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Background. Assessing the infectious reservoir is critical in malaria control and elimination strategies. We conducted a 
longitudinal epidemiological study in a high-malaria-burden region in Kenya to characterize transmission in an asymptomatic 
population.

Methods. 488 study participants encompassing all ages in 120 households within 30 clusters were followed for 1 year with 
monthly sampling. Malaria was diagnosed by microscopy and molecular methods. Transmission potential in gametocytemic 
participants was assessed using direct skin and/or membrane mosquito feeding assays, then treated with artemether- 
lumefantrine. Study variables were assessed using mixed-effects generalized linear models.

Results. Asexual and sexual parasite data were collected from 3792 participant visits, with 903 linked with feeding assays. 
Univariate analysis revealed that the 6–11-year-old age group was at higher risk of harboring asexual and sexual infections than 
those <6 years old (odds ratio [OR] 1.68, P < .001; and OR 1.81, P < .001), respectively. Participants with submicroscopic 
parasitemia were at a lower risk of gametocytemia compared with microscopic parasitemia (OR 0.04, P < .001), but they 
transmitted at a significantly higher rate (OR 2.00, P = .002). A large proportion of the study population who were infected at 
least once remained infected (despite treatment) with asexual (71.7%, 291/406) or sexual (37.4%, 152/406) parasites. 88.6% (365/ 
412) of feeding assays conducted in individuals who failed treatment the previous month resulted in transmissions.

Conclusions. Individuals with asymptomatic infection sustain the transmission cycle, with the 6–11-year age group serving as 
an important reservoir. The high rates of artemether-lumefantrine treatment failures suggest surveillance programs using molecular 
methods need to be expanded for accurate monitoring and evaluation of treatment outcomes.
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The goal of malaria control and, in some settings, elimination 
has brought focus on the need for comprehensive, high-quality, 
sustained surveillance to inform program planning and imple-
mentation of malaria intervention strategies [1, 2]. In endemic 

areas, infection with Plasmodium falciparum can lead to asymp-
tomatic carriage, which may progress to symptomatic uncompli-
cated or severe malaria [3]. Both asymptomatic and symptomatic 
infections are important reservoirs for transmission, which is de-
termined primarily by gametocyte density, fitness, and circula-
tion time [4]. The presence of mature gametocytes in human 
peripheral blood is a prerequisite for human infectiousness to 
mosquitoes, with successful mosquito infections observed in 
those with microscopic and submicroscopic parasites [4]. With 
studies showing nonlinear positive relationships between game-
tocyte density and mosquito infection risk [5, 6], there is a need 
for field data in natural settings to better understand the determi-
nants of human transmission potential.

Studies investigating the complexity and dynamics of malaria 
transmission have not been adequate, especially in high- 

704 • CID 2023:76 (15 February) • Andagalu et al

https://orcid.org/0000-0002-5761-7883
mailto:edwin.kamau.mil@�mail.mil
mailto:edwin.kamau.mil@�mail.mil
https://creativecommons.org/licenses/by-nc-nd/4.0/
https://doi.org/10.1093/cid/ciac527


transmission settings, with only a limited number of studies 
investigating the longitudinal infectiousness of individuals or 
populations in natural settings [4, 7]. We conducted a longitudi-
nal study following natural malaria infections in a region of in-
tense transmission to better understand the complexity and 
dynamics of malaria transmission in high-transmission settings. 
Individuals within household clusters of varying ages were fol-
lowed for 12 months, and their infectiousness assessed by mos-
quito feeding assays before and after treatment, with testing 
performed using highly sensitive molecular assays.

