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Abstract

Background Aedes aegyptiis the primary mosquito vector for several arboviruses, such as dengue, chikungunya

and Zika viruses, which cause frequent outbreaks of human disease in tropical and subtropical regions. Control

of these outbreaks relies on vector control, commonly in the form of insecticide sprays that target adult female mos-
quitoes. However, the spatial coverage and frequency of sprays needed to optimize effectiveness are unclear. In this
study, we characterize the effect of ultra-low-volume (ULV) indoor spraying of pyrethroid insecticides on Ae. aegypti
abundance within households. We also evaluate the effects of spray events during recent time periods or in neighbor-
ing households. Improved understanding of the duration and distance of the impact of a spray intervention on Ae.
aegypti populations can inform vector control interventions, in addition to modeling efforts that contrast vector
control strategies.

Methods This project analyzes data from two large-scale experiments that involved six cycles of indoor pyrethroid
spray applications in 2 years in the Amazonian city of Iquitos, Peru. We developed spatial multi-level models to disen-
tangle the reduction in Ae. aegypti abundance that resulted from (i) recent ULV treatment within households and (ii)
ULV treatment of adjacent or nearby households. We compared fits of models across a range of candidate weight-
ing schemes for the spray effect, based on different temporal and spatial decay functions to understand lagged ULV
effects.

Results Our results suggested that the reduction of Ae. aegyptiin a household was mainly due to spray events occur-
ring within the same household, with no additional effect of sprays that occurred in neighboring households. Effec-
tiveness of a spray intervention should be measured based on time since the most recent spray event, as we found
no cumulative effect of sequential sprays. Based on our model, we estimated the spray effect is reduced by 50%
approximately 28 days after the spray event.

Conclusions The reduction of Ae. aegyptiin a household was mainly determined by the number of days
since the last spray intervention in that same household, highlighting the importance of spray coverage in high-risk
areas with a spray frequency determined by local viral transmission dynamics.
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Background

Aedes aegypti is the main vector for several arboviruses
that can cause widespread epidemics, including dengue
(DENV), chikungunya and Zika viruses. This mosquito
species feeds primarily and frequently on humans and
is well-adapted to urban environments [1-4], where it
has become established in many regions throughout the
tropics and subtropics [5]. In many of these areas, den-
gue outbreaks recur periodically, resulting in around 390
million cases per year [6, 7]. Due to the lack of treatment
or effective, widely distributed vaccines, prevention and
control of DENV transmission rely on reducing mosquito
populations through various vector control measures,
commonly as insecticide sprays that target adult mosqui-
toes [8].

In many tropical areas, indoor sprays are more effec-
tive at reducing Ae. aegypti populations than outdoor
sprays, as these mosquitoes commonly rest and bite
indoors where indoor habitats are readily accessible [9—
12]. Ultra-low-volume (ULV) indoor insecticide spraying
consists of applying aerosols with the minimum effective
volume of undiluted insecticide product inside struc-
tures [12, 13] and is widely used to control outbreaks
in the tropics [12, 14]. Indoor ULV spray interventions
can be effective, but are expensive and require trained
personnel and calibrated instruments [15-17]. In addi-
tion, guidelines regarding the spatial and temporal cov-
erage of households required for the intervention to be
effective are unclear and lack quantitative evidence, as
there are few studies that describe the effectiveness of
spray events over time and space in a field setting [8, 14,
18-21]. Field studies that evaluate the effectiveness of
vector control measures pose a logistical and economic
challenge because of site-specific dynamics of mosquito
populations, viral strains, characteristics of the built envi-
ronment and environmental conditions [13]. Models can
assist in evaluating and comparing the effectiveness of
vector control strategies on vector and virus transmission
reduction using location-specific parameters but need to
be informed with real-world data.

