context of significantly reduced financial resources, 

methods to accurately identify and target areas at risk of malaria transmission are crucial. As malaria 

burden decreases, malaria infections are likely to become more spatially heterogeneous because of 

differences in acquired immunity related to the clustering of malaria transmission in highland areas, 

and seasonal expansion of hotspots. 
15

 In addition, internal circular migration from, and back to, 

highland areas and emergence of drug resistance, often associated with highlands, adds more 

complexity to the epidemiological pattern of malaria infections in these areas. 
27,55–58

 Different types 

of clusters, stable asymptomatic infections and unstable febrile cases, were detected by Bejon et al 
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(2013) in Kenya demonstrating that serological tools could not only identify hotspots but could also 

be used to disaggregate types of hotspots clusters of malaria transmission risk in the longer term. 
34

 

While the malaria burden reduces with control, the risk of malaria transmission remains and thus, the 

risk of resurgence. 
59

 Countries aiming for malaria elimination require a detailed understanding of the 

current and potential intensity of malaria transmission should control measures be reduced.  Using 

seroprevalence as a measure of transmission dynamics presents a powerful tool to help achieve 

longer-term malaria elimination goals. 

 

ACKNOWLEDGEMENTS 

We would like to acknowledge the fieldwork teams from the University of Mbarara for their 

invaluable help for the household survey. District Medical officers in Kabale and Rukungiri for their 

patience and assistance in facilitating study teams access to community leaders and health facilities.  

FINANCIAL SUPPORT:  

This study received financial support from the Gates Malaria Partnership through the London School 

of Hygiene and Tropical Medicine and the Central Research Fund of the University of London. 

 

AUTHORS’ DETAILED ADDRESSES 

Caroline A. Lynch*: Faculty of Epidemiology and Population Health, London School of Hygiene And Tropical 

Medicine, London, UK. Caroline.lynch@lshtm.ac.uk 
 

Jackie Cook: Faculty of Epidemiology and Population Health, London School of Hygiene And Tropical 

Medicine, London, UK. Jackie.cook@lshtm.ac.uk  

Richard Pearce: Faculty of Infectious and Tropical Diseases, London School of Hygiene and Tropical 

Medicine, London, UK. richard.j.pearce@gmail.com  

Sarah Nanyunja: Makerere University School of Public Health, School of Biosecurity, Biotechnology and 

Laboratory Sciences, Kampala, Uganda. sn459160@yahoo.com 

Patrick Corran: Faculty of Infectious and Tropical Diseases, London School of Hygiene and Tropical 

Page 16 of 28American Journal of Tropical Medicine & Hygiene



For Peer Review

LYNCH AND OTHERS       SEROLOGICAL TOOLS TO MEASURE MALARIA TRANSMISSION 

17 

 

Medicine, London, UK. Patrick.corran@lshtm.ac.uk  

Jane Bruce: Faculty of Infectious and Tropical Diseases, London School of Hygiene and Tropical Medicine, 

London, UK. Jane.bruce@lshtm.ac.uk  

Jonathan Cox: Faculty of Infectious and Tropical Diseases, London School of Hygiene and Tropical Medicine, 

London, UK. jonathan.cox@lshtm.ac.uk  

Amit Bhasin: Faculty of Infectious and Tropical Diseases, London School of Hygiene and Tropical Medicine, 

London, UK. Amit.bhasin@lshtm.ac.uk  

John B Rwakimari: Abt Associates, Kampala, Uganda. jb_rwakimari@abtassoc.com  

Tarekegn A. Abeku: Malaria Consortium, London, UK. T.Abeku@malariaconsortium.org  

Cally Roper: Faculty of Infectious and Tropical Diseases, London School of Hygiene and Tropical Medicine, 

London, UK. Cally.roper@lshtm.ac.uk 

Chris Drakeley: Faculty of Infectious and Tropical Diseases, London School of Hygiene and Tropical 

Medicine, London, UK. Chris.drakeley@lshtm.ac.uk  

 

 

 

 

 

Page 17 of 28 American Journal of Tropical Medicine & Hygiene



For Peer Review

LYNCH AND OTHERS       SEROLOGICAL TOOLS TO MEASURE MALARIA TRANSMISSION 

18 

 

 

REFERENCES 

1.  Cox JS, Craig MH, Le Sueur D, Sharp BL. Mapping Malaria Risk in the Highlands of Africa. 

Durban: MARA/HIMAL; 1999. 