METHODS

Study Area, Design, and Participants

This study was conducted in Kombewa, western Kenya, a hol-
oendemic region with year-round transmission of mostly 
(>95%) P. falciparum infections [8]. A grid with 1 km × 1 km 
cells was overlaid on a map of the study area covering 369 km 
[2, 9] and a total of 50 cells selected at random using ArcGIS 
mapping software (Esri, Redlands, CA, USA), ensuring at least 
a 1-km buffer zone around a selected cell and 4 or more house-
holds (Figure 1). To be considered for participation, a household 
had to have at least 1 adult aged older than 25 years, at least 1 
child aged 5 years or younger, and at least 1 person aged between 
6 and 25 years. Consents/assents were obtained from household 
members in a total of 30 cells referred to as clusters. The study 
was approved by the Walter Reed Army Institute of Research 
(WRAIR) Institutional Review Board and Kenya Medical 
Research Institute (KEMRI) Ethics Review Committee.

Household Visits, Parasite Detection, and Treatment

Study teams collected clinical and epidemiological data from each 
household and cluster once per week, and blood samples were col-
lected from each participant once a month for the duration of the 
study (12 months). Detection of asexual parasites by real-time po-
lymerase chain reaction (PCR; real-time PCR [qPCR]) and sexual 
parasites by reverse transcriptase–real-time PCR (RT-qPCR) was 
performed on all blood samples within 18 hours of collection us-
ing previously published methods (Supplementary Data) [10]. 
Malaria blood smears were also prepared and read on a later 
date as previously described [11]. Participants infected with sexual 
parasites (based on RT-qPCR) were requested to participate in 
mosquito feeding assays either by direct skin feeding assays 
(DFAs) and/or to donate 2 mL venous blood for a membrane 
feeding assay (MFA) within 24 hours. Those who declined were 
treated immediately for uncomplicated malaria using artemether- 
lumefantrine following Kenya Ministry of Health–recommended 
case management guidelines, and those who consented/assented 
were treated immediately following the blood draw and/or feeding 
procedure. The attending clinician administered and observed the 
first dose of treatment. Further, to ensure compliance with the re-
mainder of treatment dose, participants were followed up using 
text messaging and/or home visits.

Mosquito Feeding Assays

Mosquito feeding assays were performed either by DFA, MFA, 
or both for a subset of consenting adults. For DFAs, we used a 
previously described protocol on participants aged 7 years 
and older [12, 13]. For MFAs, we used the previously published 
procedures, with the notable exception that serum collected 
from participant blood samples was not replaced with nonim-
mune serum [13, 14]. Participants younger than 7 years old par-
ticipated only in MFAs. Mosquitoes that completed a successful 
feed were maintained for 7–9 days post-feeding for mid-gut dis-
sections for oocyst quantification on mercurochrome-stained 
slides using microscopy. A subset (30%) of the fed mosquitoes 
were maintained for 12–14 days for salivary gland dissection 
and enumeration of sporozoites.

Statistical Analysis

Detailed information on statistical analysis and modeling used 
in this study can be found in the Supplementary Data. Briefly, 
asexual and sexual parasite prevalence was based on positive 
samples as a percentage of the total samples examined for 
both microscopy and PCR-based detection, with the sensitivity 
and specificity of microscopy calculated relative to PCR. The 
spatial-temporal patterns in parasite prevalence were explored 
using spatial scan statistics estimated using a Bernoulli model 
of malaria prevalence [15] and SaTScan software (SaTScan, ver-
sion 10.0 [https://www.satscan.org/]) [16]. From this, we iden-
tified significant (P < .05) clusters for which malaria prevalence 
was higher than expected (hotspot) or lower than expected 
(coldspot). We explore the risk factors associated with asexual 
and sexual parasite infection using univariate logistic regres-
sion before reporting the adjusted odds ratios (ORs).

Treatment failures were defined as being PCR-positive for 
asexual infection 1 month after being treated with artemether- 
lumefantrine. All data, codes, and analyses are available on 
Github (https://github.com/OJWatson/kenya_al_failure).

