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Evaluating human landing catches
as a measure of mosquito biting
and the importance of considering
additional modes of action

Emma L Fairbanks%23*, Mgeni M. TambweX2*, Jason Moore'?* Ahmed Mpelepele*,
Neil F. Lobo®, Rajabu Mashauri“, Nakul Chitnis'? & Sarah J. Moore®%*5

Entomological evaluations of vector control tools often use human landing catches (HLCs) as

a standard measure of a direct human-vector contact. However, some tools have additional
characteristics, such as mortality, and HLCS are not sensitive for measuring other effects beyond
landing inhibition. Therefore, additional measures may need to be considered when evaluating these
tools for public health use. This study has two main aims (1) the evaluate the accuracy of HLCs as a
proxy for feeding and (2) to compare the predicted reduction in vectorial capacity when we do and

do not consider these additional characteristics. To achieve this, we analyse previously published
semi-field data from an experiment which used HLCs and another where mosquitoes were allowed

to feed in the presence of different dosages of the volatile pyrethroid spatial repellent, transfluthrin.
We compare results for two mathematical models: one which only considers the reduction in feeding
effect and one which also considers mortality before and after feeding (using data gathered by the
aspiration of mosquitoes after the semi-field feeding/landing period and 24 h survival monitoring).
These Bayesian hierarchical models are parameterised using Bayesian inference. We observe

that, for susceptible mosquitoes, reduction in landing is underestimated by HLCs. For knockdown
resistant mosquitoes the relationship is less clear; with HLCs sometimes appearing to overestimate
this characteristic. We find HLCs tend to under-predict the relative reduction in vectorial capacity in
susceptible mosquitoes while over-predicting this impact in knockdown-resistant mosquitoes. Models
without secondary effects have lower predicted relative reductions in vectorial capacities. Overall,
this study highlights the importance of considering additional characteristics to reduction in biting of
volatile pyrethroid spatial repellents. We recommend that these are considered when evaluating novel
vector control tools.
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Typically, entomological evaluations of vector control tools, that reduce mosquito bites, measure exposure to
vectors using a standard measure of human landing catches (HLCs)"2. Here, mosquitoes are captured from the
lower limbs of a human volunteer as they land, but before they bite. HLC is a direct measurement of human-
vector contact that has not been reproduced accurately using traps®=°, but it has disadvantages especially with
wild-field mosquitoes, as pathogen transmission could occur®. There is some experimental evidence that HLCs
provide a reasonable proxy of human biting®’”. However, HLC measures only mosquito attack rate and is not
sensitive for measuring other effects of vector control tools beyond landing inhibition®. There are a number of
vector control tools available that reduce mosquito bites using insecticides, including volatile pyrethroid spatial
repellents® and pyrethroid treated clothing!’. To estimate the potential efficacy of these kinds of interventions
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when applied for public health, it is relevant to measure modes of action beyond repellency including feeding
inhibition, knockdown and mortality>'*.

Recently, semi-field studies are increasingly used to safely improve our understanding of the modes of action
of vector-control tools'?, i.e. how they affect mosquitoes’ behavioural and mortality endpoints that may be
relevant when measuring the impact of interventions on vectorial capacity'®. Here, since a known number of
laboratory reared vectors are released into a cage in which they cannot escape, behavioural endpoints can be
reported at the individual mosquito level. Possible endpoints include feeding, repellence, blood-feeding inhibi-
tion and mortality.

Denz et al.'* suggested models and parameterisation methods, based on HLC data alone, for semi-field trials
aiming to characterise vector-control interventions. Here, the decrease in HLCs for a human protected by the
intervention, compared to an unprotected human, was assumed to be due to preprandial mortality (death before
feeding) or disarming (mosquito inhibited from blood feeding for two days). A later semi-field trial included
aspiration of mosquitoes remaining the semi-field cage after the HLC collection period and examining if they
were knocked down or resting. HLC collected mosquitoes and mosquitoes resting mosquitoes collected by aspira-
tion were offered a blood meal. Fairbanks et al.'® used data from this study to extend the Denz et al.** framework,
enabling quantification of the preprandial killing and disarming effects. In this model the reduction in feeding
can be attributed to combinations of preprandial mortality, disarming and repellency. Both studies also modelled
and parameterised postprandial mortality, considering the probability of death after 24 hours mosquitoes. This
anlysis was performed on all mosquitoes caught by HLC in Denz et al.'¥, whereas Fairbanks et al.'> considered
mosquitoes caught by HLC which fed when offered a blood meal.

