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Methods

Entomological model

The population dynamics of Ae. aegypti is modelled adapting the approach proposed by (Otero et al. 2006). The
model accounts for 5 life stages, namely eggs (E), larvae (L), pupae (P), adult females in their first gonotrophic
cycle, (Ay), and in subsequent gonotrophic cycles (Az), plus a compartment (C) representing captured mosquitoes.
The time-continuous version of the model is based on the following system of Ordinary Differential Equations
(ODE):

E' = ng(da, Ay + dg,Az) — (ug + dp)E
L= dEE—uL(l +%)L —d,L
P'=d,L— (up +dp)P

Ay = %epdpp — (pa + day +da B)Ay

2 =dy A — (.UA + dAzﬁ)Az
C, == dAlﬁAl + dAZﬁAZ

where

. da,,dg,d,, dp are temperature-dependent developmental rates driving the vector transitions across
different life stages;

. U, U, Up, Ly are temperature-dependent death rates associated with the different stages;

o ne is the average number of eggs laid in each oviposition by a single adult female;

. d4, and dy, are the oviposition rates (given by the inverse of the average length of gonotrophic cycle for
the two adult stages);

. K is a density-dependent scaling factor driving the carrying capacity for the larval stage;

. ep is the emergence success factor, i.e. the probability that an emerging pupa becomes an adult and does
not die during the process;

. f is the daily adult capture rate;

. C represents the cumulative number of captured female adult mosquitoes; its state equation depends on

the gonotrophic cycle because the traps used are only attractive for gravid mosquitoes.

Since only female adult mosquitoes are explicitly considered in the model, the term 1/2 in the equation for the
adults (A1) accounts for the sex ratio (Otero et al. 2006).

We implemented model M as a time-discrete deterministic version, with time step At = 1 day. The seasonal
dynamics of the mosquito population is simulated from December 1, 2015 to June 30, 2016.

Values and the functional dependence on temperature for mosquito life-cycle parameters are reported in Table A
and derived from (Otero et al. 2006). The capture rate $ was estimated at 7.5 - 10~>/day from a mark-release-
recapture experiment (Maciel-de-Freitas & Loureno-de-Oliveira 2009) while the larval scaling factor K was
calibrated by fitting capture data with a Monte Carlo Markov Chain approach. Specifically, we assumed that, for
each capture session, the number of captured female adult mosquitoes follows a Poisson distribution with mean
obtained from the model; therefore the likelihood of the observed data given K has been defined as



h
1_[ {C(K)}C(K)
i=1

where i runs over the number of capture sessions h, C; is the observed number of captured Ae. aegypti adults at
capture session i and C;(K) is the predicted number of captures at capture session i simulated by the model with
parameter K.

As reported in Figure A, the model reproduces well the overall seasonal dynamics, although it is not able to
replicate a sudden abundance drop in captured mosquitoes occurring in February.

Parameter | Explanation Value/Function
Ne Number of eggs laid by a gravid female
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de Larval development rate
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dp Pupal development rate 0.384 - .
298 _472379.(L_1)
€XP\ = 1987 ‘\148 T,
UE Egg death rate 0.01
T, — 278
ML Larva death rate 0.01 + 0.9725 - exp (— %)
T, — 278
up Pupa death rate 0.01 + 0.9725 - exp (—%)
ep Pupa emergence success factor 0.83
UA Adult death rate 0.09

Table A. Parameters of the entomological model. Tk denotes the temperature in Kelvin. The source for all values
and functions is (Otero et al. 2006).
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Observed total captures (black dots) and model prediction (red triangles: average;
shaded area: 95% credible interval).

The daily abundance of adult females M(t)=(A1(t)+Ax(t)) predicted for the whole study area was spatially
redistributed based on the total yearly captures of mosquitoes in geolocated traps, using a standard kriging,
obtaining an estimate of vector abundance for each cell i, indicated by coordinates (x, y), and each day t, denoted
with Q(t, X, y). To summarize, we fitted the variogram for each trap location according to its total captures, which
allowed us to give a normalized weight a(x, y) to each pixel i of the study area and thus estimate

Q(t, X, y)=a(x, y) (As(t)+Az(t)). Figure B shows the estimated spatially distributed abundances for the first day of
the first four months (December-March) of our study period. Aedes aegypti was heterogeneously distributed over
the city of Porto Alegre, with higher densities in the northern part of the selected study area. The cell-specific
mosquito daily density (number of mosquitoes per hectare) during the study period (December 1, 2015-June 30,
2016) ranges between 58 and 19,712, with an average of 5,692.
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Figure B. Ae. aegypti estimated density (number of adult mosquitoes per hectare). Maps were generated using
shapefiles publicly available from Porto Alegre municipality.

