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Abstract

Dengue is one of the most important vector-borne diseases, resulting in an estimated hun-

dreds of millions of infections annually throughout the tropics. Control of dengue is heavily

dependent upon control of its primary mosquito vector, Aedes aegypti. Innovative interven-

tions that are effective at targeting the adult stage of the mosquito are needed to increase

the options for effective control. The use of insecticide-treated curtains (ITCs) has previously

been shown to significantly reduce the abundance of Ae. aegypti in and around homes, but

the impact of ITCs on dengue virus (DENV) transmission has not been rigorously quantified.

A parallel arm cluster-randomized controlled trial was conducted in Iquitos, Peru to quantify

the impact of ITCs on DENV seroconversion as measured through plaque-reduction neu-

tralization tests. Seroconversion data showed that individuals living in the clusters that

received ITCs were at greater risk to seroconverting to DENV, with an average seroconver-

sion rate of 50.6 per 100 person-years (PY) (CI: 29.9–71.9), while those in the control arm

had an average seroconversion rate of 37.4 per 100 PY (CI: 15.2–51.7). ITCs lost their

insecticidal efficacy within 6 months of deployment, necessitating re-treatment with insecti-

cide. Entomological indicators did not show statistically significant differences between ITC

and non-ITC clusters. It’s unclear how the lack of protective efficacy reported here is attribut-

able to simple failure of the intervention to protect against Ae. aegypti bites, or the presence

of a faulty intervention during much of the follow-up period. The higher risk of dengue sero-

conversion that was detected in the ITC clusters may have arisen due to a false sense of

security that inadvertently led to less routine protective behaviors on the part of households
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that received the ITCs. Our study provides important lessons learned for conducting cluster

randomized trials for vector control interventions against Aedes-transmitted virus infections.

Author summary

Dengue is one of the most important mosquito-borne diseases affecting humans, resulting

in an estimated hundreds of millions of infections annually throughout the tropics. To

control dengue, most public health programs use a variety of methods to kill the primary

mosquito vector, Aedes aegypti. Water holding containers that harbor larvae (and other

immature stages) are treated or eliminated. During emergencies, large insecticide spray

campaigns are deployed to kill infected adult mosquitoes. Innovative interventions that

are effective at targeting adult mosquitoes in sustainable ways are needed to increase the

options for control of dengue and other Aedes borne virus diseases. The use of insecticide-

treated curtains (ITCs) has previously been shown to significantly reduce Ae. aegypti
numbers in and around homes, but the impact of ITCs on dengue virus (DENV) trans-

mission has not previously been quantified. Using a rigorous study design in which 10

clusters (~90 houses per cluster) were provided multiple ITCs to place in their homes was

compared to 10 clusters of homes without ITCs. Assignment of which clusters received

ITCs was randomized. Blood samples were obtained at 9-month intervals from residents

living in all the clusters, so that people with serological evidence of a DENV infection

could be identified by comparing paired samples. Seroconversion data showed that indi-

viduals living in the clusters that received ITCs were at greater risk to DENV seroconvert-

ing, with an average seroconversion rate of 50.6 per 100 person-years (PY) (CI: 29.9–

71.9). Conversely, those in the control arm had an average seroconversion rate of 37.4 per

100 PY (CI: 15.2–51.7). ITCs lost their insecticidal efficacy within 6 months of deploy-

ment, necessitating re-treatment with insecticide. Ae. aegypti populations did not show

statistically significant differences between ITC and non-ITC clusters. The reason for

higher transmission in the ITC treated clusters could be attributable to failure of the cur-

tains (loss of efficacy) and/or that the curtains were not sufficiently effective at protecting

against mosquito bites. The higher risk of DENV seroconversion in ITC clusters may be

due to a false sense of security that inadvertently led to less routine protective behaviors

on the part of households that received the ITC.

Introduction

Dengue is a major public health problem, with an estimated 390 million dengue virus (DENV)

infections occurring annually worldwide [1]. Control of the peridomestic DENV mosquito

vector, Aedes aegypti (and to a lesser extent, Aedes albopictus), is currently the primary preven-

tive measure. Existing vector control methods largely target immature mosquito stages, requir-

ing continuous effort by communities [2], and are often challenging to sustain [3]. Because

adult mosquitoes are responsible for virus transmission, targeting adults, rather than the

aquatic stages, should have the most direct impact on virus transmission. The most common

interventions targeting adult Ae. aegypti employ ultra-low volume (ULV) insecticide spray

applications. ULV spraying does not offer any residual insecticidal effect, and studies indicate

that ULV spraying is ineffective unless repeated frequently at closely timed intervals [4].

Hence, it is most practical when employed for outbreak response rather than for routine
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dengue control [4–6]. Novel interventions utilizing residual insecticides that target adult Ae.
aegypti are needed to increase the options for effective dengue vector control programs.

Insecticide-treated materials (ITMs) deployed as bednets are highly effective in preventing

transmission of malaria [7] and other nocturnally transmitted vector-borne diseases including

Chagas disease [8], leishmaniasis [9], and lymphatic filariasis [10]. Control of dengue diurnal

vectors using ITMs has similarly been demonstrated, mainly as insecticide treated curtains

(ITCs) [11–16]. The residual formulations of insecticides used on ITCs allow for a potentially

long-lasting effect, and ITCs are ‘user-friendly’, requiring little additional work or behavioral

change by householders. They are also well accepted by communities [17], because their per-

ceived efficacy is reinforced by the reduction in other biting insects, cockroaches, houseflies

and other insect pests [11].

Despite a body of evidence reporting the entomological impact of ITCs on Ae. aegypti,
little is known about their epidemiological impact on dengue or other arboviral infections.

Although preliminary evidence suggested that ITCs could impact Ae. aegypti populations at

a level that could reduce DENV transmission [11, 16], the epidemiological effect has not

been rigorously evaluated. To address this gap, we carried out a cluster-randomized con-

trolled trial of ITCs in Iquitos, Peru.

