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Summary

Background—Low-density and asymptomatic Plasmodium vivax infections remain largely 

undetected and untreated and may contribute significantly to malaria transmission in the Amazon.

Methods—We analysed individual participant data from population-based surveys that measured 

P vivax prevalence by microscopy and polymerase chain reaction (PCR) between 2002 and 

2015 and modelled the relationship between parasite density and infectiousness to vectors 

using membrane feeding assay data. We estimated the proportion of sub-patent (i.e., missed by 

microscopy) and asymptomatic P vivax infections and examined how parasite density relates to 

clinical manifestations and mosquito infection in Amazonian settings.

Findings—We pooled 24,986 observations from six sites in Brazil and Peru. P vivax was 

detected in 6·8% and 2·1% of them by PCR and microscopy, respectively. 58·5% to 92·6% of P 
vivax infections were asymptomatic and 61·2% to 96·3% were sub-patent across study sites. P 
vivax density thresholds associated with clinical symptoms were one order of magnitude higher 

in children than in adults. We estimate that sub-patent parasite carriers are minimally infectious 

and contribute 12·7% to 24·9% of the community-wide P vivax transmission, while asymptomatic 

carriers are the source of 28·2% to 79·2% of mosquito infections.

Interpretation—Asymptomatic P vivax carriers constitute a vast infectious reservoir that, if 

targeted by malaria elimination strategies, could substantially reduce malaria transmission in the 

Amazon. Infected children may remain asymptomatic despite high parasite densities that elicit 

clinical manifestations in adults.

Funding—US National Institutes of Health, Fundação de Amparo à Pesquisa do Estado de São 

Paulo, and Belgium Development Cooperation.
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Introduction

Malaria transmission has declined in Latin America and the Caribbean over the past two 

decades, but 120 million people remain exposed to some risk of infection across the region.1 

Plasmodium vivax accounts for 72% of the regional malaria burden, estimated at 800,000 

cases in 2019, 90% of them occurring in the Amazon.2 P vivax causes less severe disease 

compared with P falciparum, but its distinctive biology poses major challenges for current 

malaria elimination strategies focused on early diagnosis and prompt treatment of clinically 

apparent infections.3

Not all malaria infections elicit clinical manifestations and can be detected by conventional 

microscopy or rapid diagnostic tests.4,5 Asymptomatic and sub-patent (i.e., missed by 

microscopy) infections are common across the Amazon,6–11 suggesting that individuals 
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exposed to malaria rates far below those in holoendemic Africa can also develop immunity 

that efficiently limits parasite growth and reduces the risk of disease. Importantly, carriers 

of P vivax densities below the microscopy detection limit of 100 parasites per μL of blood 

are often asymptomatic in Amazonians. Asymptomatic infections remain undiagnosed and 

untreated, and may contribute to transmission over several weeks or months.10,12,13 Mature 

gametocytes are present early in nearly all P vivax blood-stage infections.10,14

Cost-effective strategies are crucially needed to address the human reservoir of P vivax 
transmission in the Amazon, which comprises symptomatic and patent, asymptomatic and 

patent, and asymptomatic and sub-patent infections.12 To define priority targets for more 

intensive interventions, individuals who contribute disproportionally to malaria transmission 

to local vectors must be identified.14 The present pooled analysis of individual data aims 

to determine how cumulative exposure to malaria (using age as a proxy) relates to the 

proportion of P vivax infections that are sub-patent and asymptomatic and how parasite 

density relates to the risk of clinical manifestations and of human-to-mosquito P vivax 
transmission across the Amazon.

