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Summary: Microscopically detectable asymptomatic P. vivax and P. falciparum infections form the

most important source of onward mosquito infections in a low-endemic setting in Ethiopia. P. vivax

symptomatic infections are highly infectious but less prevalent and thereby contribute less to

transmission.
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ABSTRACT

Background: The majority of P. vivax and P. falciparum infections in low-endemic settings are
asymptomatic. The relative contribution to the infectious reservoir of these infections, often of low-
parasite-density, compared to clinical malaria cases, is currently unknown but important for malaria
elimination strategies.

Methods: We assessed infectivity of passively-recruited symptomatic malaria patients (n=41) and
community-recruited asymptomatic individuals with microscopy- (n=41) and PCR-detected
infections (n=82) using membrane feeding assays with Anopheles arabiensis mosquitoes in Adama,
Ethiopia. Malaria incidence and prevalence data was used to estimate the contributions of these
populations to the infectious reservoir.

Results: Overall, 34.9% (29/83) of P. vivax and 15.1% (8/53) P. falciparum infected individuals
infected 21 mosquitoes. Mosquito infection rates were strongly correlated with asexual parasite
density for P. vivax (p = 0.63; P < .001) but not for P. falciparum (p = 0.06; P = .770). P. vivax
symptomatic infections were more infectious to mosquitoes (infecting 46.5% of mosquitoes,
307/660) compared to asymptomatic microscopy-detected (infecting 12.0% of mosquitoes, 80/667;
P =.005) and PCR-detected infections (infecting 0.8% of mosquitoes, 6/744; P < .001). Adjusting for
population prevalence, symptomatic, asymptomatic microscopy- and PCR-detected infections were
responsible for 8.0%, 76.2% and 15.8% of the infectious reservoir for P. vivax, respectively. For P.
falciparum, mosquito infections were sparser and also predominantly from asymptomatic infections.
Conclusions: In this low-endemic setting aiming for malaria elimination, asymptomatic infections are
highly prevalent and responsible for the majority of onward mosquito infections. The early

identification and treatment of asymptomatic infections might thus accelerate elimination efforts.

Key words: malaria, infectiousness, reservoir, submicroscopic, elimination
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INTRODUCTION

Malaria continues to be a major public health problem, with 212 million cases and 429,000 deaths in
2015 [1]. Despite this sobering figure, considerable reductions in incidence occurred over the last
decade. In areas with low or declining transmission intensity, infections are commonly present at
low parasite densities that may be undetectable by conventional rapid diagnostic tests (RDT) and
microscopy [2]. These infections generally do not elicit symptoms and may persist for several
months [3]. Although there is increasing evidence that these asymptomatic infections may have
health consequences for the infected host [4], their main importance may lie in sustaining onward
malaria transmission.

Malaria transmission depends on the presence of mature gametocytes in the peripheral blood. The
production of gametocytes from their asexual progenitors differs between Plasmodium species. In P.
vivax gametocyte generation begins early during infection with gametocytes appearing in the
bloodstream 2 — 3 days after the first asexual parasites and typically disappearing within 3 days after
asexual infections are cleared [5]. In contrast, mature P. falciparum gametocytes first appear 10 — 12
days after asexual parasites and may circulate for several weeks after asexual parasites have been
cleared [6]. As a result, gametocyte density is closely associated with asexual parasite density in P.
vivax [7] whilst this association is weaker for P. falciparum [6, 8].

Because of the rapid production of gametocytes and the relatively long period between infection
and symptoms [9], many P. vivax infections may be infectious to mosquitoes before clinical
presentation at health facilities [10]. There is inconclusive evidence on the infectivity of
asymptomatic P. vivax infections [10-12]. By comparison, considerably more data are available on
the infectiousness of asymptomatic parasite carriers for P. falciparum. These data almost exclusively
come from highly-endemic African settings. In those settings, asymptomatic infections, including
those undetectable by microscopy or RDT [13], frequently result in onward transmission to

mosquitoes although this has not been directly compared with the transmission from symptomatic
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infections [14]. Importantly, a study from a low-endemic setting in Asia suggested that symptomatic
patients with microscopically detectable gametocytes formed the most important source of P.
falciparum mosquito infection [15]. These contrasting findings highlight the necessity to directly
assess the relative contribution of symptomatic and asymptomatic infections to onward
transmission to mosquitoes. These data are particularly relevant for low transmission and
elimination settings to inform policy on the added value of specifically targeting (low-density)
asymptomatic infections [16].

Here, we present the first study to directly quantify the relative contribution to malaria transmission
of symptomatic malaria patients and asymptomatic microscopy-detected or PCR-detected P.

falciparum and P. vivax infections in a low-endemic setting in Ethiopia.
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MATERIAL & METHODS

Study area and population

This study was conducted in Adama district (woreda), in the Oromia Region, ~100km southeast of
Addis Ababa. Both P. falciparum and P. vivax are endemic in the district with transmission peaking
following the two rainy seasons in September — November (major season) and April — May (short
season). Anopheles arabiensis is the dominant vector in Ethiopia [17].

