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Abstract. Releasing mosquito refractory to pathogens has been proposed as a means of controlling mosquito-borne
diseases. A recent modeling study demonstrated that instead of the conventional male-only releases, adding blood-fed
females to the release population could significantly increase the program’s efficiency, hastening the decrease in disease
transmission competence of the target mosquito population and reducing the duration and costs of the release program.
However, releasing female mosquitoes presents a short-termrisk of increased disease transmission. To quantify this risk,
we constructed a Ross-MacDonald model and an individual-based stochastic model to estimate the increase in disease
transmission contributed by the released blood-fed females, using the mosquito Aedes aegypti and the dengue virus as a
model system. Under baseline parameter values informed by empirical data, our stochastic models predicteda 1.1-5.5%
increase in dengue transmission during the initial release, depending on the resistance level of released mosquitoes and
release size. The basic reproductive number (Ro) increased by 0.45-3.62%. The stochastic simulations were then ex-
tended to 10 releases to evaluate the long-term effect. The overall reduction of disease transmission was much greater
than the number of potential infections directly contributed by the released females. Releasing blood-fed females with
males could also outperform conventional male-only releases when the release strain is sufficiently resistant, and the
release size is relatively small. Overall, these results suggested that the long-term benefit of releasing blood-fed females

often outweighs the short-term risk.

INTRODUCTION

It has long been a goal of vector biologists to genetically
modify mosquitoes and other vectors to make them less ca-
pable of transmitting pathogens.”™ In almost all such pro-
posals, releasing males has been the choice as only females
take blood meals, and thus only females transmit diseases
(although exceptions exist, e.g., the Wolbachia-infected mos-
quito release in Australia®). Releasing females raises concerns
of increasing disease transmission (if the release strain is not
completely refractory to transmission) and increasing biting
rates, adding a nuisance factor that may reduce acceptance by
the community into which female mosquitoes are released.
However, releasing females could also benefit the control
program. For example, Robert et al.® showed that bi-sex or
female-only releases have higher efficiency at reducing mos-
quito population density. Recently, Xia et al.” modeled a pro-
posed scheme, first made by Powell and Tabachnick,? and
named “genetic shifting,” to genetically modify natural mos-
quito populations by releasing mosquitoes selected in the
laboratory to be refractory to transmission using classical arti-
ficial selection methods. The capacity of transmitting diseases
in mosquitoes is at least partially genetically determined,®° so
releasing refractory mosquitoes could alter the gene pools in
the target mosquitoes and “shift” the subsequent generations
to be less competent.? Xia et al.” considered several release
strategies, including the standard one of releasing only males,
but also a scheme to release females that had been blood-fed
before being released along with males. This new releasing
scheme was shown to greatly increase the efficiency of the
genetic modification of the target population. It induced faster
genetic modification and reduced the effort and time needed to
significantly reduce the vector competence (VC) of the target
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population. This is due to both doubling the release numbers by
including both sexes and pre-fed females being primed to di-
rectly contribute on the order of 50-100 eggs to the target
population, multiplying the effect of each released female.”
Implementing this female-included release strategy likely in-
volves many practical concerns, perhaps the most important is
whether the increased efficiency (shortened time to reach a
significant reduction in disease transmission capacity of the
vectors) outweighs any immediate increase of disease trans-
mission caused by the releases of females? There are good
reasons to expect that releasing pre-blood-fed females may
have minimal effects on disease transmission. Figure 1 shows a
simplified and idealized time line for such releases and the basis
of our models. After blood-feeding, female mosquitoes switch
from seeking a blood meal to seeking egg-laying sites.”''? When
a pre-fed female is released, it takes several days for her to
deposit all her eggs, so seeking a second blood meal (potentially
infectious) is delayed (Figure 1B). If the second blood meal is
infectious, there is another period of extrinsic incubation before
she can transmit the pathogen.'®'” Because of the relatively
high mortality rate of adult mosquitoes in the wild (Figure 1C),
the probability of a released female surviving until becoming
infectious and actually transmitting disease would be
minimal.'®2° Because the surviving females have been selected
to be largely refractory to pathogens (the reason they are re-
leased), impact on disease incidence would be further reduced.
To better inform empirical applications of releasing blood-fed
female mosquitoes along with males (referred to as “blood-fed
femalereleases” inthe rest of the article, but the release includes
males), we quantified the expected increase in disease trans-
mission that would be attributed to the released females. We
addressed this question by constructing an individual-based
stochastic model and calculating the basic reproductive num-
ber (Ro) according to the Ross-MacDonald model.2! The pa-
rameters in both approaches were guided by empirical studies
on the interaction between the dengue virus and the mosquito
Aedes aegypti, the major vector of several diseases including
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FIGURE 1.

