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Ivermectin to reduce malaria 
transmission II. Considerations regarding clinical 
development pathway
Carlos Chaccour1,2,3*  and N. Regina Rabinovich1,4

Abstract 

The development of ivermectin as a complementary vector control tool will require good quality evidence. This paper 
reviews the different eco-epidemiological contexts in which mass drug administration with ivermectin could be use-
ful. Potential scenarios and pharmacological strategies are compared in order to help guide trial design. The rationale 
for a particular timing of an ivermectin-based tool and some potentially useful outcome measures are suggested.
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Background
Vector control with long-lasting insecticidal nets (LLINs) 
or indoor residual spraying (IRS) is the one of major 
underlying reasons for the decline in malaria prevalence 
seen in the last 15 years [1]. Yet although currently avail-
able vector control tools can strongly reduce malaria 
transmission, reaching and sustain cero transmission is 
unlikely without innovation [2]; particularly in presence 
of Insecticide resistance [3] and residual malaria trans-
mission [4].

Endectocides are systemic drugs that kill blood-feeding 
arthropods as well as internal parasites. They have been 
used in the veterinary market for more than 30 years. Of 
these, ivermectin was the first-in-class drug [5]. Since 
the 1980’s, ivermectin is used in humans for the treat-
ment of onchocerciasis and lymphatic filariasis. Mass-
administration of ivermectin could complement vector 
control with LLINs and IRS by reaching vectors that bite 
in unprotected temporal/spatial gaps or are resistant to 
insecticides.

As a potential new paradigm, early development should 
be guided by the results of semi-field or small-scale trials 
that could justify investment in large-scale field trials [6]. 

This paper provides a comprehensive assessment of the 
concepts that can influence the design of studies evaluat-
ing this potential new tool.

A not‑so‑trivial question: transmission‑blocking or vector 
control?
The term transmission-blocking drug refers to drugs 
that impede the transmission of the malaria parasite 
from humans to mosquitoes by killing gametocytes or 
inhibit the development of sporozoites in the mosquito 
[7]. Low-dose primaquine is recommended by World 
Health Organization (WHO) to all patients with parasi-
tologically-confirmed Plasmodium falciparum malaria 
in order to block transmission from infected humans to 
mosquitoes [8]. Although there is guidance for potential 
development [9], there is currently no molecule in use to 
specifically inhibit parasite development in the mosquito.

If used at the appropriate dose and spacing, mass drug 
administration (MDA) with ivermectin could reduce 
malaria transmission, due mainly from the death of mos-
quitoes that feed on treated subjects [10, 11]. Additional 
benefit could result from reduced mosquito fitness and 
fertility [12–14], a shift in the mosquito population age 
structure towards younger females [11] and possibly, to 
a considerably lesser extent, by partial sporogony inhibi-
tion [15, 16] and a potential inhibition of hepatic schiz-
onts [17]. Yet the impact on vectorial capacity would be 
driven mainly by a reduction of the daily probability of 
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mosquito survival [18] as it is with LLINs and IRS, with 
the additional advantage of targeting the mosquitoes 
that bite outside protected environments and times (see 
“Residual transmission” below).

Ivermectin MDA would constitute a new paradigm 
for vector control and reducing transmission accord-
ing to the criteria of the Vector Control Advisory Group 
(VCAG) on new tools [19] as it would:

(i)  Offer indirect human protection by reducing local 
transmission (like indoor residual spraying does).

(ii)  Have activity against different species of mosqui-
toes.

(iii) Work in the context of insecticide resistance, since 
the mechanism of action is different (glutamate-
gated chlorine channels).

(iv) And cannot be described appropriately by an exist-
ing target product profile.

Defining the ideal context for ivermectin use for malaria 
control
Ivermectin is not envisioned as a stand-alone tool. 
Any ivermectin-based intervention should be tested 
and deployed in conjunction with other WHO-recom-
mended malaria control measures, including effective 
case management, vector control measures and drug-
based prophylactic schemes in settings and groups appli-
cable, such as SMC and IPTp. Ultimately, additional 
studies will be required to streamline the malaria control 
toolbox.

Four situations are defined for which an ivermectin-
based tool could be a particularly valuable addition to 
current interventions.

Residual transmission
Residual transmission (RT) is defined as the transmis-
sion that persists after universal coverage with effective 
LLINs and/or IRS to which the local vectors are fully 
susceptible [4, 20–22]. It is the consequence of mosquito 
behaviour that defines the limits of what is achievable 
with these interventions and includes outdoor and early 
biting, outdoor resting, behavioural avoidance and feed-
ing upon animals, as well as human behavioural factors 
(failure to utilize LLINs, outdoor sleeping). In this con-
text, prolonged and appropriate coverage with LLINs/IRS 
can drive transmission to very low levels, but it is unlikely 
to interrupt transmission in some settings as the pro-
portion of residual likely to increase progressively. RT is 
deemed as a significant challenge to malaria elimination 
which requires new or improved vector control methods 
or systems [4]. The development of new tools to address 
RT has been recognized as a priority by the WHO Global 
Malaria Programme [21].

Ivermectin distributed at population level would tar-
get mosquitoes feeding on treated subjects, regardless of 
the place or time of the blood meal, effectively targeting 
residual transmission.