Symptomatic and asymptomatic malaria-infected individuals were recruited simultaneously in
October — December 2016 (Figure 1). Self-presenting microscopy-detected P. falciparum and P. vivax
malaria patients were passively recruited at the malaria clinic in Adama city. Asymptomatic malaria
infections were recruited from the community of the Batu Degaga kebelle, an administrative unit
located within Adama woreda (1,440 — 1,580 meters). Written informed consent was obtained from
all participants and/or parents or guardians. This study received approval from the ethics review
boards of Addis Ababa University (CNSDO/264/08/16), Jimma University (RPGC/395/06), Armauer
Hansen Research Institute (PO52/14), the National Research Ethics Review Committee
(310/109/2016) and the London School of Hygiene & Tropical Medicine (10628).

Parasitology

Finger prick blood samples were collected from clinical patients and during screening of community
members. This sample was used for microscopy and to prepare dried blood spots (DBS) [18].
Microscopic investigation was done by two expert microscopists, each screening 100 microscopic
fields before declaring a slide negative. 18S based nested PCR (nPCR) [19] was done in the field to
inform feeding assays (Figure 1). A MagNAPure LC automatic extractor (Roche Applied Science) was
used to extract DNA from DBS collected at the moments of screening and membrane feeding for 18S
based qPCR and total nucleic acids from 100ul venous blood samples collected in RNAprotect at the
moment of membrane feeding. gRT-PCR for gametocytes was performed, targeting Pvs25 and Pfs25

mRNA for female P. vivax and P. falciparum gametocytes, respectively on DNase treated material
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[18] and PFMGET mRNA for male P. falciparum gametocytes without prior DNase treatment [20]. Full
details on nucleic acid extraction and molecular assays are provided in the supplemental information
(Supplemental note 1).

Assessment of infectivity by mosquito membrane feeding

Symptomatic patients, asymptomatic microscopy- and nPCR-detected community-members were
invited to participate in feeding assays on the day of diagnosis, within 1 — 5 and 13 — 40 days,
respectively (Figure 1). Following sampling for feeding experiments and molecular analyses, malaria-
infected individuals were treated according to national guidelines [21]. Membrane feeding assays
were conducted following an established protocol [22] using 2 — 6 days old female An. arabiensis
mosquitoes that were locally reared at 26 — 30°C and 60 — 80% humidity. 1 — 2 day old mosquitoes
were transported from the insectary in Sekoru to Adama (~350km) in humidity and temperature
maintained containers and allowed to acclimatize for one day prior to experiments. Fully fed
mosquitoes were provided with glucose for 12 days when they were frozen with desiccant at -80°C.
Mosquitoes that fed on gPCR confirmed parasite positive blood samples were homogenized by
bead-beating and tested for infection by circumsporozoite protein based ELISA followed by
confirmation with 18S based gPCR [23].

Analysis

Symptomatic malaria was defined as microscopy-detected malaria (at any density) in the presence of
measured fever or reported fever in the last 48 hours. Asymptomatic malaria infections were
defined as microscopy- or PCR-detected infections without reported symptoms. These categories
were defined at enrolment, i.e. the time of presentation with symptomatic malaria at the clinic or
the time-point of the community survey when an asymptomatic malaria infection was detected.
Parasite densities fluctuated during the time-window between enrolment and mosquito feeding
such that PCR-detected infections became detectable by microscopy at the time of feeding. Since

these infections were undetectable by microscopy during the community survey, we nevertheless
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classified these as asymptomatic PCR-detected infections. Statistical analyses were performed using
STATA 13 (StataCorp., TX, USA) and Graph Pad Prism 5.0 (Graph Pad Software Inc., CA, USA). Mann-
Whitney tests and unpaired student’s t-tests were used for continuous variables. Spearman’s rank
correlation coefficient (p) was used for correlations between continuous variables. Proportions were
compared by Pearson’s y’ test or Fisher’s exact test. The detectability and contribution to the
infectious reservoir of individuals in each of the three categories (symptomatic, asymptomatic
microscopy- and PCR-detected infections) for both falciparum and vivax were estimated by
calculating the proportion of infected individuals in each infection category that are detectable for a
range of diagnostic thresholds [14]. The expected proportion of infected individuals that would be in
each category in a cross-section of a population was estimated using incidence data from the district
(Supplemental note 2), and the prevalence of the asymptomatic categories estimated directly from
the data. The proportion of the infectious reservoir attributable to each category and to different
parasite densities was calculated as the proportion of the infected population in each category
weighted by the relative infectivity to mosquitoes of each category (Supplemental note 3) [14]. The
detectability of P. vivax infections in relation to copy number (Supplemental note 4) and
uncertainties in P. vivax clinical incidence estimates (Supplemental note 5) were incorporated in

these estimates.