In this study, we used data from two large field experi-
ments of repeated ULV indoor pyrethroid spray applica-
tions in the city of Iquitos in the Peruvian Amazon [14]
to evaluate the spatial and temporal lagged effects of ULV
spray events occurring beyond the individual household
on the abundance of Ae. aegypti per household. A pre-
vious study estimated effects of ULV treatments based
on whether households were inside or outside of broad
blocks that received the intervention. In this study, we
aimed to disaggregate the treatment effects at the finer
scale of individual households to understand the relative
contributions of treatment within a household compared
to treatments in neighboring households. Temporally,
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we evaluated the cumulative effect of repeated sprays vs.
the effect of the most recent spray on Ae. aegypti reduc-
tion in a house to understand the required frequency of
sprays and to provide an estimate for the decay of the
spray effect over time. This analysis can inform vector
control strategies and provide information to parameter-
ize models to predict their effectiveness [22-24].

Methods

Study description

Data for this study were collected during two field experi-
ments involving six cycles of indoor ULV pyrethroid
spray interventions in the city of Iquitos, Peru. The study
area, intervention and data collection methods have been
described previously [14]. Briefly, the two experiments
were similar but took place in different years (2013 and
2014) and different areas of the city and had slightly dif-
ferent study designs and implementation. Henceforth,
we denote the two studies by year as S-2013 and L-2014.
Both study areas included a central zone that received
the spray applications, or “spray zone,” and a surround-
ing “buffer zone” that was unsprayed. Within spray zones,
treatment status was tracked at the level of individual
households. Adult Ae. aegypti collections (henceforth
adult surveys) were performed using Prokopack aspira-
tors across the entire study area before, during and after
the spray interventions [14] using a standardized sam-
pling protocol per household as previously described [14,
25, 26]. Pyrethroid insecticides were applied in six cycles
over 6 weeks using Stihl or Solo backpack sprayers that
had been adjusted for ULV application or hand-held Colt
ULV sprayers [14]. In S-2013 the pyrethroid applied was
alphacypermethrin 10% (Turbine 10%), and adult surveys
were performed before each spray event; thus, most adult
surveys took place 5-8 days after a spray intervention
[14]. In L-2014, the insecticide applied was cypermethrin
20%, and adult surveys generally took place 1-4 days
after a household was sprayed. Furthermore, in L-2014
an emergency spray intervention of a different formula-
tion of cypermethrin 20% was applied by the Ministry of
Health (MoH) using Solo backpack sprayers in both the
spray and buffer zones. Data were projected in Universal
Transverse Mercator, Zone 18S, WGS1984 datum, that
corresponds to the zone where Iquitos, Peru, is located.

Statistical analysis

The outcome of interest was defined as the total num-
ber of Ae. aegypti adults collected, y;;, per household i
and time ¢, which was modeled in a multi-level Bayes-
ian framework using a negative binomial distribution
to account for overdispersion, especially because of the
large number of collections with zero adults [14, 27]. All
candidate models were fitted separately to data sets for
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S-2013 and L-2014, given the differences in location and
experimental design between the two studies. Candidate
models were developed following the general form:

yie ~ NB(uit, 0) (1)

log(wit) = ao + Baais + Bpbir + vi + 8¢ +n; (2)

where

« 1 represents the mean of the negative binomial dis-
tribution

+ 6O represents the overdispersion parameter

« i represents the location (i.e. house) of the adult sur-
vey:

— for S-2013i=1,2,...,1220
— forL-2014i=1,2,...,2182

« trepresents the time point (i.e. date) of the adult sur-
vey

— for S-2013 t=1,2,...,48 between 2013-04-22 and
2013-08-08

— for L-2014 t=1,2,...,132 between 2014—01-07 and
2014-11-07

« g represents the overall intercept corresponding to
the average number of adult Ae. aegypti per unsprayed
household across all locations and time points

« y; represents a random effect that accounts for spa-
tial autocorrelation following a zero-mean Gaussian
process with a Matérn covariance function computed
using SPDE (stochastic partial differential equation)
[28-30].