Methods

Study area

The Amazon extends over nine countries and territories in northern South America (Figure 

1). Anopheles (Nyssorhynchus) darlingi is the primary malaria vector in the region.15 Most 

malaria transmission occurs in riverine villages, farming settlements, gold mining camps, 

and Amerindian reserves, but also within and near urban centers.1,2 Amazonian Brazil and 

Peru together account for 25% of the current annual burden of malaria in the Americas.2

Literature data

The study protocol was registered in the PROSPERO database (CRD42020194174) and the 

search strategy is described in the appendix (pp 1–2). We retrieved anonymised individual 

participant information regarding age, sex, presence of symptoms, and P vivax diagnosis 

(by both microscopy and qualitative or quantitative PCR) from 34 population-based cross-

sectional surveys that described 24,986 observations from six study sites in the Amazon 

Basin of Brazil and Peru. We pooled the results by study site and only included study 

participants with microscopy and PCR data and information on age and symptoms. The 

study sites (Figure 1) were: the villages of Cahuide (CAH) and Lupuna (LUP) in Peru 

(11 surveys from Mar, 2013, through Sep, 2015);11,13 farming settlements in Acrelândia 

(ACR; four surveys between Jan and Jul, 2013)12 and Granada (GRA; four surveys from 

Mar, 2004, through Nov, 2006),16 both in Brazil; traditional riverine villages in Jaú National 

Park, Brazil (JAU; five surveys from Nov, 2002 through Jul, 2003);8 and farming settlements 

in Remansinho, Brazil (REM; 10 surveys from Mar, 2010, through Oct, 2014).10 Study 

populations are further described in the appendix, p 3–5 and 16.

We additionally retrieved individual peripheral-blood parasite density estimates (sexual plus 

asexual stages combined), which were obtained with quantitative real-time PCR assays. Data 

were available from 25 cross-sectional surveys in four sites (CAH, LUP, ACR, and REM), 
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corresponding to 1,680 PCR-confirmed P vivax infections with known parasite density. 

Quantitative PCR protocols targeted species-specific domains of the 18S rRNA genes of P 
vivax.10,17 Parasite density estimates were obtained in a similar way in all studies; amplicon 

numbers were interpolated from standard curves prepared with serial dilutions of the target 

sequence (appendix p 5–6).10,17

Standard membrane-feeding assays

Standardised membrane-feeding assays were carried out as described.18 Female mosquitoes 

were fed on infected blood through a membrane and subsequently examined for oocysts 

by microscopy of dissected mosquito midguts. Blood donors with a range of parasite 

densities were adults >18 years of age who had P vivax blood-stage infection diagnosed 

by microscopy during cross-sectional surveys in CAH and LUP. Experiments were carried 

out with 3-day old mosquitoes from a laboratory-established colony in Iquitos, Peru,19 that 

were exposed for 30 min to 1 mL of heparinized blood from 87 volunteers.18 Importantly, 

laboratory-reared mosquitoes did not differ from wild mosquitoes in biting activity and 

average susceptibility to infection.19 Engorged mosquitoes were dissected 7 to 9 days after 

blood feeding to determine the presence of oocysts. The proportion (%) of mosquitoes 

infected was calculated as 100 × number of mosquitoes with at least one oocyst/total 

dissected. Study protocols were approved by the Ethics Review Boards of the Regional 

Health Direction of Loreto (R-157-13-14) and Universidad Peruana Cayetano Heredia, 

Peru (SIDISI 59751), and by the Human Subjects Protection Program of the University 

of California, San Diego, USA (approval number, 120652). Written informed consent was 

obtained from all study participants. Experimental mosquito infection data were used to 

determine how P vivax densities in humans relate to infection rates in blood-fed An darlingi.

Data analysis

We used Stata 15.1 (StataCorp, College Station, TX) and R 3.5.2 (R Foundation for 

Statistical Computing, Vienna, Austria) in statistical analyses.