Downl oaded from https://academni c. oup. coni ci d/ advance-articl e-abstract/doi/10.1093/ci d/ci x1123/ 4786592
by London School of Hygi ene & Tropical Medicine user

on 26 January 2018



Results

During the three month study period 41 individuals reported to the clinic with symptomatic
microscopy-confirmed malaria. Out of 490 individuals who participated in community surveys 8.6%
(42/490) were malaria parasite positive by microscopy and 98 additional individuals were positive by
nPCR (Table 1). The majority of microscopy-detected infections were PCR-confirmed (Table 1).
Symptomatic patients were on average older than asymptomatically infected individuals detected in
community surveys (P < .001; Table 1) and were more likely to be male (P < .001; Table 1).

Parasite densities in clinical and asymptomatic infections at enrolment

P. vivax 18S copy numbers by qPCR were highest in clinical malaria infections (median, 23,139.6
copies/ul; interquartile range [IQR], 12,268.9 — 52,479.0; P < .001) followed by microscopy-detected
asymptomatic infections (median, 550.1; IQR, 169.5 — 1,821.3) and PCR-detected asymptomatic
infections (median, 65.7; IQR, 43.9 — 184.8; Figure 2A). Similarly, P. falciparum gPCR parasite density
was highest in clinical malaria infections (median, 7,190.6 parasites/pl; 1QR, 674.5 — 12,721.1)
followed by microscopy-detected asymptomatic infections (median, 189.9; IQR, 67.1 — 380.1; P =
.024) and PCR-detected asymptomatic infections (median, 4.0; IQR, 1.7 —42.4; P < .001; Figure 2B).

Gametocyte carriage and infectiousness to mosquitoes

At the time of membrane feeding, female gametocytes were detected by qRT-PCR in 92.8% (77/83)
of P. vivax qPCR positive individuals (Table 2); gametocyte density being positively associated with
total parasite density (Figure 2C; p = .87; P < .001). P. falciparum male and/or female gametocytes
were detected by qRT-PCR in 56.6% (30/53) of P. falciparum qPCR positive individuals (Table 2). No
association was observed between P. falciparum qPCR parasite density and qRT-PCR gametocyte
density at the moment of feeding (Figure 2D; p =.02; P = .889).

In 164 membrane-feeding experiments, a total of 8,936 mosquitoes were successfully fed (median of
56 per experiment; IQR, 39 — 66). Of the mosquitoes that survived until day 12 post-feeding (median
survivorship, 67.4%; IQR, 47.2 — 80.5%) a minimum of 20 mosquitoes were examined per experiment

on gPCR positive individuals (123 experiments). The number of successful membrane-feeding
10
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experiments (Figure 1) is lower than the original study population in Table 1 because some
individuals were gPCR negative at the time of membrane feeding (n = 23), others did not consent to
donate venous blood during feeding (n = 17), or had <20 surviving mosquitoes (n = 18).

Of individuals infected with P. vivax, 34.9% (29/83) infected 21 mosquito and 19.0% (393/2,071) of
all mosquitoes became infected. Infectious individuals (i.e. individuals who infected at least one
mosquito) infected a mean of 49.0% (range, 5 — 96%) of mosquitoes (Table 2, Table S1 and Table S2).
Strong positive associations were observed between the proportion of infected mosquitoes and P.
vivax parasite (p = .63; P < .001) and gametocyte (p = .72; P < .001) densities (Figure 3A and 3B;
Figure S1). Of P. falciparum infected individuals 15.1% (8/53) infected =21 mosquitoes, with 0.8%
(13/1,703) of all mosquitoes becoming infected. Infectious individuals infected a mean of 7.8%
(range, 1.7 — 29.4%) mosquitoes (Table 2, Table S1 and Table S3). While there was no difference in P.
falciparum asexual parasite densities between infectious and non-infectious individuals,
infectiousness was positively associated with both female (p = .42, P = .024) and male (p = .42; P =
.044) gametocyte densities (Figure 3C and 3D; Figure S2). No significant difference was observed in
the duration of symptoms and hemoglobin level between infectious and non-infectious groups for
both species (Table 1). A large fraction of infectious individuals for both P. vivax (72.4%; 21/29) and
P. falciparum (50.0%; 4/8) were above 15 years of age.