RESULTS

A total of 488 participants from 120 households within 30 clus-
ters were enrolled in the study. A total of 4362 contacts were 
made with participants during the study, with each contact 
considered an independent event (Supplementary Table 1). 
We obtained complete asexual and sexual parasite data by 
both PCR and microscopy for 98.0% (478/488) individuals, 
representing 86.2% (3792/4362) of the samples collected. 
84.9% (406/478) of individuals were infected with either asex-
ual or sexual parasites at least once during the study 
period. For the 3792 samples with complete parasite data, the 
mean age was 17 years (range, 0.7–72.5 years), with 69.2% of 
samples collected from females (Supplementary Table 2). The 
overall prevalence of P. falciparum asexual parasites was 
54.7% (2074/3792) by qPCR, where 27.3% (567/2074) of all 

Malaria Transmission Dynamics in Western Kenya • CID 2023:76 (15 February) • 705

http://academic.oup.com/cid/article-lookup/doi/10.1093/cid/ciac527#supplementary-data
http://academic.oup.com/cid/article-lookup/doi/10.1093/cid/ciac527#supplementary-data
https://www.satscan.org/
https://github.com/OJWatson/kenya_al_failure
http://academic.oup.com/cid/article-lookup/doi/10.1093/cid/ciac527#supplementary-data
http://academic.oup.com/cid/article-lookup/doi/10.1093/cid/ciac527#supplementary-data


infections were microscopic and 72.7% (1507/2074) of asexual 
infections were submicroscopic. Parasitemia positivity rate dif-
fered significantly when we compared those with microscopi-
cally patent infections with qPCR (P < .001 each), with the 6– 
11-year age group having the highest positivity rates at 24.7% 
(286/1173) by microscopy and 69.8% (819/1173) by qPCR 
(Supplementary Table 3).

The overall prevalence of P. falciparum sexual parasites was 
29.6% (1123/3792) by RT-qPCR, where 47.6% (534/1123) of 
gametocyte-positive infections were from asexual microscopy 
infections and 52.7% (592/1123) were from asexual submicro-
scopic infections, with the 6–11-year age group having the 
highest gametocyte positivity rates at 40.7% (477/1173) 
(Supplementary Table 4A). The proportion of sexual infections 
was higher in those with asexual microscopic parasites (94.2% 
[534/567]) compared with submicroscopic parasites (39.3% 
[592/1507]) (Supplementary Table 4B). When we compared 
the proportion of sexual infections in different age groups, 
the difference in positivity rate was only apparent when we sep-
arated microscopic from submicroscopic asexual infections 
where the positivity rate significantly increased with age (P < 
.001) (Supplementary Table 4C). The temporal burden of sex-
ual parasites mirrored that of asexual parasites (Supplementary 
Figure 1). Analysis of spatial-temporal clusters identified 4 sig-
nificant hotspots (ie, clusters with a relative risk >1 and P < .05) 
and 4 significant coldspots (clusters highly significant; ie, P < 
.005) (Supplementary Figure 2, Supplementary Table 5).

Univariate analyses were initially performed to explore risk 
factors associated with asexual and sexual infections (Table 1) 
before reporting the adjusted ORs (aORs) after adjusting for oth-
er individual covariates (Figure 2). Age was a significant predic-
tor of both asexual and sexual stage infection. In comparison to 
the younger-than-6-year age group, the 6–11-year age group was 
at a higher risk for both asexual (OR = 1.68; 95% confidence in-
terval [CI]: 1.27–2.22; P < .001) and sexual infections (OR = 1.81; 
95% CI: 1.38–2.39; P < .001) compared with the younger-than-6- 
year age group. The 12–24-year age group was at higher risk of 
sexual infection (OR = 1.83; 95% CI: 1.23–2.72; P = .003) and 
the older-than-24-year age group was at lower risk for asexual in-
fections (OR = .26; 95% CI: .2–.34; P < .001), while also at a lower 
risk for sexual infections in the univariate analysis (OR = .49; 95% 
CI: .36–.65; P < .001); however, this was not significant in the ad-
justed analysis (aOR = .84; 95% CI: .61–1.17; P = .302). Overall, 
study participants with submicroscopic parasites were at a lower 
risk of having gametocytes compared with microscopically patent 
infections (OR = .04; 95% CI: .02–.05; P < .001). While anemia 
(OR = 1.78; 95% CI: 1.25–2.53; P < .001) and the AS sickle cell 
(heterozygous) genotype (.63; .4–.98; P = .041) were significant 
risk factors for asexual infections in the univariate analysis, these 
effects were nonsignificant in the adjusted analysis (Figure 2). On 
the contrary, thrombocytopenia was a significant predictor of 
asexual (OR = 1.78; 95% CI: 1.25–2.53; P = .001) and sexual 
(OR = 2.63; 95% CI: 1.89–3.66; P < .001) parasites and remained 
significant in the adjusted analysis (Figure 2).

