Modelling the effects of mass screening and treatment on Plasmodium falciparum malaria in the Peruvian Amazon Region
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Abstract
Background:  Mass screening and treatment (MSAT) has been recently introduced in the Peruvian Amazon to overcome the inherent limitations of the passive case detection (PCD) and further decrease the malaria burden.  The intervention consists of systematic finger prick blood sampling in targeted populations and treatment of all microscopically positive infections, irrespective of the presence of symptoms. P. falciparum infections are treated with Mefloquine-Artesunate. Methods: An extended Anderson-May’s model was used to simulate a baseline scenario with seasonal malaria transmission and the effects of the PCD and treatment of symptomatic P. falciparum infections.  Then, the model was adjusted to simulate intervention scenarios for predicting the long term impact of the addition of MSAT to PCD on P. falciparum malaria. The compartment of infectious individuals (gametocytes carriers) was divided into those routinely detected (symptomatic infections) by PCD and treated, and into those remaining undetected (mainly asymptomatic infections) hence infectious until the natural cure of the disease or until MSAT was introduced. Model parameterization was done using unpublished data from a cohort in a rural village of the Peruvian Amazon, and published transmission parameters from several studies in the Amazon Region. According to the cohort data, the proportions of asymptomatic and sub-microscopic infections were 34.6% and 13.7%, respectively.  The effect of timing and frequency of MSAT, using either microscopy or an enhanced diagnostic tool, was assessed on both the predicted incidence and prevalence. Results:   Baseline model predictions largely reflected P. falciparum monthly incidence in Ninarumi in 2004.  Intervention model indicated that the addition of MSAT to PCD significantly reduced the predicted P. falciparum incidence and prevalence. The strongest reduction was observed if two or three consecutive MSAT (monthly) were implemented at the beginning of low transmission season, and if the diagnosis was done with a highly sensitive test. But, if the intervention was repeated for a minimum of five consecutive years, the incidence and prevalence could reach zero. An increase of asymptomatic infections or a decrease of the treatment effectiveness would decrease the rate of progression to elimination levels.  Conclusions: The addition of MSAT to PCD may reduce P.falciparum malaria transmission significantly.  Simple mathematical models can be used to identify the best operational criteria (timing, frequency, and test used for malaria detection) for MSAT implementation. 
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Background

Despite several decades of intense control efforts, malaria remains one of the most important public health problems in Peru. The Peruvian Amazon is the most affected region by the disease, and currently accounts for 90% of all cases in the country.  P. vivax is the predominant species (~82% of the infections) followed by P. falciparum (~18% of the infections)[1].  Even though the implementation of comprehensive interventions such the use of artemisinin-based combination therapy (ACT) and the distribution of long-lasting insecticidal mosquito nets (LLINs) have contributed to a significant reduction of clinical cases in the past decade (~50% of reduction since 2000) and consequently to the current predominance of low transmission over high-moderate transmission areas, the recent increase of the malaria incidence (2012 and 2013) highlights the potential risk of resurgence of the disease in the Amazon Region[1]. 

The clinical spectrum of malaria in inhabitants of the Amazon is variable, ranging from asymptomatic or very mild to severe disease, with cyclic paroxysms fever, chills, headache, and other classic signs/symptoms not necessarily the most important features[2]. Cross-sectional studies conducted in rural communities of the Peruvian Amazon have reported high prevalence of asymptomatic parasite carriers (5%-14%), mostly only detectable by PCR (sub-microscopic infections)[3-5].  At low levels of transmission, asymptomatic infections become common and build a human infectious reservoir that will continue to cause onward transmission [6,7]. 
Malaria surveillance in the Amazon Region (like in other endemic areas) relies on passive case detection (PCD) [8]. Patients with symptoms compatible with malaria are systematically routinely tested by microscopy at health facilities and treated following national guidelines. However, the major weakness of PCD is that asymptomatic individuals do not seek medical care and remain undetected and therefore untreated [4,9], extending the period of carriage of malaria parasites [10]. Other limitations described for PCD are related to the quality of microscopy-based diagnosis [11], to the access to health services with available microscopy [12], and to social and cultural factors that influence the treatment seeking behaviour at community level [13]. 

