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Abstract

Background The use of temephos, the most common intervention for the chemical control of Aedes aegypti

over the last half century, has disappointing results in control of the infection. The footprint of Aedes and the diseases
it carries have spread relentlessly despite massive volumes of temephos. Recent advances in community participation
show this might be more effective and sustainable for the control of the dengue vector.

Methods Using data from the Camino Verde cluster randomized controlled trial, a compartmental mathematical
model examines the dynamics of dengue infection with different levels of community participation, taking account
of gender of respondent and exposure to temephos.

Results Simulation of dengue endemicity showed community participation affected the basic reproductive number
of infected people. The greatest short-term effect, in terms of people infected with the virus, was the combination

of temephos intervention and community participation. There was no evidence of a protective effect of temephos
220 days after the onset of the spread of dengue.

Conclusions Male responses about community participation did not significantly affect modelled numbers

of infected people and infectious mosquitoes. Our model suggests that, in the long term, community participation
alone may have the best results. Adding temephos to community participation does not improve the effect of com-
munity participation alone.
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Background

Control of the Aedes aegypti is the cornerstone of public
health programs to prevent transmission [1, 2] of at least
four systemic viral diseases carried by the mosquito, den-
gue fever [3], zika [4], chikungunya [5] and yellow fever
[6]. For most of the last century, temephos has been at
the centre of chemical control of the vector [7, 8]. Limited
effectiveness may be related to the small window of chem-
ical activity and increasing resistance to temephos [8, 9].

Several studies show low effectiveness of the pesticide
on the dengue transmission, for reasons including larval
resistance to temephos [8, 10, 11]. Aside from its incon-
clusive impact on dengue transmission, widespread use of
temephos may produce a sense of “being protected” against
dengue that could discourage participation in prevention
activities [12]. Recent approaches to community participa-
tion seem to be more sustainable and effective [13-15]. A
randomised controlled trial in Mexico and Nicaragua dem-
onstrated that community participation adds effectiveness
to government dengue control programs [12]. The same
effect was not achieved across all intervention sites in that
trial, however, and gender issues and social capital might
influence the impact of community participation [16].

Many mathematical models of infection transmission
rely on the 1927 proposal of Kermack and McKendrick.
Summarised by the acronym SIR, this divides the popu-
lation in three compartments: susceptible, without the
infection but on risk of being infected; infected, with the
disease and be able to spread it; recovered, those who
recovers from the disease and have permanent immu-
nity against the disease. In the case of dengue, several SIR
models attempted to explain the dynamics of different
dengue virus serotypes [17-20] and to analyse the effect
of vector control strategies [21-23]. Compartmental
models usually precede optimum control models, [24—
26] used to analyse combination of control mechanisms
for Aedes aegypti, to quantify the impact of different
strategies while minimize or maximize the effect of each
intervention in individual or in combination [27].

A previous study showed gender of respondents
affected the results chain for dengue prevention behav-
iour [16] but we could not find published of mathemati-
cal models of gender and temephos on community
participation in dengue vector control. We present
a compartmental mathematical model that helps to
explain the dynamics of the spread of virus dengue
infection, considering different levels of community
participation by gender and temephos exposure.

Methods

Formulation of the model

We used data from impact measurement survey of the
Mexico arm of the Camino Verde [12] trial to explore
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community participation according to male and female
respondents, and to explore the linkages between par-
ticipation and temephos exposure. For this proposal, we
understand community participation as specific groups
with shared needs living in a defined geographic area
actively pursue identification of their needs, take deci-
sions and establish mechanisms to meet these needs [28].
The effect of community participation in our approach
is the difference in vector indices between the inter-
vention and control groups in the Camino Verde trial.
We adapted the modelling approach of several authors
[17, 18, 22, 25, 29, 30]. In formulation of the model, we
assumed the infection is produced by only one serotype
of dengue virus and that the human and Aedes aegypti
populations are divided into compartments.