Relative contribution to the infectious reservoir

Parasite prevalence and density fluctuated in the time-period between the initial community
screening and membrane feeding (Supplemental note 6). Because the initial community screening
best reflects the detectability of infections during single-round screening efforts, the classification of
infections at screening (Table 1) was maintained in all analyses. These recruitment parasite densities
differed between P. vivax clinical malaria cases, asymptomatic microscopy- and PCR-detected
infections (Figure 4A). The probability of detection by microscopy as a function of the P. vivax copy
number (Supplemental note 4) indicated that infections with 2584 copies/ul had 80% probability of

detection by microscopy. Three detection thresholds were used in the analysis shown in Figure 4B —
11
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4D (97, 584 and 4925 copies/pul, corresponding to 50%, 80% and 95% probability of detection by
microscopy). The estimated number of clinical malaria cases per 1,000 people/year was 27.6 for P.
vivax and 28.8 for P. falciparum (Supplemental notes 2 & 5). Accordingly, clinical P. vivax cases,
asymptomatic microscopy- or PCR-detected infections were estimated to be responsible for 8.0%,
76.2% and 15.8% of the infectious reservoir, respectively (Figure 4D). A diagnostic with a sensitivity
of 584 copies/ul would detect 90.7% of the infectious reservoir (Figure 4D). If we assume prevalence
of asymptomatic microscopy- and PCR-detected infections would be at the lower end of the 95%
confidence intervals around their estimated prevalence and assume a higher clinical incidence
(Supplemental note 5), clinical P. vivax cases, asymptomatic microscopy- and PCR-detected
infections would be responsible for 30.4%, 56.0% and 13.6% of the infectious reservoir, respectively.
For P. falciparum fewer mosquito infections were observed and estimates are less precise. Based on
the available data, clinical cases, asymptomatic microscopy- or PCR-detected infections were
estimated to be responsible for 0.8%, 69.5% and 29.7% of the infectious reservoir for P. falciparum,

respectively (Figure S3).

12
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Discussion

In the current study, we directly quantified the relative contribution to the infectious reservoir of
clinical malaria cases and microscopy- and PCR-detected asymptomatic P. vivax and P. falciparum
malaria-infected individuals. Whilst symptomatic P. vivax patients were highly infectious, their
contribution to the infectious reservoir was limited as a consequence of the much larger population
of asymptomatically infected individuals. Compared to P. vivax, a smaller fraction of P. falciparum-
infected individuals were infectious to mosquitoes; P. falciparum mosquito infections were
predominantly observed from asymptomatically infected individuals.

The majority of malaria infections that are detected across endemic settings are not associated with
clinical symptoms that elicit treatment-seeking behavior [2]. The contribution of these asymptomatic
infections to transmission is a matter of current debate [24]. In P. vivax the level of parasitaemia was
strongly correlated with gametocyte density [7, 25] and, as a consequence, the probability of
mosquito infection [10, 26]. Symptomatic P. vivax malaria cases with high parasite densities were
highly infectious in the present study (46.5% of mosquitoes infected). We observed a sharp increase
in the proportion of mosquito infections at microscopically detected parasite densities, in agreement
with a recent study from Thailand [10]. In line with this study PCR-detected infections were unlikely
to infect mosquitoes; only one individual who was microscopy-negative but PCR-positive during
screening was infectious to mosquitoes (3% of mosquitoes infected). That single infection was
microscopically detectable at the time of mosquito feeding, reflecting temporal fluctuation in
parasite densities that impact on the likelihood that infections are detected by different diagnostics.
Because the infection was missed during the community survey, the individual was nevertheless
classified as a PCR-detected asymptomatic infection. Importantly, we observed that mosquito
infections were common from asymptomatic microscopy-detected infections (12% of mosquitoes
infected). The relative infectiousness of these individuals increases when considering their relative

prevalence in the population. The prevalence of symptomatic infections among the total population

13
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was relatively low in the study area based on national and local malaria incidence data [27]. An
estimated 0.1 — 3.9% of all P. vivax infected individuals were found to be symptomatic at any given
time during the peak transmission season; making the contribution of the symptomatic group to the
overall infectious reservoir relatively small (8.0% as best estimate from the study data; 30.4% as
upper estimate from a simple sensitivity analysis). In contrast with the study by Kiattibutr et al. [10],
where all asymptomatic infections had parasite densities below the microscopic threshold for
detection and contributed very little to transmission, 8.6% of the population was microscopy
parasite positive in our survey and 20.1% by nPCR. These two categories of asymptomatically
infected individuals were responsible for approximately 76.2% (microscopy-detected) and 15.8%
(PCR-detected) of the total infectious reservoir. Mosquito infection rates were generally low for P.
falciparum and, similar to P. vivax, clinical malaria cases had a modest contribution to mosquito
infections. The low infectivity of P. falciparum infections is most likely related to the low parasite and
gametocyte densities in our population. Similar to our findings, only 10.1% of gPCR positive
individuals in a high-endemic site in Burkina Faso and 2.9% in a low-endemic site in coastal Kenya
were infectious to mosquitoes, and the proportion of infected mosquitoes increased rapidly at
densities >10 female gametocytes/ul [28]. A study in Cambodia concluded that most mosquito
infections are caused by high-density gametocyte carriers and asymptomatic low-density infections
may be less relevant for transmission [15]. Our findings, although based on a small number of
infectious P. falciparum infected individuals, are in line with other findings from African settings that
indicate that a non-negligible fraction of mosquito infections arise from asymptomatic infections,
including asymptomatic PCR-detected infections [29]. Competency of vectors, A. dirus in the
Cambodia study and A. arabiensis in our study, might form an explanation for the observed
differences and is highly relevant in estimating the infectivity of low-density infections in different

geographical settings [30].