lllustration of the individual-based stochastic model. (A and B) Idealized demonstration of the life events, gonotrophic cycle, and the

infection status of a wild Aedes aegypti female (A), and a released female after being blood-fed before released (B). The blood-fed released
mosquitoes start at the oviposition phase upon being released, instead of the feeding phase. The blue and red lines represent the noninfectious and
infectious statuses of the mosquito, and the green and red human icons represent healthy and infectious human hosts, respectively. The timing of all
events in both figures for demonstration only and are not constant for all individuals. Because a released female is already blood-fed and needs to
finish oviposition before biting, the timing when she becomes infectious is delayed, as represented here by the shorter redline in (B) than that in (A).
(C) Probability a mosquito lives until a certain age. The curve was calculated from Equation 6 in the main text. (D) Structure and workflow of the
individual-based stochastic model. Each iteration is composed of a simulation of 5,000 wild mosquitoes and a certain number of the released
mosquitoes (depending on the release ratio, e.g., 500 when the release ratio is 10%) for 10 generations. The total infections in each generation from
both the wild and released mosquitoes were used to update the proportion of infectious humans for the next generation. For each parameter
combination, 100 iterations were implemented to account for the variations due to model stochasticity. This figure appears in color at

www.ajtmh.org.

dengue, yellow fever, chikungunya, and Zika.?> We then ex-
tended the stochastic model to multiple generations and mul-
tiple releases, to evaluate the trade-off between the short-term
risk and long-term benefit of releasing pre-blood-fed mosqui-
toes. Last, uncertainty and sensitivity analyses were used to
examine variation in the model outcomes due to uncertainties in
parameter estimation, and to identify the relative influence of
parameters on the models.

MATERIALS AND METHODS

The Ross-MacDonald model. We first calculated the ba-
sic reproductive number (Ry) for dengue transmission by Ae.
aegypti and explored how the addition of blood-fed females

modified it. The basic reproductive number estimates how
many human infections in a single disease cycle will result
from the first infected human introduced into a completely
susceptible human population: How many people “patient
zero” will infect??! A large number of studies have modified
the model to estimate Ry for mosquito-borne diseases??; for
simplicity and generality, we adopted the most simplified and
well-characterized Ross-MacDonald model?'-24;

~ma?pb ¢

Fo="Tniey *F

: (1)

where m is the ratio of mosquito to human population density,
aisthe mosquito’s biting rate, p is the daily survival probability,
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N is the extrinsic incubation period (EIP, the duration for
the virus to amplify in the mosquito and become ready to
infect another host), b is the mosquito VC (the ability of a
mosquito to get infected and transit to another host), c is
the probability of a mosquito getting infected when biting
an infectious human, and r is the recovery rate of human
patient.2"2 At least two bites are necessary for a mos-
quito to transmit the pathogen (one to acquire the patho-
gen and the other one to transmit it to a new host), so the
biting rate is squared in Equation 1. In addition, the mos-
quito needs to survive at least the EIP, the probability of
which is p". Our Ry calculations assume that mosquitoes
exclusively feed on humans.

We modified Equation 1 to incorporate the addition of
the released mosquitoes. We assumed the same human
infectious rate (c) and recovery rate (r), and that wild and
released mosquitoes exhibit the same daily survival rates
(o), daily biting rate (a), and EIP (N). Because the mos-
quitoes have a lower VC and released in quantities nor-
mally smaller than the wild population size, both m and b
are expected to be lower for the laboratory-reared mos-
quitoes. In addition, the blood-fed released mosquitoes
must finish laying eggs before they seek a second blood
meal, so they have to survive an extra oviposition dura-
tion, O, in addition to the EIP to be infectious. We also
assume no interactions between the wild and the released
mosquitoes (e.g., no competition). The Ry contributed by
both the wild and the released mosquito populations is
then calculated as the largest eigenvalue of the next-
generation matrix26,27 (see Supplemental Material for
the derivation):

. mwa’pVb, ¢ ma?pNtOo, ¢

R R

where the subscripts w and r indicate values specific to the
wild versus the released mosquitoes. The first and second
parts (before and after the addition) describe the contribution
of the wild population and the released population, re-
spectively. The parameter values in this model are depicted in
Table 1. We then calculated the proportional increase of Rg
resulting from mosquito release:

R;) —Ro _ m,b,po
RO mwbw ,

©)

We considered four baseline scenarios, with the released
mosquitoes having a VC of 0.2 or 0.05, and the size of the

release being 10% or 20% of the size of the wild population
(Table 1).

In addition, we also performed a one-way sensitivity anal-
ysis, varying each parameter value across a reasonable range
informed by empirical studies on dengue and Ae. aegypti, and
calculated the proportional increase of Ry. Because only six of
the ten parameters have an impact (Equation 3), we kept the
other four parameters (a, N, c, and r) constant during the
sensitivity analysis (Table 1). We assumed that a reasonable
release program would release 5-50% mosquitoes of the size
of the wild populations, and the released individuals should be
more resistant than the wild mosquitoes. We allowed a max-
imal VC of 0.4 for the released mosquitoes when the wild
mosquitoes have a VC of 0.524, but in reality, the released
mosquitoes should be almost completely resistant. The range
of the VC for the wild mosquitoes was estimated according to
field studies.?®° Last, a blood-fed female mosquito would
take around 3 days or longer before it is ready to lay eggs, so
we tested at a range of 3 to 7 days.