The compartments in which the populations are
divided are susceptible, infectious and recovered. The
dynamics for movement between these compartments
are the following:

i) The human population is assumed to be constant
with size equal to N, with birth and death rate con-
stant equal to y;,. The population is divided in sus-
ceptible, infected and recovered classes, denoted by
Sp I, and Ry, respectively, with Sy, + 1), + R, = Nj,.
Dengue transmission is sustained by the flows
between humans and mosquito compartments. The
human susceptible population is decreased follow-
ing the infection force rate, which can be acquired via
effective contact with an exposed or infective vector
at a rate

I,
T = a1 — C(t))ﬁh; (1)

where «a is the biting rate per susceptible vector, 3, is the
transmission probability from an infective vector (I,) to
a susceptible human (Sj), and C(?) is the effort made by
men and women in the control of Aedes aegypti through
community participation. Infectious humans recover at a
constant rate p.

ii) Following Moulay [31], a stage structured model
describes the vector population dynamics, which
consists of three stages: egg (E), larva (L) and pupa
(P). We differentiate between eggs (E) and aquatic
stages (L and P), because they respond differently to
the control measures. In order to study the influence
of the use of temephos and community participation,
the breeding sites of Aedes aegypti were divided in
targeted by themephos household containers (t/c)
-- tanks, drums, water tanks and cisterns -- and non-
target household containers (nthc) that periodically
renew the water or containers that can be considered
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as garbage to eliminate them. We assume that the
average number of eggs is proportional to the num-
ber of female mosquitoes that will result, and that the
availability of nutrients and space is different in each
type of containers (thc and nthc); similarly, the num-
ber of eggs is proportional to the number of larvae
and pupae.

The adult female mosquitoes M is divided in two com-
partments: susceptible and infective, whose are denoted
by S, and I,. The vector susceptible population is
decreased following infection, which can be acquired via
effective contact with an infected human at a rate

I
7, = af (1 — C(t>>ﬁhh, @)

where S, is the transmission probability from an infec-
tious human (I,) to a susceptible vector (S,).

Our model represents dengue transmission dynamics
under the same assumptions as the Camino Verde trial:
human and mosquito populations are mixed homogene-
ously, meaning each mosquito has the same probability
of biting any individual in the population; since the out-
breaks are relatively short, the population can be con-
sidered constant; reducing the mosquito population will
reduce dengue cases; a single serotype is implicated in
the outbreaks (allowing modelling of reduction of the
susceptible population).

The entomological parameters of vector dengue, for
each type of container i={thc,nthc}, are the per capita
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oviposition rate 6,, which is the average number of eggs
by female mosquito; the transition rate from egg to larva
&; the transition rates from larva to pupa A; and pupa to
adult y; mortality rates of eggs, larvas, pupas and mos-
quitoes, yg, 41, hp W, respectively.

From the above assumptions, the model is given by the
following system of differential equations:

S =y, (Np = Si) — wS

G =Sy — (o + wnly

= ol — wnRy

T = Ve O Penc + Vuthc (O)P e — Sy — (kv + C@®))S,

L =TSy — (uy + CONI,

e = e (1~ £ ) (50 +1,) — B — (ur + COEge

AE e Epthe
dt

= Ouune (1= 58 ) (Su +1,) = ensncEnane — (ke + CO)Enine

dLyyc Ly
dtth = Ethe (1 - szhx )Ethc — AtheLne — (np + A+ C(#)) Ly

a;
c

dL L
;tthc = Enthc 1- L:TZ%E Enthc - jvntthnthc - (/LL + C(t))Lnthc
dp, )
225 = ancLine — Vine®)Pme — (up + C (&) Py
APy
dt

= JntheLnthe — Yuthe @ Ppene — (p + C )Py
(3)

where 7, and 7, are given by (1) and (2), respectively; A is
the effect produced by temephos in the target household
containers. A schematic of the model is shown in Fig. 1.
The parameters are all strict positive constants described
in Table 1.