+ & represents a random effect according to a random
walk of order one (RW1) for the month of ¢ to account
for seasonal trends [31]

+ n; represents an independent, identically distributed

(iid) random effect that accounts for baseline abun-

dance of each household i

a represents any of a set of candidate variables that

measure the effect of spraying household i at time

t, described below (Additional file 1: Table 2 and

Table 3).

+ b represents any of a set of candidate variables that
measure the effect of spraying the neighboring house-
holds surrounding household i at time ¢, described
below (Additional file 1: Table 4 and Table 5).

.

Models were fitted using the R-INLA package in R
that employs the integrated nested Laplace approxi-
mation (INLA) method for Bayesian inference [32].
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Prior distributions for parameters were chosen with the
goals of being weakly informative and parsimonious,
using the defaults proposed in the R-INLA documenta-
tion. We assumed zero-mean Gaussian prior distribu-
tions B ~ Normal (0, 0.001*1) for all fixed effects (a and
b) and log gamma prior distributions for the iid and
RW1 random effects (n; ~ loggamma(1,0.00005) and
8; ~ loggamma(1,0.00005)). For the spatial random
effect, we implemented a penalized complexity (PC) prior
with range = ¢(10,0.01), and o = ¢(1,0.01). PC priors
are recommended, as they reward simplicity by shrinking
parameter estimates toward a “base model,” thus prevent-
ing overfitting [33]. To ensure that the results (WAIC and
rate ratios) were robust to prior choices, we performed
a prior sensitivity analysis with 13 alternative priors for
the fixed and random effects (Additional file 1: Table 1,
Additional file 1: Fig. S1), further described in section 1
of Additional file 1.

Within-household spray effects

To measure the effect of a spray event in household i ()
we compared 68 candidate models that included different
weighted representations of the spraying histories within
the household, where we were mainly interested in meas-
uring the temporal duration of the spray effect. Candidate
models followed the form of Eq. 2 above where variable a
was one of the 68 candidate variables (Additional file 1:
Table 2 and Table 3) and variable b was 0. Variables var-
ied in complexity from binary indicators of treatment sta-
tus (Additional file 1: Table 2) to more nuanced measures
that assigned a weighted value to the time since a spray
event or events based on an array of candidate decay
functions (Additional file 1: Table 3). Discrete and con-
tinuous measures of a are fully described in Additional
file 1: Table 2 and include an array of yes/no variables
that indicated whether household i had been sprayed in
the previous 1-6 weeks, as both a single variable (exam-
ple: a=sprayed 1 week prior) and as a combination of
variables (example: a=sprayed 1 week prior+ sprayed
2 weeks prior).

Variables measuring continuous time since spray events
were calculated based on the difference in days between
the date of the adult survey ¢ and the date of a spray event
that occurred prior to ¢, denoted as s (Eq. 3). A value of
one was added to the difference in days between ¢ and
s so that the result would have a positive value, includ-
ing when the spray events occurred on the same day as
the adult survey; the resulting value is denoted asAt. In
S-2013 adult mosquito surveys occurred prior to the
spray event; thus, adult surveys occurring on the same
day as a spray event were not accounted for, as that spray
event could not have had an effect on the number of adult
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mosquitoes in the household [14]. Because there were six
cycles of spray interventions, for every household i and
time point ¢, there were up to six values ofAt, denoted as
At., where c represents the cycle number (¢ = 1,2,...6).

Atp=t—s.+1 (3)

For a more detailed representation of the duration of
the effect of a spray event in household i, we created can-
didate variables that assigned a weight to Az, based on a
decay function, f(Atf.) (Additional file 1: Table 3). The
different functions tested, representing different possible
decay rates of the spray effect, were the inverse, Gaussian
and exponential functions given by (Additional file 1: Fig.
S2):

Inverse function:

f(AL) = 3= (4)

Gaussian function:

A2

f(At) = e 2o ®)

whereo =1, 3,5,7,10, 15, 20, 25, 30, 35, 40, 50, 60, 80
Exponential function:

S (At) = eltxte ©)

w h e r e
k = 0.005,0.010, 0.015, 0.02, 0.03, 0.04, 0.06,0.1,0.2,0.4, 1
For each function we designed two variables:

1. the weighted value of the most recent spray
aie = max (f (At.)) (7)

2. the cumulative value of the weights of all previous
spray events

ai = Y0, (f(AL)) ®)

Candidate models were compared using the widely
applicable information criterion or Watanabe-Akaike
information criterion (WAIC) whereby the models with
lowest WAIC values were considered to have the best fit
[34, 35]. In addition, we compared models by calculating
the difference in WAIC between each candidate model
and the model with lowest WAIC (dWAIC) as well as
an approximate measure of the uncertainty around the
dWAIC. Models with an uncertainty interval that over-
lapped zero were considered to not have significantly dif-
ferent fit from the best fitting model. Comparisons were
performed separately between the models fit to either the
2013 or 2014 data set. To select the model that best rep-
resented a overall, we chose the model that performed
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the best when applied to both data sets, that is, the model
with the lowest WAIC common to the two. To do this
we averaged the model WAIC rank between the two
experiments and chose the model with the best average
WAIC rank. The model selected using this process will be
denoted mp,g.

Effects of sprays in neighboring households

To estimate any additional effect of spraying the house-
holds surrounding household i on the number of adult
Ae. aegypti in household i (b), we compared various
candidate models that followed the form of Eq. 2 above.
In these models, variable a was the variable a selected
in my.s described above, and variable b was one of the
30 candidate b variables (Additional file 1: Table 4 and
Table 5). The variables measuring b were calculated based
on the distance (in m) between the household i and every
surrounding household j, or d;.

We tested simple measures of b by calculating the pro-
portion of households within a ring of a given distance
from household i that had been sprayed in the week
before ¢ (Additional file 1: Table 4).

Ngprayed.r X 10
b' — Dsprayed,r
ir htotal,r (9)

where / is the number of households in ring r, and r is
the distance ring from household i. Ring distances were
assigned based on:

1. biological plausibility, given the distance that Aedes
mosquitoes have been recorded to fly in the lit-
erature [36—40] (Fig. 1A): 1-30 m, 31-100 m, 101-
300 m,>300 m.

2. an even distribution of distance spacing (Fig. 1B):
1-100 m, 101-200 m, 201-300 m, 301-400 m, 401—
500 m,>500 m.

Calculations for the proportion included in the denom-
inator houses up to 1000 m from each household j; thus,
the distance ring>300 m is 300 m—1000 m and > 500 m is
500 m—-1000 m.

In addition, we tested variables that represented dif-
ferent possible decay rates of the spray over space by
assigning weights to dj; using a series of decay func-
tions, f (dij) (Additional file 1: Table 5). As described
above, the decay functions used were the inverse, Gauss-
ian and exponential functions; however, for effect b the
varying decay rate parameters were: for the Gaussian
function o = 5,25,50,75,100, 125, 150, 200, 250, 300;
for the exponential function
k = 0.0025,0.0035, 0.005, 0.0075, 0.01, 0.0125, 0.02, 0.045, 0.2
(Additional file 1: Fig. S3). The variables measuring b also
accounted for spray events in household j prior to ¢ by
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Fig. 1 Visual representation of the ring distance schemes used to calculate the proportion of households within a ring of a given distance
from household i that had been sprayed in the week before t (all within a buffer of 1000 m from each household i). In this example from [-2014,
household i is located in the spray zone, and the adult survey occurred after the second cycle of sprays. A The distance rings are based
on the distance Aedes aegypti have been reported to fly. B The distance rings are based on an even spacing every 100 m

multiplying the weighted measure of distance, f(d;), by
the weighted measure of “time since spray event” using
the weight selected in the previous step, f,, , (At.), for
every household j. The resulting weight was added for all
households surrounding household i.

bie = 37 (f (dij) X fompees (ALe)) (10)

Models were compared and selected similarly to
what was described above for fixed effect a, with the
difference that the WAIC of each candidate model was
compared to the WAIC of mp,g.
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Results

Within-household spray effects

To evaluate the effect of a spray event in household i on
the number of adult Ae. aegypti in household i, we com-
pared 68 candidate models testing different measures
of this effect, focusing on measures of effect duration.
The best-fitting models in both S-2013 and L-2014 were
those that used a weighted value for the number of days
since the most recent spray event, or a;; = max (f (Atc))
(Fig. 2A).