We extracted data from cross-sectional surveys carried out in six sites to estimate: (a) 

the age-related frequency of patent and sub-patent (i.e., not detected by microscopy) P 
vivax infections in each site; (b) the age-related frequency of P vivax infections that were 

symptomatic and asymptomatic in each site; (c) the age-related frequency of P vivax 
infections that are sub-patent and asymptomatic in each sites; and (d) the age-related 

proportion of P vivax infections that were both asymptomatic and sub-patent among infected 

individuals in each site. We used the following standardised age groups: 0–5 years, 6–15 

years, 16–40 years, and >40 years. Sub-patent infections were defined as those diagnosed 

by PCR but missed by microscopy, regardless of the parasite density. PCR positivity rate 

was defined as the proportion of infections that were diagnosed by PCR in each study 

site, regardless of the microscopy results. Asymptomatic infections were defined as in 

the original studies, considering different combinations of the following malaria-related 

symptoms: measured or reported fever, chills, headache, profuse sweating, weakness, 

myalgia, arthralgia, abdominal pain, nausea, and vomiting. The symptom-free period used to 

define asymptomatic parasite carriage was at least 7 days before sample collection in CAH, 

LUP, ACR and REM, at least 30 days before and 30 days after blood collection in GRA, and 
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at least 30 days before and 15 days after blood collection in JAU. Because we pooled data 

from successive surveys, denominators correspond to the total of observations per study site; 

the same individual may have experienced several malaria episodes.

We extracted individual parasite density data from single-species P vivax infections that 

were PCR-diagnosed during cross-sectional surveys in four sites to estimate: (a) the 

distribution of parasite densities in patent vs sub-patent infections and symptomatic vs 
asymptomatic infections; (b) the proportion of infected individuals with parasite densities 

above certain thresholds of interest; (c) the probability of clinical manifestations of malaria 

at varying parasite densities; and (d) the relative contribution of each infected individual to 

community-wide P vivax transmission. A uniform criterion was used to define asymptomatic 

parasite carriage in this participant subset: absence of self-reported or measured fever and 

headache within 7 days prior to blood collection for malaria diagnosis. As above, we 

pooled data from cross-sectional surveys and the denominators are the total numbers of 

PCR-diagnosed infections per study site rather than numbers of individuals. We fitted 

separate logistic regression models20 to each dataset to describe: (a) the relationship between 

PCR-determined parasite density and the detectability of infection by microscopy and (b) 

the relationship between PCR-determined parasite density and the risk of malaria-related 

symptoms (fever or headache) within the past 7 days.

We fitted a Hill function to membrane feeding data to describe the probability of 

mosquito infection H following a blood meal given the host′s parasitaemia. Because older 

individuals are more likely to be bitten due to their greater body surface,21,22 we applied 

an age-dependent force of infection normalised from 0 to 1.23 We multiplied H by the 

probability of mosquito bite given host′s age to obtain individual estimates of infectiousness 

(appendix p 5–6). Importantly, the age-related variation in mosquito biting assumed by 

our model23 closely recapitulates estimates from empirical data.22 The community-wide 

human-to-mosquito infection rate corresponds to the sum of all individual infectiousness 

estimates.

Role of the funding source

The funders of the study had no role in study design, data collection, data analysis, data 

interpretation, or writing of the report.

Results

Low-density and asymptomatic parasitemia across age groups

Overall, 1696 P vivax infections were diagnosed by PCR and 514 by microscopy, with 

higher PCR positivity rates compared to microscopy in all study sites. The overall 

proportion of PCR-diagnosed P vivax infections that were also detected by microscopy, 

or microscopy detection rate, was 30·3% (range across sites, 3·7% in ACR to 38·8% in 

REM).

The prevalence of P falciparum infection decreases with age in holoendemic Africa, 

presumably due to partial anti-parasite immunity.4,24 We found no similar age-related 

variation in parasite positivity rates in our settings from Peru and Brazil where P vivax 
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predominates, most likely because overall transmission levels are one order of magnitude 

lower in the Amazon and only a minority of highly exposed individuals appear to develop 

significant anti-parasite immunity.23 The P vivax infection rates, regardless of self-reported 

symptoms or the diagnostic method used, did not decrease with age except for the remote 

riverine villages of the Jaú National Park of Amazonas, Brazil (Figure 2 and Appendix pp 

6–7). Sub-patent P vivax infections predominated over patent infections in all age groups in 

all six study sites analysed (Figure 2A).