Active case detection (ACD) has recently been recommended in low transmission and malaria-elimination settings to overcome the inherent limitations of PCD and target the asymptomatic parasite reservoir [14]. According to the World Health Organization (WHO), ACD is defined as the detection of malaria infections through household visits in population groups that are considered to be at risk. In the Peruvian Amazon, mass screening and treatment (MSAT), one of the available ACD methods, has been recently introduced by the National Malaria Control Program to further decrease the malaria burden [8]. The intervention consists of systematic finger prick blood sampling in targeted populations and treatment of all microscopically positive infections, irrespective of the presence of symptoms. P. falciparum infections are treated with an artemisinin combination therapy (ACT) -mefloquine and artesunate (MQ-AS)-, and P. vivax with cloroquine (CQ) and primaquine (PQ) according to national treatment guidelines [8]. However, due to the lack of evidence-based guidelines [15,16], the criteria and procedures to implement MSAT interventions in the Amazon Region have often been decided upon arbitrarily.   

Because studying effects of surveillance strategies in the field is not straightforward, it seems a good idea to first conceptualise the problem by using simulation models. Mathematical models of various levels of complexity have been used for understanding malaria transmission dynamics and informing decision-making in malaria control and elimination efforts [17,18]. Here, we used a simple model to assess the long term impact of MSAT on the P. falciparum malaria transmission intensity in the Peruvian Amazon Region.  Data from a cohort study in a rural community of the Peruvian Amazon were used to characterise rates of infection and a time-variant seasonal vector parameter, and then to evaluate the model. Other malaria-transmission parameters used to feed the model were obtained from published studies in the Amazon.  Eventually the model was used to forecast the potential transmission reduction following the addition of MSAT to PCD, further examining how the size of the reduction depends of the diagnostic testing utilized, and the timing and frequency of MSAT interventions. 
Methods

Baseline model

An extension of the Anderson-and-May’s malaria transmission model [19] and the corresponding differential equations was used in order to simulate a scenario where seasonal malaria transmission remains at similar levels each year within a restricted human population despite of the PCD and treatment of symptomatic P. falciparum infections (figure 1). The deterministic model allows the human population (N) to move between four different states (compartments). Individuals initially start in a susceptible state (S) and become infected at a rate that is determined by the mosquito density (m), the human feeding rate per mosquito (a), the prevalence of infectiousness in the mosquito population (V/M), and the susceptibility of an individual to infection after being bitten by an infectious mosquito (b).  Individuals progress to the latent state (E), from which most of them develop gametocytes in the blood and become infectious after a latent period.  However, some individuals in the latent state can self-limit the infection and become susceptible again before completing the latent period.  Therefore, the estimation of infectious individuals at the end of the latent period requires an adjustment by the expression e-l (r3*h) which incorporates the rate of movement from states E to S (r3),  the human mortality rate (h) and the average latent period for P. falciparum (l).
While a constant proportion (y) of new symptomatic infectious individuals is routinely detected by PCD and treated with an ACT therapy of known effectiveness (ε) within the treated state (T); the remaining proportion (1-y*e), composed by undetected asymptomatic individuals and symptomatic individuals with treatment failure, remains infectious in the untreated state (I) until the “spontaneous cure” of the disease. After having been in these states, individuals recover and return to the susceptible state. Recovery rates for untreated individuals (r1) and treated (r2) are the reciprocal of average human infectious periods (i.e. length of time gametocytes remain in the bloodstream) without and with effective treatment, respectively. Due to lack of knowledge about the self-limitation of the disease before developing gametocytes, rate of movement from states E to S assumed the same value of daily recovery rate without treatment (r3=r1). 
Regarding the mosquito population (M), the model incorporates a susceptible state (U) into which all the mosquitoes start.  They become infected at a rate that is determined by the human feeding rate per mosquito (a), the prevalence of infectiousness in the human population ((T+I)/N), and the mosquito susceptibility to infection after biting an infectious individual (c). Infected mosquitoes also remain a specific period in state of latency (L), from which only surviving mosquitoes develop sporozoites and become infectious (V).  The estimation of surviving mosquitoes at the end of the latent period requires an adjustment by the expression e-g*n which incorporates a constant mosquito mortality rate (g) and the average mosquito latent period (n).  It is assumed that mosquitoes do not clear infection; they remain infectious until they die.
Main assumptions of the model are: human and mosquito populations remain constant (number of births and deaths are equal at any time); malaria-attributable deaths are not explicitly incorporated (malaria mortality rate is similar to general mortality rate); there are no individual differences in transmission parameters between subjects; super-infections do not occur; infected individuals can only be detected after they develop gametocytes at the end of the latent period; an effective ACT treatment, starts clearing gametocytes in symptomatic individuals since the first day of their appearance; and there is no prophylactic effect of the drugs post recovery.  
Data 
The model was fine-tuned by using data from a cohort of individuals living in four rural villages of San Juan district, just south of Iquitos in the Peruvian Amazon. The malaria transmission season in this area typically starts in January (~1-2 months after the onset of the rainy season) and finishes in July, reaching a peak of clinical malaria cases between February and March.  Both, P. vivax and P. falciparum infections are reported in the area in a ratio of 4:1.  Prevalence studies in Peri-Iquitos areas indicated that more than two thirds of P. falciparum infections are asymptomatic showing low parasite density [20]. Anopheles darlingi is the major malaria vector, showing a strong anthropophilic and endophagic behavior [21].  As previously reported, entomological collections along the cohort study area through human landing catches showed that An. darlingi accounted for ~90% of collected mosquitoes, and that high mosquito densities coincided with increases of clinical malaria.  A first community survey conducted in April 2003 (as part of the cohort study) showed that most of the household members reported to be sleeping under bednets, although none reported the use of insecticide treated nets or repellants in their homes [4]. 
From 2004 to 2008, community surveys were undertaken biannually: at the beginning (January) and at end (August) of each malaria season. In addition, weekly ACDs for P. falciparum infection were conducted between both surveys, each month sampling a new group of individuals living within 100 meters of houses with at least one P. falciparum infection in the previous month (index houses), detected through the routine PCD from health facilities, the community surveys, and/or the prior month’s ACD.  ACD methods are described in more detail elsewhere [4]. Even though community survey at the beginning of the malaria season was intended to screen all individuals living in study villages by microscopy, high survey coverage was only reached in Ninarumi village due to the low level of non-response (i.e. individual absence or refusal) at the time of the survey.  Moreover, the high survey coverage in Ninarumi allowed for the identification of more index houses and consequently for an increase of the weekly coverage of ACD interventions during the malaria season, enhancing the detection of individuals with either symptomatic or asymptomatic malaria infections. 
Therefore, only P. falciparum malariometric indices from Ninarumi were considered in the estimation of specific parameters of the model (table 2). The P. falciparum prevalence based on microscopy in Ninarumi was 3.1% in April 2003, 6.9% in January 2004 and 1.9% in August 2004.  Furthermore, the combination of PCD and ACD allowed for the detection of 139 P. falciparum new infections along 2004 (0.28 P. falciparum infections/person/year), 91 (65.4%) of them being symptomatic either at the moment of detection or after one-week follow-up of initial asymptomatic infections.   Of the additional 48 infections which remained asymptomatic, 19 (39.6%) were only confirmed by retrospective PCR analysis on blood samples collected on filter paper from individuals during weekly ACDs.   