Figure 1. Study site locations. Map showing the study area in western Kenya, which has been cartographically mapped by the HDSS using GPS, located on the north-
eastern shores of Lake Victoria. Each grid is 1 km2. The gray dots represent all the households on HDSS, and the blue triangle represent the households enrolled in the study. 
Abbreviations: GPS, Global Positioning System; HDDS, Health and Demographic Surveillance System; mtrs, meters.
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We then investigated transmission rates in our study popu-
lation by performing DFA and MFA. DFAs accounted for 
69.4% (831/1198) of the mosquito feeding events and MFAs ac-
counted for 30.6% (367/1198), with 2.5% (30/1198) having 

DFA and MFA feeding events performed from the same study 
participant. DFAs and MFAs had similar infection success 
(which led to the development of oocysts in at least 1 mosquito 
during the feeding assay in the mid-gut; 83.4% [693/831] vs 
86.5% [315/367]; P = .17) and in the salivary gland (73.4% 
[608/831] vs 70.3% [258/367]; P = .26) dissections. There was 
no significant difference in the prevalence of oocysts in partic-
ipants with dual feeds (DFA and MFA) (Supplementary 
Figure 3).

For the 903 feeding experiments that could be linked to 
individual-level covariates, the sexual stage–specific RT-qPCR 
analyses revealed that oocyst density was significantly correlat-
ed with gametocyte density for the MFA but not DFA 
(Figure 3A and 3B, Supplementary Table 6). Mean oocyst den-
sity was observed to be sigmoidally related to oocyst prevalence, 
with no significant difference observed in this relationship be-
tween the MFA and DFA (Figure 3C and 3D, Supplementary 
Figure 4). When assessing the risk factors for infectiousness, 
univariate analysis revealed that age and asexual parasite den-
sity were not significant risk factors for infection success or oo-
cyst prevalence (Table 2). Participants with submicroscopic 
sexual parasites had a significantly higher infection success 
when compared with those with microscopic sexual parasites 
(Table 2). A similar finding was observed when comparing oo-
cyst prevalence (the proportion of mosquitoes infected during 
the feeding assay) between submicroscopic and microscopical-
ly detectable sexual infection (Table 2). In the adjusted analysis, 
submicroscopic sexual infections continued to be a significant 
risk factor for oocyst prevalence along with average monthly 
cluster malaria prevalence (Figure 3D).

After each mosquito feeding event, participants were treated 
with artemether-lumefantrine to clear the parasites. We investi-
gated how quickly participants cleared parasites after each treat-
ment and the subsequent ability to transmit. Participants were 
considered to have had an inadequate treatment response 

Table 1. Univariate Analyses of Risk Factors for Asexual and Sexual 
Parasite Infections