In this study we will adapt the Fairbanks et al."”® methodology to model and parameterise data recently
published in Tambwe et al.5, for the volatile pyrethroid spatial repellent, transfluthrin. Here two semi-field
experiments were performed with Anopheles mosquitoes; one where standard HLCs were performed and the
other where mosquitoes were allowed to feed on volunteers. Here, since Tambwe et al.® also included mosquito
aspiration after the HLC collection period we are able to parameterise preprandial mortality and repellency.
We compare results when analysing the feeding or HLC datasets for two models; one considering the potential
secondary effects of preprandial and postprandial mortality using the aspiration and survival data and one that
assumes the only data collected is the number of fed/HLC mosquitoes. We will compare the parameter estimates
as well as how they impact the predicted reduction in vectorial capacity, based on a previous published model'S.

Semi-field study data

Semi-field experiments were carried out at Ifakara Health Institute. Each night included two experiments: one
where mosquitoes were allowed to bite the human and one where HLCs were performed. Here we will refer to
these as the feeding and landing experiments, respectively. Full details of the experimental method are in Tambwe
et al.%. Experiments were performed for six nights per dosage (5, 10, 15 and 20g transfluthrin), with control and
intervention arms performed in parallel.

Mosquito preparation and release For each experiment and arm, twenty insectary-reared mosquitoes of
each species—susceptible Anopheles funestus, susceptible An. gambiae sensu stricto and knockdown resistant
An. gambiae—were realised into screen houses.

Mosquito feeding/landing hour For the feeding experiments volunteers allowed the mosquitoes to feed on
them for one hour. For the landing experiments volunteers performed HLCs for one hour. Mosquitoes caught
by HLC were placed in a collection cup. Then, in both experiments, at the end of the one-hour feeding period
the mosquitoes remaining in the screen house were collected by aspiration.

Immediate assessment The number of knocked-down, resting and blood-fed or HLC mosquitoes were
recorded for the feeding or landing experiments, respectively. HLC and resting mosquitoes were subsequently
offered a blood meal for 15 minutes using the membrane technique. Following the feeding, each mosquito cup
received 10% sucrose and kept under laboratory conditions of 27+2°C and 75%+20% relative humidity.

24-hour assessment All mosquitoes were examined after 24 hours and classified as either unfed and alive, fed
and alive, unfed and dead or fed and dead. Mosquitoes resting at the end of the collection hour which were dead
after 24 hours were reclassified as dead. It is assumed that these mosquitoes would not have survived until the
next days feeding period, and therefore would have died before feeding on a human and potentially transmitting
malaria parasites. In the feeding experiment mosquitoes that fed during the feeding hour and mosquitoes found
resting and offered an blood meal were pooled for the 24-hour assessment.

Methods

In order to consider the nightly variations in the parameters, we use Bayesian hierarchical models, which incor-
porate hierarchical structures in the data, allowing modelling of different levels of variation in the data (Sup-
plementary file 1).

Bayesian inference was performed using Stan'” in Rstudio'®. Weakly informed priors similar to'* were used
(Table S1). For each model parameterised, we run four Markov chains with 6000 iterations, removing the first
3000 for burn in. The convergence of chains was checked using the diagnostics available within Stan. Figures
were generated using the ggplot2 package in Rstudio'®?’.

Mosquito host seeking behaviour

We consider stochastic continuous-time Markov models of host-seeking behaviour of individual mosquitoes'**¢.
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Model with secondary effects

The mosquito starts in the host-seeking stage (A). Then the mosquito can either remain in A, feed (B) or be
killed preprandially (M). We assume that the probability mosquitoes leave A follows an exponential distribution
depending on the rates of feeding and preprandial mortality, which for an unprotected host are given as o and
o, respectively. These rates are assumed to have a hierarchical structure, allowing for daily variations. During
a time step of duration ¢ the probabilities a mosquito remains host seeking, lands/feeds or dies preprandially
are given as

Ps(t) = exp ( — (ap + OtM)t), (1)
P(t) = (1= Pat) s @
Pu® = (1= Pa(h) =, 3)

respectively. Since the rates have a hierarchical structure, these probabilities vary daily within the model.
Mosquitoes are classified as host seeking (A), fed (B) or killed preprandial (M) and these data were fit to a
multinomial distribution using the method described in Fairbanks et al.’”.