Of note, one of the behavioural adaptations leading to 
residual transmission is a shift to feeding on animals [4, 
20]; this could have implications for the use of ivermectin 
at the community level because untreated peridomestic 
animals would allow for this escape mechanism [23, 24], 
even after high human coverage. Ivermectin treatment of 
significant primary blood sources available to mosquitoes 
should be considered [25].

Figure  1 is a schematic illustration (not at scale) of 
the temporal, spatial and blood sources gaps typically 
left uncovered by LLINs and IRS as a source of residual 
transmission.

Insecticide resistance
In 2012, when the Global Plan for Insecticide Resistance 
Management in malaria vectors was launched, resistant 
Anopheles had been identified in 64 malaria endemic 
countries, representing all WHO regions [26]. Of particu-
lar concern was the presence of resistance to all classes 
of insecticides in some areas and the appearance of high 
intensity of resistance up to 1000-fold known levels [27]. 
The presence of resistance to pyrethroids, the only insec-
ticide used in LLINs, particularly in sub-Saharan Africa 
has worsened over the last 3 years [28], although the pub-
lic health impact is still being debated [29]. Insecticide 
resistance is considered an important challenge for the 
sustainment of the achievements in malaria control over 
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the last decade [1]. In this context, new strategies with 
novel mechanism of actions may be particularly valuable.

Ivermectin’s mechanism of action differs from all four 
classes of insecticides used today. Furthermore, a study 
done with Anopheles coluzzi carrying the kdr muta-
tion associated with pyrethroid resistance showed they 
remained susceptible to ivermectin [30].

Ivermectin itself is not exempt of the theoretical pos-
sibility of resistance and should it be deployed for malaria 
vector control, there will be a need to monitor for the 
eventual appearance of resistance. Different isoforms 
of the glutamate-gated chlorine channels have been 
described in Anopheles gambiae, at least one of them is 
insensitive to the drug. The selective over-expression of 
this isoform could be a mechanism for ivermectin resist-
ance [31]. To date, there are no reports of this occur-
ring in the field. Additionally, ivermectin is a substrate 
of cytochrome  P450 3A4 [32] and to efflux pumps such 
as the P-glycoprotein [33], in the absence of fitness cost, 
overexpression of these enzymes/proteins could theoreti-
cally offer protection from ivermectin.

There is need for studies assessing the potential syner-
gism of sub-lethal ivermectin doses on the susceptibility 
of mosquitoes to public health insecticides. This is based 
on proven reduced fitness after exposure to sub-lethal 
ivermectin doses [12, 34].

High transmission settings
The high vectorial capacity observed in sub-Saharan 
Africa has been identified as an important challenge 
to elimination [2, 35]. A baseline of high transmission 
decreases the technical and operational feasibility to 
achieve and maintain elimination, ultimately affecting the 
financial feasibility [36]. New paradigms in vector con-
trols are needed to achieve and sustain markedly reduced 
transmission on the path to elimination in said areas.

Elimination settings
Any ivermectin based tool is expected to have a relatively 
short effect (weeks, rather than months or years), even 
with the hypothetical use of long-lasting formulations. 
Therefore, ivermectin’s profile fits well in the context of 
intense, time-limited efforts aimed at elimination. This 
could also limit the risk of resistance to the molecule.

Additional factors
Additional factors that could help select the most appro-
priate setting for proof-of-concept studies include:

•  The presence of artemisinin resistance

The threat of artemisinin resistance spreading out 
of the greater Mekong subregion has created a sense of 

urgency given the current lack of other anti-malarials 
with the same efficacy and safety as artemisinin. The 
outdoor-biting behaviour of the local vectors makes iver-
mectin an attractive additional tool for local elimination.

•  The specific susceptibility of the local vectors to iver-
mectin

Preliminary data suggest that different species of 
malaria vectors can have different susceptibility to iver-
mectin [37]. The dominant species in particular regions 
and their sensitivity to the drug should be taken into 
account when defining the target dose and scheme.

•  The local transmission pattern

The local seasonality can greatly influence the efficacy 
of pulsed interventions on the basic reproductive number 
such as IRS or MDA with ACTs (this is partly depend-
ent on the duration of effect) [38]. The main question 
deriving from this point is: when would be the best time 
to use/test an ivermectin-based tool? A partial answer is 
given below. Modelling is a key tool in the formulation of 
testable hypotheses in the context of other available data.

Selecting the right proof‑of‑concept scenario: where is it 
testable?
The following concepts apply to ivermectin as a test-
able proof-of-concept requiring a change of label; for 
any other candidate endectocides the regulatory frame-
work would need licensure of a new product. Selecting 
the appropriate scenario to prove the concept is a key 
point and for this, baseline epidemiology and baseline 
transmission measures must be taken into account. High 
transmission settings could shorten testing time while 
low transmission settings can be a financial challenge for 
initial studies due to larger sample size; but the implica-
tion of each will be different (reducing transmission vs 
driving to zero). Key outcome indicators should reflect 
transmission e.g. entomological inoculation rate (EIR) 
and/or incidence.

Six scenarios for the use of an ivermectin-based tool 
are proposed here using the criteria described above. In 
all cases, it is understood that ivermectin would be used 
as a complementary tool to core vector control measures 
and any other strategy used for an elimination/control 
campaign. All scenarios proposed here are envisaged as 
points in an elimination continuum and all assume an 
ivermectin campaign and community administration, 
regardless where in the continuum it is administered. 
Table 1 is just an example of how these scenarios could 
be ranked based on the criteria described in the previous 
section.
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Elimination in the Greater Mekong Sub‑region
The outdoor and early biting behaviour of the local vec-
tors and the urgency created by artemisinin resistance 
support the use of novel tools in elimination efforts in 
this region. The local low levels of transmission raise 
the important question of whether a large enough sam-
ple size can be included to make the potential effect 
measurable.