Individual-based stochastic model. To complement the
basic reproductive number calculations and allow for more
flexibility and stochasticity, we built an individual-based sto-
chastic model.3® The model follows the adult life cycle of a
single Ae. aegypti female with a series of stochastic events
such as biting, oviposition, death, and transmitting patho-
gens. It then replicates this individual simulation to form
population-wide estimates. We simulated the number of hu-
man infections contributed by the wild and released mosqui-
toes separately, which allows us to quantify the increase in
disease transmission resulting from the release program. We
first focus on the effect of the initial single release, which likely
presents the greatest risk in a mosquito release program, as
the beneficial effect (e.g., reduction of VC of the mosquitoes)
has not taken effect yet, but the released females has already
been added to the disease transmission cycle.

We first simulated the life of a wild mosquito. After an initial
two days of maturation, the life cycle of a female mosquito
comprised gonotrophic cycles. Each cycle includes a biting
phase and an oviposition phase, and the mosquito alternates
between them (Figure 1A). The duration of each phase follows
a truncated normal distribution (Table 2) and is sampled sep-
arately for each gonotrophic cycle. Within the feeding phase,
the model samples the number of bites per feeding phase from
a Poisson distribution with a mean of two bites per cycle. Each
bite can be infectious: the probability of which is the product of
the proportion of infectious humans in the human population
and the mosquito’s VC. Although many definitions of VC exist,

TaBLE 1
Parameter values and ranges used in the Ross—-MacDonald model informed by the references provided

Parameter Baseline Range Reference
Mosquito-human ratio of wild mosquitoes (m,,) 4 0.8-8 25
Mosquito-human ratio of released mosquitoes (m,) 0.4 or 0.8* 0.2-2 7
Daily biting rate (a) 0.7 0.7t 28
Daily survival rate (p) 0.83 0.8-0.975 18
Extrinsic incubation period (N) 1 111 14,17,25
Duration of oviposition (O) 4 3-7 19
Vector competence of wild mosquitoes (b,,) 0.524 0.25-0.825 29,30
Vector competence of released mosquitoes (b,) 0.2 or 0.05* 0-0.4 7
Human infectiousness (c) 0.5 0.5t 31,32
Human recovery rate (r) 0.143 0.143%1 31,32

*The four baseline scenarios were calculated with combinations of the two baseline values m, and b,.
T Keep a, N, ¢, and r constant as they do not affect the proportional increase of R, (Equation 3).
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TaBLE 2
Parameter values and ranges for the individual-based stochastic model

XIA, URY, AND OTHERS

Parameter” Probability distributiont Baseline Range/distributiont Ref
Proportion of infectious human Constant 0.05 0.001-0.05 #
Age when released Constant 5 3-8 b
Wild mosquito VC Normal, truncated at 0-1 Mean: 0.524 0.25-0.825 29,30
SD: 0.125 0.05-0.3
Release mosquito VC Normal, truncated at 0-1 Mean: 0.2 or 0.05§ 0-0.4 7
SD: 0.125 0.05-0.3
Duration of oviposition Normal, truncated to > 3 Mean: 4 Truncated normal (u=4,0=2,a=3,b=7)) 19,34
SD: 1 Gamma (k =4, 6 =0.25)q
Duration of feeding Normal, truncated to > 1 Mean: 4 Truncated normal (u=4,0=2,a=1,b=7) 19,34
SD: 1 Gamma (k =4, 6 =0.25)
Extrinsic incubation period Normal, truncated to > 5 Mean: 11 Truncated normal (u=11,0=3,a=5,b=17) 14,17,25
SD: 1 Gamma (k =4, 6 =0.25)
Bites per gonotrophic cycle Poisson Mean: 2 Truncated nomal (u=2,0=2,a=1,b=10)  19,30,35
Release size ratio Constant 0.10r0.2§ 0.05-0.5 **
Proportion of successful feeding  Constant 1 0.5-1 **
Hazard function parameter, a Constant 0.0018 Truncated normal (u=0.0018,0=0.0009, 20
a =0.0009, b = 0.0027)
Hazard function parameter, b Constant 0.1416 Truncated normal (u=0.1416,0=0.0454, 20
a=0.0962, b =0.1870)
Hazard function parameter, s Constant 1.073 Truncated normal (u = 1.073, o = 0.6404, 20
a=0.4579, b = 1.6881)
Hazard function parameter, ¢ Constant 0.022 Truncated normal (u = 0.022, o = 0.022, 11

a=0,b=0.06)

VC = vector competence.

*Bold parameters were included in the sensitivity analysis. The rest of the parameters were included in the uncertainty analysis.

1The distribution used to sample stochastic events or mosquito VC within each simulation.
} The range for sensitivity analysis or the sampling distribution for uncertainty analysis.

§ The four baseline scenarios result from the combinations of two mean VC of released mosquitoes and two release sizes.

|| Truncated normal distribution: y = mean, o = SD, a = lower bound, b = upper bound.
€ Gamma distribution: k = shape, 6 = scale.