2.  Drakeley CJ, Carneiro I, Reyburn H, Malima R, Lusingu JP, Cox J, Theander TG, Nkya 

WMMM, Lemnge MM, Riley EM. Altitude-dependent and -independent variations in 

Plasmodium falciparum prevalence in northeastern Tanzania. J. Infect. Dis. 2005;191(10):1589-

98. doi:10.1086/429669. 

3.  Jelliffe DB, Karrach HA, Bennett FJ, Stroud CE, Novotny ME, Musoke LK, Jelliffe EFP. Field 

survey of the health of Bachiga children in the Kayonza district of Kigezi, Uganda. Am. J. Trop. 

Med. Hyg. 1961;10(1):435-445. 

4.  Kilian A. Malaria Control in Kabarole & Bundibugyo Districts, Western Uganda. Fort Portal: 

GTZ; 1995. 

5.  Okello P, Bortel W Van, Byaruhanga A, Correwyn A, Roelants P, Talisuna A, D’Alessandro U, 

Coosemans M. Variation in malaria transmission intensity in seven sites throughout Uganda. 

Am. J. Trop. Med. Hyg. 2006;75(2):219-225. 

6.  Kristan M, Abeku T a, Beard J, Okia M, Rapuoda B, Sang J, Cox J. Variations in entomological 

indices in relation to weather patterns and malaria incidence in East African highlands: 

implications for epidemic prevention and control. Malar. J. 2008;7:231. doi:10.1186/1475-

2875-7-231. 

7.  Brooker S, Clarke S, Njagi JK, Polack S, Mugo B, Estambale B, Muchiri E, Magnussen P, Cox 

J. Spatial clustering of malaria and associated risk factors during an epidemic in a highland area 

of western Kenya. Trop. Med. Int. Health 2004;9(7):757-66. doi:10.1111/j.1365-

3156.2004.01272.x. 

8.  Ernst KC, Adoka SO, Kowuor DO, Wilson ML, John CC. Malaria hotspot areas in a highland 

Kenya site are consistent in epidemic and non-epidemic years and are associated with 

ecological factors. Malar. J. 2006;5:78. doi:10.1186/1475-2875-5-78. 

9.  Roberts I. The control of epidemic malaria in the highlands of western Kenya. Part II. The 

campaign. J. Trop. Med. Hyg. 1964;61:191-199. 

10.  Peterson I, Borrell LN, El-Sadr W, Teklehaimanot A. Individual and household level factors 

associated with malaria incidence in a highland region of Ethiopia: A multilevel analysis. Am. J. 

Trop. Med. Hyg. 2009;80(1):103-111. doi:80/1/103 [pii]. 

11.  Minakawa N, Omukunda E, Zhou G, Githeko A, Yan G. Malaria vector productivity in relation 

to the highland environment in Kenya. Am. J. Trop. Med. Hyg. 2006;75(3):448-453. 

doi:75/3/448 [pii]. 

12.  Minakawa N, Munga S, Atieli F, Mushinzimana E, Zhou G, Githeko AK, Yan G. Spatial 

distribution of anopheline larval habitats in Western Kenyan highlands: Effects of land cover 

types and topography. Am. J. Trop. Med. Hyg. 2005;73(1):157-165. 

13.  Munga S, Minakawa N, Zhou G, Mushinzimana E, Barrack OOJ, Githeko AK, Yan G. 

Association between land cover and habitat productivity of malaria vectors in western Kenyan 

highlands. Am. J. Trop. Med. Hyg. 2006;74(July 2003):69-75. doi:74/1/69 [pii]. 