Since M = S, + 1,, we see from the last eight equations
of (3) that mosquito dynamics from egg stage to adult
form is given by
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Fig. 1 Schematic of the vector dengue model with development stages of vectors for each type of container (thc and nthc); dash lines represent

infections
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Table 1 Description and baseline values/range of parameters of model
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Parameter Description Baseline value/range Sources
. ) ) 1 _

U Natural birth and mortality rate in humans mday [32]

a Average number of mosquito bites [03,1] day” [19, 26]

Bun Probability of transmission of infection from an infective vec-  [0.1,0.75] day” [19, 26]
tor to a susceptible human

Bn, Probability of transmission of infection from an infected [0.1,0.75] day” [19, 26]
human to a susceptible vector

0 Recover rate for human [0.10,0.25] day” [19, 21, 26]

U, Natural mortality rate of vectors [0.03,0.125] day™' [2,26]

Oihe Numbers of eggs in target household containers [1,6] day”’ [25,33]

Opine Numbers of eggs in no-target household containers (1,6 day”’ [25,31]

ER Carrying capacity for eggs in target household containers [10°% 10% day™’ [25,31]

Enex Carrying capacity for eggs in non-target household contain-  [10°, 10°] day™’ [25,31]
ers

Ethe Transfer rate from eggs to larvae in target household 0.7 day™’ [25,31]
containers

Enthe Transfer rate from eggs to larvae in non-target household 0.7 day™’ [25,31]
containers

Ur Eggs death rate per day [0.2,04] day™’ [22,31]

L?;?X Carrying capacity for larvae in target household containers [5x10% 5x10°] day™" 125,31

gl Carrying capacity for larvae in no-target household contain-  [5x10% 5x10°]day”’  [25,31]

ers

Athe Transfer rate from larvae to pupae in target household 0.5 day™’ [25,31]
containers

Anihe Transfer rate from larvae to pupae in no-target household 0.5 day™ [25,31]
containers

U Larvae death rate [0.2,04] day™’ (31]

Up Pupae death rate 04 day™’ [25]

Yo Average reproduction maturation rate from pupae to adult ~ [0.08,0.15] day™’ [26]
in different containers

4 Amplitude of the seasonal variation in the reproduction rate [0, 0.9] [26]
of vectors

A Effect produced by temephos in the target household 0.03 [34,35]
containers

Kenox Total maximum capacity of community participation effec-  0.13 [12]
tiveness for the control of the dengue vector

Dr Proportion of participation of women in control mosquito 0.25 Value taken from the Camino Verde trial database
activities

P Proportion of participation of men in control mosquito 0.02 Value taken from the Camino Verde trial database
activities

(@ Effectiveness of pre-existing community participation 0.001 Proposed by the simulation of the logistic function

r Incremental rate of community participation effectiveness ~ 0.015 Proposed by the simulation of the logistic function
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(4)

We consider that the maturation rates from pupae to

adult in the different type of container, y,.(¢) and y,,,.(¢),

are modelled for a sinusoidal function with 1-year period.

This assumption allows us to simulate the peaks dengue

seasons observed in [16] with the periodic function pro-
posed in [33]

Yene(t) = Vuthe () = Vo <1 + §C05<326n5t + §0>>’ (5)
where yp average reproduction maturation rate from
pupae to adult in the different type of container, ¢ is the
amplitude of the seasonal variation in the reproduction
rate of vectors, with 0 < ¢ < 1, and ¢ is the phase angle
to adjust the peak season for mosquitoes.

Community participation effect

Recognizing that community participation intervenes in
vector control differently than temephos [7, 36, 37], the
model assumes that community participation affects: i) all
stages of the mosquito life cycle, ii) both types of containers,
with and without temephos, iii) reduces the load of infection
by reducing the probability of human-mosquito transmis-
sion; and iv) that temephos only acts in the larval stage.

Based on the results obtained by Andersson et al. [12],
we believe community participation affects infection risk
slowly at the beginning of the intervention, as a critical
mass knowledge and interest accumulates. Once people
gain experience with their selected control strategies,
participation has an increasing effect until it peaks, after
which smaller changes maintain the impact. For that rea-
son, we used a non-standard logistic function to analyze
this pattern on reduction of pupae per person index.