Asexual Parasite Sexual Parasites

Variables OR [95% CI] P a OR [95% CI] P

Gender

Female, n = 2281 1 1

Male, n = 1511 1.28 [.96–1.71] .099 1.21 [.93–1.58] .153

Age category

<6 years, n = 1100 1 1

6–11 years, n = 1173 1.68 [1.27–2.22] <.001 1.81 [1.38–2.39] <.001

12–24 years, n = 389 1.02 [.69–1.51] .911 1.83 [1.23–2.72] .003

>24 years, n = 1130 .26 [.2–.34] <.001 .49 [.36–.65] <.001

Parasitemia (p/µL)b

0, n = 3024 … … 1

1–1000, n = 354 … … 22.17 [16.01–30.69] <.001

1000–10 000, n = 205 … … 42.41 [25.87–69.52] <.001

10000–100000, 
n = 88

… … 64.9 [29.48–142.89] <.001

Thrombocytopenia

No, n = 3195 1 1

Yes, n = 311 1.41 [1.03–1.94] .03 2.24 [1.66–3.02] <.001

Anemia

No, n = 3,184 1 1

Yes, n = 322 1.78 [1.25–2.53] .001 2.63 [1.89–3.66] <.001

Sickle cell trait

AA, n = 3062 1 1

AS, n = 556 .63 [.4–.98] .041 .68 [.45–1.03] .068

SS, n = 18 .47 [.07–2.99] .423 1.23 [.23–6.59] .811

Undetermined, n = 39 1.01 [.23–4.47] .995 1.26 [.36–4.42] .72

Abbreviations: CI, confidence interval; OR, odds ratio; p/uL, parasites per microliter.  
aP values and OR from univariate logistic regression model with random intercepts for each 
individual, household, and cluster.  
bParasitemia based on microscopy.

Figure 2. Risk factors associated with asexual and sexual stage infections. The aOR for (A) asexual and (B) sexual stage infection for each predictor assessed is shown, 
with 95% CIs as whiskers surrounding each point. Abbreviations: aOR, adjusted odds ratio; CI, confidence interval.
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(treatment failure) if the following month they remained positive 
for infection by PCR. Of individuals, 67.1% (321/478) were at 
1 point during the study positive for sexual infections and had 
at least 2 continuous months of sampling. Of these, 30.0% (95/ 
321), 14.6% (47/321), and 3.1% (10/321) had 1, 2, or 3 distinct 
treatment failure episodes, respectively (Supplementary 
Figure 5). Of individuals, 78.0% (373/478) were at 1 point during 
the study positive for asexual infections and had at least 2 contin-
uous months of sampling. Of these, 39.4% (147/373), 33.5% (125/ 
373), and 5.1% (19/373) had 1, 2, or 3 treatment failure episodes, 
respectively (Supplementary Figure 5). There were also 412 feed-
ing events that were conducted in individuals who had failed 

treatment the previous month. Of these 412 feeding events, 
88.6% (365/412) resulted in onward infections. The duration of 
consecutive treatment failures was also assessed for both sexual 
and asexual infections. For both types of infection, the majority 
were cleared within 3 months, with over 90% of infections clear-
ing after 6 months. While sexual infections displayed a clear ex-
ponential distribution in clearance times, the distribution of 
parasite clearance times for asexual infections was overdispersed, 
with an excess of long-lasting infections lasting longer than 
6 months (Supplementary Figure 6).

Failure to clear sexual stage parasites after treatment was ex-
pected, with artemether-lumefantrine designed to target 

Figure 3. Relationship and predictors of oocyst density and prevalence. The relationship between oocyst density (the average number of oocysts per feeding assay) and (A) 
Pfs16 and (B) Pfs25 RT-qPCR Ct is shown for both DFA and MFA. A linear relationship was found to best explain the relationship in both panels A and B, although this was 
within 2 AIC differences compared with a power law relationship. A significant correlation is observed between oocyst density and Ct in MFA but not DFA (Pfs16 Ct [MFA: P = 
.002; DFA: P = .509] and Pfs25 Ct [MFA: P = .040; DFA: P = .262]). In panel C, a significant logistic relationship observed between oocyst prevalence (proportion of mosquitoes 
with at least 1 oocyst per feeding assay) is shown to be positively correlated against oocyst density (P < .001). In panel D, factors significantly associated (P < .05) with oocyst 
prevalence are shown in red, indicating oocyst prevalence is significantly higher during months with higher parasite prevalence and from submicroscopic sexual infections. 
The aORs and 95% CIs are shown on the right. Abbreviations: aOR, adjusted odds ratio; CI, confidence interval; Ct, cycle threshold; DFA, direct skin feeding assay; MFA, 
membrane feeding assay; RT-qPCR, reverse transcriptasereal-time quantitative polymerase chain reaction.