DENV transmission re-emerged in Iquitos in 1990 after a 30-year absence, and successive

epidemics occurred with subsequent DENV serotype invasions periodically since then [18–

25]. Routine Ae. aegypti control in Iquitos consisted of larviciding and health education activi-

ties utilizing billboards, radio, and TV messages focusing on preventive vector control activities

(removal and management of potential and actual larval habitats) and recognition of dengue

symptoms, especially early warning signs of severe disease. In response to increases in reported

dengue cases or elevated Ae. aegypti indices, emergency measures, including ULV spraying

and city-wide cleanup campaigns (collection of water-holding containers), were employed [19,

21, 22, 26–30]. The extensive longitudinal data on the dynamics of serotype-specific DENV

transmission over many years in Iquitos was used to design a vector control trial with epidemi-

ological endpoints [26, 27, 31]. Herein, we report the outcomes of an Iquitos ITC trial.

Materials and methods

Ethical approval

This study received approval from the Institutional Review Boards (IRBs) at the Liverpool

School of Tropical Medicine, the Tulane School of Public Health and Tropical Medicine, the

London School of Hygiene and Tropical Medicine, the University of California at Davis, and

the U.S. Naval Medical Research Center Detachment (now the U.S. Naval Medical Research

Unit-6) in Peru (S1 Protocol). The latter had interinstitutional IRB agreements with the Tulane

School of Public Health and Tropical Medicine and the University of California at Davis. The

Regional Health Authority (DIRESA), the local branch of the Peruvian Ministry of Health, also

provided approval. The trial was registered with the International Standard Randomized Con-

trolled Trial Register: ISRCTN08474420. Verbal consent was obtained for ITC deployment and

entomological monitoring activities, as approved by all IRBs. Written consent was obtained for

all blood draws from study participants (� 18 years of age) or a parent or guardian (if the par-

ticipant was between 3–17 years of age). Assent was obtained for all participants < 18 years of

age, with written documentation of assent for all children> 7 years of age.

Study site and design

Our parallel arm cluster-randomized controlled trial began during October 2009 in the district

of San Juan in Iquitos, which is located in the Amazon region of north-eastern Peru (73.2˚W
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longitude, 3.7˚S latitude, 120 m above sea level). The primary outcome measure was reduction

of DENV seroconversion, as measured by detection of dengue-specific plaque reduction neu-

tralizing antibodies in human blood taken from householders within the study area (Fig 1 and

S1 Checklist). Twenty clusters (consisting of 1–3 city blocks each containing a minimum of 70

households) were selected for the study (Fig 2). In late September 2009, prior to commence-

ment of field activities, treatment was randomized so that 10 clusters received ITCs and 10

Fig 1. CONSORT flowchart describing the recruitment and retention of participants and allocation to each study arm.

https://doi.org/10.1371/journal.pntd.0008097.g001
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Fig 2. Map of the study area showing the location of the twenty clusters, randomized to either receive ITCs or act as an untreated control (no

ITCs). This figure was created using QGIS software using shapefiles created as described previously [32, 33].

https://doi.org/10.1371/journal.pntd.0008097.g002
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clusters did not receive ITCs (control clusters). Clusters were allocated to the intervention or

control arm by simple randomization using a lottery: each cluster was represented by a piece

of paper which was drawn in turn from a bag by study personnel. ITCs were thus allocated at

the start of the trial, which obviated the need for allocation concealment. Clusters were geo-

graphically contiguous in the same region of the city.

The sample size calculation was based on data from 2 previous studies [29, 34] using DENV

PRNT status at 9-month intervals in residents of Iquitos. Hayes & Bennett’s [35] sample size

calculation method for binary data was used with the following parameters, which were chosen

to lie within the range of values found in the previous studies: average of 120 people at risk per

clusters, between-cluster coefficient of variation of 0.30, significance level 5% (two-sided), and

seroconversion rate in control and intervention clusters of 0.25 and 0.1375/year respectively

(55% efficacy). Using these parameters, 10 clusters per arm were needed for 90% power. This

was estimated to provide 4,000 blood samples at baseline (2,000 per arm; more than the 1350

required to detect a difference) and an estimated 2,000 at each subsequent sample period,

assuming that >50% of the population remained susceptible to�1 serotype. All individuals

above the age of 3 years living in the study area who consented to provide baseline and follow-

up blood samples were enrolled in a longitudinal cohort. Blood samples were collected from

the study population at baseline and at 9-months after the ITCs were distributed. No clusters

were lost to follow-up (Fig 2).

Intervention. During November 2009, ITCs were distributed in the clusters randomly

allocated to receive ITCs. Control clusters did not receive ITCs. The trial, therefore, was not

blinded. Residents could request as many curtains as they wanted and directed staff to where

they should be hung. Most were hung in windows, doors, walls, and used as room dividers.

Participants could choose among pink, light blue, and dark blue curtain colors. Surveys of cur-

tain coverage were carried out in December 2010 and June 2011, and additional curtains were

distributed subsequently according to need, with a total of 4,227 ITCs distributed over the

course of the trial. The ITCs distributed at the beginning of the trial were made from Permanet

2.0 (Vestergaard Frandsen, Lausanne, Switzerland; deltamethrin-treated).

Routine monitoring of insecticidal efficacy using WHO cone bioassays [36] was imple-

mented. At baseline, 12 new curtains were tested and showed 100% mortality using the local

susceptible Bellavista-Nanay Ae. aegypti strain. After the ITCs had been hanging for 6 months

(May 2010), a representative sample of 18 curtains was collected from randomly selected

houses, according to a matrix of characteristics (6 of each colour, exposed to either sun or

shade and washed 0, 1 or>1 times). Results were highly variable and ranged from 34%-100%

mortality, with 8 of the curtains falling below the 80% mortality threshold, with no discernible

pattern attributable to curtain color, sun exposure, or washing frequency. After hanging for 8

months (July 2010), a further 18 ITCs were selected for testing using the same methodology.

Results showed further declines in bioefficacy, with 13 of the curtains falling below the 80%

mortality threshold (range: 14%-100%). After hanging for 11 months (October 2010), the

same process was repeated and all except for 1 curtain fell below the 80% mortality threshold

(range: 32%-98%). Therefore, to ensure an effective intervention was present in the treated

households for the remaining period of the study, curtains were re-treated with deltamethrin

in the form of KO Tab 123 (Bayer) during November 2010, with a total of 3,886 curtains

(91.9%) re-treated. Further cone bioassays to assess ITC efficacy were conducted 1 month fol-

lowing re-treatment (January 2011) and 9-months following re-treatment (August 2011) using

the susceptible New Orleans Ae. aegypti strain.