Elimination in selected areas of countries with a 
heterogeneous transmission
In the face of high national burden of disease and threat 
of insecticide resistance, a complementary novel tool 
like ivermectin could help accelerate towards local [39] 
or sub-regional [40] malaria reduction or elimination 
targets.

Reduce disease burden in areas of high vectorial capacity
The effect of a single ivermectin intervention would only 
last for a few days to weeks depending on the dosing regi-
men and formulation used. This additional tool however, 
even if short-lasting, might serve as a complement to 
further reduce transmission and achieve consolidation 
in the context of elimination campaigns with multiple 
interventions.

Stem insecticide resistance in well‑defined areas with high 
resistance intensity
In areas with resistance to multiple insecticides or with 
high insecticide resistance intensity, periodic deployment 

of an ivermectin-based tool could help suppress the 
resistant vector population while novel insecticides 
are introduced or elimination is assessed. This could be 
assessed by periodic evaluation of insecticide resistance 
markers. Of note, this would not be a regulatory end-
point for licensure.

Elimination from hotspots in the endgame
In the context of elimination efforts, modelling predicts 
that human-to-mosquito transmission efficiency will 
increase as malaria is controlled [41], also resistance may 
potentially concentrate in any hotspots left [42]. Ivermec-
tin could be an additional tool in last mile focal efforts.

Control of outbreaks
Given its short duration, an ivermectin-based tool could 
prove useful when a quick, short-lasting suppression of 
the vectorial capacity is needed.

Selecting ivermectin‑based strategies for malaria control: 
factors affecting the potential impact
Ivermectin is expected to reduce the (EIR) by an amount 
that is influenced by:

The plasma levels reached as a factor of the  LC50
The lethal concentration 50  (LC50) is the concentration 
of ivermectin in the imbibed solution or blood meal that 
kills 50% of the mosquitoes during a defined period of 
observation [43]. Although not usually reported that way, 
it should always include the timeframe i.e. 3-day-LC50 

Table 1 This is an example of how the potential scenarios for a proof-of-concept study could be considered

Testable refers to the potential implications of the transmission pattern on sample size and the feasibility of controlled clinical trials for each particular scenario

GMS Greater Mekong Subregion

Residual trans‑
mission

Insecticide resist‑
ance

Transmission Targeted 
for elimination

Artemisinin 
resistance

Burden 
of malaria

Testable

Elimination in the 
GMS

+++ + + +++ +++ + Possibly

Elimination in 
selected areas 
of sub-Saharan 
Africa

++ +++ +++ +++ – +++ Yes

Reduce disease 
burden in high-
transmission 
areas

+ Any +++ + +++ Yes

Stem insecticide 
resistance in 
well-defined 
areas

Any ++++ Any + Any + Difficult

Elimination from 
hotspots in the 
endgame

++ +++ +++ +++ Any +++ (local) Doubtful

Stem of outbreaks + Any ++ Any Any + Doubtful
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versus 10-day-LC50. The vector lethality caused by iver-
mectin is dose-dependent. As plasma levels increase and 
mosquitoes imbibe higher concentrations in bloodmeals, 
the time to reach 50% mosquito mortality will be shorter. 
Once plasma levels close to the 3-day-LC99 of a particu-
lar vector species are reached on an individual, almost 
all Anopheles from that species feeding on that particu-
lar individual will die before completing the gonotrophic 
cycle. This effect will be seen as long as said levels are 
sustained.

The duration of effective mosquitocidal concentrations
The direct mosquitocidal effect can only take place as 
long as the drug is present in the blood at effective con-
centrations [44], for Anopheles the 10-day-LC50 ranges 
from as low as 6  ng/ml for Anopheles gambiae [45] to 
36  ng/ml for Anopheles darlingi [46] or 47  ng/ml for 
Anopheles aquasalis [47] (the former two represent 
5-day-LC50). The duration of the mosquitocidal concen-
tration will be in close relationship with the particular 
ivermectin susceptibility of the local vectors, it is yet to 
be assessed whether this could be related to metabolic 
resistance to other insecticides.

The relationship between plasma levels above the kill-
ing threshold and duration is likely to be nonlinear and 
possibly related to the area under the pharmacokinetic 
curve, but additional modelling work will be needed to 
prove this. Both parameters will be in direct relation-
ship with the dose per body weight used and the num-
ber/spacing of the doses. The proposed process to design 
a trial will be to first define the target values of these 
parameters using modelling in order to choose the dose 
per body weight and scheme to be tested.

The population coverage
Modelling shows that a mass screening and treatment 
(MSAT) approach to ivermectin would have little effect 
on transmission. The real value of this tool would be in 
the context of community-based treatment. Modelling 
also points to higher coverage as an important driver of 
the potential impact of an ivermectin-based tool [44]. In 
other words, even if an MSAT strategy is used to treat the 
parasite, ivermectin would only have a relevant effect if 
given to as many eligible individuals as possible, regard-
less of RDT results.