After biting a human host mosquitoes can either survive to lay eggs and then begin host seeking again or die
postprandially. Here we parameterise postprandial killing using a model defined in Denz et al.'*. Previously, for
a landing experiment, Denz et al.'* estimated the probability of death based on the survival of all mosquitoes
caught by HLC. However, Fairbanks et al."> applied this model to only mosquitoes caught by HLC that fed
when offered a blood meal. For the landing experiment, we compare results from applying the model to these
two datasets. For the feeding experiment, the mosquitoes that fed in the semi-field chamber and mosquitoes
found resting which fed when offered a blood meal were pooled for the 24-hour survival analysis. Therefore in
the feeding experiment, we cannot distinguish between postprandial mortality of mosquitoes that fed in the
semi-field chamber or those that were resting in the sem-field chamber and only fed when offered a blood meal
subsequently. We assume that mosquitoes fed and alive at 24 hours were biting mosquitoes. If there were fewer
fed alive mosquitoes at 24 hours, compared to after the initial evaluation immediately after the feeding-period,
we assume this was due to postprandial killing. We fit a binomial distribution to estimate the probability of
postprandial mortality, Ps, which has a hierarchical structure'®.

Model without secondary effects

In this model there is no preprandial mortality. Therefore, the mosquito can either remain in A or feed (B). For
this model during a time step of duration ¢ the probabilities a mosquito remains host seeking or lands/feeds are
given as

Py(t) = exp ( — OtBl') or (4)

Pp(t) = (1= P4(1)), (5)

respectively.

Here we assume only data on the number of HLCs or fed mosquitoes is collected, which we fit to a binomial
distribution. The probability of postprandial mortality is modelled and fit using the same methods as the model
with secondary effects.

Intervention effects

We denote rates of biting and preprandial mortality and the postprandial mortality probability for a unprotected
host as &g, @y and Ps, respectively. These are then adjusted for a host protected by the intervention. The adjusted
rate of landing/feeding, often referred to as the host-availability rate, is

ap = (1 —m)as, (6)

where 0 < 7w < 1is the reduction in the host-availability rate for mosquitoes encountering a human protected
by the intervention compared to an unprotected (control) human. The preprandial mortality rate for a protected
host is

am = am + kas, (7)

where 0 < « is the increase in the rate of preprandial mortality due to an intervention relative to the host-
availability rate of an unprotected human (i.e. the rate mosquitoes die preprandially instead of biting). This is
only estimated for the model with secondary effects, since there is no s in the model without secondary effects.
Given the probability of a mosquito dying postprandially after biting an unprotected human, P, we assume
the probability of postprandial mortality for a mosquito which feeds on a human protected an intervention is

Ps = Ps 4+ (1 — Py)E, (8)

where 0 < & < 1is the increased probability of mortality. This is only considered in the model with secondary
effects.
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Reduction in vectorial capacity

Vectorial capacity, defined as the total number of potentially infectious bites that would eventually arise from
all the mosquitoes biting a single perfectly infectious human on a single day?®’, is a measure of the ability of the
vector population to transmit a disease. The availability rates of humans and non-human hosts are estimated
using a method described in Briét et al.”, scaling the relative attractiveness according to the human blood
index. Using these rates, along with estimated parameters, a previously published model is used to determine
the relative reduction in vectorial capacity when an intervention is utilised with a range of coverage levels within
the population'®. Here coverage refers to the percentage of intervention use within the population. The model
assumes that vectorial capacity is proportional to mosquito emergence rate and is not affected by the larval
carrying capacity. To show the potential impact of assuming HLCs are a proxy for mosquito biting and not
considering other modes of action, model outputs from the estimates from the feeding and landing experiments,
and with and without secondary effects are compared.