One way to model different collaborative scenarios by sex
for the effectiveness of community participation would be
given by C(2), the sum of female and male contribution in
the intervention, modelled by non-standard logistic func-
tions for each group, where C, is the pre-existing effective-
ness of community participation. Community participation
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is not a Boolean on/off switch. In its initial stages, it might
be quite clumsy and inefficient. As participants experi-
ence the impact of their efforts, this gains momentum and
effectiveness. r is the incremental rate of community par-
ticipation effectiveness, modelling the idea that experienc-
ing impact reinforces self-confidence and motivation [12].
The mobilisation strategy might show little effectiveness at
the beginning of community participation, then increase
in effectiveness is a function of r and finally stability of
effectiveness after some time. If k. is the total maximum
capacity of community participation effectiveness for the
control of the dengue vector, then the women’s contribu-
tion capacity, kg, is a proportion to this quantity, where pp
and p), are the proportions of participation of women and
men in control mosquito activities While participation of
both women and men is important, several studies have
reported greater involvement of women than men in com-
munity dengue vector control [16, 38, 39]. The general case
is therefore p; > p,, (see S1 Appendix).

C(2) represents the maximum effectiveness of community
participation at time £€[0,7] of 13%, according to superior
value of 95%CI for risk difference of pupae per person index
calculated in Nicaragua and Mexico [12]. To achieve this
risk difference reduction, about 25% of women reported
participation in control vector activities, while only 2% of
men participated in such activities (see S2 Appendix).

Temephos efficacy depends of different factors related
to temephos doses, water turnover rate, type of water,
and environmental factors around water storage such as
organic debris presence, temperature and exposure to sun-
light [8]. In studies reporting risk difference in the pupa
per person index between 1 and 5%, the residual effect
of temephos lasted from two and three months [34, 35].
Our model assume a constant temephos effect of 3%, as
an average of the values found in the literature, which we
believe balances out the effectiveness of the intervention
during different seasons of the year.

Our model considers the effects of different levels of
male and female participation. In this way the non-stand-
ard logistic function, C(t), provides evidence of the effec-
tiveness of community participation, as a strategy for the
control of Aedes aegypti, considering the separate contri-
butions of man and women.

Analysis of the model

We define the net reproductive number of the mosquito
population and then focus on the dynamics of dengue
transmission applying a formula for the basic reproductive
number and an estimate of the endemic equilibrium point.

Mosquito dynamics
We analyse the mosquito population dynamics given
by system (4). Considering constant values of the



Alvarado-Castro et al. BMC Infectious Diseases (2024) 24:463

parameters, system (4) has two equilibrium points, the
mosquitoes-free state E,=(0,0,0,0,0,0,0) which corre-
spond to the trivial equilibrium, and the state character-
ized by the presence of mosquitoes denoted by

k= (M*’ ;ic’ ;lkthc’ ;fkhc’ zthc’

;ic’ Zthc) . (9)

With the elements of E; we obtained the basic offspring
number, denote by R, (details in S3 Appendix).

The basic reproductive number

By analysing the dengue dynamics, we will assume that
R,;>1, since otherwise the mosquito population is zero,
and therefore there is no disease. For R,;>1, solutions
approach asymptotically the equilibrium E;, and therefore

~\ 2
e @b (1-C)

~ % N\ 2
_ M (1-€) N, @
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1 C
P = + iy I
(1—I;)Reg ep1—C)(1—17) "
(15)
where (o)

% _ wpNp (C+py) (p+1ap) .

L = gpa= C)M*[(C+Mv)(p+ﬂh)+uha/3hv(l oy and Req is

obtained from the follow lemma

Lemma 3.2.1 Considered that the maturation rates from
pupae to adult in the different type of container, y,,.(¢) and
Yunc®), and the effectiveness of community participation,

C(¢), are continuos, bounded, positive, periodic (in the
case of y,,(t)) and not identically zero functions of time.
The average values Yy, (t) and C (¢t) taken over a cycle are
Vene(8) = ¢ [ovme@)dx and C(&) = § [{C@)das; if (0
and C(¢) are replaced by that average values Vine(t) and C(¢)
then effective reproduction number of the disease is

s N2
Uy M (1 —C)

f = Fh<CA7+Mv)(p+Mh)