The proportion of vectors feeding on alternative blood 
sources
Primarily zoophilic mosquitoes can sustain endemic 
malaria transmission even if they feed only rarely upon 
humans [4]. Untreated peridomestic animals could the-
oretically sustain mosquito populations even when all 
humans are ivermectin-treated. This could be a reason to 

consider including cattle and other peridomestic animals 
in endectocide-based strategies [25, 48], but this would 
require field data, both on the importance of these ani-
mals as an important source of nutrition, as well as the 
impact of treating them with ivermectin.

The magnitude and duration of beneficial sublethal effects 
of the drug on the mosquitoes
Mosquitos feeding at sublethal ivermectin concentrations 
are likely to experience reduced fertility, to fall temporar-
ily to the floor, unable to fly (knock down) and to show 
incoordination while flying, all of which can contribute 
to additional vector mortality and reducing transmission 
of vector-borne diseases [12–14]. The relevance of these 
effects for entomological or epidemiological impact is 
still unclear.

Figure  2 schematically illustrates how the concepts of 
plasma levels reached, duration of said levels and cover-
age of blood sources combine to determine the theoreti-
cal magnitude of effect of ivermectin MDA for malaria 
control.

Selecting ivermectin‑based strategies for malaria control: 
how to use it?
Using the current oral formulation
The current oral formulation is used for onchocerciasis at 
the 150–200 µg/kg/dose with a frequency of one to four 
times a year in different settings, but killing mosquitoes 
was not the intended outcome of this regimen, and until 
recently there were no data on the entomological impact 
of this large-scale use. There is now evidence that iver-
mectin MDA at this dose can reduce the 3-day survival 
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Fig. 2 The theoretical efficacy of ivermectin mass drug administra-
tion based on three key parameters. Effective plasma levels would 
be directly linked to the specific ivermectin susceptibility of the local 
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of mosquitoes caught in the area for up to 1 week after 
MDA [49, 50]. This results in the age structure of the 
mosquito population being shifted towards younger, less 
infectious ages for up to 3 weeks and a significant reduc-
tion of the sporozoite rate to levels as low as 20% of the 
pre-MDA ones for 2 weeks [49, 51].

Considerations for using the current formulation at 
the onchocerciasis-approved doses should be based on 
the clear determination of the susceptibility  (LC50) of the 
main local vector species and the modelled impact of dif-
ferent doses and schemes. The results of recently finished 
trials could help to further parametrize the models [52, 
53]. Doses of 200  mcg/kg repeated every 3  weeks can 
have a measurable impact on malaria incidence but this 
implies a intense logistical efforts [54]. Data are emerging 
on a variety of options, and the final regimen will need to 
balance biological impact and operational feasibility.

Finally, the current oral formulation could be used, in a 
clinical trial context, at different doses and frequency to 
provide “proof of concept” that ivermectin delivered for 
a specified number of days via MDA program would have 
a measurable public health and mosquito outcome, this 
can guide the development of novel formulations.

Potential novel formulations
Modified formulations have been used in animal studies 
as a way to deliver stable mosquitocidal concentrations of 
ivermectin for longer periods of time (ranging from 7 to 
>30 ng/ml) [55–57] from 2 to 24 weeks. Using the exist-
ing formulation can prove the concept, but whether that 
multiple-dose regimen is deliverable at scale will define 
whether a new formulation with different performance 
characteristics would be optimal.

Target coverage
The target coverage will be defined with help from mod-
elling; key points will be the exclusion of certain groups 
(children, pregnant or potentially pregnant women due 
to the lack of safety data of higher or more frequent 
doses) and the demographic characteristics of the popu-
lation. The importance of alternative blood sources from 
peridomestic animals and their potential role in sustain-
ing mosquito populations should be contemplated when 
defining the biological coverage of an ivermectin-based 
intervention [25, 48].

Panel A in Fig.  3 illustrates the different scenarios 
in which ivermectin could be used in animals or peri-
domestic animals according to vector behaviour as well 
as the potential comparative advantage of ivermectin 
over LLINs and IRS in some settings, panel B is adapted 
with permission from Killeen et  al. [58] and shows 
how ivermectin use could be tailored to the humans or 

livestock in different areas after the behaviour of the 
main local vectors.

Examples of possible use
The possibilities include using the current oral formula-
tion at different doses and spacing or developing a novel 
long-lasting formulation. In all cases, the use of ivermec-
tin would be in addition to core vector control tools with 
or without MDA to reduce the parasite pool at popula-
tion level.

Using the current oral formulation at high doses for a short 
period of time In this design, ivermectin is distributed at 
high doses (that is six to nine-fold the total dose approved 
for onchocerciasis distributed across several days) in 
order to increase the peak concentration in plasma and 
consequently the time above mosquitocidal concentra-
tions.

Using the current oral formulation at Onchocerca‑approved 
doses at intervals In this design, ivermectin is distributed 
at usual doses for a long time (200 mcg/kg every 3 weeks 
for months) to suppress the vector population or at inter-
vals aimed at modifying the age structure of the local vec-
tor populations.

Novel, slow release formulations of  ivermectin Devel-
oping novel, long-lasting formulations can increase the 
duration of the mosquitocidal effect after a single encoun-
ter [55, 56]. Injectable formulations seem to be the easier 
solution but could challenge implementation. Transder-
mal formulations may be acceptable to the population 
but require additional time and investment in R&D. The 
recently described ultra-slow release oral formulation by 
Bellinger et al. [56] is an elegant solution; it is capable to 
safely deliver mosquito-killing ivermectin concentrations 
for at least 2 weeks after a single dose and offers the pos-
sibility to combine several drug treatments at once [59].