Entomological parameters for calculating the vectorial capacity in a setting without interventions (all human
hosts unprotected) are given in Table §2. The parameters for the non-human hosts and unprotected hosts
(humans without the tools) remain the same in the intervention scenarios. For the intervention scenarios, a
proportion of human hosts are protected by an intervention — these hosts have a rate of biting which is reduced
by 7. When considering secondary effects postprandial killing is included by scaling the probability a mosquito
finds a resting place by (1 — &), compared to the probability of an unprotected host. An additional ‘dummy’
host, which cannot transmit malaria, is used to include the effects of preprandial mortality. One dummy host
is generated for each host using the intervention, with an availability rate of the dummy host equal to that of an
unprotected human scaled by «, and all mosquitoes that interact with this host are killed.

Results

Intervention effects parameter estimates

Figure 2 shows the differences in 77 and « estimates for the feeding and landing experiments, for the models with
and without secondary effects, for each dosage and species. We observe that, for the susceptible mosquitoes, 7 is
underestimated in the landing experiment. For the largest dose, the feeding experiments have larger estimates of
k. A possible explanation for this is mosquitoes may land on a protected human, but not bite, and later die from
their interaction with the intervention. In the biting experiment this behaviour would be classified as preprandial
mortality, however in the landing experiment the mosquito would have been caught by HLC.

For the knockdown resistant mosquitoes the relationship is less clear; with HLCs appearing to overestimate
7 for the smallest and largest dose. For the experiment with 15 grams of transfluthrin knockdown-resistant
mosquitoes landing appears to overestimate «, however this is not observed for other dosages.

When observing confidence intervals (Cls) for the parameters derived from the landing datasets, 7= CIs
appear overall larger for the model with secondary effects. This pattern is not observed for parameters derived
from the feeding experiments.

Figure 2 shows the estimates for the postprandial killing effect, &. Here it is important to note that due to
assuming fed and alive mosquitoes at 24 hours were biting mosquitoes, rather then resting mosquitoes that fed
when offered a blood meal in the feeding experiments, the postprandial killing effect in the feeding model may
be underestimated. We observe that for the landing experiment & estimations are larger considering all HLC
caught mosquitoes (**) compared to only HLC mosquitoes which feed (Fairbanks et al.'®). In most experiments
the dataset which only considers HLC mosquitoes which feed gives estimates closer to the dataset considering
all HLC mosquitoes.

Relative reduction in vectorial capacity predictions
Figure 3 shows the predicted relative reduction in vectorial capacity for each model, experiment, species and
dosage. We observe that HLCs tend to under-predict the relative reduction in vectorial capacity in susceptible
mosquitoes while over-predicting this impact in knockdown resistant mosquitoes, especially with the smallest
and largest dosage.

Parameter estimates derived from the models without secondary effects have lower predicted relative reduc-
tions in vectorial capacities. This is particularly the case for lower coverage levels. The difference in the predic-
tions is often more for parameters derived from the feeding experiment, compared to the landing experiment.

Discussion

This study shows that not considering secondary effects of vector bite prevention tools, such as preprandial and
postprandial killing, does not fully assess their potential impact. Rather, reduction in biting is just one of many
modes of action which interrupt malaria transmission in mosquitoes. Using mathematical modelling, we were
able to quantify the difference of a hypothetical volatile pyrethroid based bite prevention tool’s impact on the
ability of mosquitoes to transmit malaria when these secondary effects are considered, which were much greater
than when only the reduction in biting is considered.