Transmission parameter values
Considering days as time units, the model parameterization was done in several steps. First, available data from the aforementioned cohort study allowed the estimation of important local parameters.  Second, a literature search in bibliographical databases (i.e. PudMed, EMBASE and SciELO) was undertaken to improve estimates of the first step or to set values for the remaining transmission parameters [21-34]. Search terms prioritized published studies in malaria conducted in the South American Amazon Region, especially those from the peri-Iquitos area when available. Additional searches were conducted in Google and through reference tracking. Third, when parameters could not be identified in previous steps, they were estimated by fitting the model to the observed clinical malaria incidence in Ninarumi. Table 1 summarizes key parameter values used in the baseline model (see text S1 for a detailed description).  
Basic malaria models have usually assumed arbitrary values between 1 and 100 for mosquito density (m) [35]. On the other hand, human feeding rate (a) is estimated dividing the human blood index (proportion of mosquito-blood meals obtained from humans) by the duration of gonotrophic cycle in time units [36].  Due to values for both parameters had a wide variation, they were estimated by fitting the parameterized model to the monthly symptomatic P.falciparum incidence along 2004 in Ninarumi. Setting a constant ratio of female mosquito population to that of human population to 75:1 (m=75) allowed the model for estimating monthly values for the parameter human feeding rate per mosquito (a) which varied from 0.03 to 0.33 bites on humans per An.darlingi per day.  This range was considered reasonable, taking into account previously reported human blood indices (between 0.15 and 0.72 [37,38]), and gonotrophic cycle periods (between 2.19 and 4.4 days [39,40]) for An.darlingi in the Brazilian Amazon.   Therefore, human feeding rate was the only time-dependent parameter in the model which allowed for the assessment of the seasonal dynamics of malaria transmission.
Baseline model evaluation
The model performance was examined by comparing predicted and observed P.falciparum incidence and prevalence.  Moreover, a sensitivity analysis was conducted to determine the influence of the mosquito density (m), the human feeding rate (a), the treatment effectiveness (ε), and the probability for an individual of remaining asymptomatic upon infection (1-y) on the baseline model predictions. The parameters which showed the highest influence were used again in order to assess the impact of the changes in their values on the predictions of the intervention scenarios with MSAT.