DENV transmission. After receiving informed consent, blood samples were collected by

either finger stick or venipuncture, the former usually being more acceptable, at baseline and

at 9-months post-ITC distribution. Samples were analyzed for DENV neutralizing antibodies
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using a plaque-reduction neutralization test (PRNT) with a 70% reduction for the cut-off

(PRNT70). PRNT70 were performed as described by Morrison et al. [29] for each DENV sero-

type (1–4) at the following serum dilutions: 1:40, 1:80, 1:160, and 1:640. Probit analysis was

carried out to determine the estimated endpoint titers for each serotype. A serum sample was

considered positive for DENV if a dilution neutralized 70% of the test virus at the following

cut-off titers: 1:60 for DENV1 and DENV3, 1:80 for DENV2, and 1:40 for DENV4. A serocon-

version was scored when the percent increase in reduction between a negative sample and a

subsequent sample was greater than 2-fold. During the study period Iquitos experienced a

DENV4 outbreak. Consequently, most new infections were presumed to be DENV4. The

primary outcome of our trial was seroconversion over the course of the follow-up period.

Entomological surveys. To examine the impact of the ITCs on adult and immature Ae.
aegypti abundance, longitudinal entomological surveillance was implemented at the beginning

of the study, with a baseline entomological survey during October 2009. Larval and pupal sur-

veys and adult mosquito collections using battery-operated aspirators [37] were conducted in

all houses in treatment and control clusters. The first follow-up entomological survey occurred

during January 2010 and subsequent follow-up surveys occurred during May 2010, February

2011 and May-June 2011. Either the CDC bottle bioassay [38] or WHO paper-based bioassay

[39] were conducted to determine susceptibility of local Ae. aegypti populations to deltamethrin

at baseline (Nov. 2009), May 2010, July 2010, February 2011, April 2011, and August 2011. Eggs

were collected from clusters using ovitraps and were hatched and reared to adults (F0) for use

in bioassays. Entomological data was a secondary outcome of the trial. The number of adult

female Ae. aegypti per house had the greatest relevance to transmission risk [40, 41].

Data analysis

Data were exported from a custom Microsoft Access database and analyzed using SAS statisti-

cal analysis software version 9.3 and R version 3.4.3. The effect of the intervention was esti-

mated by calculating cluster-level summary measures and comparing them between arms by

unpaired t test. For seroconversion, a rate per person-year was calculated for each cluster.

Those at risk were those with a baseline PRNT measurement indicating they were not already

positive for all four DENV serotypes. The numerator for the rate was the number of people

who seroconverted to one or more serotypes between the surveys. The denominator was the

person-time between the first and second surveys of those at risk. For the entomological end-

points, the area under the curve was calculated for each cluster. The follow-up values of the

entomological endpoints were summarized in terms of the area under the curve (AUC) of the

index against time estimated by trapezium rule, taking each time point as the mean survey

date for each cluster [42, 43]. No subgroup or adjusted analyses were done.

Results

At baseline, the demographic composition was similar between participants in intervention

and control arms (Table 1).

Seroprevalence and seroconversion data from individuals that provided samples at baseline

and follow-up are presented in Table 2 (also see S1 Summary). In both the intervention and

control arms, approximately 90% of participants had antibodies to at least one DENV serotype

at baseline and approximately 85% of all participants were seronegative to at least one DENV

serotype. There was a significant difference in overall seroconversion rates (seroconversion to

any individual serotype or multiple serotypes; p<0.0001) between the intervention and control

arms. The intervention arm had an average seroconversion rate of 50.6 per 100 person-

years (PY) (CI: 29.9–71.9) and those in the control arm had an average seroconversion rate
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of 37.4 per 100 PY (CI: 15.2–51.7). This represents a statistically significant mean difference of

13.2 (CI: 12.0–14.4), with higher incidence in the intervention arm, or a difference equivalent

to 35% of the average rate in the control arm.

For entomological endpoints, the adult female Aedes index and the Breteau Index are

shown in Figs 3 and 4; other indices are presented in supplementary material (S1 Summary).

Overall, entomological indices were similar across treatment and control arms over the course

of the study (Table 3). There were no significant differences detected between the intervention

and control arms for any of the adult or immature Ae. aegypti indices that were measured.

Cone bioassays after re-treatment with KO-Tab 123 showed that the curtains did not imme-

diately recover to the 100% bioefficacy observed at baseline. At 1 month following re-treat-

ment (January 2011), average mortality for 36 ITCs was 74.5% (range: 48%-94%). By

9-months following re-treatment (August 2011) average mortality from 9 tested ITCs was

97.2% (range: 87.5%-100%).

Insecticide susceptibility data from CDC bottle bioassays demonstrated that the local Ae.
aegypti population was fully susceptible to deltamethrin at baseline and remained fully suscep-

tible when tested during May 2010 and July 2010. Resistance to deltamethrin was first detected

during February 2011, when 24-hour mortality using the WHO bioassay dropped to 79.7%

and was at a similar level (74.8%) during April 2011. Mortality fell further to 68.3% (using the

CDC bottle bioassay) during August 2011.

Discussion

The results indicate that participants living in the intervention arm were not better protected

from DENV exposure than those in the control arm, despite the widespread use of ITCs.

Although entomological indicators appeared to be lower in the intervention arm, most notably

at the first follow-up survey, the differences were not statistically significant and were not sus-

tained over the course of the study. These findings are in contrast with previous studies that

have demonstrated clear entomological impacts of ITCs in cluster-randomized trials (CRT)

[11, 13–16]. While previous studies of ITCs reported serological endpoints [11, 16], no other

CRT had been powered based on seroconversion data. This trial was unique, therefore,

because it benefited from multiple years of data collection from previous studies of dengue epi-

demiology in Iquitos. That stated, participants in the intervention arm were more likely to

report reduced use of other mosquito products due to the feeling of protection from the ITCs

compared to those in the control arm [17, 44].

Table 1. Baseline participant demographics.