14

Downl oaded from https://academni c. oup. coni ci d/ advance-articl e-abstract/doi/10.1093/ci d/ci x1123/ 4786592
by London School of Hygi ene & Tropical Medicine user

on 26 January 2018



Although our study was conducted in one site and season, and few P. falciparum infections resulted
in onward transmission to mosquitoes, our findings are of relevance for malaria control and
elimination initiatives. Asymptomatic infections formed an important source of mosquito infections
in this low-endemic setting. It is conceivable that efforts that identify and target these infections
would accelerate malaria elimination efforts [31]; it is unclear whether these asymptomatic
infections initially elicited symptoms that would have allowed their detection by enhanced case
management. Although this study was not powered to assess temporal dynamics of detectability
and parasite densities, our repeated assessments of parasite densities reaffirm that the detectability
of infections fluctuates over time. Understanding the dynamics of (asymptomatic) infections in
relation to parasite densities, relapses for P. vivax, gametocyte production and infectivity is needed
to add a temporal element to the contribution of these individuals to the infectious reservoir. A high
proportion of chronic infections that are transmissible over several weeks or months would add
weight to suggestions that asymptomatic infections need to be targeted in some transmission

settings to achieve malaria elimination and more sensitive diagnostics are require to do this.

15

Downl oaded from https://academni c. oup. coni ci d/ advance-articl e-abstract/doi/10.1093/ci d/ci x1123/ 4786592
by London School of Hygi ene & Tropical Medicine user

on 26 January 2018



NOTES:

Acknowledgments

We would like to thank the study participants for their willingness and Adama woreda health office.
The role of the microscopists at Adama Malaria Clinic (Tsehay Orlando and Tewabech Lemma),
mosquito rearing staff of the TIDRC of Jimma University at Sekoru and community mobilizers at Batu
Degaga kebelle was substantial. The following reagent was obtained through BEI Resources NIAID,
NIH: Monoclonal Antibody Sporozoite ELISA Kit, Anti-Plasmodium vivax Circumsporozoite Proteins,
MRA-1028K, contributed by Robert A. Wirtz.

Project funding statement

This work was supported by grants from the Netherlands Organization for Scientific Research (Vidi
fellowship NWO project number 016.158.306) and fellowship from the European Research Council
[ERC-2014-StG 639776] to TB; the Bill & Melinda Gates foundation [AFIRM; OPP1034789] to TB, KL
and CD; the Netherlands organization for international cooperation in higher education (Nuffic)
[grant number NFP-PhD.14/150] to FGT and the Armauer Hansen Research Institute (via its core
funding from Norwegian Agency for Development Cooperation and Swedish International
Development Cooperation).

Potential conflicts of interest

None of the authors reported a conflict of interest. All authors have submitted the ICMJE Form for
Disclosure of Potential Conflicts of Interest. Conflicts that the editors consider relevant to the

content of the manuscript have been disclosed.

16

Downl oaded from https://academni c. oup. coni ci d/ advance-articl e-abstract/doi/10.1093/ci d/ci x1123/ 4786592
by London School of Hygi ene & Tropical Medicine user

on 26 January 2018



References

10.

11.

12.

13.

14.

15.

16.

17.

18.

Organization WH. World malaria report 2016. Available at:
http://apps.who.int/iris/bitstream/10665/252038/1/9789241511711-eng.pdf?ua=1.
Accessed August 31, 2017.

Bousema T, Okell L, Felger |, Drakeley C. Asymptomatic malaria infections: detectability,
transmissibility and public health relevance. Nat Rev Microbiol 2014; 12(12): 833-40.

Tripura R, Peto TJ, Chalk J, et al. Persistent Plasmodium falciparum and Plasmodium vivax
infections in a western Cambodian population: implications for prevention, treatment and
elimination strategies. Malar J 2016; 15(1): 181.

Chen |, Clarke SE, Gosling R, et al. "Asymptomatic" Malaria: A Chronic and Debilitating
Infection That Should Be Treated. PLoS Med 2016; 13(1): e1001942.

Bousema T, Drakeley C. Epidemiology and infectivity of Plasmodium falciparum and
Plasmodium vivax gametocytes in relation to malaria control and elimination. Clin Microbiol
Rev 2011; 24(2): 377-410.

Eichner M, Diebner HH, Molineaux L, Collins WE, Jeffery GM, Dietz K. Genesis, sequestration
and survival of Plasmodium falciparum gametocytes: parameter estimates from fitting a
model to malaria therapy data. Trans R Soc Trop Med Hyg 2001; 95.