MSAT model 
The baseline model was made more complex, allowing both the distinction of undetected asymptomatic individuals who could be detected by microscopy (I1) from those who could not (sub-microscopic infections) (I2), and the movement of individuals from these untreated sub-states (I1, I2)  to the treated state (T) (dotted lines in figure 1), but only if MSAT interventions were executed. 
The probability for an asymptomatic infection of being not detected by microscopy was assumed to be 40% (θ=0.40), based on the proportion of asymptomatic infections that were detected only by PCR during 2004 in Ninarumi. When MSAT uses microscopy or a diagnostic test with higher sensitivity, individuals from I1 always move to T at a rate that is determined by the coverage of MSAT (δ), the velocity rate of MSAT execution (v) and the effectiveness of ACT therapy (ε).  On the other hand, movement from I2 to T is only possible when a highly sensitive diagnostic test for malaria screening is used during MSAT, at a rate that includes the same parameters of the rate from I1 to T, but additionally the sensitivity of the diagnostic test for detecting sub-microscopic infections. The latter was assumed to be 90% (s=0.9). 
Assessment of MSAT interventions

After setting initial conditions for human and mosquito compartments based on the average of the observed prevalence in Ninarumi during 2004 and the reported A. darlingi sporozoite rates in the area [21], the fully parameterized baseline model was run until reaching steady levels (baseline scenario). Then, the model was run for two additional years after which interventions based on MSAT were added to the routine PCD (intervention scenario). An initial intervention scenario was modeled taking into account following assumptions:  MSAT is added once during the peak of the high transmission season (mid-February of year 3), MSAT covers 100% of population (δ=1) in one day (v=1), microscopy used in MSAT allows the detection of 100% of individuals in state I1, and all detected P. falciparum infections are treated with a 98% effectiveness (ε=0.98). 
Then, other intervention scenarios were modeled to assess the impact of different operational criteria for MSAT (i.e. timing, number and time intervals for consecutive interventions, diagnostic test used for malaria screening) on the predicted cumulative incidence and prevalence of P.falciparum infections. The predicted cumulative incidence (i.e. cumulative number of new symptomatic and asymptomatic infections) was recorded over one-year and five-year periods from the start of the first MSAT in each intervention scenario, and was compared with the cumulative incidence that arose from the PCD baseline scenario. The predicted impact of the intervention was determined as the percentage difference between the cumulative number of new P. falciparum infections (cumulative number of infections averted), given routine PCD and given the addition of MSAT to PCD. In addition, minimum and maximum predicted prevalence were determined during both the first and the fifth year after the onset of MSAT interventions.
Malaria transmission scenarios were simulated in R version 2.15.3 using the function dede in the deSolve package, allowing to solve delay differential equations.  Delay equations assured the accomplishment of latent periods for infected individuals and mosquitoes before being infectious [41]. Wilcoxon matched-pairs signed-ranks test was also used to evaluate differences between observed and predicted monthly incidence, with p<0.1 indicating statistical significance.
Results