Intervention Arm Control Arm

Number (%)

(n = 1721)

Number (%)

(n = 1656)

Gender

Male 739 (42.9%) 704 (42.5%)

Female 982 (57.1%) 952 (57.5%)

Age (years)

3–20 772 (44.9%) 783 (47.3%)

21–40 584 (33.9%) 493 (29.8%)

> = 41 365 (21.2%) 380 (23.0%)

Mean 27.1 26.6

https://doi.org/10.1371/journal.pntd.0008097.t001
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That the participants in the intervention arm were more likely to seroconvert to DENV

infection was surprising, especially given the high use of the ITCs [17, 44] and the promising

entomological data reported in previous trials. Three factors, however, could have contributed

to this unexpected result. First, despite being fabricated from a material that was expected to

retain high insecticide levels over the course of several years, the ITCs quickly lost insecticidal

efficacy, leading to the need for mass re-treatment only 1-year after they had been originally

Table 2. Seroprevalence at baseline and seroconversion in intervention (n = 918) and control (n = 1007) arms.

Cluster Participants with

baseline and follow-up

samples

(n)

Positive

seroprevalence at

baselinea

(n)

Participants at risk of

seroconversionb

(n)

Seroconversion to different serotypes during the study (Seroconversion

rate/100 person-years)c

DENV1

only

DENV2

only

DENV3

only

DENV4

only

Multiple

serotypesd
Any

serotypee,f

Intervention
arm

2 70 65 (92.9%) 66 (94.3%) 2.1 6.3 4.2 52.8 6.3 71.9

4 94 82 (87.2%) 89 (94.7%) 4.9 13.0 11.3 32.4 9.7 71.2

7 60 55 (91.7%) 55 (91.7%) 0.0 7.8 2.6 28.7 7.8 46.9

10 103 91 (88.3%) 91 (88.3%) 9.7 6.5 1.6 34.0 6.5 58.3

11 96 73 (76.0%) 73 (76.0%) 4.0 2.0 0.0 35.9 4.0 45.9

12 98 81 (82.7%) 81 (82.7%) 21.8 1.8 1.8 25.4 1.8 52.6

14 118 87 (73.7%) 87 (73.7%) 10.2 1.7 0.0 11.9 8.5 32.2

15 104 82 (78.8%) 82 (78.8%) 7.1 3.6 5.4 32.2 10.7 58.9

18 86 72 (83.7%) 72 (83.7%) 3.9 0.0 1.9 31.1 0.0 36.9

20 89 80 (89.9%) 80 (89.9%) 1.9 5.6 1.9 14.9 5.6 29.9

Mean 91.8 82.8 (90.2%) 77.6 (84.5%) 7.0 4.9 3.1 29.4 6.2 50.6f

Range (60–118) (55–108), (80.6%-

98.8%)

(55–91),

(73.7%-94.7%)

(0.0–

21.8)

(0.0–

13.0)

(0.0–

11.3)

(11.9–

53.8)

(0.0–10.7) (29.9–71.9)

Control arm

1 81 75 (92.6%) 65 (80.2%) 11.2 9.0 2.3 20.2 9.0 51.7

3 68 56 (82.4%) 58 (85.3%) 5.0 10.0 0.0 12.5 7.5 35.0

5 74 60 (81.1%) 69 (93.2%) 4.3 0.0 0.0 27.8 15.0 47.0

6 94 85 (90.4%) 80 (85.1%) 1.8 7.4 5.5 7.4 14.7 36.8

8 168 150 (89.3%) 143 (85.1%) 4.2 8.3 2.1 16.6 15.6 46.7

9 127 113 (89.0%) 119 (93.7%) 7.5 2.5 0.0 13.7 6.2 29.8

13 91 79 (86.8%) 74 (81.3%) 6.0 8.1 0.0 10.1 12.1 36.3

16 97 91 (93.8%) 82 (84.5%) 1.8 1.8 1.8 30.8 3.6 39.8

17 94 88 (93.6%) 75 (79.8%) 0.0 2.0 2.0 21.8 11.9 37.6

19 113 108 (95.6%) 88 (77.9%) 0.0 0.0 1.7 11.8 1.7 15.2

Mean 100.7 93.7 (89.4%) 85.3 (84.7%) 4.2 4.8 1.6 17.0 9.9 37.4f

Range (68–168) (58–160), (82.3%-

95.7%)

(58–143), (77.9%-

93.7%)

(0.0–

11.2)

(0.0–

10.0)

(0.0–5.5) (7.4–

30.8)

(1.7–15.6) (15.2–51.7)

aThe number of participants and total percentage of individuals with positive serological tests for 1 to 4 of the 4 DENV serotypes at baseline, among those with both

baseline and follow-up samples
bThe number of participants and total percentage of individuals at risk of seroconversion (i.e., without full immunity to all 4 DENV serotypes), among those with both

baseline and follow-up samples
cDENV1-DENV4: Seroconversion to one, and only one, of these serotype during the course of the study
dSeroconversion to more than one of the four DENV serotypes during the course of the study
eAny seroconversion, including any single serotype conversion (DENV1-DENV4), or conversion to multiple serotypes, that took place during the study
fAny serotype conversion significant difference from the control arm; t-value -21.45, mean difference 13.2, 95% CI (-14.4, -12.0), p-value <0.0001

https://doi.org/10.1371/journal.pntd.0008097.t002
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deployed. The 9-month serosurvey occurred before the ITCs were re-treated, which means

that many were operating sub-optimally and could have potentially had reduced protective

effectiveness. Second, a contributing factor may have been a false sense of security amongst the

participants in the intervention arm; i.e., perhaps the presence of the highly visible ITCs cre-

ated a belief in their protective power among the treated households, who subsequently did

not employ any additional measures typically used to avoid exposure to mosquito bites. This

possibility was suggested as an explanation for a similar outcome associated with the use of

insecticide aerosols and mosquito coils in a meta-analysis of dengue interventions [45].

Indeed, comments by participants about the expected benefit of the ITCs were noted during

focus group discussions held 6-months after the ITCs were deployed. Participants that had

Fig 3. The average number of female Ae. aegypti collected per house. Intervention clusters are shown in red and control clusters are shown in

blue. The upper and lower limits of each box are the interquartile range across clusters. Each ‘whisker’ (dashed line) extends to the most extreme data

point which is no more than 1.5 times the interquartile range from the box. Circles represent values which are more extreme than the whiskers. The

baseline data are represented by the boxes corresponding to October/November 2009.

https://doi.org/10.1371/journal.pntd.0008097.g003

Fig 4. The Breteau Index, with results from intervention clusters shown in red and control clusters shown in blue. Boxes in the intervention period

are joined by lines. The upper and lower limits of each box are the interquartile range across clusters. Each ‘whisker’ (dashed line) extends to the most

extreme data point which is no more than 1.5 times the interquartile range from the box. Circles represent values which are more extreme than the

whiskers. The baseline data are represented by the boxes corresponding to October/November 2009.

https://doi.org/10.1371/journal.pntd.0008097.g004
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received ITCs commented that when the curtains were first hung, the household reduced their

use of mosquito repellents and stopped fumigating because they felt that it was no longer nec-

essary due to the presence of the ITCs [17]. Third, higher seroconversion rates in treatment

than control clusters (Table 2) could reflect higher transmission risk for people in treatment

areas; i.e., treatment and control clusters were not balanced for transmission risk.