McCarthy JS, Griffin PM, Sekuloski S, et al. Experimentally induced blood-stage Plasmodium
vivax infection in healthy volunteers. J Infect Dis 2013; 208(10): 1688-94.

Smalley ME, Sinden RE. Plasmodium falciparum gametocytes: their longevity and infectivity.
Parasitology 1977; 74.

Brasil P, de Pina Costa A, Pedro RS, et al. Unexpectedly long incubation period of
Plasmodium vivax malaria, in the absence of chemoprophylaxis, in patients diagnosed
outside the transmission area in Brazil. Malar J 2011; 10(1): 122.

Kiattibutr K, Roobsoong W, Sriwichai P, et al. Infectivity of symptomatic and asymptomatic
Plasmodium vivax infections to a Southeast Asian vector, Anopheles dirus. Int J Parasitol
2017; 47(2-3): 163-70.

Alves FP, Gil LH, Marrelli MT, Ribolla PE, Camargo EP, Da Silva LH. Asymptomatic carriers of
Plasmodium spp. as infection source for malaria vector mosquitoes in the Brazilian Amazon.
J Med Entomol 2005; 42(5): 777-9.

Vallejo AF, Garcia J, Amado-Garavito AB, Arevalo-Herrera M, Herrera S. Plasmodium vivax
gametocyte infectivity in sub-microscopic infections. Malar J 2016; 15(1): 48.

Ouedraogo AL, Goncalves BP, Gneme A, et al. Dynamics of the Human Infectious Reservoir
for Malaria Determined by Mosquito Feeding Assays and Ultrasensitive Malaria Diagnosis in
Burkina Faso. J Infect Dis 2016; 213(1): 90-9.

Slater HC, Ross A, Ouedraogo AL, et al. Assessing the impact of next-generation rapid
diagnostic tests on Plasmodium falciparum malaria elimination strategies. Nature 2015;
528(7580): S94-101.

Lin JT, Ubalee R, Lon C, Balasubramanian S, Kuntawunginn W, Rahman R. Microscopic
Plasmodium falciparum gametocytemia and infectivity to mosquitoes in Cambodia. J Infect
Dis 2016; 213.

Goncalves BP, Drakeley C, Bousema T. Infectivity of Microscopic and Submicroscopic Malaria
Parasite Infections in Areas of Low Malaria Endemicity. J Infect Dis 2016; 213(9): 1516-7.
Taye A, Hadis M, Adugna N, Tilahun D, Wirtz RA. Biting behavior and Plasmodium infection
rates of Anopheles arabiensis from Sille, Ethiopia. Acta Trop 2006; 97(1): 50-4.

Tadesse FG, Hoogen L, Lanke K, et al. The shape of the iceberg: quantification of
submicroscopic Plasmodium falciparum and Plasmodium vivax parasitaemia and
gametocytaemia in five low endemic settings in Ethiopia. Malar J 2017; 16(1): 99.

17

Downl oaded from https://academni c. oup. coni ci d/ advance-articl e-abstract/doi/10.1093/ci d/ci x1123/ 4786592
by London School of Hygi ene & Tropical Medicine user

on 26 January 2018


http://apps.who.int/iris/bitstream/10665/252038/1/9789241511711-eng.pdf?ua=1

19.

20.

21.

22.

23.

24.

25.

26.

27.

28.

29.

30.

31.

Snounou G, Viriyakosol S, Xin Ping Z, et al. High sensitivity of detection of human malaria
parasites by the use of nested polymerase chain reaction. Mol Biochem Parasitol 1993;
61(2): 315-20.

Stone W, Sawa P, Lanke K, et al. A Molecular Assay to Quantify Male and Female
Plasmodium falciparum Gametocytes: Results From 2 Randomized Controlled Trials Using
Primaquine for Gametocyte Clearance. J Infect Dis 2017; 216(4): 457-67.

Ethiopia MoHFDRo. Malaria Diagnosis and Treatment Guidelines for Health Workers in
Ethiopia. Available at:
http://www.who.int/countries/eth/publications/malaria_treatment.pdf. Accessed
December 12, 2017.

Ouedraogo A, Bousema T, Schneider P, et al. Substantial contribution of submicroscopical
Plasmodium falciparum gametocyte carriage to the infectious reservoir in an area of
seasonal transmission. PloS one 2009; 4: e8410.

Graumans W, Tadesse FG, Andolina C, et al. Semi-high-throughput detection of Plasmodium
falciparum and Plasmodium vivax oocysts in mosquitoes using bead-beating followed by
circumsporozoite ELISA and quantitative PCR. Malar J 2017; 16(1): 356.

Lin JT, Saunders DL, Meshnick SR. The role of submicroscopic parasitemia in malaria
transmission: what is the evidence? Trends Parasitol 2014; 30(4): 183-90.