We also show that estimates based on feeding and landing data have discrepancies. For larger dosages of
transfluthrin, more preprandial killing was observed in the feeding experiments. This is presumably because
mosquitoes will spend more time in close contact to the host while locating a suitable site to bite, especially if
their olfactory system has been disrupted, whereas the landing experiment mosquitoes were removed as soon
as they landed on a host and placed into a paper cup, where they may have been less exposed to insecticide®*?*.
For postprandial mortality the estimates from the feeding and landing experiments more closely align when
considering only mosquitoes that fed when offered a blood meal in the landing experiment.
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A limitation of this work is that, in the feeding experiment, mosquitoes which were collected as fed and rest-
ing were pooled. It was assumed that fed alive mosquitoes at 24 hours after aspiration were mosquitoes that fed
during the feeding-period in the semi-field chamber when estimating the postprandial killing for the feeding
experiments. Alternatively, some of these mosquitoes may have been resting, fed when offered a blood meal and
then died within 24 hours. If this was the case, postprandial killing would be under-estimated. We chose to make
this more conservative assumption, rather than allow for mortality to be overestimated. Future experiments
should separate those mosquitoes which bite the host (found resting fed) and unfed resting mosquitoes that feed
after recapture. This would allow for more accurate classifications of mosquitoes as repelled, preprandially killed
and postprandially killed (Fig. 1). This study used data from 120 mosquitoes of each study, released in batches of
20 over 6 nights. Using data with more mosquitoes released each night, over more nights, would allow for more
certainty in results. Overall, this study highlights the importance of secondary effects, additional to reduction
in biting, of volatile pyrethroid spatial repellents.

Semi-field studies allow for more detailed analysis on multiple mosquito endpoints, compared to field trials.
This gives insights into the reasons for observed reductions in biting. However, reductions in landing observed
in semi-field environments may not represent the true reduction of biting. Volatile pyrethroids diffuse airborne
concentrations of an active ingredients. Therefore, since semi-field studies are performed inside an enclosed
environment, concentration may be higher in this environment, compared to the outside, with environmental
factors, such as wind speed, possibly reducing concentrations of these active ingredients“. However, a recent
field study observed a significant reduction in landing in temporary shelters with volatile-pyrethroid spatial
emanators®. Community protection of transfluthrin-treated eave ribbons has been observed through reductions
in landing amongst unprotected individuals in experimental huts*.

Recent epidemiological trials for an transfluthrin-based passive emanator have demonstrated reductions
in malaria?. It is likely that the clinical impact of such interventions against malaria is greater than that
measured via traditional mosquito endpoints such as indoor density or human landings’. Evaluation of volatile
pyrethroids is best conducted using assays that can capture all modes of action including semi-field studies
or experimental hut trials?®. Furthermore, in a community setting, measures of impact of the intervention on
mosquito population level endpoints such as sporozoite rate or population age may be more appropriate®. There
may be additional modes of action beyond blood feeding behaviour, such as fecundity, which could also impact
disease transmission®.

Landing experiment
Dead N > W Preprandial mortality
Offered blood oy Repelled
P Fed
Landed o — P ; ;
N Preprandial mortality
-t Postprandial mortality
I o 4 Repelled
Resting alive i -~ —
) -— w4 Preprandial mortality
Feeding experiment™ v, Repelled
Resting alive &  ——» S o Fed
N/ Preprandial mortality
Alive fed o >
§ip Postprandial mortality
Dead fed > - Postprandial mortality
Dead unfed  “w¥ > ~w  Preprandial mortality

Figure 1. Schema showing the categorisations of mosquitoes after the semi-field-enclosure duration, whether
they were offered a blood meal and the corresponding classifications after 24 hours. *Resting alive and alive fed
mosquitoes were pooled for the 24-hour assessment. Figure Made in BioRender.com.
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Figure 2. Median parameter estimates and 95% confidence intervals for the reduction in the host-availability
rate for mosquitoes encountering a human protected by the intervention (7), the increase in the rate of
preprandial mortality due to an intervention (k) relative to the host-availability rate of an unprotected human
and the increase in the probability of postprandial mortality for a mosquito which feeds on a human protected

an intervention (§). For &, the landing result refers to the Fairbanks et al.'> method.

This study demonstrated that the mode of action of transfluthrin applied as a spatial repellent goes beyond
bite prevention. It is important to consider secondary effects of tools, such as preprandial and postprandial
killing, especially when considering the use of volatile pyrethroids for public health applications for disease
prevention and control®’. The model demonstrated likely community level impacts when volatile pyrethroids

are deployed at scale.
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Figure 3. The predicted relative reduction in vectorial capacity with parameters derived from the models with
and without secondary effects for each experiment.

Data availibility
The datasets analysed during the current study are published in® available at https://doi.org/10.1186/s13071-023-
05685-5. Stan codes used for data analysis are available in the Supplementary Information files.
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