By comparing Figure B and Figure 1a in the main text, we can note that highly human populated areas are also
very suitable habitats for Ae. aegypti (Spearman correlation coefficient between human and mosquito densities:
0.46, p-value<0.001), confirming that this is a highly domesticated mosquito species that prefers to live in urban
environments, to feed on humans and to lay eggs in artificial containers (Gubler 2011).



Vector control

We used our mosquito model to explore the effects of ULV-treatment over time, i.e. how the population changes
in time following the intervention compared to the natural course of the mosquito population. We assume that a
proportion p of mosquitoes is killed on the day of ULV-spraying, tuLv, and we explore values of 10%, 20%, ...,
100%. Following the intervention, new adults emerge from immature stages (which are not targeted by the ULV
insecticide) according to the entomological model presented above. We computed the relative difference over
time 4,(t) between the expected mosquito abundance without treatments and the actual abundance after t days.
4,(t) is a function of p and of the day of treatment tu.v, which ranges from December 1, 2015 to June 30, 2016. By
definition, 4,(0)=p. After running the entomological model with several different values of p and tu.v, we found
that 4,(t) can be approximated by a negative exponential (Figure C). Higher values of p produce more lasting
reduction effects. Treatments carried out during the earlier part of the study period (red lines) have a shorter
impact on the mosquito dynamics since dead mosquitoes are more quickly replaced by newly emerged ones
during the central, warmer months.
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Figure C. Relative reduction 4,(t) of the adult mosquito population due to ULV-treatment. Different lines show
the curve of 4,(t) for different times of treatment implementation, i.e. between December 1, 2015 (dark red) to
June 30, 2016 (light yellow). X-axis: number of days after ULV-treatment.



Spatial DENV transmission model

For each cell i € N, where N indicates the set of the 9919 geographic cells (100m x 100m) of the study area and
cell i is located at coordinates (x;, i), the DENV transmission dynamics is modelled according to the following
ODE:
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Where
. Hg,, Hg, H,, Hys,, Hg, are the number of susceptible, exposed, viraemic symptomatic, viraemic
asymptomatic and removed individuals respectively in cell i. Hj is the total number of humans of cell i;
. Mg, Mg, M;, are the number of susceptible, exposed and infectious mosquitoes respectively in cell i;
. a is the relative transmissibility of asymptomatic individuals compared to symptomatic patients, assumed
to be 0 in the baseline and 0.5 and 1 in a sensitivity analysis (Ferguson et al. 2016);
. [y, (t) represents the number of new susceptible mosquitoes emerging in cell i, at day t such that the total

number of mosquitoes Q (¢, x;, y;) = Mg, (t) + Mg, (t) + M, (t) matches Q(t, xi, yi), the number of adult
mosquitoes predicted for cell i at day t. Mathematically, it is defined as

Ly (6) = {Q(t; X)) = Q(tx,y),  Qtx,y) = Q(t» X1, Yi)
i 0 , o Q@ x,y) < QX Y1)
. Ui is the set given by i and its surrounding cells. ¢ (j, i) is the contribution of cell j to the force of

infection exerted on cell i, with ¥ ;e;, ¢(j, ©) = 1, computed according to a previously estimated distance-

dependent kernel function for dengue transmission (Guzzetta et al. 2018) (see Figure D). Overall, ¢ (j, i)
represents the relative probability of a human in cell i to receive a bite from a mosquito in cell j;

. w is a scaling factor for the force of infection;
. ua 1S the temperature-dependent natural death rate of mosquitoes.
. All other parameters and their values are reported in Table B.

We implemented a time-discrete stochastic version of the above-described model, with time—step At = 1 day.
Precisely, for each cell the model is a Markov chain whose states represent the integer number of mosquitoes and
individuals in all epidemiological stages. Transition probabilities are Poisson-distributed with means given by the
rates shown in the equations.