Koepfli C, Robinson LJ, Rarau P, et al. Blood-Stage Parasitaemia and Age Determine
Plasmodium falciparum and P. vivax Gametocytaemia in Papua New Guinea. PLoS One 2015;
10(5): €0126747.

Jeffery GM. The Infection of Mosquitoes Plasmodium vivax (Chesson Strain) during the early
primary Parasitemias. Am J Trop Med Hyg 1952; 1(4): 612-7.

FDRE MoH. Ethiopia National Malaria Indicator Survey 2015. Available at:
https://www.ephi.gov.et/images/pictures/download2009/MIS-2015-Final-Report-
December- 2016.pdf. Accessed August 29, 2017.

Goncalves BP, Kapulu MC, Sawa P, et al. Examining the human infectious reservoir for
Plasmodium falciparum malaria in areas of differing transmission intensity. Nat Commun
2017; 8(1): 1133.

Ouedraogo AL, Bousema T, Schneider P, Vlas SJ, llboudo-Sanogo E, Cuzin-Ouattara N.
Substantial contribution of submicroscopical Plasmodium falciparum gametocyte carriage to
the infectious reservoir in an area of seasonal transmission. PLoS One 2009; 4.

Lefevre T, Vantaux A, Dabire KR, Mouline K, Cohuet A. Non-genetic determinants of
mosquito competence for malaria parasites. PLoS Pathog 2013; 9.

Douglas NM, Simpson JA, Phyo AP, et al. Gametocyte dynamics and the role of drugs in
reducing the transmission potential of Plasmodium vivax. J Infect Dis 2013; 208(5): 801-12.

18

Downl oaded from https://academni c. oup. coni ci d/ advance-articl e-abstract/doi/10.1093/ci d/ci x1123/ 4786592
by London School of Hygi ene & Tropical Medicine user

on 26 January 2018


http://www.who.int/countries/eth/publications/malaria_treatment.pdf
http://www.ephi.gov.et/images/pictures/download2009/MIS-2015-Final-Report-December-_2016.pdf
http://www.ephi.gov.et/images/pictures/download2009/MIS-2015-Final-Report-December-_2016.pdf

Table 1. Characteristics of study participants at enrolment

. Symptomatic
Characteristics ymp

Asymptomatic

Asymptomatic

microscopy-detected  microscopy-detected PCR-detected P-value
Female sex, % (n/N) 12.2 (5/41) 52.4 (22/42) 44.9 (44/98) <.001*
Age in years, Median (IQR) 25.5(20.0-39.0) 9.5(5.0-14.0) 13.0(7.0-26.0) <.001"
0 - 5years, % (n/N) 0.0 (0/41) 28.6 (12/42) 23.5(23/98)
5-15years, % (n/N) 7.3 (3/41) 50.0 (21/42) 39.8 (39/98)
Above 15 years, % (n/N) 92.7 (38/41) 21.4 (9/42) 36.7 (36/98)
Duration of symptoms,
median days (IQR) 4(3,7) N/A N/A N/A
Haemoglobin, g/dL, median 13.5(12.2 -
(IQR) 13.4 (8.7 - 15.0) 12.8 (12.6 - 13.5) 14.3) 426"
Plasmodium spp. infection screening® N/A
P. vivax, n (%) 29 24 (4.9) 53(10.9)
P. falciparum, n (%) 9 8(1.6) 38(7.8)
Mixed species infection, n (%) 2 8 (1.6) 7 (1.4)

IQR= 25th - 75th percentile; N/A = not available; At the moment of presentation with symptomatic malaria at the clinic and during screening of community-

recruited study participants infection status was determined by microscopy and subsequently confirmed with nPCR and gPCR#; the denominator for the

asymptomatic PCR-detected infections was 487 as 3 DBS were missing while 490 individuals were screened by microscopy; values were compared between

microscopy-detected symptomatic patients and community-recruited individuals (asymptomatic microscopy-detected and PCR-detected individuals

combined), p-values were determined by Fischer's exact test* and the Mann-Whitney test+. Species identification by PCR failed in three microscopy positive

infections where infections were only confirmed at generic level.
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Table 2. Relative infectiousness of symptomatic and asymptomatic P. falciparum and P. vivax

infected individuals.

P. vivax infection, %(n/N)

P. falciparum infection, %(n/N)

Status Gametocyte Gametocyte
positive Infectious  Infected positive Infectious  Infected
individuals individuals  mosquitoes individuals  individuals mosquitoes
Symptomatic
microscopy- 100.0(25/25) 76.0(19/25) 46.5(307/660) 36.4(4/11) 9.1(1/11) 0.5(2/383)
detected
Asymptomatic
microscopy- 96.4(27/28)  32.1(9/28) 12.0(80/667)  61.5(8/14)  28.6(4/14) 2.3(10/441)

detected

Asymptomatic 83.3(25/30) 3.3(1/30) 0.8(6/744)
PCR-detected

64.3(18/28) 10.7(3/28) 0.1(1/879)

The denominators in the infectious individuals indicate experiments for which samples that were successfully processed for mosquito infection status.