# The parameter varies by the target human community.

**Variables describing the release program.

1 tWe adjusted this variable so that the hazard function matches the wild mosquito survival rate.

we define VC in this study as the probability that a mosquito
will become infectious if it bites an infected human,29-30-36-38
We assumed the VC follows a normal distribution truncated at
0 and 1 with different means for the wild and the released
mosquito population, respectively (Table 2). The VC of each
mosquito is randomly sampled and remains constant
throughout its life. If the mosquito becomes infected after a
bite, the model randomly samples the duration of the EIP from
a normal distribution, with a mean of 11 days as documented
under laboratory conditions.?®> The mosquito becomes in-
fectious after the incubation period. Every bite after that
stands to infect its human host, given the host is not already
infected (a probability of randomly encountering a susceptible
host, i.e., 1- proportion of infectious hosts). When an infected
mosquito bites a noninfected human, we assume a 100%
chance of transmission for simplicity reasons. Relaxing this
assumption should affect the wild and the released mosqui-
toes similarly, so we do not think it would affect our results.
In addition to gonotrophic cycles and infection status, we
randomly sampled each mosquito’s life span in our model, fol-
lowing an empirically estimated survival function. Mosquitoes
likely exhibit a nonlinear survival curve.’®2° Styer et al.2° demon-
strated that a logistic Makeham hazard function best matches the
observed survival of laboratory-reared blood-fed mosquitoes:

aebx

%= +(2)e-1)

where U, is the hazard rate, a is the initial mortality rate, b is the
exponential mortality increase with age, x is the age, s is the

+e (4)

degree of mortality deceleration, and c is the age-independent
hazard rate. We used the mean value of a, b, and s reported in
Styer et al.2% in our baseline scenario. We increased the age-
independent hazard rate, ¢, to decrease the median survival to
21 days (Harrington L., personal communication). This as-
sumption better matches mosquito survival in the field; in-
creasing the age-independent mortality parameter tracks the
way environmental factors such as predation and extreme
weather present an age-independent risk to mosquito sur-
vival. Using a time step of 0.1 days, we calculated the prob-
ability of the mosquito surviving from day t to day t+0.1 as:
Uxx 0.1 , (5)
The cumulative probability of the mosquito surviving till age T
is then calculated as:

Ptst+01 =€

t=T-0.1

P(T) = ©6)

Pt-t+0.1-
t=0
Equation 6 is displayed in Figure 1C. For each mosquito in the
model, we randomly sample its age of death according to this
cumulative survival probability. We then simulate multiple
gonotrophic cycles of the mosquito as described earlier until
she dies, and summarize the number of infectious bites con-
tributed by the mosquito.

Using this model framework, we first simulated the disease
contributed by 5,000 wild mosquitoes and then added the
released mosquitoes. The release ratio is expressed as a
proportion of the wild mosquito population size (e.g., 10%
represents releasing 500 mosquitoes) in the baseline
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scenarios. We assume the released mosquitoes are 5 days old
when starting the simulation (i.e., time spent in the laboratory/
facility before being released), and that they have a lower VC
(Table 2).” Blood-fed mosquito females enter the simulation at
the beginning of the oviposition phase, in contrast to the non-
fed and wild mosquitoes which begin in the biting phase
(Figure 1B). Although we recognize that Ae. aegypti females
often take multiple blood meals in any single gonotrophic
cycle, we assume this will be minimized if the released females
are allowed to feed ad libidum on a blood source before re-
lease, so they are fully fed. It is still possible that some non-fed
females may be accidentally released. Therefore, we consid-
ered different ratios of successful feeding in our simulation
(100% in the baseline scenarios) to assess the risk of this
practical limitation. We assumed that the release mosquitoes
share the same parameter values as the wild mosquitoes for
the rest of the parameters (e.g., duration of oviposition, EIP,
etc.; Table 2) and have the same age-dependent survival
curve, except that they suffer no mortality before being
released.

After simulating all mosquitoes from the wild population and
the released population, we calculated the proportional in-
crease of disease due to the release. This proportion was
calculated as the total number of dengue incidence trans-
mitted by the released mosquitoes divided by that transmitted
by the wild mosquitoes. Last, we iterated the entire simulation
100 times to account for the stochasticity, generating an
empirical distribution of the proportional increase of disease
transmission. Increasing the number of iterations did not re-
duce stochasticity or affect the model results.