Steady levels were achieved in all simulations in five to ten simulated years after initialization, indicated by the stable cumulative number of P.falciparum infections recorded from the 11th to 30th simulated year.  Different initial values for the A. darlingi sporozoite rate (V/M) were tested as well and did not affect the results. 
Baseline model predictions largely reflected P. falciparum incidence in Ninarumi in 2004 (figure 2A), with no statistical difference between observed and predicted monthly P.falciparum symptomatic incidence (p>0.1). While Ninarumi reported 91symptomatic and 38 asymptomatic P.falciparum infections (139 infections in total) in 2004, the baseline model estimated 94 symptomatic and 41 asymptomatic infections (145 infections in total) annually. Furthermore, predicted prevalence curves represented the seasonal dynamics of malaria appropriately (figure 2B), with high transmission season (HTS) between January and July, and low transmission season (LTS) between August and December. According to the baseline model predictions, maximum overall and microscopy prevalence during HTS were 9.6% and 7.2%, respectively; while minimum overall and microscopy prevalence during LTS were 3.7% and 2.3%, respectively. Therefore, predicted microscopy prevalence also well correlated with microscopy prevalence reported in Ninarumi in 2004. 
The sensitivity analysis for the baseline model found threshold values for three of the four evaluated parameters (figure 3) above which seasonal malaria transmission persisted:  mosquito density per human (m) of 67, mean expected number of bites on humans per mosquito (a) of 0.085, and probability for an individual to remain asymptomatic upon infection (1-y) of 0.3.  Even though model predictions were sensitive to reasonable values of the two vector parameters analyzed (m, a), the probability for an individual of remaining asymptomatic (1-y) had the higher influence on predicted prevalence. Thus, if the latter probability increases from 0.35 (baseline value) to 0.75, the maximum overall prevalence would increase from 9.6% to 50.1%. Moreover, the overall incidence would increase by ~200%, reaching 439 P.falciparum infections annually. On the other hand, a reduction of the treatment effectiveness from 0.98 (baseline value) to 0.75 would increase the incidence and prevalence by ~150% and 200%, respectively. 
Table 3 shows the predicted impact on P.falciparum incidence after the addition of MSAT interventions to PCD at different timing.  Conducting only one MSAT intervention with microscopy at the beginning of the LTS (between August and October) would have a larger impact on the incidence than conducting the same intervention in other months, contributing to a reduction of about 30% and 25% in the 1-year and 5-year P.falciparum malaria incidence, respectively.  However, the magnitude of the effect would be higher if a highly sensitive diagnosis test is used for malaria detection instead of microscopy during MSAT, reaching a reduction of more than 50% and 40% in the 1-year and 5-year incidence, respectively.  Similarly, the impact on the disease prevalence would be higher when MSAT is added to PCD in LTS, instead of in HTS (figure 4 A), allowing a significant reduction on the maximum prevalence reached during the next HTS from 9.6% to:  6.3% if MSAT uses microscopy or 4.2% if MSAT uses a highly sensitive test for malaria detection. 
The strongest decrease in P.falciparum malaria incidence was observed with three consecutive MSAT starting at the beginning of LTS and separated by time intervals between 7 and 30 days (table 2). Then, the reduction in the 1-year and 5-year incidence after the interventions would rise above 50% and 40%, respectively when microscopy is used for malaria detection, and above 85% and 80%, respectively when a highly sensitive diagnostic test is used instead of microscopy.  The impact of the number of consecutive MSAT at the start of LTS (separated by intervals of 30 days) and the malaria diagnostic test used during the interventions on the predicted P.falciparum prevalence are also shown in the figure 4B.  While three consecutive MSAT using a highly sensitive test would have the largest effect on the prevalence predictions, only one MSAT using a highly-sensitive test would be equivalent to three consecutive MSATs using microscopy.  In all simulations, annual incidence and prevalence indices would return to the initial levels in the long-term, unless MSAT interventions would be repeated. 
Figure 5 shows a progressive reduction of the predicted prevalence with repeated MSAT interventions (added to PCD) starting at the beginning of LTS every year.  All repeated interventions would reach the near-zero prevalence in the long term, but the rate of progress depends on the number of monthly MSAT per year and the diagnosis test used for malaria detection. While three-monthly MSAT using microscopy would require more than five years to reach the zero levels,  two monthly MSAT using a highly sensitive test for five consecutive years would allow reaching predicted annual incidence and prevalence indices equal to zero (table 4). On the other hand, an increase of the probability for an individual of remaining asymptomatic upon infection from 0.35 to 0.5, or a decrease of the treatment effectiveness from 0.98 to 0.75, not only would increase the predicted incidence and prevalence under PCD by more than 140% and 200%, respectively; but also increase the time required to reach the zero levels for all series of repeated MSAT interventions.   
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Table 1. Model parameters
	Parameters
	Symbol
	Value
	 
	Source

	
	
	
	
	
	

	Baseline model parameters
	
	
	
	

	
	
	
	
	
	

	
	Mosquito density (ratio of female mosquitoes to that of humans)
	m
	75
	
	Assumed value within published range [35] 

	
	
	
	
	
	

	
	Human feeding rate per mosquito per day
	a
	0.03 - 0.33
	
	Monthly varied estimation from fitting Ninarumi cohort data. Values within published range [36-40]

	
	
	
	
	
	

	
	Susceptibility of an individual to infection after being bitten by an infectious mosquito
	b
	0.05
	
	Estimation using Ninarumi cohort and published data [21, 22] 

	
	
	
	
	
	

	
	Mosquito susceptibility to infection after biting an infectious individual 
	c
	0.41
	
	Published data [29]

	
	Average human latent period for P. falciparum in days
	l
	21
	
	Published data [23]

	
	Average mosquito latent period in days
	n
	11
	
	Published data [30,31]

	
	Daily human mortality rate 
	h
	0.00005
	
	Published data [32]

	
	Daily mosquito mortality rate
	g
	0.16
	
	Published data [33,34]

	
	Probability for an individual of developing symptoms upon infection (and being detected by PCD)
	y
	0.65
	
	Ninarumi cohort data

	
	
	
	
	
	

	
	Treatment effectiveness 
	ε
	0.98
	
	Published data [24]

	
	Daily recovery rate for untreated individuals
	r1
	1/200
	
	Published data [25]