Other complicating factors that should be considered for interpretation of our results are

the close proximity of the study clusters, high mobility [46–49] of people in Iquitos, and study

duration. Treated clusters were located across the street from untreated clusters. There were a

few reports of family members in treated clusters loaning curtains to family members in an

untreated cluster. The study population did not spend 100% of their time at their homes under

protection of the ITCs. Theoretically, randomization would control for this, but a penalization

for human movement patterns in and out of clusters was not included in our original sample

size calculations or study design. After our CRT had been carried out, a series of publications

offered recommendations for how to enhance the design CRTs to assess the epidemiological

effects of interventions against Aedes-transmitted viruses [50–55]. The geographic spacing of

clusters and accounting for human movement will be critical for future CRT study designs

[53]. Of particular relevance to our study are insights that would minimize the complicating

effects of movement and ways to gather movement data that will support quantifying a per-

son’s time under coverage; e.g., see [53]. We measured seroconversions for only a single

9-month period (i.e., a single transmission season) and discontinued the study because of

higher transmission rates observed in the ITC treated areas, which was associated with a high

force of infection for DENV4 and unusually high entomological indices. A minimum of 2

transmission seasons is needed to account for interannual variation in virus transmission and

vector population dynamics.

Results related to analyses of behaviors associated with ITC use provided the first indication

that the ITCs were not functioning as expected. During focus group discussions conducted 6

months after the ITCs were hung, a common theme that emerged was the perception that the

ITCs were working initially, but that their insecticidal impact seemed to wane rapidly. These

observations were corroborated with quantitative data collected during a knowledge, attitudes,

and practices (KAP) survey, which was conducted 9-months after ITCs were deployed. A third

of the KAP survey respondents reported that they observed a temporary drop in the amount of

mosquitoes in their homes. Overall, the surveyed population perceived that mosquito numbers

were only lowered for an average of 3.3 months after the ITCs were hung [17].

Table 3. Summary of AUC analyses of entomological endpoints between intervention and control arms.

Area under the curve (AUC):

mean (SD) over clusters, based

on time in days

Difference in AUC, intervention minus control (95% confidence interval) p-

value1

Intervention arm Control arm

Adult female Aedes aegypti per house 258 (134) 276 (135) -17 (-144, 109) 0.77

Adult Aedes aegypti per house (males and

females)

467 (230) 507 (219) -42 (-253, 169) 0.68

Breteau Index 5444 (2343) 6286 (3014) -841 (-3389, 1706) 0.50

Pupae per person 62.4 (32.5) 56.2 (35.1) 6.19 (-25.6, 38.0) 0.69

House Index 4112 (1500) 4868 (1721) -756 (-2275, 764) 0.31

Container Index 1793 (842) 2123 (917) -330 (-1157, 497) 0.41

1t test. Negative values favor the intervention.

https://doi.org/10.1371/journal.pntd.0008097.t003
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Bioassays detected an increase in resistance to deltamethrin in the local Ae. aegypti popula-

tion over the course of the study. Resistance was first detected in early 2011, after ITCs had

been deployed for over a year, soon after they were re-treated with deltamethrin. This initial

detection of resistance was worrying, because it could indicate that low concentrations of

insecticide on ITCs that were not adequately loaded with deltamethrin (the reason why the re-

treatment was carried out) had already begun to select for deltamethrin resistance in the local

mosquito population.

While the outcomes of our study were unanticipated, they highlight several key challenges

related to the widespread community use of ITCs to reduce dengue transmission. First, key

dynamics influencing the potential of this tool in Iquitos appeared to have been dependent on

human behavior in ways other than those we had considered. For example, while the commu-

nity readily adopted and used the ITCs [44], they may have done so at the expense of other

protective measures. Hence households using ITCs that were later confirmed to be faulty, were

at greater risk of seroconverting to dengue. Future ITC-based interventions will need to take

great care in emphasizing that ITCs should supplement, rather than replace, existing protective

strategies. Second, the quality of the insecticide-treated material is fundamental to the success

of the intervention. Failures in efficacy can lead to difficulty in interpreting results from a trial.

The reduced insecticidal effect of the ITCs was associated with the initial detection of deltame-

thrin resistance in the local Ae. aegypti population. This is particularly troubling in the case

of Ae. aegypti because arbovirus control programs are heavily reliant on a limited number of

approved insecticides. All insecticide-based interventions should include rigorous quality con-

trol during mass production of the finished trial product, to minimize the possibility that sub-

lethal doses of insecticide are deployed in target localities, which can lead to multiple negative

consequences.

Since this trial was completed a growing body of evidence indicates that the potential for

ITCs as vector control tools for reducing DENV transmission likely depends more on how

effectively they act as physical barriers to prevent mosquito ingress, than on how well they

deliver and sustain insecticidal efficacy. ITCs tightly fitted as screens to windows (and doors)

reduced indoor mosquito densities for long periods, even when they were untreated or after

the insecticide treatment had been lost [56, 57]. Although this is good news from the perspec-

tive of insecticide resistance, screening windows and doors will not be possible at every loca-

tion. Where communities live in houses with numerous openings to maximize air movement

(e.g. high eaves, floor to ceiling doorways, etc.), as in Iquitos, Thailand [43] and numerous

other locations, such screening would be impossible without major changes in home construc-

tion. Identifying effective means of protecting those communities against dengue and the

other infections transmitted by Ae. aegypti remains an obstinate challenge that will require

integration of multiple strategies, including approaches that are intersectoral and go beyond

traditional methods for vector control [58].
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16. Loroño-Pino MA, Aguilar L, del Rosario Nájera-Vázquez M, Beaty BJ, Beaty MK, Losoya A, et al.