We examined how the prevalence of symptomatic vs asymptomatic infections relates to age 

across six studies. Overall, asymptomatic infections accounted for 70·9% of all episodes of 

the 1696 P vivax carriage confirmed by PCR during cross-sectional surveys (range across 

sites, 58·5% in GRA to 92·6% in ACR) and were shown to predominate over symptomatic 

infections in all age groups across all study sites (Figure 2B).

Infections that are both sub-patent and asymptomatic were similarly frequent across age 

groups in most sites (Appendix p 8–9). The exceptions were LUP (higher positivity rate 

of sub-patent and asymptomatic infections in the 16–40 years group) and JAU (higher 

positivity rate in the 0–5 and 6–15 years groups). The proportion of P vivax infections that 

were asymptomatic and sub-patent did not increase with age, contrary to what is expected 

from the development of strong clinical immunity in adolescents and adults. The only 

exception was JAU, where fewer asymptomatic and sub-patent infections were diagnosed in 

under-five children compared to the 6–15 and 16–40 years age groups (Appendix pp 6–9).

Parasite densities and clinical manifestations in Plasmodium vivax malaria

We analysed parasite densities measured by quantitative PCR in 491 P vivax infections 

diagnosed during cross-sectional surveys in CAH (average PCR positivity rate, 5·4%), 

736 infections from LUP (average PCR positivity rate, 9·3%), 216 infections from ACR 

(average PCR positivity rate, 3·1%), and 128 infections from REM (average PCR positivity 

rate, 7·2%). Low levels of parasitaemia predominated in all settings, with a median of 11 

(inter-quartile range [IQR], 2 to 290) parasites/μL in CAH, 12 (IQR, 3 to 112) parasites/μL 

in LUP, 5 (IQR, 2 to 17) parasites/μL in ACR, and 47 (IQR, 10 to 483) parasites/μL in REM. 

Most infections (68·2% in CAH, 71·3% in LUP, 88·0% in ACR and 61·2% in REM) were 

the usual detection threshold below of microscopy under field conditions, estimated at 100 

parasites/μL.5 There was a substantial overlap in the distribution of levels of parasitaemia 

that were detected vs missed by microscopy (Figure 3A) and, more strikingly, between those 

from symptomatic vs asymptomatic individuals (Figure 3B). The parasite density thresholds 

above which >50% of P vivax infections were detected by microscopy were estimated at 156 

(95% confidence interval [CI], 109 to 231) parasites/μL in CAH, 82 (95% CI, 62 to 110) 

parasites/μL in LUP, 67 (95% CI, 33 to 201) parasites/μL in ACR and 153 (95% CI, 86 to 

298) parasites/μL in REM (appendix p 11).

We next examined how the risk of clinical disease relates to P vivax blood-stage density. 

Logistic model fits in Figure 4A indicate that >50% of individuals are expected to have 

malaria-related symptoms (fever or headache) at parasite densities above 817 (95% CI, 426 

to 1867) parasites/μL in CAH and 233 (95% CI, 143 to 428) parasites/μL in LUP. Results 

for sites in Brazil, where fewer infections were analysed, are presented in the appendix 
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(p 12). Clinical thresholds are substantially higher than microscopy detection thresholds, 

implying that many P vivax infections below the clinical threshold are detectable by routine 

microscopy.

Importantly, the risk of clinical symptoms per parasite density increased with age in both 

CAH (Figure 4B) and LUP (Figure 4C). We estimated that, at parasite densities of 14,692 

(95% CI, 1,938 to 141,432) parasites/μL and 740 (95% CI, 145 to 4,177) parasites/μL in 

CAH and LUP, respectively, more than 50% of under-five children experience symptoms. 