	
	Daily recovery rate for treated individuals
	r2
	1/14
	
	Published data [26-28]

	MSAT parameters
	
	
	
	

	
	
	
	
	
	

	
	Probability for an asymptomatic infection of being not detected by microscopy 
	θ
	0.40
	
	Ninarumi cohort data

	
	
	
	
	
	

	
	Coverage of MSAT
	δ
	1
	
	Assumption

	
	Velocity (daily) rate of MSAT execution
	v
	1
	
	Assumption

	
	Sensitivity of a diagnostic test for detecting sub-microscopic infections
	s
	0.90
	
	Assumption

	 
	 
	 
	 
	 
	 


Table 2.  P.falciparum malaria prevalence and incidence in Ninarumi in 2004
	 
	n
	N
	%
	95% CI

	 
	 
	 
	 
	 
	

	Prevalence by microscopy
	January 2004
	30
	432
	6.9
	[6.1; 7.8]

	
	August 2004
	5
	269
	1.9
	[0.8; 3.0]

	 
	 
	 
	 
	 
	

	Annual incidence 
	Symptomatic infections
	91
	-
	65.4
	-

	
	Asymptomatic microscopically confirmed infections
	29
	-
	20.9
	-

	
	Asymptomatic sub-microscopic infections
	19
	-
	13.7
	-

	
	Total
	139
	-
	100.0
	-

	
	
	
	
	
	

	Annual P.falciparum parasitological index 
	278 P.falciparum cases per 1000 inhabitants
	
	
	
	

	
	
	
	
	
	


Table 3. One and five-year predicted cumulative number of P.falciparum infections averted after the addition of MSAT interventions to PCD at different timing, using either microscopy or a highly sensitive test
	 
	 
	 
	 
	Microscopy
	 
	Highly sensitive test

	
	
	
	
	One-year
	
	5-year
	
	One-year
	
	5-year

	 
	 
	 
	 
	n
	%
	 
	n
	%
	 
	n
	%
	 
	n
	%

	
	
	
	
	
	
	
	
	
	
	
	
	
	
	

	One MSAT
	
	
	
	
	
	
	
	
	
	
	
	

	
	Month of implementation
	January
	
	10.9
	7.5
	
	65.7
	9.0
	
	17.6
	12.1
	
	108.2
	14.9

	
	
	February
	
	11.1
	7.6
	
	86.1
	11.8
	
	17.9
	12.3
	
	143.5
	19.7

	
	
	March
	
	25.3
	17.4
	
	130.7
	18.0
	
	41.2
	28.3
	
	223.6
	30.7

	
	
	April
	
	28.4
	19.5
	
	135.2
	18.6
	
	46.5
	31.9
	
	231.9
	31.8

	
	
	May
	
	30.0
	20.6
	
	141.2
	19.4
	
	49.1
	33.7
	
	243.2
	33.4

	
	
	June
	
	35.2
	24.2
	
	155.7
	21.4
	
	58.0
	39.8
	
	270.7
	37.2

	
	
	July
	
	41.9
	28.8
	
	174.6
	24.0
	
	69.3
	47.6
	
	307.3
	42.2

	
	
	August
	
	45.7
	31.4
	
	182.7
	25.1
	
	75.8
	52.1
	
	323.4
	44.4

	
	
	September
	
	46.0
	31.6
	
	182.8
	25.1
	
	76.4
	52.4
	
	323.6
	44.4

	
	
	October
	
	45.6
	31.3
	
	181.0
	24.9
	
	75.7
	52.0
	
	320.1
	44.0

	
	
	November
	
	42.8
	29.4
	
	170.7
	23.4
	
	70.8
	48.6
	
	299.7
	41.2

	
	
	December
	
	31.0
	21.3
	
	130.5
	17.9
	
	50.9
	34.9
	
	223.3
	30.7

	
	
	
	
	
	
	
	
	
	
	
	
	
	
	

	Two consecutive MSAT starting in LTS (September)
	
	
	
	
	
	
	

	
	Time interval between MSAT
	7 days
	
	65.6
	45.0
	
	270.0
	37.1
	
	112.1
	77.0
	
	517.9
	71.1

	
	
	15 days
	
	65.7
	45.1
	
	270.8
	37.2
	
	112.3
	77.1
	
	519.6
	71.4

	
	
	30 days
	
	65.9
	45.2
	
	272.0
	37.4
	
	112.6
	77.3
	
	522.4
	71.7

	
	
	60 days
	
	65.7
	45.1
	
	272.2
	37.4
	
	112.1
	77.0
	
	521.5
	71.6

	
	