Extending to multiple releases. Proposed release pro-
grams likely last for more than just one release. To assess the
effectiveness and risk of releasing blood-fed females multiple
times, we extended the aforementioned simulation to 10 re-
leases, assuming one release per mosquito generation and
nonoverlapping generations. Specifically, we iterated our
simulation (5,000 wild and 500 released females at baseline)
10times. For each successive generation, we first updated the
VC of the wild (target) mosquito population according to
the release-induced genetic shift. This was calculated using
the genetic shifting model described in Xia et al.” (see
Supplemental Figure S1 for an example). The two models
(genetic shifting model and the current one) share five pa-
rameters: VC mean and SD in the initial wild population and the
released population, and the size of each release. For the rest
of the parameters unique to the genetic shift model, we used
the baseline value described in Table 1 in Xia et al.” The out-
come of the genetic shifting model is the mean VC of the wild
mosquito population across the 10 generations, which were
used in this study for the simulation of each of the 10 releases.
The proportion of successful feeding before releasing was not
incorporated in the genetic shift model (the model in Xia et al.”
always assumed perfect prerelease feeding). To account for
the effect of this parameter, we assumed that VC changed
linearly between scenarios of 100% feeding (i.e., releasing
blood-fed females) and 0% feeding (i.e., releasing both sexes
without feeding; see the following paragraphs for more de-
tails). We then adjusted the VC in the 10 generations according
to the feeding ratio when it is not 100%.

In addition to updating VC, we adjusted the proportion of
infectious humans for each release. To do that, we assumed
the human infectiousness before any releases (5% at baseline,

HIl4) corresponds to the number of infections contributed by
the wild mosquitoes in the first generation (Nyq, 1). We then
calculated the successive generation’s human infectiousness
proportionally as HI; = Niotal, i-1/Nwig, 1 X Hl1, where i indicates
generations and Nioa, i—1 iS the total number of new dengue
infection simulated in the last generation. For example, assuming
5% human infectiousness to start, if the wild mosquitoes infected
100 people in the first generation, and in total 110 people were
infected after the first release, the human infectiousness pro-
portion in the second generation would be 5.5%.

Extending the simulation to multiple releases also allows a
comparison between different releasing strategies. We sim-
ulated the scheme in which only males are released and a third
one in which both sexes were released, but females were not
pre-fed in the laboratory. The male-only release did not di-
rectly contribute to disease transmission, whereas the “both-
sex” releases added females that enter the simulation at the
beginning of the feeding phase instead of the oviposition
phase, as shown in Figure 1B. The three release strategies
also differ in the change of VC across generations, which were
calculated as in Xia et al.” Last, we also simulated a “control”
scheme with no releases.

For each multigenerational simulation, we calculated the
number of dengue infections in each generation as pro-
portional to the number of infections by the wild mosquitoes in
the first generation. We separated the total number of infec-
tions contributed by the wild and released mosquitoes.
Moreover, we summed the number of infections across all 10
generations and calculated the proportion to the total infec-
tions in the control scheme. As in the single-generation sim-
ulation, we iterated the simulation 100 times to obtain the
distribution of the outcome variables.

Uncertainty analysis and sensitivity analysis. In light of
previous modeling efforts that examined the effect of param-
eter uncertainties,®*~*2 we performed uncertainty and sensi-
tivity analyses on the individual-based stochastic model. We
categorized the 19 parameters in the stochastic model into
two groups (Table 2). The first group comprises variables that
describe a mosquito’s life events, for instance, the duration of
the blood-feeding phase, the number of bites per cycle, and
the parameters defining the survival function (Equation 4).
These parameters are assumed not to be affected by the
mosquito release programs; we also assumed that the re-
leased mosquitoes share the same values for these parame-
ters as their wild counterparts. In other words, we assume
these are constants due to the biology of the particular mos-
quito species and disease. For these parameters, we were
mainly concerned about how uncertainty in parameter esti-
mation might contribute to the uncertainty of our simulation
results. Therefore, we implemented an uncertainty analysis for
these 11 parameters. We randomly sampled 1,000 combina-
tions of these parameters using Latin hypercube sampling*®in
R** from their reasonable distributions (Table 2), allowing all
parameters to vary simultaneously. We ran the multiple-
generational model for each combination and calculated the
mean of the 100 iterations, and then summarized the varia-
tions of these 1,000 means.

The other group of parameters contains those that describe
the wild mosquito population (e.g., VC mean and SD), the host
population (proportion of infectious humans), and the release
program (mean and SD of the VC of the released mosquitoes,
release size, feeding success before releases, and the age of
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mosquitoes at release). These variables are controllable by
directly adjusting the release program or choosing the ap-
propriate target population. To examine how each of these
parameters influences the model output, we performed sen-
sitivity analyses on all parameters. We first applied one-way
sensitivity analysis, in which we varied each parameter in-
dividually across its range while keeping other parameters the
same as in the baseline scenario. The ranges for each pa-
rameter are depicted in Table 2. As described earlier, we cal-
culated the mean model output from the 100 iterations for
each parameter value. In addition to the one-way sensitivity,
we also implemented a global sensitivity analysis where all
parameters vary simultaneously. This allows us to evaluate the
effect of each parameter, while the other parameters are also
changing. We again used Latin hypercube sampling to ran-
domly sample 1,000 parameter sets, using the same param-
eter value ranges as in Table 2. In all sensitivity analyses, the
values of the other group of parameters (“uncertainty” pa-
rameters) were kept constant as in the baseline (Table 2).