The three envisioned possibilities are compared for 
potential advantages and disadvantages in Table  2. Of 
note, during clinical development it will be key to achieve 
equilibrium between efficacy (avoid too low doses) and 
safety (avoid too high doses).

Timing the intervention: when could ivermectin be most 
useful?
In many settings, malaria elimination programmes could 
resort to MDA campaigns to reduce the human reservoir 
[7, 60]. The timing of this intervention will be critical. 
It must be remembered however, that even after theo-
retical mass administration of these drugs with antici-
pated exclusions, a small but significant proportion of 
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the parasite pool can survive in sporogonic stages in the 
mosquito [61]. Historically, the 1969–1976 Garki project 
pointed to the highest impact of MDA on transmission 
was seen during the dry season, when transmission was 
at its lowest and the parasite pool smaller [62] (this was 
based on parasite treatment, not endectocides).

It has been suggested that even after well-timed MDA 
parasite treatment campaigns, the proportion of para-
sites in the sporogonic stage in the mosquitoes, safe 
from the effects of drugs, can allow for transmission to 
continue after the dry season [61]. Figure  4 illustrates 
this concept.
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Following this reasoning, the best moment to imple-
ment an ivermectin-based strategy would be prior to any 
parasite-reducing MDA; this could help reduce the mos-
quito to human transmission responsible for the “leap-
frog” pattern of transmission after MDA [61]. Additional 
modelling is needed in this aspect with the results of data 
of timing under various conditions. Final decisions on 
timing will need to take into account operational feasibil-
ity related to potential co-administrations and the influ-
ence of seasonality in accessing the communities.

Study design for a proof‑of concept of ivermectin MDA 
to achieve a measurable transmission reduction
Potential outcomes
Ivermectin MDA would be a transmission-reduction 
tool. As such, the best outcome measures would be 
directly related to transmission in humans and mosqui-
toes [63, 64]. The beneficial effect would be measured at 
community level. Outcome measures could be divided 
in epidemiological, entomological and laboratory-based. 
Efficacy measured through human endpoints will depend 

Table 2 Ranking different potential designs for ivermectin-based tools

ACT artemisinin combination therapies, MDA mass drug administration, SMC seasonal malaria chemoprophylaxis, R&D research and development

Regimen Efficacy Safety Acceptability Compliance Programmatic 
difficulty

R&D costs Implementation costs

High dose, single 
encounter

To be assessed To be assessed + +++ + + Similar to ACT MDA

Existing dose, multiple 
encounters

To be assessed + +++ + +++ + Similar to SMC

Novel long-lasting 
formulation, single 
encounter

To be assessed To be assessed To be assessed +++ + +++ Similar to SMC but high 
R&D costs and longer 
timeframe to avail-
ability

Human parasite
reservoir

Rainy season Dry season Rainy season

Purely 
sporogonic 

parasite 
popula�on

Mosquito parasite
reservoir

Mosquito parasite 
reservoir

Human parasite 
reservoir

Theore�cal 
100% 

effec�ve 
MDA

Fig. 4 The transmission between mosquito and human parasite pools. The parasite reservoir in the mosquito could allow for transmission to con-
tinue even after a fully effective MDA campaign. Adapted from Killeen 2013 [61]. The best timing for deployment of an ivermectin-based tool would 
be right before the red arrow and in combination with other vector control measures. MDA mass drug administration
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on baseline transmission intensity, requires robust base-
line data and is likely to vary across different transmission 
settings. The primary endpoint should show a tangible 
benefit for the population. The WHO-recommended pri-
mary efficacy endpoint for phases IIb and III of malaria 
vaccine trials is incidence of all episodes of malaria [65]. 
Case definition and case detection method must be 
clearly defined [65].

For transmission-blocking vaccines, it is suggested that 
entomological endpoints should fall into the category of 
secondary or exploratory endpoints [64]. However, in the 
case of ivermectin, the main effect is a reduction of trans-
mission achieved by killing an important proportion of the 
vector population, hence entomological endpoints need 
to be included among the primary outcome measures. Of 
note, EIR and related metrics are hard to measure reliably, 
operator dependent and can have substantial variation 
[66], alternative entomological endpoints could encompass 
variations on the mosquito population age structure and 
residual transmission. These are unlikely to suffice regula-
tory requirements but could be key intervening variables 
to explain the impact (or lack thereof) of the trial results.

Table  3 shows some examples of potential primary 
outcomes measures for clinical trials of ivermectin. See 
Tusting et al. [63] or Pinder et al. [64] for comprehensive 
reviews on measures of malaria transmission.

An important secondary analysis would be the effect 
of ivermectin on prevalence and intensity of NTDs and 
ectoparasites. In areas of co-endemicity, capturing these 
and other co-morbidities can help analyse the true 
impact of this potential tool.

Additional potential secondary outcomes include: the 
safety profile of the ivermectin regime, malaria incidence 
and transmission on the following season, cost-effective-
ness and community perception. A decision regarding 
endpoints needs to be made in consultation with regula-
tory agencies and informed by WHO.

Potential comparators
Any ivermectin-based tool needs to be used in an MDA 
campaign. The main question is: does ivermectin add 
value to existing intervention packages? this could be 
seen in terms of transmission, time to impact, costs or 
effectiveness.