These thresholds decreased to 483 (95% CI, 166 to 1638) parasites/μL and 59 (95% CI, 

28 to 136) parasites/μL in study participants aged >40 years from the same sites. Sample 

sizes were too small for age-stratified analyses in ACR and REM. We conclude that age-

dependent clinical thresholds for P vivax exist in low-endemicity settings, consistent with 

the “pyrogenic thresholds” that differ between children and adults exposed to intense P 
falciparum transmission in Sub-Saharan Africa.25,26

Parasite density and mosquito infection rate

Figure 5 describes the relationship between experimental mosquito infection rates and 

the microscopy- determined density of sexual and asexual parasites in blood donors. 

Importantly, gametocytaemia and asexual parasitaemia were linearly correlated across the 

range of parasite densities observed in P vivax-infected blood donors (r2=0·673, P<0·001; 

appendix p 13). Very few mosquitoes were infected at low gametocyte densities, but 

mosquito infection rates increased rapidly and reached 50% at 337 (95% CI, 252 to 448) 

gametocytes/μL (Figure 5A) or at 1,973 (95% CI, 1,377 to 2,737) asexual blood stages/μL 

(Figure 5B), which corresponds to a total parasitaemia of approximately 2,300/μL. Few 

study participants harboured >2,300 parasites/μL during population-based cross-sectional 

surveys: 12·1% in CAH, 6·5% in LUP, none in ACR and 8·5% in REM. Gametocytaemia 

and asexual parasitaemia were both linearly correlated with the mean oocyst counts found in 

mosquito midguts (Appendix, p 14)

Low-density and asymptomatic infections and onward Plasmodium vivax transmission

Substantial heterogeneity has been documented in mosquito-to-human P falciparum 
transmission in Africa, where 20% of the children are estimated to receive 80% of all 

infectious mosquito bites in the community.27 Here, we suggest that human-to-mosquito 

P vivax transmission may also conform to the “20/80 rule” in the Amazon. The top-20% 

spreaders are estimated to originate between 78·8% and 92·9% of all P vivax transmission 

events in each site (Appendix, p 15). Considering individual infectiousness estimates on the 

basis of subjects′ age and parasite density, we calculate that sub-patent carriers contribute 

only 12·7% to 24 9% of the overall P vivax transmission although they account for 60·9% 

to 73·6% of all human infections with this parasite across study sites (Table 1). Carriers 

of total (sexual and asexual) parasitaemia <100/μL are very slightly, or not at all infectious 

to mosquitoes (Figure 5), further suggesting that sub-patent infections constitute a small 

fraction of the infectious reservoir in low-endemicity Amazonian settings. Most parasite 

carriers were asymptomatic, but their estimated contribution to onward transmission varies 

widely across studies (table). Infections that are both sub-patent and asymptomatic are 

estimated to be responsible for 9·6% to 24·5% of the overall P. vivax transmission across 
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sites. As a group, individuals >15 years of age originate more mosquito infections than 

children.

Discussion

Over the past decade, we have systematically investigated the main challenges for malaria 

control and elimination across the Amazon.9 We currently focus on residual malaria 

transmission in Brazil10,12,16 and resurgent malaria transmission in riverine villages in 

Peru,11,14 where a vast clinically silent human reservoir of P vivax infection that remains 

largely unaddressed by regional malaria control efforts.9 Here, we estimate the relative 

contribution of low-density and asymptomatic infections to P vivax transmission in the 

Amazon.

In total, 69·7% of PCR-diagnosed P vivax infections were missed by microscopy and 70·9% 

were asymptomatic in 34 population-based surveys from across the region, with proportions 

of patent vs sub-patent and asymptomatic vs symptomatic infections varying little across 

age groups in most settings. In contrast, P falciparum infections in older individuals are 

more likely to be sub-patent in Africa, a finding that is usually attributed to the gradual 

development of anti-parasite immunity.20,24

We show that young Amazonian children may be asymptomatic when harbouring P vivax 
densities that typically elicit clinical manifestations in older individuals (Figure 4B, C). 