14.  Ndenga B, Githeko A, Omukunda E, Munyekenye G, Atieli H, Wamai P, Mbogo C, Minakawa 

Page 18 of 28American Journal of Tropical Medicine & Hygiene



For Peer Review

LYNCH AND OTHERS       SEROLOGICAL TOOLS TO MEASURE MALARIA TRANSMISSION 

19 

 

N, Zhou G, Yan G. Population dynamics of malaria vectors in western Kenya highlands. J. Med. 

Entomol. 2006;43:200-206. doi:10.1603/0022-2585(2006)043[0200:PDOMVI]2.0.CO;2. 

15.  Bousema T, Drakeley C, Gesase S, Hashim R, Magesa S, Mosha F, Otieno S, Carneiro I, Cox J, 

Msuya E, Kleinschmidt I, Maxwell C, Greenwood B, Riley E, Sauerwein R, Chandramohan D, 

Gosling R. Identification of hot spots of malaria transmission for targeted malaria control. J. 

Infect. Dis. 2010;201(11):1764-1774. doi:10.1086/652456. 

16.  Kreuels B, Kobbe R, Adjei S, Kreuzberg C, von Reden C, Bäter K, Klug S, Busch W, Adjei O, 

May J. Spatial variation of malaria incidence in young children from a geographically 

homogeneous area with high endemicity. J. Infect. Dis. 2008;197(1):85-93. 

doi:10.1086/524066. 

17.  Carter R, Mendis KN, Roberts D. Spatial targeting of interventions against malaria. Bull. World 

Health Organ. 2000;78(12):1401-11. Available at: 

http://www.pubmedcentral.nih.gov/articlerender.fcgi?artid=2560653&tool=pmcentrez&rendert

ype=abstract. 

18.  Clark R. Embryotoxicity of the artemisinin antimalarials and potential consequences for use in 

women in the first trimester. Reprod. Toxicol. 2009;28(3):285-296. 

doi:10.1016/j.reprotox.2009.05.002. 

19.  Kelly M. Terminology of Malaria and of Malaria Eradication. Lancet 1964;1(7325):157-8. 

doi:10.2105/AJPH.54.1.178-b. 

20.  Bautista CT, Chan AST, Ryan JR, Calampa C, Roper MH, Hightower AW, Magill AJ. 

Epidemiology and spatial analysis of malaria in the Northern Peruvian Amazon. Am. J. Trop. 

Med. Hyg. 2006;75(6):1216-22. Available at: http://www.ncbi.nlm.nih.gov/pubmed/17172396. 

21.  Gaudart J, Poudiougou B, Dicko A, Ranque S, Toure O. Space-time clustering of childhood 

malaria at the household level: a dynamic cohort in a Mali village. BMC Public Health 

2006;6:286. 

22.  Smith DL, McKenzie FE, Snow RW, Hay SI. Revisiting the basic reproductive number for 

malaria and its implications for malaria control. PLoS Biol 2007;5(3):e42. 

doi:10.1371/journal.pbio.0050042. 

23.  Tusting LS, Bousema T, Smith DL, Drakeley C. Measuring changes in plasmodium falciparum 

transmission. Precision, accuracy and costs of metrics. Adv. Parasitol. 2014;84:151-208. 

24.  Drakeley CJ, Corran PH, Coleman PG, Tongren JE, McDonald SLR, Carneiro I, Malima R, 

Lusingu J, Manjurano  a, Nkya WMM, Lemnge MM, Cox J, Reyburn H, Riley EM. Estimating 

medium- and long-term trends in malaria transmission by using serological markers of malaria 

exposure. Proc. Natl. Acad. Sci. U. S. A. 2005;102(14):5108-13. doi:10.1073/pnas.0408725102. 

25.  Corran P, Coleman P, Riley E, Drakeley C. Serology: a robust indicator of malaria transmission 

intensity? Trends Parasitol. 2007;23(12):575-82. doi:10.1016/j.pt.2007.08.023. 