We modeled all three release strategies for each parameter
combination in uncertainty and sensitivity analyses: releasing
blood-fed females with males, releasing only males, and re-
leasing both sexes without feeding. This provided us an op-
portunity to directly compare different strategies under a
variety of parameter settings. We also used a random forest
(RF)*® model to evaluate the most influential parameters in
determining the best release strategy. The RF model used
results from the global sensitivity analysis, with the eight
“sensitivity” parameters as the predictor variables. The de-
pendent variable is a categorical variable indicating which
release strategy elicits the lowest total number of infections
over all generations (i.e., the highest efficiency in reducing
disease transmission). Implementing this RF model produces
arank of all parameters, from the most influential to the least.

Scripts for the individual-based stochastic simulation and
further analysis were deposited in GitHub (https://github.com/
siyangxia419/Risk-assessment-of-releasing-blood-fed-
females).

RESULTS

The Ross-MacDonald model. Using the baseline param-
eter values, the Ross—MacDonald model estimated that R is
2.482 before any releases (i.e., only the wild mosquitoes). This
Ry estimation is consistent with studies that estimated Ry
during dengue outbreaks in the range of 1.24-4.22.46-4° Re-
leasing mosquitoes with a VC of 0.2 at 10% or 20% of the wild
population size boosted Ry to 2.526 or 2.572, respectively,
which is a 1.81% or 3.62% increase due to the mosquito re-
lease. When the released mosquitoes have an even lower VC
(0.05), Ry became 2.493 (0.45% increase) and 2.504 (0.91%
increase) with 10% and 20% release sizes, respectively.

The sensitivity analysis indicated that six variables affect
this proportional increase in Ry (Supplemental Figure S1): the
mosquito—human ratio of the wild and released mosquitoes
(m,, and m,), the VC of the wild and released mosquitoes (b,,
and b,), the duration of oviposition (O), and the daily survival
rate (p). Increasing m,,, by, and O, or decreasing m,, b,, and p
resulted in smaller increases of Ry. These results are consis-
tent with our expectations. Releasing more resistant mos-
quitoes in smaller numbers reduced the risk of increasing
disease transmission. As the risk was evaluated as a

proportion of the initial Ry, factors that resulted in larger Ry for
the wild population (such as large wild mosquito population
size and more competent wild mosquitoes) also lessened the
proportional risk of releasing. Last, if the mosquitoes require a
longer time for oviposition and a lower daily survival rate, the
released mosquitoes were more likely to die before trans-
mitting diseases.b

Individual-based stochastic model: baseline. Focusing
on the initial generation of release, under the four baseline
scenarios, the individual-based model predicted a 1.1-5.5%
increase in dengue transmission from releasing blood-fed
female mosquitoes (Figure 2). Releasing larger numbers of
mosquitoes (20% versus 10% of the wild population size) with
a relatively high VC (0.2 versus 0.05) resulted in a larger dis-
ease increase.

Extending the simulation to 10 generations, we observed a
rapid decline of new dengue infections when releasing blood-
fed females (Figure 3). A temporary increase in disease
transmission occurred only in the first two or three generations
of releases. Over all 10 generations, releasing mosquitoes with
a mean VC of 0.2 or 0.05 and at 10% or 20% of the wild
population size lowered the total dengue infection to 59.4%
(95% ClI: 48.5-70.2%), 46.2% (39.0-54.1%), 48.6%
(42.1-56.6%), and 34.7% (30.8-39.2%), respectively, relative
to the control scenario of no releases. In comparison, the
proportion of dengue cases directly contributed by the re-
leased mosquitoes were 1.9% (1.5-2.5%), 0.6% (0.4-0.9%),
3.3% (2.6-4.1%), and 1.0% (0.7-1.3%), respectively. When
comparing it with the two other release strategies (i.e., re-
leasing both sexes without feeding or releasing only males),
releasing blood-fed females consistently performed better,
resulting in the lowest dengue transmission from the third
generation on (Figure 3). This suggests that the long-term
benefit of releasing blood-fed females outweighs the short-
term surge of diseases at the initial stages of such a mosquito
release program.

Individual-based stochastic model: uncertainty and
sensitivity analyses. The ranges of uncertainty in dengue
infection from varying the 11 uncertainty parameters are
summarized in Figure 4. In general, the effect of parameter
uncertainties was amplified in later generations. Releasing
blood-fed females still led to the largest reduction in disease
transmission after the third release. This result was consistent
with what we observed in the baseline scenario (Figure 3A).
The total infections across the 10 generations when releasing
blood-fed females were, on average, 60.4% (95% ClI:
55.3-65.7%) of that when no releases were conducted.
Among them, 1.9% (1.4-2.6%) were contributed by the released
mosquito. When focusing on each of the 11 parameters, most did
not have a strong effect on the simulation outcomes (i.e., total
infections relative to the no-release scenario; Supplemental
Figure S2). Increasing the number of bites per gonotrophic cycle
seemed to diminish the efficiency of the releases, that is, resulted
in a higher number of infections, but it affected all release strat-
egies similarly (Supplemental Figure S2E).