Experiments with fewer than 20 surviving mosquitoes on day 12 post feeding (n = 18) or with qPCR-negative participant blood samples at the time of

experiments (n = 23) were not processed and do not appear in this table. Infection status was determined using parasitology results at the screening visit

(asymptomatic infections) or the time of presentation at the clinic (symptomatic infections). Mixed species infections (2 symptomatic microscopy-detected

infections; 7 asymptomatic microscopy-detected infections and 4 asymptomatic PCR-detected infections) appear in both P. vivax and P. falciparum results.

More details are provided in the supplemental information.
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Figure legends

Figure 1. Patient and community recruitment strategies and assessments of infectivity. Mosquito
feeding experiments were not done (*) either because participants were not available or did not
consent to donate venous blood samples during the moment of feeding (n = 17). Mosquito
infectivity experiments were disregarded (**) because of negative qPCR results during feeding (n =

23) or survival of fewer mosquitoes on day 12 post feeding (n = 18).

Figure 2. Plasmodium vivax and Plasmodium falciparum parasite and gametocyte densities in
symptomatic patients and asymptomatically infected individuals. Y-axes shows the Logj
transformed P. vivax 18S copy numbers/ul (A) and P. falciparum parasite densities/ul (B) during the
screening surveys at the clinic and in the community with status indicated on the X-axes. Presented
in (C) and (D) are Logy transformed P. vivax Pvs25 transcripts/ul (C) and Logy transformed P.
falciparum gametocytes/ul (D) in the Y-axes and Logy, transformed P. vivax 185 copy numbers/ul (C)
and P. falciparum parasite densities/pl (D) during membrane feeding experiments. Data are
presented for the three defined groups of clinical malaria cases (red circles) and asymptomatic
microscopy-detected infections (orange circles) and asymptomatic PCR-detected (microscopy
negative) infections (yellow circles). In (D) empty (unfilled) circles indicate male gametocytes
whereas filled circles indicate female gametocytes. In this figure, each sample provides two
observations for male and female gametocyte density. In A and B lines refer to the median parasite

density and the inter-quartile ranges.

Figure 3. Percentage of infected mosquitoes in relation to parasite (A and C) and gametocyte
densities (B and D). Shown in the Y-axes are percentages of infected mosquitoes. Presented in the X-
axes are Log,, transformed copy numbers/ul of the 185 rRNA gene (A) and Pvs25 transcripts/ul (B) of

P. vivax parasites and P. falciparum parasites/ul (C), P. falciparum female (filled circles) and male
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(unfilled circles) gametocytes/ul (D) measured on samples collected at the moment of feeding. In
panel D, each sample contributes two observations, for male and female gametocyte density. Red
circles are microscopy-detected symptomatic infections; orange circles are asymptomatic

microscopy-detected infections; and yellow circles are PCR-detected asymptomatic infections.

Figure 4. Contribution of symptomatic patients and asymptomatically infected individuals to the
infectious reservoir and the detectability of P. vivax infections. In all panels, dark red, orange and
yellow indicate individuals with clinical malaria cases, asymptomatic microscopy-detected infection
and asymptomatic PCR-detected infections respectively. (A) Smoothed histograms showing the P.
vivax 18S copy numbers/ul of individuals in each category. (B) The proportion of individuals in each
category that would be detected for diagnostics with different detection limits based on P. vivax 18S
copy numbers/ul (X-axis). The three vertical dashed grey lines indicate the P. vivax copy number
associated with a 50% 80% and 95% probability (left to right) of detection by microscopy. These
correspond to values of 87, 584 and 4925 copies/ul (left to right) and were obtained using a logistic
regression model with detectability by microscopy as the dependent variable and P. vivax 18S copy
numbers/ul as the independent variable (this also applies to the three vertical lines in 5B and 5D).
Details of the regression model are provided in the Supplemental note 4. The proportion of each
histogram that is to the right of these lines indicates the fraction of individuals in this category that is
detected by a diagnostic with this sensitivity. (C) The proportion of the infected population in each
category (X-axis) and the infectiousness to mosquitoes of each category (Y-axis). (D) The contribution
to the infectious reservoir of individuals in each category in relation to P. vivax 18S copy numbers/ul.
Clinical cases, asymptomatic microscopy-detected and PCR-detected infections are responsible for
8.0%, 76.2% and 15.8% of the infectious reservoir, respectively. At different diagnostic detection
limits, different fractions of the total infectious reservoir are detected: for example, with a limit of
detection of 584 copies/ul 90.7% of the infectious reservoir is detected. Details on the calculations

for 4D are presented in the Supplemental note 3.
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Figure 3.
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Figure 4.
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