26.  Corran PH, Cook J, Lynch C, Leendertse H, Manjurano A, Griffin J, Cox J, Abeku T, Bousema 

T, Ghani AC, Drakeley C, Riley E. Dried blood spots as a source of anti-malarial antibodies for 

epidemiological studies. Malar. J. 2008;7:195. doi:10.1186/1475-2875-7-195. 

27.  Lynch CA, Bruce J, Bhasin A, Roper C, Cox J, Abeku TA. Association between recent internal 

travel and malaria in Ugandan highland and highland fringe areas. Trop. Med. Int. Heal. 

2015;20(6):773-780. doi:10.1111/tmi.12480. 

28.  Cook J, Reid H, Iavro J, Kuwahata M, Taleo G, Clements A, McCarthy J, Vallely A, Drakeley 

C. Using serological measures to monitor changes in malaria transmission in Vanuatu. Malar. J. 

Page 19 of 28 American Journal of Tropical Medicine & Hygiene



For Peer Review

LYNCH AND OTHERS       SEROLOGICAL TOOLS TO MEASURE MALARIA TRANSMISSION 

20 

 

2010;9:169. 

29.  Kulldorf M, Nagarwalla N. Spatial disease clusters: detection and inference. Stat. Med. 1995. 

30.  Kulldorff M. A spatial scan statistic. Commun. Stat. - Theory Methods 1997;26(6):1481-1496. 

Available at: http://www.tandfonline.com/doi/abs/10.1080/03610929708831995. 

31.  Naus JI. The distribution of the size of the maximum cluster of points on a line. J. Am. Stat. 

Assoc. 1965;60(310):532-538. 

32.  Wilson S, Booth M, Jones FM, Mwatha JK, Kimani G, Kariuki HC, Vennervald BJ, Ouma JH, 

Muchiri E, Dunne DW. Age-adjusted Plasmodium falciparum antibody levels in school-aged 

children are a stable marker of microgeographical variations in exposure to Plasmodium 

infection. BMC Infect. Dis. 2007;7:67. 

33.  Yeka A, Nankabirwa J, Mpimbaza A, Kigozi R, Arinaitwe E, Drakeley C, Greenhouse B, 

Kamya MR, Dorsey G, Staedke SG. Factors Associated with Malaria Parasitemia, Anemia and 

Serological Responses in a Spectrum of Epidemiological Settings in Uganda. PLoS One 

2015;10(3):e0118901. doi:10.1371/journal.pone.0118901. 

34.  Bejon P, Williams TN, Liljander A, Noor AM, Wambua J, Ogada E, Olotu A, Osier FHA, Hay 

SI, Färnert A, Marsh K. Stable and unstable malaria hotspots in longitudinal cohort studies in 

Kenya. PLoS Med. 2010;7(7). 

35.  Mosha JF, Sturrock HJW, Greenwood B, Sutherland CJ, Gadalla NB, Atwal S, Hemelaar S, 

Brown JM, Drakeley C, Kibiki G, Bousema T, Chandramohan D, Gosling RD. Hot spot or not : 

a comparison of spatial statistical methods to predict prospective malaria infections. 2014:1-12. 

36.  Garnham PCC. The incidence of malaria at high altitudes. J. Natl. Malar. Soc. 1948:275-284. 

37.  de Zulueta J, Kafuko GW, Cullen JR. An Investigation of the Annual Cycle of Malaria in 

Masaka District (Uganda). East Afr. Med. J. 1963;40:469-488. 

38.  De Rook H, Cullen JR. Unpublished Report of the WHO Malaria Survey of the Resettlement 

Area, N. Kigezi District, Uganda.; 1957. 

39.  Balls MJ, Bødker R, Thomas CJ, Kisinza W, Msangeni H a, Lindsay SW. Effect of topography 

on the risk of malaria infection in the Usambara Mountains, Tanzania. Trans. R. Soc. Trop. 

Med. Hyg. 2004;98(7):400-8. doi:10.1016/j.trstmh.2003.11.005. 