Community standard core vector control interventions 
alone (LLINs/IRS vs LLINs/IRS + ivermectin) Using core 
vector control measures as comparator, without directly 
targeting the parasite with MDA would allow direct 
measurement of the impact of ivermectin in the presence 
of other vector control tools. This is likely to be needed 
whether ivermectin is envisaged as a target product or 
target partner drug for MDA. It may also have the benefit 

of the simplest study design and cost. This would be the 
simplest way of capturing the added value of ivermectin as 
a vector intervention and the referent for primary regula-
tory endpoint, to be discussed with regulatory agencies.

MDA with anti‑malarials (ACT MDA+LLINs+/−IRS 
vs ACT MDA +LLINs/+/−IRS + ivermectin) Current 
elimination strategies use ACTs that quickly clear parasi-
taemia, provide prophylactic effect and reduce carriage of 
immature gametocytes [67]. These campaigns are accom-
panied by vector control interventions as well as robust 
surveillance for case detection and treatment. Using these 
interventions as comparator with appropriate power 
would allow for the determination of any additional ben-
efit provided by a systemic insecticide like ivermectin to 
the leading hypothesis for accelerating elimination, par-
ticularly in Africa.

Transmission‑blocking interventions The only interven-
tion currently available is the use of primaquine to clear 
gametocytes. The effect of primaquine is primarily reduc-
ing the infectiousness of humans to mosquitoes. Iver-
mectin would primarily reduce vector density. Although 
both ultimately reduce transmission, a direct comparison 
would fail to acknowledge their very different mechanism 
of action and potential synergistic effect. Therefore, this is 
not the best approach, particularly for a regulatory end-
point.

Potential trial design
An individually-randomized clinical trial would fail to 
measure the expected community effect. Definitive proof 
of efficacy will arise from community or cluster rand-
omized trials. While there have to be enough clusters to 
meet tests for robustness given hypothesized effect size, 
and the specifics of the control intervention package 
may vary, there are, conceptually, some key elements to 
consider:

  • A vector control package representative of strategies 
and epidemiology for that region must be included.

  • Appropriate surveillance system for identification 
of cases and appropriate response systems must be 
in place. This includes reporting systems to ensure 
timely facility-based reporting.

  • The impact of ivermectin MDA is modelled to be 
proportionally higher in areas of high transmission 
[44, 56], giving a theoretical power advantage to that 
context, although trials under different scenarios 
(higher endemicity to accelerate the path to elimi-
nation and at low levels of endemicity to accelerate 
crashing transmission) have been considered and 
would be valuable in different context.
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Critical to trial design is the primary endpoint—as dis-
cussed above. Under the specific scenario of high ende-
micity, elimination strategy, cluster randomized MDA 
ivermectin, an illustrative endpoint would be the com-
munity impact (public health), with key secondary end-
points (transmission; cases).

Detailed discussion of trial design is beyond the scope 
of this document, the reader is referred to recent com-
prehensive reviews on the design of trials to assess vector 
control and transmission blocking tools [68, 69]. There 
are also potential ethical implications of trials assessing 
a drug that reduces transmission but does not provide a 
direct individual benefit. These issues has been particu-
larly discusses in the context of transmission-blocking 
vaccines [70] and are reviewed with a focus on endecto-
cides in the third paper of this thematic series [71].

Go/No‑Go criteria for pre‑clinical and early clinical 
development
As a reference point, the initially proposed parameters 
for transmission blocking vaccines included propor-
tion of oocyst reduction in a proportion of vaccinees for 
a defined period of time, i.e. >50% reduction in oocyst 
count in >50% of the vaccinees to advance from phase 
Ia to Ib and >80% reduction in oocyst count in >80% of 
the vaccinees for 9 months to advance from a Ib trial [64]. 
PATH’s original 2010 TPP for a transmission blocking 
vaccine proposed an 85% transmission-blocking efficacy 
as the efficacy target. Total oocyst prevalence has also 
been proposed as a more suitable reflection of infectiv-
ity [72]. Finally in laboratory populations, even modest 
reduction in vertebrate-to-insect transmission of 32% 
can eliminate Plasmodium infections [73].

For an ivermectin-based tool, early entomological Go/
No-Go criteria could include:

  • Cumulative 3-day mosquito mortality: reflecting a 
quick reduction in vector densities and with direct 
implication on an effect on human-to-mosquito 
transmission.

  • Cumulative 9-day mosquito mortality (before com-
pletion of sporogony): reflecting the reduction in 
infectious vectors.

  • The duration of the above effects.
  • Definitive proof of impact on human health will likely 

be required at later development stages given its 
importance for communities and policy makers.

The fact that sublethal concentrations can also reduce 
transmission by impairing flying and fertility should be 
taken into account as the total effect in the field could 
be higher than the expected effect just based on mortal-
ity. These could be assessed by evaluating the behaviour 

of vectors caught alive by using exit traps or equivalent 
methods. Decisions need to be made on (a) the appropri-
ate measurements of impact on human health, (b) meas-
urements that can help understand how the effect was 
reached (and what would need to be optimized in future 
studies) and that could in the future be considered as 
trial endpoints and (c) measurements that would lead to 
future hypotheses.

Conclusions
The clinical development of any ivermectin-based tool 
intended to reduce malaria transmission will require at 
least one pivotal cluster-randomized trial. For the plan-
ning of such a trial two key points must be considered, 
the eco-epidemiological scenario in which the trial will 
take place and the way ivermectin will be administered to 
the population. Mainly because of sample size, it is likely 
that running such a trial in an area of high seasonal trans-
mission would have the best value for early investment.