To our knowledge, this is the first evidence of age-specific parasite density thresholds 

associated with clinical illness in populations naturally exposed to P vivax. How the 

interplay between parasite virulence and host′s innate and adaptative immunity regulates 

the clinical expression of vivax malaria across age groups has yet to be investigated. One 

can speculate that, once exposed to the parasite, older adults develop stronger inflammatory 

responses that cause malaria-related symptoms, compared to young children. The public 

health consequences of these findings are clear: asymptomatic children harbouring relatively 

high levels of parasitaemia may contribute disproportionally to malaria transmission in the 

community in the absence of active case detection.

We infer that sub-patent parasite carriers contribute little to transmission (Table), except 

for the residual malaria site with the lowest PCR prevalence in Brazil,12 although we 

note that parasite densities may fluctuate over time.5 Similarly, sub-patent parasite carriers 

were estimated to originate only 13·6% of the P vivax infections to local An arabiensis 
mosquitoes in hypoendemic Ethiopia.28 Our results have major practical implications for 

regional malaria elimination strategies. They suggest that conventional microscopy or rapid 

diagnostic tests may suffice to identify the vast majority of infections that contribute 

significantly to human-to-mosquito transmission of P vivax in the Amazon and possibly 

in other low-endemicity settings. The widespread use of ultrasensitive molecular techniques 

may not be required, at the present stage, as a core component of malaria elimination 

programs in the region.

We assume that the relative infectiousness of asymptomatic carriers depends primarily on 

their parasite densities and age. We did not compare the infection potential of symptomatic 
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vs asymptomatic carriers of similar P vivax gametocytaemias, because there were relatively 

few data from mosquito feeding experiments on asymptomatic volunteers (Figure 5). 

We note, however, that asymptomatic P falciparum carriers appear to be relatively more 

infectious to An. gambiae mosquitoes than patients with clinical symptoms, after adjusting 

for gametocyte density, possibly due to gametocyte inactivation during and shortly after 

malaria paroxysms by circulating inflammatory cytokines and reactive intermediates.29 In 

contrast, asymptomatic P vivax carriers appear to be little infectious to local An dirus 
mosquitoes in Thailand, although the estimated transmissibility threshold for that vector30 

was one order of magnitude lower than that estimated for An darlingi (Figure 5). Our results 

imply that asymptomatic carriers, many of them harbouring patent parasitaemia, constitute 

a critical infectious reservoir of P vivax in the Amazon that should be targeted by active 

case detection strategies. In residual malaria settings of Brazil12 and Ethiopia,28 chronic 

asymptomatic P vivax infections may be responsible for as much as 79% to 92% of all 

human-to-mosquito transmission events.

Our study provides new insights into the relationship between P vivax blood-stage density, 

clinical symptoms, and mosquito infection that are critical to malaria elimination in the 

Amazon. However, it had some limitations. For example, we did not consider sources of 

heterogeneity in infectiousness other than host′s parasite density and age, such as individual 

attractiveness to vectors and use of protective measures. Our transmissibility threshold 

estimates were derived from membrane feeding assay data and we acknowledge that direct 

skin feeding experiments on individuals might yield somewhat different results. Moreover, 

only adults were included in membrane feeding experiments; the relative infectiousness 

of children vs adults warrants further investigation. We considered single time-point 

measurements of parasite density and infectiousness to mosquitoes and do not consider 

temporal variation in these parameters. Finally, parasite density data were obtained with two 

slightly different quantitative PCR methods,10,18 although both diagnostic protocols target 

the same P vivax gene and applied the same standardized way of measuring parasitaemia 

(Appendix, p 5).

In conclusion, we offer quantitative evidence that asymptomatic carriers of P vivax, although 

not necessarily those with very low levels of parasitaemia, constitute a significant source of 

human-to-mosquito infection at the community level that must be specifically targeted by 

malaria control and elimination strategies in low-endemicity settings across the Amazon.