The temporal weights that resulted in the best-fitting
models common to both experiments were Gaussian
functions where o = 15— 25 and exponential func-
tions where k = 0.04 — 0.06. These decay curves follow
a similar trend where the spray effect gradually wanes to
a point where sprays that occurred between 10-35 days
ago were assigned half the value as a spray that on the
same day (Fig. 2B).

The model with the lowest average WAIC rank across
the two experiments (m1,5) applied weights to the time
since the most recent spray event according to a Gaussian
function with o = 20, that is

A2
fGaussian,a:ZO(Atc) = max <e 2><202) (11)

The estimated model coefficients were not equiva-
lent between the two experiments: in S-2013, the esti-
mated incidence rate ratio of the spray event weighted by
feaussiano—20(Ate) was 0.17 (95% CI [0.10,0.30]), while
in L-2014 it was 0.37 (95% CI [0.30,0.45]). We selected
the model fit to the L-2014 experiment as the consensus
model, as the experimental design in L-2014 allowed for
an improved measurement of the effect of sprays occur-
ring < 7 days before adult mosquito collections. The
resulting model for L-2014 was:

Mpegs + log(1ir) = —0.906 — 0.997 x max (e7%> + i+ 8 + i
(12)

A rate ratio of 0.37 (0.30, 0.45) suggests that there was a
63% reduction in adult Ae. aegypti females in households
sprayed on the same day compared to households sprayed
> 50 days ago (approximately the difference between values
of 1 and 0 in the weight of the time since the most recent
spray event according to fGaussian,oc=20(At.)) (Fig. 3).

Cumulative effects of sequential sprays

There was no improvement of model fit by using the
cumulative value of the temporal weights of all previous
spray events (Fig. 2A). In addition, when using the same
decay function to assign temporally lagged weights to
spray events (f(At.)), the estimated rate ratio for spray
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effects that represented the cumulative weight of all
previous spray events (Zle (f (Atc))) was consistently
higher than the rate ratio of spray effects that assigned a
weight only to the most recent spray event (max(f (Af.),
possibly because of a dilution of weight of the most
recent spray effect. Additional file 1: Fig. S4). This indi-
cated that the cumulative effect of sequential sprays in a
household had less impact on the reduction in adult Ae.
aegypti than the effect of the most recent spray. These
results suggested that the spray effect was not cumulative
over time, and the measurable effects of the spray inter-
vention on the number of female Ae. aegypti depended
on the most recent spray event.

Comparison of within-household spray effect measurements

using weighted vs. non-weighted variables

Models using less complex measures of treatment status
(i.e. binary or discrete) generally yielded poorer fits to the
data compared to models that assigned a weighted value
to the time since the most recent spray event using a
decay function. Only models that included yes/no varia-
bles that indicated if household i had been sprayed in the
previous 1-4, 1-5 and 1-6 weeks prior to ¢ were among
the 11 best fitting models along with models that used
decay functions. (Additional file 1: Fig. S5).

Effects of sprays in neighboring households

Models that included a measure for the effect of spraying
the households surrounding household i (b) did not have
a significantly improved fit compared to models that only
included the measure of the spray effect on household i
selected in mpess (fGaussian,o=20(AL.)). This was evidenced
by a lack of a significant difference between the WAIC
value of these models and the WAIC value of mp,s (Addi-
tional file 1: Fig. S6). This suggests that there was no addi-
tional reduction in Ae. aegypti that resulted from sprays
that occurred in surrounding households.