708 • CID 2023:76 (15 February) • Andagalu et al

http://academic.oup.com/cid/article-lookup/doi/10.1093/cid/ciac527#supplementary-data
http://academic.oup.com/cid/article-lookup/doi/10.1093/cid/ciac527#supplementary-data
http://academic.oup.com/cid/article-lookup/doi/10.1093/cid/ciac527#supplementary-data
http://academic.oup.com/cid/article-lookup/doi/10.1093/cid/ciac527#supplementary-data


asexual parasites rather than mature gametocytes. However, 
the higher proportion of inadequate treatment responses for 
asexual infections compared with sexual infections was surpris-
ing. To further explore these findings, focusing on the 1537 in-
dividuals with asexual infections and known treatment 
outcomes the following month, we explored the risk of treat-
ment failure. We observed that both age and average monthly, 
cluster-level malaria prevalence were significant predictors of 
treatment failures (Figure 4B and 4C). Younger individuals 
were significantly more likely to experience treatment failures 
(age [years], aOR = .96; 95% CI: .95–.97; P < .001), and more 
instances of treatment failures were observed during period 
of higher transmission (monthly cluster-level malaria preva-
lence [range, 0–1]; aOR = 4.86; 95% CI: 2.29–10.3; P < .001). 
When we controlled for variation at the household level using 
random effects, 3 households were significantly more likely to 
experience treatment failures after adjusting for age and malar-
ia prevalence (Figure 4A). We observed individuals in these 
households who were frequently positive for asexual infection 
despite treatment with artemether-lumefantrine (Figure 4D). 
While some individuals were likely exhibiting very slow para-
site clearance, as typified by slowly increasing asexual stage 
RT-qPCR cycle threshold (Ct) values (eg, Household 3702, 
ID 03), some individuals maintained high parasite-density in-
fections every month and were observed to infect mosquitoes 
during conducted feeding assays (eg, Household 2303).

DISCUSSION

We conducted a longitudinal epidemiological study to assess 
the infectiousness of asymptomatic individuals in a region 
of high malaria burden in western Kenya. Malaria-control 
programs often focus on children under 5 years due to their 

vulnerability and role as an infectious reservoir for transmission 
[3, 17]. Our study had 2 key findings with important program-
matic implications. First, children in the 6–11-year age group, 
and not those under 6 years of age, carried the highest parasite 
burden, suggesting that school-age children likely function 
as an important infectious reservoir for transmission in this 
population. Therefore, targeting this age group for intensive 
malaria-control efforts such as chemoprevention may be an im-
portant new strategic approach—in particular, given the elevat-
ed rates of treatment failures observed in younger ages. Higher 
rates of infection in this age group may be attributable to activ-
ities that put them at risk for exposure to mosquito bites [9]. 
Second, our monthly follow-up diagnosis and treatment of par-
ticipants revealed that artemether-lumefantrine did not ade-
quately clear asexual parasites or disrupt transmission in a 
large proportion of our study population. Treatment failures 
of this nature occurred more frequently during periods of high-
er malaria prevalence and in younger individuals. These find-
ings were only possible due to the application of molecular 
diagnosis, whose adoption will become increasingly invaluable 
as the primary endpoint for surveillance studies and therapeutic 
efficacy studies (TESs).