(6 + ;LV)NV Ny (o + )

(6 + Mv)Nv fo 1o

we can assume that the mosquito population has already
reached its equilibrium, and the total population of adult
mosquitos is constant and equal to M*. Considering that
S, = A‘j,‘;, I, = I" and S,=1-1,, model (3) is equivalent to

where N, is the number of mosquitoes in the absence of
intervention, Ry is the basic reproduction number and
M* is obtained according [40-42] to replaced 7. and
C(#). The average values ;. (t) and C(t) are

Vo (t) = 7, t) = +ﬁ i 27'[t>+.<27'[t )_‘ )
Yene(®) = Vuthe (t) = V0 g0 sin(¢)cos 365 sin| o= cos(¢) | — sin(e)

CO (ert

~ 1 —
and C(t) = n (kfln (1 + ke

1)) + (kmaxr— kF)ln(l-I—

Co (ert — 1)
(kmax — kF) ’

the system of differential equations for the proportions

Lh = iy = Sp) — Py (1 — C)%—:I‘,Sh
I — a1 — OM LS, — (o + iy 14

b — 4By, (1 — CYA — L)y — (v + O,

Our model hinges on the effective reproduction num-
ber of the disease, R, the number of people in a popula-
tion who can be infected by an individual at any specific
time (14). R is a fraction of the basic reproduction num-
ber R, the average number of secondary cases that one
case can produce if introduced into a susceptible popula-
tion of humans and mosquitoes. If Ry<1, less than one
secondary case will arise from a primary case and the dis-
ease will fade out. If R, >1 an outbreak will start.

The model has two equilibria, the disease-free state
P,=(1,0,0), and the dengue-present state denoted by

Proof From (5) is obtained that y,,. ) = yo(l + {cos(%t + (p))
, then by definition of Vine(®) is obtained that
Vine(t) = %f(t))/o (1 + CCOS<365t + go))dx Resolving the

integral is obtained that IR (1 n Ccos(%t n (p))dx _

(tyo + %Cyosin((p + %t) —
_ 365 , 2 2 ,
Vene ) = vo + 222570 ((sm(w)cm( 365 ) +sin ( 365 >C05(¢)> - sm((p)).

If C(t)=CHt)+ Cy,(t), then by definition C(¢), and con-
sidering  (6) and (7), getting C@H)=1f (t)
kg Coe” (kmax—kp)Coe”™ dx
ke+Co(e™=1) " (kmax—kp)+Co(e™—1) . Resolving and
. . . ”ert kmax*k . eYt
simplifying ff)(kfféoc(et n T (kmixfk[.‘)fc)‘gcz)eﬂfl)>dx =
(Lrln(lJr Co(e:*l)) 4 (kmax—kp)ln(H Co(e” *1))), from where

(kmax—kF)
C() (e't - 1)
(kmax — kr)

e _
C(t)_—<kil< L Gole 1)>+<kmax kF)m(
kp r

32 Vosin(¢)>’ so
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Fig. 2 Effectiveness of community participation represented by the reduction of pupae per person index modelled by logistical function. a Overall
effectiveness of community participation, b Effectiveness of community participation by gender (solid lines represents women results, dotted lines
men)

Estimation on the human population for Acapulco city population between the years 1910-2020. The non-linear
In the last century, the Acapulco’s population size had  function considered was as follows:

a non-linear increase [43] though, from the year 2000,

the increase was more stable. We therefore adjusted a =
non-linear regression model to the data of the Acapulco

Kug
uo + (K — ug)e R+’
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where y is the Acapulco population, x is time in years,
u, is the initial population, K the saturation capacity and
R the population growth rate. A value of 834 634 was
obtained as a estimator of K with a 95% CI [803 423.7,
865 844.3], used as the population size of Acapulco N,
and is assumed approximately constant in the next five
years.