	90 days
	
	63.0
	43.2
	
	262.4
	36.0
	
	106.8
	73.4
	
	496.1
	68.1

	
	
	120 days
	
	54.8
	37.6
	
	231.8
	31.8
	
	91.8
	63.0
	
	424.7
	58.3

	
	
	150 days
	
	50.1
	34.4
	
	219.8
	30.2
	
	82.7
	56.8
	
	390.6
	53.6

	
	
	180 days
	
	52.0
	35.7
	
	262.0
	36.0
	
	84.4
	57.9
	
	445.2
	61.1

	
	
	
	
	
	
	
	
	
	
	
	
	
	
	

	Three consecutive MSAT starting in LTS (September)
	
	
	
	
	
	
	

	
	Time interval between MSAT
	7 days
	
	73.3
	50.3
	
	307.3
	42.2
	
	127.3
	87.4
	
	615.1
	84.5

	
	
	15 days
	
	73.7
	50.6
	
	309.5
	42.5
	
	127.9
	87.8
	
	620.5
	85.2

	
	
	30 days
	
	74.0
	50.8
	
	311.9
	42.8
	
	128.3
	88.1
	
	625.2
	85.9

	
	
	60 days
	
	69.3
	47.6
	
	294.7
	40.5
	
	118.6
	81.4
	
	574.2
	78.9

	 
	 
	 
	 
	 
	 
	 
	 
	 
	 
	 
	 
	 
	 
	 


Table 4. Impact of the asymptomatic status and the treatment effectiveness on the annual P.falciparum incidence and prevalence after 5 years of repeated MSAT interventions (added to PCD) at the start of LTS 
	 
	 
	Microscopy
	 
	Highly sensitive test

	
	
	Incidence
	
	Prevalence (%)
	
	Incidence
	
	Prevalence (%)

	 
	 
	n
	 
	(
	min
	-
	max
	)
	 
	n
	 
	(
	min
	-
	max
	)

	 
	 
	 
	 
	 
	 
	 
	 
	 
	 
	 
	 
	 
	 
	 
	 
	 

	Baseline parameters (1-y=0.35, ε=0.98)
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	

	
	Only PCD
	145.6
	
	(
	3.68
	-
	9.59
	)
	
	
	
	
	
	
	
	

	
	One MSAT per year
	23.3
	
	(
	0.38
	-
	1.42
	)
	
	2.0
	
	(
	0.02
	-
	0.12
	)

	
	Two monthly MSAT per year
	8.1
	
	(
	0.11
	-
	0.49
	)
	
	0.0
	
	(
	0.00
	-
	0.00
	)

	
	Three monthly MSAT per year
	5.1
	
	(
	0.06
	-
	0.30
	)
	
	0.0
	
	(
	0.00
	-
	0.00
	)

	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	

	Increase of the probability of remaining
asymptomatic upon infection  (1-y=0.5)
	
	
	
	
	
	
	
	
	
	
	

	
	Only PCD
	351.7
	
	(
	12.41
	-
	29.08
	)
	
	
	
	
	
	
	
	

	
	One MSAT per year
	176.4
	
	(
	4.08
	-
	12.60
	)
	
	39.1
	
	(
	0.58
	-
	2.68
	)

	
	Two monthly MSAT per year
	97.4
	
	(
	1.83
	-
	6.76
	)
	
	0.6
	
	(
	0.00
	-
	0.04
	)

	
	Three monthly MSAT per year
	69.5
	
	(
	1.19
	-
	4.78
	)
	
	0.0
	
	(
	0.00
	-
	0.00
	)

	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	

	Decrease of the treatment
 effectiveness (ε=0.75)
	
	
	
	
	
	
	
	
	
	
	
	
	
	

	
	Only PCD
	353.7
	
	(
	12.54
	-
	29.35
	)
	
	
	
	
	
	
	
	

	
	One MSAT per year
	172.5
	
	(
	3.95
	-
	12.31
	)
	
	84.3
	
	(
	1.52
	-
	5.87
	)

	
	Two monthly MSAT per year
	71.3
	
	(
	1.22
	-
	4.93
	)
	
	4.3
	
	(
	0.04
	-
	0.29
	)

	
	Three monthly MSAT per year
	36.1
	
	(
	0.52
	-
	2.46
	)
	
	0.1
	
	(
	0.00
	-
	0.01
	)

	 
	 
	
	 
	 
	 
	 
	 
	 
	 
	 
	 
	 
	 
	 
	 
	 