The observed high rates of parasite recurrence despite 
monthly treatment are consistent with an earlier study in west-
ern Kenya [18] and recent findings in Africa of persistent sub-
microscopic P. falciparum parasitemia 72 hours after treatment 
with artemether-lumefantrine, which predicted 42-day treat-
ment failure [19–21]. This finding has previously been ob-
served to vary depending on transmission intensity [20], 
which we also observed in our study. Additional considerations 
may be necessary when formulating artemether-lumefantrine 
dosing for transmission disruption based on transmission in-
tensity, which may explain 1 of the reasons along with poor 

Table 2.  Univariate Analysis of Infection Success and Oocyst Prevalence

Infection Successa Oocyst Prevalenceb

Variables Mean % [95% Binomial CI] OR [95% CI] P Mean % [95% Bootstrapped CI] OR [95% CI] P

Asexual microscopy status

Microscopic asexual parasitemia, n = 343 84.3 [80–87.7] 1 17.0 [14.9–18.7] 1

Submicroscopic asexual parasitemia, n = 429 82.9 [79–86.2] .91 [.62–1.34] .635 17.4 [15.8–19.1] .99 [.85–1.15] .851

Sexual microscopy status

Microscopic gametocytemia, n = 144 74.8 [67.1–81.2] 1 13.1 [10.3–15.5] 1

Submicroscopic gametocytemia, n = 594 85.5 [82.4–88.1] 2.00 [1.28–3.14] .002 18.1 [16.8–19.4] 1.50 [1.23–1.83] <.001

Age category

<6 years, n = 246 85.2 [80.2–89.1] 1 18.8 [16.5–20.9] 1

6–11 years, n = 364 86.8 [82.9–89.9] 1.15 [.72–1.83] .573 18.6 [16.8–20.2] 1.02 [.86–1.22] .814

12–24 years, n = 119 79.0 [70.8–85.3] .67 [.37–1.19] .171 15.1 [12.2–18] .81 [.64–1.04] .097

>24 years, n = 174 85.1 [79–89.6] 1.00 [.58–1.74] .999 18.3 [15.3–21] .99 [.8–1.22] .922

Abbreviations: CI, confidence interval; OR, odds ratio.  
aAt least 1 mid-gut positive for oocytes in a pool of at least 25 mosquitoes that fed on a single study participant. P values and ORs from univariate logistic regression model with random 
intercepts for household.  
bNumber of mid-guts positive for oocysts in a pool of at least 25 mosquitoes that fed on a single study participant. Due to overdispersion in oocyst prevalence, CIs are given as basic 
bootstrapped CIs (1000 repetitions). P values and ORs from univariate beta-binomial regression model with random intercepts for each household.
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coverage as to why mass drug administration studies in high- 
transmission settings have not been successful [22, 23].

Our feeding assay experiments revealed that individuals with 
submicroscopically detectable gametocytes infected more mos-
quitoes than those with microscopically detectable gameto-
cytes. One possible explanation may be due to the difference 
in a participant’s immune presentation at the time of mosquito 
bite, which has been shown to modulate the probability of 
onward infection [17, 24]. This effect may be driven by density- 
dependent transmission-blocking immunity, where high densi-
ties may inhibit successful transmission by eliciting a strong, 
specific immune response [25].

Studies show that individuals with submicroscopic and mi-
croscopic parasites are infectious, whether they are asymptom-
atic or symptomatic [26, 27]. Notably, most of this information 
has been obtained from clinical or cross-sectional studies, 
which have, in general, relied on microscopy and/or malaria 
rapid diagnostic tests for diagnosis [28, 29]. Using molecular 

diagnosis, we identified a large proportion of study participants 
who were continuously infected with asexual and/or sexual 
parasites for up to 1 year. Chronic infections can produce sig-
nificantly more secondary infections than short-lived clinical 
infections, with modelling previously showing that chronic in-
fections contribute heavily towards sustaining transmission in 
regions where malaria would not be likely to invade, a phenom-
enon known as bistability [30]. Persistence of such infections in 
the asymptomatic phase presents a resource allocation equilib-
rium relative to within-host and between-parasite interactions 
that temper growth/survival versus reproduction, and current 
versus future reproduction [24]. Indeed, we discovered hotspot 
clusters, with sustained recurrent parasitemia, geographically 
close to regions with very low malaria prevalence, a likely bist-
ability phenomenon in this region of intense transmission.