Results
Simulation of effectiveness of community participation
Figure 2 shows the modelling of total effectiveness of
community participation. This considers a strategy
aimed to trigger community participation achieves the
greatest effectiveness in one and a half years (dotted
line in panel ‘@’ of Fig. 2), and an estimator for incre-
mental rate of community participation effectiveness
is r=0.015. Panel ‘b’ shows the community participa-
tion effectiveness divided by gender, dotted curves is
the contribution of men for different r values.

The basic reproductive number for dengue cases is
significantly affected by community participation.

Taking the maximum values of E;. E 4o L. and
L, when the populations of eggs and larvae stabilize
over time, then when no intervention is implemented on
Aedes aegyti control, the obtained value is R ;=R,=3.3.
If an intervention with temephos is implemented, con-
sidering a constant effectiveness of 3%, the obtained
value is R,;=3.1, both scenarios are auspicious for the
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occurrence of a dengue outbreak. When social mobiliza-
tion achieves an effectiveness of 8.5%, as result of com-
munity participation added to temephos intervention,
the value obtained is R ;<1 (Fig. 3). Under these circum-
stances, control of dengue cases is achieved.

Simulation of dynamic of dengue

The simulation was carried out using the values of Table 1
and the initial values S,(0) = 833799, I,(0) = 835,
R, (0)=0 in addition E;=(974666, 866743, 866743,
317083, 317083, 487821, 487821) give by (9). We imple-
mented the simulation using the “deSolve” package of the
R [44].

Figure 4 shows the proportions of infected humans and
infectious vectors from the simulation model (3). Up to
forty days after the start of the dengue outbreak, the dif-
ferent interventions for Aedes aegypti control produce
the same results. There is no evidence of protective effect
of temephos intervention 220 days after outbreak initia-
tion: the greater effect in short term - in terms of people
infected with dengue - was the combination of temephos
intervention and community participation (Fig. 4).

Simulation considering different levels of community
participation by gender

Figure 5 shows different scenarios of the proportions of
infected people and infectious mosquitoes. The simula-
tion showed how increasing the contribution of men in

Reff, effective reproduction number of the disease

0.00 0.02

0.04

0.06 0.08

C(t), effectiveness of community participation

Fig. 3 Variation of the effective reproduction number R, with respect effectiveness of community participation. For C(t)in tEO,T], Pine (O

and Yninc (1), with pp=0.25, p),=0.02, C,=0.001, r=0.015, (=0.5 and ¢ =11/2
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community participation, to its initial participation of
2% and gradually increasing up to 25%, decreases more
rapidly the proportion of infected people and infectious
mosquitoes after day 120, it reaches its maximum dif-
ference 250 days after the start of the outbreak; in this
period, there was no significant difference in the propor-
tions of infected people and infectious mosquitoes, even
when the percentage of participation of men increased by
more than 10% (Fig. 5).

Discussion

Our model is well defined biologically and mathemati-
cally. It suggests that, in the long term, community par-
ticipation on its own produces the strongest protection.

Adding temephos to community participation does not
improve its effect, possibly because temephos might pro-
duce a false feeling protection [15]. Our compartmen-
tal model is compatible with the association reported
by Andersson et al. [12] between use of temephos and
increased risk of dengue virus infection. The Camino
Verde trial showed a 13% reduction in the pupal index
per person with community engagement, with higher
levels of protection in clusters where women engaged in
vector control activities.

Our simulation of dengue endemicity reflects a basic
reproductive number significantly affected by commu-
nity participation. An initial reduction associated with
temephos use can be explained by the combination of
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temephos intervention and community participation
(Fig. 4). There was no protective effect of temephos
intervention 220 days after the outbreak began, this
agrees with the Nicaraguan report, where exposure
to temephos was associated with higher entomologi-
cal indices over time [40]. This was explained by sev-
eral factors including the ecological adaptability of
the vector, resistance of Aedes to the pesticide, opera-
tional deficiencies of the vector control program (lower
quantities used at greater intervals in only a sample of
reservoirs), a decrease in community motivation as a
consequence of a false sense of protection when teme-
phos is present in their water. Our simulation showed
increasing the contribution of men in community

participation by more than 10% might decrease slightly
the proportions of infected people and infectious mos-
quitoes (Fig. 5).