Prior sensitivity analysis

A sensitivity analysis on prior specifications confirmed
that the selected priors produced consistent results
(WAIC and rate ratios) with models that used ten alter-
native prior specifications for the fixed and random
effects (Additional file 1: Fig. S1). This was true for mod-
els that included only the effect of spray within a house-
hold (a) and for models that included an additional effect
for sprays in the surrounding houses (). Three of the
tested alternative prior specifications resulted in differ-
ent WAIC and/or rate ratios than the majority, but these
were not used to specify the candidate models.
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Estimated recovery profile for Ae. aegypti abundance aegypti per household based on the number of days since
following sprays the last spray event occurred in the household (Fig. 3).
The spray effect selected in Mpesy, fGaussiano=20(Atc),  The estimated number of Ae. aegypti per household, u,
was used to estimate the reduction in the number of Ae.  was averaged over the spatial, temporal and household
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Fig. 3 Estimated reduction in the number of Ae. aegypti

per household as a function of the number of days since the most
recent spray event. The equation shown expresses the reduction
as a proportion, and rate ratio (RR) is the ratio of rates comparing
spray scenarios vs. a no-spray baseline

variation (i.e., with each set equal to their mean of zero),
thus the rate ratio (RR) comparing spray scenarios with
a no-spray baseline was calculated using the remaining
terms from mip,g;:

_ dayx2
. _ 2x202
Reduction =1 — RR = 1 — ¢~ 0997xe >

(13)

Estimates given by this model suggest that the spray
effect was reduced by 50% approximately 28 days after
a spray event, and a near-complete recovery of the Ae.
aegypti population was reached around 50-60 days post

spray.

Discussion

In this study, we characterized the effect of ULV indoor
pyrethroid spraying on the number of Ae. aegypti within
households in relation to the spray events occurring
in the proximity of that household in time and space.
Improved understanding of the duration and spatial
reach of the effect of a spray intervention on Ae. aegypti
populations can help to define optimal targets for spatial
coverage and frequency of sprays needed during vector
control interventions as well as inform modeling efforts
that contrast different potential vector control strategies.
Our results indicate that the reduction of the Ae. aegypti
population in a household is due to spray events within
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that same household, with no additional effect of sprays
in households in the neighboring area. The effect of a
spray event on the number of Ae. aegypti within a house-
hold is mainly determined by the time elapsed since the
most recent spray event and wanes gradually over the
span of 60 days. No added reduction in Ae. aegypti num-
bers was observed from the cumulative effect of multiple
past sprays within a household. In summary, the reduc-
tion of Ae. aegypti in a household is determined mainly
by the time since the last spray intervention in that same
household.

An important limitation of our study is that we did
not account for the age of collected adult Ae. aegypti.
The previous analysis of these experiments [14] reported
a shift to a younger age distribution of adult females
(an increased proportion of nulliparous females) in the
L-2014 spray zone compared to the buffer zone. Thus,
while we did not find an additional explanatory effect of
the spray events in surrounding households on the num-
ber of Ae. aegypti in a given household, we cannot estab-
lish that there are not area-wide effects in the population
dynamics of the Ae. aegypti population in an area where
sprays occur regularly.

Other limitations of our study include not being able
to account for the MoH emergency sprays that occurred
approximately 2 months before the experimental sprays
in L-2014 because of the lack of detailed information
regarding their location and time. Previous analyses indi-
cate that these sprays had a similar effect on the whole
study area, creating a common baseline of Ae. aegypti
density; indeed, the number of Ae. aegypti had started
to recover by the time the experimental sprays were
implemented [14]. In addition, differences in the results
between the two experimental periods could be due to
differences in the study design and Ae. aegypti suscep-
tibility to cypermetherin, which was greater in S-2013
than in L-2014 [14]. We reported results that found the
greatest consensus between the two studies and of those
selected the model fit to the L-2014 experiment as our
final model. Given that the experimental design in L-2014
was better suited to evaluate the effect of very recent
sprays on the number of Ae. aegypti in a household, and
that the local Ae. aegypti population presented resistance
to pyrethroids in late 2014 [41], we consider this model
to be the more conservative choice that is better suited to
address the aims of this work.