For the other eight parameters, one-way sensitivity
analysis revealed that the releasing program reduced more
disease transmission (i.e., had better performance) over
10 generations (i.e., releases) when 1) a smaller proportion
of the target population is infectious (Figure 5A), 2) releasing
mosquitoes at older ages (Figure 5B), 3) releasing more
refractory mosquitoes into more susceptible wild
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at www.ajtmh.org.

populations (Figure 5C and E), 4) releasing larger numbers of
individuals each time (Figure 5G), and 5) a higher proportion
of the released females successfully fed before being re-
leased (Figure 5H, green line). The VC variance within each
simulation for both the released and wild mosquito pop-
ulations has a minimal effect on the model results (Figure 5D
and F). The number of infections contributed by the released
mosquito alone is shown in Supplemental Figure S3. As
expected, releasing less-resistant mosquitoes (relative to
the wild mosquitoes) in a larger quantity increased the
number of dengue cases transmitted by the released
population.

In most parameter settings within the one-way sensitivity
analysis, blood-fed female releases outperformed the other
two release strategies. However, as the differences in the VC
between wild mosquitoes and released mosquitoes decrease,
the conventional male-only release becomes the better op-
tion. Releasing a larger number of mosquitoes each time
(roughly larger than 0.35 the size of the wild mosquito pop-
ulation) also led the blood-fed female release to perform worse
than the equivalent male-only release. It is likely that with these
parameter settings, releasing blood-fed females did not sig-
nificantly improve the reduction of VC in comparison with
male-only releases. Instead, these released females directly
contributed to the large number of infections, offsetting any
benefits from the faster VC decline.

Last, we allowed all eight sensitivity parameters to vary si-
multaneously. In contrast to the observation of the one-way
sensitivity analysis (Figure 5), releasing only males resulted in
an apparent lower mean of total infections than releasing
blood-fed females (Supplemental Figure S4). When taking a

closer look at each parameter value combination, we found
that for about half of all combinations, releasing blood-fed
females was still the better option, whereas in the other half,
releasing only males produced the lowest total number of in-
fections. The RF analysis revealed that the most influential
factors determining which release strategy is optimal were the
mean VC of the released versus the wild mosquitoes, the re-
lease size, and the proportion of successful feeding before
releasing (Figure 6). Releasing more resistant mosquitoes at a
smaller amount each time and ensuring more females were
fully fed favored the blood-fed female release strategy
(Supplemental Figure S5). This finding is consistent with our
one-way sensitivity analysis (Figure 5, comparing the green
and the blue lines).

DISCUSSION

Our initial results indicated that although releasing blood-
fed female mosquitoes with males in a genetic modification
program may present some short-term risk of increasing
diseases, the risk is likely relatively small. The Ross—
MacDonald model and the individual-based model generally
agreed on the proportional increase of disease transmission
during the initial release. More importantly, our multigenera-
tional models suggested that the long-term benefit of re-
leasing blood-fed females, in terms of reducing total infections
over multiple generations, significantly exceeds the short-
term risk. Releasing blood-fed females rapidly decreased the
VC of the target populations (e.g., almost two times faster than
male-only releases as predicted in Xia et al.”), which averted a
large number of infections in later generations, offsetting the
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temporary increase of infections. As a result, these releasing
strategies could outperform the conventional male-only re-
leases in the long run.

Although our model depends on many parameters de-
scribing the gonotrophic cycles and specific human-biting
events of Ae. aegypti, the uncertainty analysis suggested that
varying these parameters does not significantly affect our
main findings. Among other parameters, the two most in-
fluential model inputs were the size of the release population
and the VC of the released females relative to that of the wild
individuals. Increasing the size of releases again presented a
trade-off: alarger release results in a quicker reduction in VC,
thus reducing the time to decrease or stop disease trans-
mission,” but at the same time, it increased the number of
infections transmitted directly by the released individuals.

This was observed in both the Ross-MacDonald analysis
(Supplemental Figure S1) and the stochastic model
(Supplemental Figure S3): release size greater than 20-30%
could lead to a more than 5% increase in Ry or simulated
dengue cases. As a result, releasing blood-fed females be-
came less desirable than male-only releases when releasing
in large numbers.

On the other hand, reducing VC of the released mosquitoes
was always beneficial. Ideally, the released population would
have a VC of zero, and thus the released females would not
affect disease transmission. However, we considered an im-
perfectly refractory strain release, which may be more realistic.
To obtain approval from relevant authorities, it is unlikely any
release would be performed with a refractory strain with a VC
greater than 10%. Also, releases would have relatively higher
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efficiency when the target population has a high VC before the

release programs.