Figure 1. Schematic diagram of the human and vector model states. The total human population (N) is divided into four compartments: susceptible (S), infected latent (E), infectious treated (T) and infectious untreated (I) individuals. The total mosquito population is divided into three compartments: uninfected (U), infected latent (L) and infectious (V) mosquitoes. The addition of MSAT to PCD requires the distinction of undetected asymptomatic individuals who could be detected by microscopy (I1) from those who could not (sub-microscopic infections) (I2). While MSAT using microscopy can only detect individuals from I1, MSAT using a highly sensitive test can detect individuals from both I1 and I2.
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Figure 2. Comparison between observed and baseline model-predicted curves for P. falciparum prevalence and incidence in Ninarumi village in 2004 
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Figure 3. Sensitivity analysis for the baseline model with passive case detection (PCD)  
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Figure 4. Model-predicted curves for P.falciparum prevalence after the addition of MSAT interventions to PCD at different timing, using either microscopy or a highly sensitive test
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Figure 5. Model-predicted curves for P.falciparum prevalence after repeated MSAT interventions at start of LTS every year, using either microscopy or a highly sensitive test
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Text  S1
Description of transmission parameters for P. falciparum
The susceptibility of an individual to infection (b) was assumed to be 0.05 based on estimates of two malariometric indices in Ninarumi: the annual P.falciparum force of infection in 2004 (Pf-FOI = 0.28 P. falciparum infections/person/year) and the annual P.falciparum entomological inoculation rate (Pf-EIR = 5.57 infective bites/person/year).  The annual Pf-EIR was calculated by multiplying the annual-average An. darlingi human biting rate (Ad-HBR) by the P.falciparum sporozoite rate in An. darlingi mosquitoes (Pf-SR) and the number of days in a year (365) [22]. The annual Ad-HBR was estimated at 15.25 An.darlingi bites/person/night from mosquito collections undertaken in Ninarumi along 2003 [4].  Pf-SR was conservatively assumed to be 0.001 (0.1%), as observed in two entomological surveys carried out in 2008 in another area near Iquitos in the Peruvian Amazon [21]. 

The average human latent period (l) was set to 21 days based on previous reports about the biology of P.falciparum transmission stages [23].  The probability for an individual of developing symptoms upon infection and being detected by PCD was assumed to be 65% (y=0.65), based on results of the monitoring of symptoms in asymptomatic infections as part of the cohort study in Ninarumi [4].   ACT treatment effectiveness was assumed to be 98% (ε=0.98) according to an efficacy and effectiveness study of MQ-AS combination therapy for P.falciparum malaria in the Peruvian Amazon [24].  Daily recovery rate without treatment (r1) for P. falciparum was set to 1/200 based on case data compiled by Macdonald from several previous studies [25]. Due to lack of knowledge about the self-limitation of the disease before developing gametocytes, rate of movement from states E to S assumed the same value of daily recovery rate without treatment (r3=r1). Daily recovered rate with ACT (r2) was conservatively assumed to be 1/14 according to antimalarial trials which measured gametocyte clearance from blood after treatment with MQ-AS [26-28] .  
Susceptibility of An. darlingi was conservatively assumed to 0.41 for P.falciparum based on published data for membrane-fed An. darlingi caught in Belize [29]. Considering an average annual temperature of 28°C for the Loreto region [30], the latent period for mosquito (n) (i.e. the sporogonic period) was estimated at 11 days for P. falciparum based on data from various experimental studies compiled and plotted against ambient temperature by Macdonald [31]. While daily human mortality rate (h) was set to 0.00005 considering an expected lifespan of 50 years at the median age of the population [32]; daily mosquito mortality rate (g) was assumed to be 0.16, after its estimation from the average parous rate [33] of An. darlingi in the Upper-Maroni forest region of French Guiana [34].  

Basic malaria models have usually assumed arbitrary values between 1 and 100 for mosquito density (m) [35]. On the other hand, human feeding rate (a) is estimated dividing the human blood index (proportion of mosquito-blood meals obtained from humans) by the duration of gonotrophic cycle in time units [36].  Due to values for both parameters had a wide variation, they were estimated by fitting the parameterized model to the monthly symptomatic P.falciparum incidence along 2004 in Ninarumi. Setting a constant ratio of female mosquito population to that of human population to 75:1 (m=75) allowed the model for estimating monthly values for the parameter human feeding rate per mosquito (a) which varied from 0.03 to 0.33 bites on humans per A.darlingi per day.  This range was considered reasonable, taking into account previously reported human blood indices (between 0.15 and 0.72 [37,38]), and gonotrophic cycle periods (between 2.19 and 4.4 days [39,40]) for An.darlingi in the Brazilian Amazon.   Therefore, human feeding rate was the only time-dependent parameter in the model which allowed for the assessment of the seasonal dynamics of malaria transmission.
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