Abbreviations
ACT: artemisinin-based combination therapy; EIR: entomological inoculation 
rate; FOI: force of infection; GMS: Greater Mekong Subregion; IRS: indoor residual 
spraying; LC50: lethal concentration 50; LF: lymphatic filariasis; LAMP: loop-medi-
ated isothermal amplification; LLINs: long-lasting insecticide-treated nets; MDA: 
mass drug administration; NTDs: neglected tropical diseases; PCR: polymerase 
chain reaction; QTNASBA: real-time quantitative nucleic acid sequence-based 
amplification; RDT: rapid diagnostic test; RT-PCR: real-time PCR.

Authors’ contributions
Both authors read and approved the final manuscript.

Author details
1 ISGlobal, Barcelona Ctr. Int. Health Res. (CRESIB), Hospital Clínic, Universitat de 
Barcelona, Barcelona, Spain. 2 Centro de Investigação em Saúde de Manhiça, 
Maputo, Mozambique. 3 Instituto de Salud Tropical Universidad de Navarra, 
Pamplona, Spain. 4 Harvard T.H. Chan School of Public Health, Boston, MA, USA. 

Acknowledgements
This publication is based on the background document prepared by the 
authors for the WHO Technical Consultation on “Preferred product characteris-
tics of ivermectin for malaria transmission control”, held in Geneva 30 March–1 
April 2016. The main conclusions of this consultation were presented to the 
Malaria Policy Advisory Committee of WHO, and can be found at the Malaria 
Policy Advisory Committee website [74]. This manuscript solely represents 
the author’s perspective after discussion with advisory groups and scientific 
collaborators.

Competing interests
The authors declare that they have no competing interests.

Funding
Carlos Chaccour is supported by a Ramón Areces fellowship. This work 
was partly supported by the PIUNA scheme from the University of Navarra. 
ISGlobal is a member of the CERCA Programme, Generalitat de Catalunya.

Publisher’s Note
Springer Nature remains neutral with regard to jurisdictional claims in pub-
lished maps and institutional affiliations.

Received: 9 January 2017   Accepted: 6 April 2017



Page 12 of 13Chaccour and Rabinovich  Malar J  (2017) 16:166 

References
 1. Bhatt S, Weiss DJ, Cameron E, Bisanzio D, Mappin B, Dalrymple U, et al. 

The effect of malaria control on Plasmodium falciparum in Africa between 
2000 and 2015. Nature. 2015;526:207–11.

 2. The_malERA_Consultative_Group_on_Vector_Control. A research 
agenda for malaria eradication: vector control. PLoS Med. 
2011;8:e1000401.

 3. Ranson H, Lissenden N. Insecticide resistance in African Anopheles 
mosquitoes: a worsening situation that needs urgent action to maintain 
malaria control. Trends Parasitol. 2016;32:187–96.

 4. Killeen GF. Characterizing, controlling and eliminating residual malaria 
transmission. Malar J. 2014;13:330.

 5. Omura S, Crump A. Ivermectin: panacea for resource-poor communities? 
Trends Parasitol. 2014;30:445–55.

 6. Vontas J, Moore S, Kleinschmidt I, Ranson H, Lindsay S, Lengeler C, et al. 
Framework for rapid assessment and adoption of new vector control 
tools. Trends Parasitol. 2014;30:191–204.

 7. The_malERA_Consultative_Group_on_Drugs. A research agenda for 
malaria eradication: drugs. PLoS Med. 2011;8:e1000402.

 8. WHO. Single dose Primaquine as a gametocytocide in Plasmodium falci-
parum malaria. Geneva: World Health Organization; 2012.

 9. Burrows JN, Duparc S, Gutteridge WE, van Huijsduijnen RH, Kaszubska W, 
Macintyre F, et al. New developments in anti-malarial target candidate 
and product profiles. Malar J. 2017;16:26.

 10. Chaccour CJ, Kobylinski KC, Bassat Q, Bousema T, Drakeley C, Alonso P, 
et al. Ivermectin to reduce malaria transmission: a research agenda for a 
promising new tool for elimination. Malar J. 2013;12:153.

 11. Foy BD, Kobylinski KC, da Silva IM, Rasgon JL, Sylla M. Endectocides for 
malaria control. Trends Parasitol. 2011;27:423–8.

 12. Kobylinski KC, Deus KM, Butters MP, Hongyu T, Gray M, da Silva IM, et al. 
The effect of oral anthelmintics on the survivorship and re-feeding 
frequency of anthropophilic mosquito disease vectors. Acta Trop. 
2010;116:119–26.

 13. Fritz ML, Siegert PY, Walker ED, Bayoh MN, Vulule JR, Miller JR. Toxicity of 
bloodmeals from ivermectin-treated cattle to Anopheles gambiae s.l. Ann 
Trop Med Parasitol. 2009;103:539–47.

 14. Gardner K, Meisch MV, Meek CL, Biven WS. Effects of ivermectin in 
canine blood on Anopheles quadrimaculatus, Aedes albopictus and Culex 
salinarius. J Am Mosq Control Assoc. 1993;9:400–2.

 15. Kobylinski KC, Foy BD, Richardson JH. Ivermectin inhibits the sporogony 
of Plasmodium falciparum in Anopheles gambiae. Malar J. 2012;11:381.