Towards a Casa Segura: A Consumer Product Study of the Effect of Insecticide-Treated Curtains on

Aedes aegypti and Dengue Virus Infections in the Home [Internet]. The American Journal of Tropical

Medicine and Hygiene. 2013. pp. 385–397. https://doi.org/10.4269/ajtmh.12-0772 PMID: 23732254

17. Paz-Soldan VA, Bauer KM, Lenhart A, Cordova Lopez JJ, Elder JP, Scott TW, et al. Experiences with

insecticide-treated curtains: a qualitative study in Iquitos, Peru. BMC Public Health. 2016; 16: 582.

https://doi.org/10.1186/s12889-016-3191-x PMID: 27422403

18. Forshey BM, Laguna-Torres VA, Vilcarromero S, Bazan I, Rocha C, Morrison AC, et al. Epidemiology

of influenza-like illness in the Amazon Basin of Peru, 2008–2009. Influenza Other Respi Viruses. 2010;

4: 235–243.

19. Forshey BM, Morrison AC, Cruz C, Rocha C, Vilcarromero S, Guevara C, et al. Dengue virus serotype

4, northeastern Peru, 2008. Emerg Infect Dis. 2009; 15: 1815–1818. https://doi.org/10.3201/eid1511.

090663 PMID: 19891873

20. Watts DM, Porter KR, Putvatana P, Vasquez B, Calampa C, Hayes CG, et al. Failure of secondary

infection with American genotype dengue 2 to cause dengue haemorrhagic fever. Lancet. 1999; 354:

1431–1434. https://doi.org/10.1016/S0140-6736(99)04015-5 PMID: 10543670

21. Hayes CG, Phillips IA, Callahan JD, Griebenow WF, Hyams KC, Wu SJ, et al. The epidemiology of den-

gue virus infection among urban, jungle, and rural populations in the Amazon region of Peru. Am J Trop

Med Hyg. 1996; 55: 459–463. https://doi.org/10.4269/ajtmh.1996.55.459 PMID: 8916809

22. Phillips I, Need J, Escamilla J, Colan E, Sanchez S, Rodriguez M, et al. First documented outbreak of

dengue in the Peruvian Amazon region. Bull Pan Am Health Organ. 1992; 26: 201–207. PMID: 1393192

23. Kochel T, Aguilar P, Felices V, Comach G, Cruz C, Alava A, et al. Molecular epidemiology of dengue

virus type 3 in Northern South America: 2000–2005. Infect Genet Evol. 2008; 8: 682–688. https://doi.

org/10.1016/j.meegid.2008.06.008 PMID: 18674640

24. Durand Velazco S, Fiestas Solórzano V, Sihuincha Maldonado M, Chávez Lencinas C, Vásquez Vela

V, Torrejón Flores C, et al. [Impact of the dengue epidemic due to a new lineage of DENV-2 American/

Asian genotype in the health services demand in hospital “Cesar Garayar Garcia”, Iquitos]. Rev Peru

Med Exp Salud Publica. 2011; 28: 157–159. https://doi.org/10.1590/s1726-46342011000100027

PMID: 21537788

25. Mamani E, Alvarez C, Garcia MM, Figueroa D, Gatti M, Guio H, et al. [Circulation of a different lineage of

dengue virus serotype 2 American / Asian genotype in the Peruvian amazon, 2010]. Rev Peru Med Exp

Salud Publica. 2011; 28: 72–77. https://doi.org/10.1590/s1726-46342011000100011 PMID: 21537772

26. Stoddard ST, Wearing HJ, Reiner RC Jr, Morrison AC, Astete H, Vilcarromero S, et al. Long-term and

seasonal dynamics of dengue in Iquitos, Peru. PLoS Negl Trop Dis. 2014; 8: e300.

27. Liebman K.A., et al., Spatial dimensions of dengue virus transmission across interepidemic and epi-

demic periods in Iquitos, Peru (1999–2003). PLoS Negl Trop Dis, 2012. 6(2): p. e1472. https://doi.org/

10.1371/journal.pntd.0001472 PMID: 22363822

28. Vilcarromero S, Casanova W, Ampuero JS, Ramal-Asayag C, Siles C, Diaz G, et al. [Lessons learned

in the control of Aedes aegypti to address dengue and the emergency of chikungunya in Iquitos, Peru].

Rev Peru Med Exp Salud Publica. 2015; 32: 172–178. PMID: 26102121

29. Morrison AC, Minnick SL, Rocha C, Forshey BM, Stoddard ST, Getis A, et al. Epidemiology of dengue

virus in Iquitos, Peru 1999 to 2005: interepidemic and epidemic patterns of transmission. PLoS Negl

Trop Dis. 2010; 4: e670. https://doi.org/10.1371/journal.pntd.0000670 PMID: 20454609

30. Gunning CE, Okamoto KW, Astete H, Vasquez GM, Erhardt E, Del Aguila C, et al. Efficacy of Aedes

aegypti control by indoor Ultra Low Volume (ULV) insecticide spraying in Iquitos, Peru. PLoS Negl Trop

Dis. 2018; 12: e0006378. https://doi.org/10.1371/journal.pntd.0006378 PMID: 29624581

31. Reiner RC Jr, Stoddard ST, Forshey BM, King AA, Ellis AM, Lloyd AL, et al. Time-varying, serotype-

specific force of infection of dengue virus. Proc Natl Acad Sci U S A. 2014; 111: E2694–702. https://doi.

org/10.1073/pnas.1314933111 PMID: 24847073

32. Getis A, Morrison AC, Gray K, Scott TW. Characteristics of the spatial pattern of the dengue vector,

Aedes aegypti, in Iquitos, Peru. Am J Trop Med Hyg. 2003; 69: 494–505. PMID: 14695086

33. Morrison AC, Astete H, Chapilliquen F, Ramirez-Prada C, Diaz G, Getis A, et al. Evaluation of a sam-

pling methodology for rapid assessment of Aedes aegypti infestation levels in Iquitos, Peru. J Med Ento-

mol. 2004; 41: 502–510. https://doi.org/10.1603/0022-2585-41.3.502 PMID: 15185957

PLOS NEGLECTED TROPICAL DISEASES Insecticide treated curtains for dengue in Iquitos, Peru