Supplementary Material

Refer to Web version on PubMed Central for supplementary material.
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corresponding author (muferrei@usp.br).
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Research in context

Evidence before this study

Amazonians are exposed to infection with Plasmodium vivax (that accounts for 80% of 

the local malaria burden) and P falciparum. Asymptomatic parasite carriers do not seek 

treatment and may remain infectious for weeks or months. To identify previous studies 

that have quantified the relative contribution of asymptomatic and sub-patent infections 

to P vivax transmission, we searched the PubMed and SciELO databases for publications 

in English, Spanish, Portuguese, or French that appeared until Aug 1, 2021. We used the 

search terms “plasmodium” AND “vivax” AND (“membrane feeding” OR “skin feeding” 

OR “direct membrane feeding” OR “mosquito feeding” OR “infectious reservoir”) and 

retrieved four studies that addressed the relative infectiousness of asymptomatic vs 
symptomatic P vivax carriers to malaria vectors.

Empirical estimates of infectiousness vary widely across studies. None of the 24 

asymptomatic carriers of P vivax (20 of them with sub-patent parasitaemia) was able 

to infect Anopheles dirus via standard membrane feeding in Thailand, while 49·3% of 

the mosquitoes fed on symptomatic P vivax carriers (n=70) became infected. In Ethiopia, 

individuals with symptomatic and patent P vivax infections (n=29) were 4-fold more 

infectious to An arabiensis (46·5% of the mosquitoes fed on them were infected) than 

asymptomatic carriers of patent parasitaemia (n=24; 12·0% of the mosquitoes infected) 

and 58-fold more infectious than asymptomatic carriers of sub-patent parasitaemia (n=53; 

0·8% of the mosquitoes infected). Patent and asymptomatic P vivax infections accounted 

for 76·2% of the infectious reservoir.

Two studies compared the relative infectiousness of asymptomatic vs symptomatic P 
vivax infections in South America. On the Pacific Coast of Colombia, symptomatic 

carriers of patent P vivax infection (n=16) were found to be 14-fold more infectious 

to An albimanus than asymptomatic carriers (n=14), with 57% vs 4% of mosquitoes 

infected. In Brazil, symptomatic individuals (n=42) with patent P vivax infection were 

29-fold more infectious to laboratory-reared An aquasalis, a malaria vector of coastal 

areas, than asymptomatic carriers (n=24), with 41% vs 1.4% of mosquitoes infected. In 

Thailand, the proportion of An dirus mosquitoes that were infected by membrane feeding 

reached 50% at a parasite density of approximately 100 blood stages per microliter.

Added value of this study

Our pooled analysis of 34 population-based cross-sectional surveys in riverine villages 

and farming settlements in Brazil and Peru showed that 70·9% of P vivax infections 

are asymptomatic and 69·7% are sub-patent. Importantly, young children remain 

asymptomatic at P vivax density levels that usually elicit clinical symptoms in adults. 

This is the first evidence of age-specific parasite density thresholds associated with 

clinical illness in populations naturally exposed to P vivax.

An darlingi infection rates are very low at sub-patent parasite densities but reach 50% 

at 2,300 parasites/μL. Asymptomatic carriers of P vivax are estimated to be the source 

of 28·2% to 79·2% mosquito infections across study sites, while sub-patent infections 
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are responsible for smaller proportions of the community-wide transmission, estimated at 

12·7% to 24·9% across study sites.

Implications of all the available evidence

Asymptomatic carriers constitute a critical yet neglected infectious reservoir that fuels 

residual P vivax transmission in the Amazon. Malaria elimination policies in the region 

require active case detection strategies. Importantly, parasite densities that contribute 

significantly to P vivax transmission are typically above the microscopy detection 

threshold and may not require more complex and expensive molecular methods to be 

routinely detected.
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Figure 1. 
Map showing the Amazon Basin in South America and the study sites in Brazil and Peru 

that provided data for the present analyses. The locations of the six study sites (CAH and 

LUP in Peru; and ACR, GRA, JAU, and REM in Brazil) are indicated.
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Figure 2. 
Age-specific relative frequency of patent vs. sub-patent and symptomatic vs. asymptomatic 