We recognize that practical issues may arise in releasing
blood-fed females. Perhaps, the most important is to be cer-
tain that any such program would release only fully blood-fed
females. Releasing non-blood-fed females decreased their
effectiveness, as they would not be primed to start laying eggs

Total infections relative to no release
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immediately and likely would not lay as many eggs. More
importantly, females not taking a blood meal or even partially
blood-fed may start biting immediately after being released,
thus reducing the time before an infective bite might occur.
Indeed, our models predicted that a lower proportion of suc-
cessful feeding results in more disease transmission by the
released mosquitoes, and, over multiple generations,
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Ficure 5. One-way sensitivity analysis showing the effect of each parameter on the mean total number of infections over 10 generations. The
parameters of interest are labeled at the bottom of each panel. The infection numbers were expressed as proportional to the no-release control
scheme. Colors represent release strategies. Each point represents a simulation with a different value of the target parameter. The lines and the
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ated using the data from the global sensitivity analysis and the random
forest model.

diminished the effectiveness in decreasing disease trans-
mission (Supplemental Figure S3). This effect would be more
prominentin the initial releases. Therefore, in reality, a carefully
implemented release program should ensure that almost all
released females are successfully fed, for example, by allow-
ing females to feed multiple times and developing new tech-
niques to separate engorged females.

Our models focused on the life cycle of mosquitoes, assuming
a constant environment. Environmental variations, such as
temperature and humidity, have been shown to impact EIP and
survival.'®'"%° However, these environmental conditions likely
affect both wild and released mosquitoes similarly, so this as-
sumption should not greatly distort our estimation of the pro-
portional increase of disease transmission. Incorporating these
effects could provide a more accurate prediction of disease
dynamics. Another potential avenue for future work is to examine
the effect of spatial heterogeneity. Many previous studies have
suggested that the spatial structure of the mosquito and the host
population could affect the prediction of dengue transmission as
well as the performance of mosquito control programs. #2:46:51-53
To incorporate this new dimension, a spatially explicit model
framework (e.g., Skeeter Buster®>°45®) should be used. For in-
stance, using Skeeter Buster, Legros et al.*? showed that het-
erogeneity in the mosquito population could diminish the
outcome of releasing transgenic mosquitoes, and compared
homogeneous versus point-source release protocols. Other
model frameworks could further validate the results from our
study and provide additional insight. For example, existing en-
tomological models could be linked to dengue epidemiological
models (e.g., SEIR models®®%8). Exploration using different
variants of the Ross—-MacDonald model could also be helpful.2'2°
Last, for designing realistic release programs specific to a geo-
graphic location, it is also crucial to construct more detailed
models that incorporate local data (e.g., detailed human move-
ment pattern and mosquito ecology, etc.) to more accurately
predict and optimize the release program, such as the study by
Hladish et al.>® and study by Legros et al.*?

Of course, assessing the effects of releasing blood-fed fe-
males on disease incidence alone is only one issue of concerns
related to this unconventional mosquito release scheme. Even
though the temporary addition of disease transmission from
these released mosquitoes may not be substantial, it is still an

increase in public health risk. Also, the released females will
increase the number of bites, which could be a nuisance by
themselves. Depending on the local disease burden, local
policies, and the public’s attitude toward mosquitoes and
mosquito releases, this new releasing strategy may not be
universally accepted even after proving its high efficacy. More
rigorous risk assessment analyses that incorporate additional
factors, such as the capacity of the healthcare system, should
be conducted. Public education could be important in reducing
the communities’ resistance toward releasing female mosqui-
toes. Regulations and surveillance systems should also be in
place. Many existing guidelines (e.g., the Arthropod Contain-
ment Guidelines®®) could include guidelines specific for female
release. Other practical issues surrounding the releasing pro-
cess should also be carefully considered. For instance, what is
the best approach to release the blood-fed mosquitoes, as they
might be reluctant to fly? A potentially promising alternative to
releasing females, or adult mosquitoes in general, is to release
eggs, which has been explored in a few studies.*? But how
would that compare with releasing blood-fed females? These
questions remain open.

To summarize our findings, releasing blood-fed female
mosquitoes greatly increases the efficiency and speed to
achieve a significant reduction in disease transmission in a
genetic modification program while producing a minimal
temporary increase in disease incidence. For the best esti-
mates of parameters for Ae. aegypti and dengue that we used,
the important recommendations would be 1) the released
strain should have as low a VC as achievable and no more than
10% (Figure 5E); 2) the numbers released in each generation
should be as large as practical to achieve a faster reduction in
disease transmission®; however, if exceeding 30% the size of
the target population, there may be a small additional increase
in disease incidents relative to male-only releases (Figure 5G);
and 3) the proportion of fully blood-fed females should be as
high as possible. Otherwise, varying other controllable pa-
rameters had minimal effects on the outcome of the release
program.

We note that our findings are specific to the mosquito
species (Ae. aegypti) and disease considered (dengue). Cau-
tion should be taken when trying to extend the conclusion to
other disease-vector systems. However, the framework could
be adapted to a large range of situations with careful adjust-
ment to the model inputs. If the release of blood-fed females is
considered for genetic modification programs aimed at other
diseases and vectors (e.g., Anopheles and malaria), parame-
ters specific to these systems should be investigated, and the
model should be adjusted to reflect the specific disease
transmission cycle (e.g., multiple hosts, different EIP, and
vector survival rates).
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