Community participation affects the risk of infection
in a variable way. Initially there may be little change. As
a critical mass of interest, knowledge and confidence
accumulates, the quality of participation changes and
its effect is more noticeable. After people gain profi-
ciency with a particular control strategy, implementing
it fully, the biological potential of the specific activity to
control reproduction reaches a peak, before adaptation
of the vector mosquito.

We did simulations that calculate R, for the different
strategies, taking the maximum values of E ., E o0 Linc
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and L ;. when the populations of eggs and larvae stabi-
lize over time. This generates an effectiveness of commu-
nity participation of 8.5%, translating as a reduction of
Ry<1. The model assumes a constant biting rate but
reduced human-vector contact, with a transmission rate
a1 — C()S), I{TVh, where 1 — C(¢) describes the reduc-
tion in contacts between infected mosquitos and suscep-
tible humans, reflecting the reduced mosquito
population. This approach has been used in other models
of vector-borne diseases [25, 26, 45].

Mathematical models have proved useful to understand
the transmission of dengue and to help plan infection
control strategies [17-29]. Optimizing the interven-
tion mix of control strategies is a relatively recent trend
in mathematical modelling. Our compartmental model,
without identifying an optimum control approach, helps
to explain transmission dynamics according to the reduc-
tion of the relative risk for the proportion of infected
people and the rate of pupae per person.

Limitations

Our model does not consider the variations in the envi-
ronment (temperature, humidity and height above sea
level), and community location (urban, rural or suburbs)
which are important if partially studied determinants of
the dengue vector density. [29, 46] Most of Acapulco is
less than 300 m above sea level, the environmental tem-
perature is warm most of the year, and humidity differs
depending with the rainy season. Our model took the
variation in humidity into account by a sinusoidal func-
tion for estimating the pupal population. Other limita-
tion is the lack of another compartment, in this specific
case, the estimated population into latent period of the
disease, which is not included in the SIR model.

Dengue mortality occurs mainly in children and the
elderly and fortunately there is a low mortality rate due to
severe dengue. We did not include the effect of mortality
on transmission. We based simulations on the Acapulco
general population, so not including mortality indicators
will have little effect on the model.

Our lack of longitudinal data on infected individuals in
intervention and control sites limits our ability to inform
our model with actual dengue cases in the trial setting.
We used historical dengue case reports from Acapulco.
Both 2013 and 2015 reported two outbreaks in the year,
the second with a higher incidence than the first. Shep-
ard et al. [47] suggested an expansion factor of 1.4-3.3
to allow for the well-recognized under-reporting. The
results of our simulation without the intervention thus
coincide with 2-3 times the average number of cases
reported during the peaks of the outbreaks in Acapulco
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in the years preceding the trial, 7 307 in 2013 and 5 586
in 2015.

We considered the temephos effect without any varia-
tion in effectiveness or use between households. Teme-
phos effectiveness varies dramatically with the dose
present and amount of water in the container, mosquito
breeding density, time temephos is left in containers, rain
season and other factors. Our model used average teme-
phos effectiveness, possibly overestimating its impact
without affecting the results of community participa-
tion. It was possible to consider the time dependence of
the effect of temephos, as the Fig. 4 shows, after 220 days
effectiveness of temephos dropped drastically.

We did not model different engagement dynamics for
men and women [16]. We are aware of different roles in
participatory vector control — men in Mexico would be
more concerned with outdoor or community actions,
with women more involved in household activities. We
modelled the effect as additive, although other interac-
tions (synergism or proportional functions) may have
played a role. This aspect of our model could hide the real
effect of gender in community participation not least, as
pointed out by Andersson and colleagues [12], the pos-
sibility that the way Camino Verde engaged women acted
as a disincentive to male engagement. There could be
unidentified ripple effects of more equitable engagement,
including better family communication, reduction of the
women workload.

Community participation adds value to conventional
control strategies for Aedes aegypti control for dengue
fever. Our model suggests that, in the long term, use of
temephos alone could fail to achieve Aedes aegypti con-
trol, whereas community participation might have a
more sustained effect.
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