Plasmodium vivax infections diagnosed by polymerase chain reaction across six studies in 

the Amazon. Patent (red symbols) and sub-patent (blue symbols) infections are shown in A; 

symptomatic (red symbols) and asymptomatic (blue symbols) P vivax infections are shown 

in B. Error bars indicate 95% confidence intervals of proportions We pooled data from 

cross-sectional surveys carried out in six sites. CAH: villages of Cahuide, La Habana, and 

Doce de Abril, all in Loreto, Peru.11,14 LUP: villages of Lupuna, Santa Rita, and San Pedro, 

all in Loreto, Peru.11,14 ACR: 7 farming settlements in Acrelândia, Acre, Brazil.12 GRA: 

Granada farming settlement, Acre, Brazil.17 JAU: 14 riverine villages in Jaú National Park, 

Amazonas, Brazil.8 REM: Remansinho farming settlement, Amazonas.10 The number of 

observations in each age group was as follows: CAH, 0–5 years, 1,421; 6–15 years, 3,017; 

16–40 years, 3,082; 41 years and older, 2,261; total, 9,781. LUP, 0–5 years, 986; 6–15 

years, 2,006; 16–40 years, 3,021; 41 years and older, 2,443; total, 8,456. ACR, 0–5 years, 

261; 6–15 years, 715; 16–40 years, 856; 41 years and older, 737; total, 2,569. GRA, 6–15 

years, 427; 16–40 years, 627; 41 years and older, 304; total, 1,358. (Under-five children 

from GRA were removed, as this age group has not been systematically sampled during the 

community-wide surveys.) JAU, 0–5 years, 238; 6–15 years, 280; 16–40 years, 373; 41 years 

and older, 152; total, 1,043. REM, 0–5 years, 205; 6–15 years, 454; 16–40 years, 605; 41 

years and older, 515; total, 1,779. The symptom-free period used to define asymptomatic 

parasite carriage was at least 7 days before sample collection in CAH, LUP, ACR and 

REM, at least 30 days before and 30 days after blood collection in GRA, and at least 30 

days before and 15 days after blood collection in JAU. Error bars indicate 95% confidence 

intervals of proportions.
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Figure 3. 
Distribution of total Plasmodium vivax densities (parasites/μl) estimated by quantitative 

polymerase chain reaction in four Amazonian settings. Kernel density function estimates 

are shown for (A) patent (red) vs sub-patent (blue) P vivax infections and (B) symptomatic 

(red) vs asymptomatic (blue) P vivax infections in the CAH (Cahuide; n=491) and LUP 

(Lupuna; n=736) study sites in Peru,11,14 and in the ACR (Acrelândia; n=216)12 and REM 

(Remansinho; n=128)10 study sites in Brazil. Individuals reporting no fever or headache 

within at least 7 days prior to sample collection were defined as asymptomatic.
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Figure 4. 
Proportion of individuals with clinical manifestations of vivax malaria by parasite density 

measured by quantitative polymerase chain reaction. Separate univariate logistic regression 

models were fitted to empirical data from Cahuide (CAH; n=491) and Lupuna (LUP; n=736) 

using the stats R package: (A) total population of CAH and LUP; (B) age-specific model fits 

for CAH; (C) age-specific model fits for LUP. Age groups considered were: 0–5 years, 6–15 

years, 16–40 years, and 41 years and older. The shaded area indicates the 95% confidence 

intervals.
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Figure 5. 
Proportion of Anopheles darlingi mosquitoes infected with Plasmodium vivax in membrane 

feeding experiments in relation to parasite density measured by microscopy. Data are from 

87 independent membrane feeding assays with 10 to 64 (mean, 37•3) laboratory-reared An 
darlingi mosquitoes examined for oocysts per experiment. Parasite density estimates are 

presented separately for sexual (A) and asexual (B) blood stages. Data from symptomatic 

and asymptomatic blood donors are represented by red and blue dots, respectively. The 

continuous line shows the Hill function (appendix p 2) fitted to the data and the grey shading 

indicates the 95% confidence intervals.
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