According to the analysis carried out in (Guzzetta et al. 2018), Z=76 symptomatic importations occurred in the
considered area and period, generating clusters with sizes ; that were approximately exponentially distributed



with an average Q of 10.62 (95%CIl 6.7-14.5). We simulated the clusters generated by such importations, i.e. with
the same combination (Xo, Yo, to) Of the 76 index cases identified in (Guzzetta et al. 2018), with all possible
combinations obtained by running the scaling factor for the force of infection y between 0 and 1 with step 0.01
and p between 0 and 100% with step 10%, assuming only symptomatic individuals transmit the virus (a=0). Then,
we computed the likelihood L that the observed cluster sizes were extracted from an exponential distribution with
average given by the model predicted average cluster size, Qy(p, ¥)

1) 1 $
(QM(p.lP)> TP\ e ]Zl ’

Using a maximum likelihood approach, we obtain y=0.57 and p=40%. Figure E shows that the resulting
distribution of cluster sizes in the model replicates well the distribution observed in (Guzzetta et al. 2018)
(x*=2.56, df=4, p-value=0.63). The simulated average cluster size Qy (p, ) is 10.61, very close to Q. For the

scenario with no vector control intervention, we run the model with the same y and p=0%.

Parameter | Explanation Value Source
T, 15000 1 1
0.003359 - 5& - exp | =—5— (555 — 7—
Su Mosquito incubation 298 P < R (298 Ty )> Lourenco & Recker
period 1021 1 1 2014
1+ exp (6'203 187" (~ 3176 107 T_k)
Human-to-mosquito
transmission 1 | Lourenco & Recker
Priv probabilities for 0.001044 - T - (T — 12.286) - (32.461 —T)2 | 2014
symptomatic individuals
Mosquito-to-human
Dtk transmission 0.0729 - T — 0.97 'z‘gfzenco & Recker
probabilities
il Human incubation 6 davs Chan & Johansson
H period Y 2012
1 Human infectious 4 davs Lourenco & Recker
T period Y 2014
b Daily mosquito biting 0.051 bites / mosquito / day Goindin et al. 2015
Proportion of
Ps symptomatic infections 0.45 Ferguson et al. 2016

Table B. Parameters of the DENV transmission model. T and Tk denote the temperature in Celsius and Kelvin

respectively.
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Supplementary results

Effect of treatment on mosquito capture data

We compared mosquito captures from traps in the proximity of a treatment (e.g. within a radius R1 from the case
triggering the intervention) to corresponding captures collected at the same time from nearby surrounding areas
(e.g. at a distance between R; and R» from the triggering case). We did not find a significant (Student t-test)
difference in captures between treated and untreated areas under different combination of R; and Rz; non-
significant differences were also found by comparing mosquito captures in the week preceding or following the
treatment. We attributed this result to two factors related to data collection, combined with the weak effectiveness
of treatment itself. First, capture data came from sticky traps that were inspected once per week: therefore,
captures might reflect the full effect of treatment only when the interventions were done exactly on the first day of
the capture week. Restricting the analysis to these cases only did not provide sufficient statistical power; on the
other hand, even in these cases, mosquito populations would be able to partially recover within the capture week,
given the exponential decay of the treatment effect (see Figure C). Secondly, sticky traps have a limited capture
rate, so that the number of weekly captures per trap is very often of a few moquitoes; such small numbers,
combined with the coarse temporal resolution of captures and the small ULV-induced mosquito mortality, make it
difficult to detect a significant effect of treatment from capture data.

Full results from sensitivity analyses

Figure F shows the full range of reductions in symptomatic DENV cases that can be obtained with different
combinations of the intervention radius r, and of the treatment delay t with different values of p. Specifically,
Figure F-a shows the effectiveness of different p and r values after fixing t=14 days; similarly, Figure F-b shows
the effectiveness of different p and t values after fixing r=200m.
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Figure F. Average percentage of avoided DENV symptomatic cases according to different vector control
efficacies (from p=10%, light yellow, to p=100%, dark red) and different treated areas (panel a, =14 days) and
average delays between symptom onset and intervention (panel b, r=200m).

Additionally, we investigated how different combinations of intervention protocol parameters (r and t) would
affect the reduction of DENV cases under the baseline value of the ULV induced mortality of 40%. As shown in
Figure G, it is clear that the radius of the treated area is the most crucial parameter. By widening the treated area
and decreasing the delay between symptom onset and intervention, authorities might avoid up to 58.8% DENV
infections on average (r=500m and =5 days).