40.  Gill C. The relation of malaria to altitude. Indian J. Med. Res. 1923;11:511-542. 

41.  Uganda Bureau of Statistics, National Malaria Control Progarmme, Uganda Malaria 

Surveillance Project Molecular Laboratory, ICF International. Uganda Malaria Indicator 

Survey. Kampala; 2014. 

42.  Jelliffe E, Jelliffe D. Plasmodium Malariae in Ugandan children: I Prevalence in young children 

in rural communities. Am. J. Trop. Med. Hyg. 1963;12:296-297. 

43.  Brown RE, Wilks NE, Allen DM. Health survey of primary schoolchildren in Uganda: 

Incidence of anaemia, splenomegaly, hookworm and malaria. East Afr. Med. J. 1970;47(6):302-

318. 

44.  de Zulueta J. Kigezi Malaria Report. Kampala: WHO/AFRO; 1959. 

45.  Uganda Protectorate. Annual Medical and Sanitary Reports, 1917-1951. Entebbe 

46.  Langi P, Lalobo O. Malaria Situation Analysis in Apac, Kampala and Rukungiri Districts, 

Uganda. Ministry of Health/UNICEF; 1994. 

47.  Himeidan YE, Kweka EJ. Malaria in East African Highlands During the Past 30 years: Impact 

Page 20 of 28American Journal of Tropical Medicine & Hygiene



For Peer Review

LYNCH AND OTHERS       SEROLOGICAL TOOLS TO MEASURE MALARIA TRANSMISSION 

21 

 

of Environmental Changes. Front. Physiol. 2012;3(1):1-11. doi:10.3389/fphys.2012.00315. 

48.  Hay SI, Shanks GD, Stern DI, Snow RW, Randolph SE, Rogers DJ. Climate variability and 

malaria epidemics in the highlands of East Africa. Trends Parasitol. 2005;21(2):52-3. 

doi:10.1016/j.pt.2004.11.007. 

49.  Hales S, Woodward A. Global climate change and malaria. Lancet Infect. Dis. 2005;5(5):258-9; 

author reply 259-60. doi:10.1016/S1473-3099(05)70092-X. 

50.  Thomas CJ, Davies G, Dunn CE. Mixed picture for changes in stable malaria distribution with 

future climate in Africa. Trends Parasitol. 2004;20(5):216-20. doi:10.1016/j.pt.2004.03.001. 

51.  Chaves LF, Koenraadt CJM. Climate change and highland malaria: fresh air for a hot debate. Q. 

Rev. Biol. 2010;85(1):27-55. doi:10.1086/650284. 

52.  Abeku TA, Kristan M, Jones C, Beard J, Mueller DH, Okia M, Rapuoda B, Greenwood B, Cox 

J. Determinants of the accuracy of rapid diagnostic tests in malaria case management: evidence 

from low and moderate transmission settings in the East African highlands. Malar. J. 

2008;7:202. 

53.  Ghebreyesus TA, Haile M, Witten KH, Getachew A, Yohannes AM, Yohannes M, 

Teklehaimanot HD, Lindsay SW, Byass P. northern Ethiopia : community based incidence 

survey. 1999:663-666. 

54.  Garnham PCC. Malaria epidemics at exceptionally high altitudes in Kenya. Br. Med. J. 

1945;2:45-47. 

55.  Lynch C, Roper C. The transit phase of migration: circulation of malaria and its multidrug-

resistant forms in Africa. PLoS Med. 2011;8(5):e1001040. doi:10.1371/journal.pmed.1001040. 

56.  Anderson TJC, Roper C. The origins and spread of antimalarial drug resistance: lessons for 

policy makers. Acta Trop. 2005;94(3):269-80. doi:10.1016/j.actatropica.2005.04.010. 

57.  Lynch C, Pearce R, Pota H, Cox J, Abeku T a, Rwakimari J, Naidoo I, Tibenderana J, Roper C. 

Emergence of a dhfr mutation conferring high-level drug resistance in Plasmodium falciparum 

populations from southwest Uganda. J. Infect. Dis. 2008;197(11):1598-604. 

doi:10.1086/587845. 