Our observations of a waning of the spray effect to a
50% efficacy after 28 days, as well as a 63% reduction in
the adult Ae. aegypti on the day a household is sprayed
compared to if a spray had occurred 60 days ago, are
in agreement with the previous analysis of this study,
which found that adult mosquito populations partially
recovered within 2 weeks of the last spray event, while



Kawiecki et al. Parasites & Vectors (2024) 17:254

providing a more nuanced characterization of the popu-
lation rebound that can be included in future modeling
efforts [14]. These results also align with previous stud-
ies measuring the effect over time of ULV indoor sprays,
where mosquito population recoveries ranged from 50%
after seven days after a permethrin mix application [18]
to 100% between 14 days to 6 months after an applica-
tion of organophosphates [42] or 3 weeks with lambda-
cyhalothrin [43]. While differences in location, study
design, building materials, insecticide product, appli-
cation method and insecticide resistance may account
for the variability of the spray effect duration in these
reports, our results fall within a plausible time frame.
When comparing models that assigned a weighted value
to the spray effect based on a decay function with more
easily interpretable binary and discrete measures, we
found that only models that included yes/no variables
indicating if a household had been sprayed in the previ-
ous 1-4, 1-5 and 1-6 weeks were comparable in model
fit. While these measures may be easier to interpret, they
seem of less value to vector control agencies, as the appli-
cation of spray interventions over consecutive weeks may
not be common practice in many areas and therefore
pose little advantage to the use of a weighted measure of
the most recent spray event using a Gaussian decay func-
tion as described in the results.

The relatively shallow slope of the spray effect decay
we observed in this study could be a result of cyper-
methrin degradation rates combined with mosquito
population dynamics. The insecticide applied in this
study, cypermethrin, is a pyrethroid that degrades
mainly through photolysis and hydrolysis (DT50=2.6—
3.6 days) [44]. While pyrethroids are generally thought
to degrade quickly after application with minimal resid-
uals, pyrethroid degradation rates indoors are much
lower than outdoors, and there are several studies that
point to cypermethrin remaining in the air and dust
inside households for months after spray applications
[45-47]. Households in Iquitos often are built as dark
narrow corridors with minimal windows, which could
explain a decreased degradation rate due to photolysis
[14]. In addition, cypermethrin is highly toxic to sus-
ceptible Ae. aegypti at low doses (LD50<0.001 ppm)
[48]. Residual cypermethrin is unlikely to affect aquatic
immature mosquito forms because of its hydropho-
bic nature, thus explaining the recovery of adults over
time emerging from active larval habitats, demon-
strated by the higher proportion of nulliparous females
in the spray sector than in the buffer sector described
in the original study [14]. The life cycle of an Ae.
aegypti mosquito from egg to adult can take between
7 to 10 days depending on temperature and mosquito
strain [49]. Residual cypermethrin killing or expelling
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some of newly emerged and imported adults from
unsprayed areas, as well as reduced egg-laying due to
the decreased number of adults, could further explain
the delayed recovery of the adult mosquito population
[22, 50].