11
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Transmission by asymptomatic individuals

In this section, we re-analyze the model under the assumption that asymptomatic humans can transmit DENV to
mosquitoes with two different rates: i) at a halved rate than symptomatic individuals, i.e. a=0.5, similarly to the
analysis performed in (Ferguson et al. 2016); ii) at the same rate than symptomatic individuals, i.e. a=1.

i) Halved asymptomatic transmission (a=0.5)

Using the same maximum-likelihood procedure deployed in the case a=0, we estimated »=0.35 and p=40%. In
this scenario, such parameter combination yields an average cluster size of 10.6 for the 76 importations.

The resulting effectiveness of control interventions, considering p=40%, r=200m and t=14 days, is comparable to
the one estimated by assuming only symptomatic individuals can transmit the virus. In fact, the average cluster
size reduction is 23.3% (95%CI: 15.1-31.4%), comparable to 23.9% found in the main analysis (see Figure H-a).
This effectiveness is higher if the importation is symptomatic and triggers treatment, whereas it is much lower in
the case of asymptomatic importations (see Figure H-b,c). In this latter case, only subsequent autochthonous
symptomatic infections can be detected, thus interventions are implemented at least one infectious generation later
compared to clusters where treatment was started for the index case. On the other hand, asymptomatic
importations produce smaller clusters (8.9 symptomatic infections on average without control interventions).
Changes in the proportion of mosquitoes killed by ULV resulted in proportional reductions of secondary
symptomatic DENV cases similarly to what presented in the main text as well, up to a maximum of 47.9% when
all existing mosquitoes are killed by treatment under current intervention protocols (Figure H-d).
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Figure H. Effect of control interventions on cluster size assuming asymptomatic individuals can transmit the virus
at a halved rate. a) Cluster size over time; b) average cluster size when treatment is triggered by the index case; c)
average cluster size for asymptomatic importations; d) average percentage of avoided DENV symptomatic cases
by proportion of mosquitoes killed by ULV spraying (t=14 days, r=200m). Solid lines: average; shaded area: 95%
credible interval. Numbers within bars indicate the average percentage of avoided DENV symptomatic cases.

ii) Full symptomatic transmission (a=1)

We also analyzed an extreme assumption scenario in which asymptomatic individuals are as viremic as
symptomatic ones and thus transmit the infection to mosquitoes with the same rate. Following the same re-
calibration procedure carried out for a=0 and a=0.5, we estimated i to be 0.27 and p=40%.

The resulting average effectiveness of control interventions, considering p=40%, r=200m and t=14 days, is 22.1%
(95%CI: 13.9-30.2%), again very close to the 23.9% found in the main analysis (see Figure 1). This effectiveness
is higher if the importation is symptomatic and triggers treatment. In the case of asymptomatic importation, the
average cluster size in absence of control interventions is equal to the value for symptomatic index cases. The
different percentages of avoided DENV cases found assuming the importation is symptomatic or asymptomatic
are similar to the ones found in the case a=0.5.

Changes in the proportion of mosquitoes killed by ULV resulted in proportional reductions of secondary
symptomatic DENV cases similarly to what presented in the main text as well, up to a maximum of 46% when all
existing mosquitoes are killed by treatment under current intervention protocols (Figure I-d).
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Figure 1. Effect of control interventions on cluster size assuming asymptomatic individuals can transmit the virus
as symptomatic individuals. a) Cluster size over time; b) average cluster size when treatment is triggered by the
index case; ¢) average cluster size for asymptomatic importations; d) average percentage of avoided DENV
symptomatic cases by proportion of mosquitoes killed by ULV spraying (t=14 days, r=200m). Solid lines:
average; shaded area: 95% credible interval. Numbers within bars indicate the average percentage of avoided
DENV symptomatic cases.

Finally, we can note that Figures H-d, I-d and 5c show very similar patterns, meaning that the estimated
percentage of avoided DENV infections does not depend on the assumptions on virus transmissibility by
asymptomatic individuals.

Systematic treatment of cases
In this section, we re-analyze the model under the assumption that confirmed cases always trigger an ULV
treatment, i.e. qi=ga= 1.

The resulting effectiveness of control interventions, under baseline values of p=40%, r=200m and t=14 days, is
higher, with an average reduction in cluster size of 38.6% (95%CI: 33.6-43.7%) compared to 23.9% in the main
analysis (see Figure J). We can note that such efficacy is very close the one obtained with r=300m and q; and ga
as observed (37.1%, see Figure 4a in the main text), so carrying out the control treatment with the current protocol
but higher radius would yield to the same reduction as performing it for each confirmed case.
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