PLOS Neglected Tropical Diseases | https://doi.org/10.1371/journal.pntd.0008097 April 10, 2020 15 / 17

https://doi.org/10.1093/trstmh/tru208
http://www.ncbi.nlm.nih.gov/pubmed/25604762
https://doi.org/10.1371/journal.pntd.0000994
http://www.ncbi.nlm.nih.gov/pubmed/21468313
https://doi.org/10.4269/ajtmh.12-0772
http://www.ncbi.nlm.nih.gov/pubmed/23732254
https://doi.org/10.1186/s12889-016-3191-x
http://www.ncbi.nlm.nih.gov/pubmed/27422403
https://doi.org/10.3201/eid1511.090663
https://doi.org/10.3201/eid1511.090663
http://www.ncbi.nlm.nih.gov/pubmed/19891873
https://doi.org/10.1016/S0140-6736(99)04015-5
http://www.ncbi.nlm.nih.gov/pubmed/10543670
https://doi.org/10.4269/ajtmh.1996.55.459
http://www.ncbi.nlm.nih.gov/pubmed/8916809
http://www.ncbi.nlm.nih.gov/pubmed/1393192
https://doi.org/10.1016/j.meegid.2008.06.008
https://doi.org/10.1016/j.meegid.2008.06.008
http://www.ncbi.nlm.nih.gov/pubmed/18674640
https://doi.org/10.1590/s1726-46342011000100027
http://www.ncbi.nlm.nih.gov/pubmed/21537788
https://doi.org/10.1590/s1726-46342011000100011
http://www.ncbi.nlm.nih.gov/pubmed/21537772
https://doi.org/10.1371/journal.pntd.0001472
https://doi.org/10.1371/journal.pntd.0001472
http://www.ncbi.nlm.nih.gov/pubmed/22363822
http://www.ncbi.nlm.nih.gov/pubmed/26102121
https://doi.org/10.1371/journal.pntd.0000670
http://www.ncbi.nlm.nih.gov/pubmed/20454609
https://doi.org/10.1371/journal.pntd.0006378
http://www.ncbi.nlm.nih.gov/pubmed/29624581
https://doi.org/10.1073/pnas.1314933111
https://doi.org/10.1073/pnas.1314933111
http://www.ncbi.nlm.nih.gov/pubmed/24847073
http://www.ncbi.nlm.nih.gov/pubmed/14695086
https://doi.org/10.1603/0022-2585-41.3.502
http://www.ncbi.nlm.nih.gov/pubmed/15185957
https://doi.org/10.1371/journal.pntd.0008097


34. Rocha C, Morrison AC, Forshey BM, Blair PJ, Olson JG, Stancil JD, et al. Comparison of two active sur-

veillance programs for the detection of clinical dengue cases in Iquitos, Peru. Am J Trop Med Hyg.

2009; 80: 656–660. PMID: 19346395

35. Hayes RJ, Bennett S. Simple sample size calculation for cluster-randomized trials. Int J Epidemiol.

1999; 28: 319–326. https://doi.org/10.1093/ije/28.2.319 PMID: 10342698

36. WHO, Guidelines for testing mosquito adulticides for indoor residual spraying and treatment of mos-

quito nets. 2006, World Health Organization.

37. Vazquez-Prokopec GM, Galvin WA, Kelly R, Kitron U. A new, cost-effective, battery-powered aspirator

for adult mosquito collections. J Med Entomol. 2009; 46: 1256–1259. https://doi.org/10.1603/033.046.

0602 PMID: 19960668

38. Brogdon, W.G. and A. Chan, Guideline for evaluating insecticide resistance in vectors using the CDC

bottle bioassay. Atlanta, Georgia, USA. 2010.

39. WHO, Test procedures for insecticide resistance monitoring in malaria vector mosquitoes. World Health

Organ Tech Rep Ser. 2013.

40. Bowman LR, Runge-Ranzinger S, McCall PJ. Assessing the relationship between vector indices and

dengue transmission: a systematic review of the evidence. PLoS Negl Trop Dis, 2014. 8(5): p. e2848.

https://doi.org/10.1371/journal.pntd.0002848 PMID: 24810901

41. Cromwell EA, Stoddard ST, Barker CM, Van Rie A, Messer WB, Meshnick SR, et al. The relationship

between entomological indicators of Aedes aegypti abundance and dengue virus infection. PLoS Negl

Trop Dis. 2017; 11: e0005429. https://doi.org/10.1371/journal.pntd.0005429 PMID: 28333938

42. Matthews J.N., et al., Analysis of serial measurements in medical research. BMJ, 1990. 300(6719): p.

230–5. https://doi.org/10.1136/bmj.300.6719.230 PMID: 2106931

43. Lenhart A, Trongtokit Y, Alexander N, Apiwathnasorn C, Satimai W, Vanlerberghe V, et al. A cluster-

randomized trial of insecticide-treated curtains for dengue vector control in Thailand. Am J Trop Med

Hyg. 2013; 88: 254–259. https://doi.org/10.4269/ajtmh.2012.12-0423 PMID: 23166195

44. Paz-Soldan VA, Bauer K, Morrison AC, Cordova Lopez JJ, Izumi K, Scott TW, et al. Factors Associated

with Correct and Consistent Insecticide Treated Curtain Use in Iquitos, Peru. PLoS Negl Trop Dis.

2016; 10: e0004409. https://doi.org/10.1371/journal.pntd.0004409 PMID: 26967157

45. Bowman LR, Donegan S, McCall PJ. Is Dengue Vector Control Deficient in Effectiveness or Evidence?:

Systematic Review and Meta-analysis. PLoS Negl Trop Dis. 2016; 10: e0004551. https://doi.org/10.