58.  Alifrangis M, Nag S, Schousboe ML, Ishengoma D, Lusingu J, Pota H, Kavishe RA, Pearce R, 

Ord R, Lynch C, Dejene S, Cox J, Rwakimari J, Minja DTR, Lemnge MM, Roper C. 

Independent Origin of Plasmodium falciparum antifolate super-resistance, Uganda, Tanzania, 

and Ethiopia. Emerg. Infect. Dis. 2014;20(8). 

59.  Cohen JM, Smith DL, Cotter C, Ward A, Yamey G, Sabot OJ, Moonen B. Malaria resurgence: a 

systematic review and assessment of its causes. Malar. J. 2012;11(1):122. doi:10.1186/1475-

2875-11-122. 

 

Page 21 of 28 American Journal of Tropical Medicine & Hygiene



For Peer Review

Figure 1: Study site sub-counties and health facilities, Kabale and Rukungiri districts, southwest 

Uganda 
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Figure 2: Presence of MSP-119 antibodies and P.f. parasite prevalence by age group 
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Figure 3: Seroprevalence of MSP-119 and P.f. parasite prevalence by strata 
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Figure 4: MSP-119 seroprevalence (in grey) and P.f. infection (in black) 'hotspots' in highland fringe 

areas, Rukungiri  
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Figure 5: MSP-119 seroprevalence 'hotspots' in highland areas, Kabale (Primary in black, secondary 

in grey) 
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Table 1: Summary table of population characteristics including age, gender, socioeconomic status and 

residency 

  
n 

Stratum 1 

(lowest 

altitude) 

Stratum 2 Stratum 3 Stratum 4 

Stratum 5 

(highest 

altitude) 

Age group   % 

<1 yr 52 2.9 3.2 3.7 0.8 2.0 

1-4 yr 301 16.0 12.1 15.6 14.1 14.1 

5-14 yr 748 38.2 30.8 34.6 38.5 34.7 

15 -44 yr 756 31.4 39.9 36.4 33.9 35.6 

>45 yr 266 11.5 14.0 9.8 12.7 13.6 

   

Gender             

Male 898 41.6 43.3 39.5 40.5 46.0 

Female 1225 58.4 56.7 60.6 59.5 54.0 

  

Socioeconomic status             

SES 1 (poorest) 530 29.5 23.8 12.8 37.6 16.8 

SES 2 532 32.6 27.8 17.7 24.7 20.5 

SES 3 531 193 28.4 32.1 17.2 29.5 

SES 4 (least poor)  532 18.5 20 37.3 20.5 33.2 

 Residency              

Born in sub-county  1739 91.4 87.0 81.0 76.6 73.0 

Born outside sub-county  386 8.6 13.0 19.0 23.4 27.0 
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Table 2: Risk of being MSP-119 or P. falciparum positive compared to highest altitude stratum (5) and 

estimated EIR 

 

 

 

 

Study 

strata 

Risk of 

Seroprevalence 

(MSP-119)  (OR) 

Risk of Parasite 

prevalence 

(OR) 

Seroconversion 

rates (SCR) (λ) 

Estimated 

EIR 

Stratum 1 
8.9 

(5.4 – 14.7) 

76.7 

(20.5 – 286.4) 

0.15 

(0.11 – 0.21) 
31.7 

Stratum 2 
4.4 

(2.7 – 7.2) 

54.0 

(14. 5 – 202.2) 

0.08 

(0.06 – 0.11) 
7.8 

Stratum 3 
2.7 

(1.7 – 4.4) 

16.5 

(4.2 – 65.6) 

0.05 

(0.03 – 0.08) 
3.3 

Stratum 4 
0.3 

(0.2 – 0.6) 
0 

0.01 

(0.00 – 0.01) 
0.1 

Stratum 5 1.00 1.00 0.01 0.1 
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