Models that accounted for the entire history of past
sprays in households yielded poorer model fits and
weaker estimates of effects compared to models that
accounted only for the time since the most recent spray.
This should not be taken as evidence that re-treatment of
individual households is not necessary. The rebound in
Ae. aegypti numbers shortly after a spray event observed
in our study as well as in the previous study [14] suggests
the need for re-treatment of households at a frequency
guided by local transmission dynamics to restore the
suppression of Ae. aegypti. Spray frequency should pri-
oritize reducing the potential for infected Ae. aegypti
females, which will depend on the expected duration of
the extrinsic incubation period (EIP), that is, the time
needed for a vector that has ingested an infected blood
meal to become infectious to the next host. EIP in turn
will depend on virus strain, temperature and other fac-
tors [51-53]. For example, in the case of DENV, even if
a spray intervention eliminated all infected adult vectors,
the human population could still remain infectious for
up to 14 days and could infect newly emerged mosqui-
toes [54]. To control dengue transmission, sprays should
occur at intervals shorter than the EIP to eliminate newly
emerged mosquitoes that may have bitten infected hosts
before they become infectious to others. A period of
7 days can be used as a rule of thumb and a unit that is
manageable by vector control agencies. Thus, spraying
insecticide every week for at least 3 weeks (to fully cover
the infectious period of the host) would be sufficient to
prevent DENV transmission, and our results suggest that
the efficacy of the previous spray would not have waned
considerably at that point [13]. Indeed, in Iquitos, health
authorities have successfully reduced DENV transmis-
sion during outbreaks by performing three cycles of
indoor ULV space spraying with an adulticide over the
course of several weeks to months [15].

Lastly, our results indicate that the effect of an indoor
spray event is limited to the household where it occurs,
and there was no added reduction of Ae. aegypti that
was attributable to sprays in neighboring households.
Adult Ae. aegypti likely remain in the vicinity or inside
the household where they emerge, clustering within
a distance of 10 m and with a mean distance traveled
of 106 m [36]. Thus, spraying in the area surrounding a
household might not have a large effect on the number
of Ae. aegypti in that household. This confirms previous
findings that found no effect of spraying outside or sur-
rounding a household [18, 55]. However, as stated above,
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there may be area-wide effects on Ae. aegypti population
dynamics that our models were not designed to detect.

Together, our results highlight the importance of reach-
ing every household where there is high risk of transmis-
sion during an outbreak period, as households without
a recent spray intervention cannot rely on nearby inter-
ventions or even multiple past interventions to decrease
the mosquito population in the present moment. Initial
spraying efforts always achieve partial coverage due to
inaccessibility of some households (e.g. due to absence
or residents or unwillingness to allow treatment). Return
visits to missed households can increase coverage but
with diminishing returns and higher cost per house-
hold with each successive round of attempts. Therefore,
improved targeting of vector control programs to areas
at higher risk of dengue transmission is needed. Dengue
transmission is heterogeneous in space and time, and
local evaluations of high-risk areas that include demo-
graphic, environmental and social conditions should
drive targeted vector control efforts [56, 57]. Other tar-
geting strategies, such as combining indoor residual
spraying with contact tracing, have been effective in the
past and could be successful in some contexts [56]. Math-
ematical models can also aid in choosing the best vector
control strategy to reduce transmission for each local
context, without the need for expensive and logistically
challenging field trials [14, 22, 24]. Our results provide
detailed parametrizations of the effect of indoor ULV
sprays in space and time that can inform future mecha-
nistic modeling efforts.

Success of an insecticide application depends on multi-
ple factors such as the insecticide used, the resistance to
that insecticide in the vector population, the local con-
text of household construction, weather variables and
method of implementation (including droplet size and
spray implement). While our results are specific to the
context of this study, they provide nuance to the spatial
and temporal effect of a ULV indoor spray intervention
that can help inform future planning efforts and mod-
eling studies. Vector control measures and modeling
efforts should nonetheless consider the place-specific
human, environmental, virus and vector dynamics.

Conclusions

Taken together, our results suggest that the time since
the most recent ULV spray intervention determines
the number of Ae. aegypti within households, with
no cumulative benefit provided by multiple sprays in
that household or sprays in the surrounding house-
holds. Aedes aegypti numbers recover gradually over
the course of several weeks. Thus, we recommend that
vector control programs focus on maximizing the per-
centage of households sprayed in high-risk areas and
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determine the frequency of sprays based on context-
specific viral transmission metrics such as the extrin-
sic incubation period of the local mosquito population
under current conditions.
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