1371/journal.pntd.0004551 PMID: 26986468

46. Paz-Soldan VA, Reiner RC Jr, Morrison AC, Stoddard ST, Kitron U, Scott TW, et al. Strengths and

weaknesses of Global Positioning System (GPS) data-loggers and semi-structured interviews for cap-

turing fine-scale human mobility: findings from Iquitos, Peru. PLoS Negl Trop Dis. 2014; 8: e2888.

https://doi.org/10.1371/journal.pntd.0002888 PMID: 24922530

47. Paz-Soldan VA, Stoddard ST, Vazquez-Prokopec G, Morrison AC, Elder JP, Kitron U, et al. Assessing

and maximizing the acceptability of global positioning system device use for studying the role of human

movement in dengue virus transmission in Iquitos, Peru. Am J Trop Med Hyg. 2010; 82: 723–730.

https://doi.org/10.4269/ajtmh.2010.09-0496 PMID: 20348526

48. Stoddard ST, Morrison AC, Vazquez-Prokopec GM, Paz Soldan V, Kochel TJ, Kitron U, et al. The role

of human movement in the transmission of vector-borne pathogens. PLoS Negl Trop Dis. 2009; 3:

e481. https://doi.org/10.1371/journal.pntd.0000481 PMID: 19621090

49. Vazquez-Prokopec GM, Bisanzio D, Stoddard ST, Paz-Soldan V, Morrison AC, Elder JP, et al. Using

GPS technology to quantify human mobility, dynamic contacts and infectious disease dynamics in a

resource-poor urban environment. PLoS One. 2013; 8: e58802. https://doi.org/10.1371/journal.pone.

0058802 PMID: 23577059

50. Wilson AL, Boelaert M, Kleinschmidt I, Pinder M, Scott TW, Tusting LS, et al. Evidence-based vector

control? Improving the quality of vector control trials. Trends Parasitol. 2015; 31: 380–390. https://doi.

org/10.1016/j.pt.2015.04.015 PMID: 25999026

51. Lambrechts L, Ferguson NM, Harris E, Holmes EC, McGraw EA, O’Neill SL, et al. Assessing the epide-

miological effect of wolbachia for dengue control. Lancet Infect Dis. 2015; 15: 862–866. https://doi.org/

10.1016/S1473-3099(15)00091-2 PMID: 26051887

52. Andersson N, Nava-Aguilera E, Arostegui J, Morales-Perez A, Suazo-Laguna H, Legorreta-Soberanis

J, et al. Evidence based community mobilization for dengue prevention in Nicaragua and Mexico

(Camino Verde, the Green Way): cluster randomized controlled trial. BMJ. 2015; 351: h3267. https://

doi.org/10.1136/bmj.h3267 PMID: 26156323

53. Reiner RC Jr, Achee N, Barrera R, Burkot TR, Chadee DD, Devine GJ, et al. Quantifying the Epidemio-

logical Impact of Vector Control on Dengue. PLoS Negl Trop Dis. 2016; 10: e000458.

PLOS NEGLECTED TROPICAL DISEASES Insecticide treated curtains for dengue in Iquitos, Peru

PLOS Neglected Tropical Diseases | https://doi.org/10.1371/journal.pntd.0008097 April 10, 2020 16 / 17

http://www.ncbi.nlm.nih.gov/pubmed/19346395
https://doi.org/10.1093/ije/28.2.319
http://www.ncbi.nlm.nih.gov/pubmed/10342698
https://doi.org/10.1603/033.046.0602
https://doi.org/10.1603/033.046.0602
http://www.ncbi.nlm.nih.gov/pubmed/19960668
https://doi.org/10.1371/journal.pntd.0002848
http://www.ncbi.nlm.nih.gov/pubmed/24810901
https://doi.org/10.1371/journal.pntd.0005429
http://www.ncbi.nlm.nih.gov/pubmed/28333938
https://doi.org/10.1136/bmj.300.6719.230
http://www.ncbi.nlm.nih.gov/pubmed/2106931
https://doi.org/10.4269/ajtmh.2012.12-0423
http://www.ncbi.nlm.nih.gov/pubmed/23166195
https://doi.org/10.1371/journal.pntd.0004409
http://www.ncbi.nlm.nih.gov/pubmed/26967157
https://doi.org/10.1371/journal.pntd.0004551
https://doi.org/10.1371/journal.pntd.0004551
http://www.ncbi.nlm.nih.gov/pubmed/26986468
https://doi.org/10.1371/journal.pntd.0002888
http://www.ncbi.nlm.nih.gov/pubmed/24922530
https://doi.org/10.4269/ajtmh.2010.09-0496
http://www.ncbi.nlm.nih.gov/pubmed/20348526
https://doi.org/10.1371/journal.pntd.0000481
http://www.ncbi.nlm.nih.gov/pubmed/19621090
https://doi.org/10.1371/journal.pone.0058802
https://doi.org/10.1371/journal.pone.0058802
http://www.ncbi.nlm.nih.gov/pubmed/23577059
https://doi.org/10.1016/j.pt.2015.04.015
https://doi.org/10.1016/j.pt.2015.04.015
http://www.ncbi.nlm.nih.gov/pubmed/25999026
https://doi.org/10.1016/S1473-3099(15)00091-2
https://doi.org/10.1016/S1473-3099(15)00091-2
http://www.ncbi.nlm.nih.gov/pubmed/26051887
https://doi.org/10.1136/bmj.h3267
https://doi.org/10.1136/bmj.h3267
http://www.ncbi.nlm.nih.gov/pubmed/26156323
https://doi.org/10.1371/journal.pntd.0008097


54. Anders KL, Cutcher Z, Kleinschmidt I, Donnelly CA, Ferguson NM, Indriani C, et al. Cluster-Random-

ized Test-Negative Design Trials: A Novel and Efficient Method to Assess the Efficacy of Community-

Level Dengue Interventions. Am J Epidemiol. 2018; 187: 2021–2028. https://doi.org/10.1093/aje/

kwy099 PMID: 29741576

55. WHO, Design of epidemiological trials for vector control products: report of a WHO expert advisory

group, Château de Penthes, Geneva, 24–25 April 2017. World Health Organization; 2017. https://apps.

who.int/iris/bitstream/handle/10665/255854/WHO-HTM-NTD-VEM-2017.04-eng.pdf.

56. Lorono-Pino MA, Uitz-Mena A, Carrillo-Solis CM, Zapata-Gil RJ, Camas-Tec DM, Talavera-Aguilar LG,

et al. The Use of Insecticide-Treated Curtains for Control of Aedes aegypti and Dengue Virus Transmis-

sion in “Fraccionamiento” Style Houses in Mexico. J Trop Med. 2018; 2018: 4054501. https://doi.org/

10.1155/2018/4054501 PMID: 30018645

57. Che-Mendoza A, Medina-Barreiro A, Koyoc-Cardeña E, Uc-Puc V, Contreras-Perera Y, Herrera-Bojór-
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