Therapeutic efficacy for artemisinin-based combination 
therapy is determined by the rate of parasite clearance in the 
first 3 days, and the presence of parasites on day 28 and/or 

Figure 4. Characterization of asexual infection treatment failures. Individuals who were treated with artemether-lumefantrine but remained infected the following month 
were regarded as treatment failures. A mixed-effects logistic regression model with random intercepts at the household level (effect size and 95% CI) shown in panel A was 
used to identify that (B) cluster-level monthly malaria prevalence and (C) age were significant predictors of treatment failure. The parasite profiles of all individuals in the 
3 households with a significantly increased risk of treatment failure identified in panel A are shown in panel D. For each individual, the RT-qPCR Ct for asexual parasite stages 
is plotted over time. Gametocyte status and feeding assay outcome are indicated by the color of the point, and the shape of the point indicates whether the individual was 
microscopy positive for asexual parasites. Continual observation (ie, observations the following month) are indicated by points connected by lines. Abbreviations: CI, con-
fidence interval; Ct, cycle threshold; RT-qPCR, reverse transcriptase–real-time quantitative polymerase chain reaction; +ve, positive; –ve, negative.
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42 [31]. Artemether-lumefantrine clears asexual parasites rap-
idly in the first 3 days [31] and has also been shown to be effec-
tive in clearing gametocytes [32, 33]. Mature gametocytes 
usually appear 7–15 days after the initial wave of asexual para-
sites from which they are derived [34, 35]. Although our study 
was not a TES, after every blood collection and/or mosquito 
feeding event in gametocytemic individuals, participants were 
treated with artemether-lumefantrine. Surprisingly, more 
than one-third of the study population was continuously and 
continually infected with asexual and sexual parasites, with 
some individuals having episodes lasting several months, up 
to 1 year, regardless of the monthly treatment to clear the par-
asites during the monthly surveillance. Therapeutic efficacy 
studies are conducted in a highly controlled environment, 
with most studies not enrolling hyperparasitemic individuals. 
Our study represents a “real life” effectiveness study, where 
many variables may influence treatment outcome, as often ob-
served in naturally infected individuals receiving self-dosing 
scheduled prescriptions for uncomplicated malaria. In a longi-
tudinal study conducted in children under 6 years of age in the 
same patient population in 2005, none of the participants had 
microscopically detected asexual or sexual parasites on day 28 
after treatment with artemether-lumefantrine [36]. Our data 
raise the concern that the efficacy of artemether-lumefantrine 
may have declined in this study population over time, corrob-
orating recent reports across the continent [19–21, 37–39].

This study had several limitations. First, participants 
were sampled only once a month; more frequent sampling 
would have provided more comprehensive information. 
Immunological analyses were not performed and may have pro-
vided important information, especially in elucidating the dif-
ference in the infectiousness between submicroscopic 
compared with microscopic infections. Parasite infections 
were not genetically characterized and did not quantify gameto-
cyte densities. However, regardless of limitations, this compre-
hensive study was designed to minimize selection bias and 
provides relevant data.

In conclusion, we have identified possible new approaches 
that, if implemented, may reduce transmission in 
high-malaria-burden regions. Our data show that, in high- 
burden settings, all age groups are important reservoirs for 
transmission, especially older children, and individuals are 
continuously and continually transmitting, making R0 from a 
single infection high, creating a bistability phenomenon, in 
which household dynamics and the environment are risk 
factors.
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