 16. Kobylinski K, Ubalee R, Ponlawat A, McCardle W, Foy B, Szumlas D et al. 
Ivermectin inhibits the development of Plasmodium vivax in Anopheles 
dirus. In: 64th Annual meeting of the American Society of Tropical Medi-
cine and Hygiene; 2015 Oct 25–29; Philadelphia, USA.

 17. da Cruz FP, Martin C, Buchholz K, Lafuente-Monasterio MJ, Rodri-
gues T, Sonnichsen B, et al. Drug screen targeted at Plasmodium liver 
stages identifies a potent multistage antimalarial drug. J Infect Dis. 
2012;205:1278–86.

 18. Macdonald G. The analysis of equilibrium in malaria. Trop Dis Bull. 
1952;49:813–29.

 19. WHO Vector Control Advisory Group on New Tools. Operational 
procedures. Geneva: World Health Organization. http://www.who.int/
neglected_diseases/vector_ecology/Operational_procedures_for_VCAG.
pdf?ua=1. Accessed 10 Apr 2017.

 20. Durnez LC, Coosemans M. Residual transmission of malaria: an old issue 
for new approaches. In: Manguin S, editor. Anopheles mosquitoes—new 
insights into malaria vectors. InTech; 2014.

 21. WHO. Technical Note: control of residual malaria parasite transmission. 
Geneva: World Health Organization; 2014.

 22. WHO. WHO malaria terminology. http://apps.who.int/iris/bit-
stream/10665/208815/1/WHO_HTM_GMP_2016.6_eng.pdf. Accessed 
Feb 2017. Geneva: World Health Organization; 2016.

 23. Njoroge MM, Tirados I, Lindsay SW, Vale GA, Torr SJ, Fillinger U. Exploring 
the potential of using cattle for malaria vector surveillance and control: a 
pilot study in western Kenya. Parasit Vectors. 2017;10:18.

 24. Waite JL, Swain S, Lynch PA, Sharma SK, Haque MA, Montgomery J, et al. 
Increasing the potential for malaria elimination by targeting zoophilic 
vectors. Sci Rep. 2017;7:40551.

 25. Kiware SS, Chitnis N, Devine GJ, Moore SJ, Majambere S, Killeen GF. 
Biologically meaningful coverage indicators for eliminating malaria 
transmission. Biol Lett. 2012;8:874–7.

 26. Knox TB, Juma EO, Ochomo EO, Jamet HP, Ndungo L, Chege P, et al. An 
online tool for mapping insecticide resistance in major Anopheles vec-
tors of human malaria parasites and review of resistance status for the 
Afrotropical region. Parasit Vectors. 2014;7:76.

 27. WHO. Global plan for insecticide resistance management in malaria vec-
tors (GPIRM). Geneva: World Health Organization; 2012.

 28. Mnzava AP, Knox TB, Temu EA, Trett A, Fornadel C, Hemingway J, et al. 
Implementation of the global plan for insecticide resistance manage-
ment in malaria vectors: progress, challenges and the way forward. Malar 
J. 2015;14:173.

 29. Kleinschmidt I. Implications of insecticide resistance: key evaluation 
findings and implications for malaria vector control. In: Oral presentation 
during the 65th Annual Meeting of the ASTMH Atlanta; 2016.

 30. Pooda HS, Rayaisse JB, Hien DF, Lefevre T, Yerbanga SR, Bengaly Z, 
et al. Administration of ivermectin to peridomestic cattle: a promising 
approach to target the residual transmission of human malaria. Malar J. 
2015;13(Suppl 1):496.

 31. Meyers JI, Gray M, Kuklinski W, Johnson LB, Snow CD, Black WCt, et al. 
Characterization of the target of ivermectin, the glutamate-gated chlo-
ride channel, from Anopheles gambiae. J Exp Biol. 2015;218:1478–86.

 32. Preissner S, Kroll K, Dunkel M, Senger C, Goldsobel G, Kuzman D, et al. 
SuperCYP: a comprehensive database on Cytochrome P450 enzymes 
including a tool for analysis of CYP-drug interactions. Nucleic Acids Res. 
2010;38:D237–43.

 33. Schinkel AH, Wagenaar E, van Deemter L, Mol CA, Borst P. Absence of the 
mdr1a P-Glycoprotein in mice affects tissue distribution and pharma-
cokinetics of dexamethasone, digoxin, and cyclosporin A. J Clin Invest. 
1995;96:1698–705.

 34. Butters MP, Kobylinski KC, Deus KM, da Silva IM, Gray M, Sylla M, et al. 
Comparative evaluation of systemic drugs for their effects against Anoph-
eles gambiae. Acta Trop. 2012;121:34–43.

 35. Moonen B, Cohen JM, Tatem AJ, Cohen J, Hay SI, Sabot O, et al. A 
framework for assessing the feasibility of malaria elimination. Malar J. 
2010;9:322.

 36. WHO. From malaria control to malaria elimination: a manual for elimina-
tion scenario planning. Geneva: World Health Organization; 2014.

 37. Kobylinski K, Ponlawat A, Ubalee R, Schuster A, McCardle W, Foy B et al. 
Assessing ivermectin susceptibility of Greater Mekong Subregion malaria 
vectors. In: Poster session presented at: annual meeting of the American 
Society of Tropical Medicine and Hygiene; 2014 Nov 2–6; New Orleans, 
USA.

 38. Griffin JT. The interaction between seasonality and pulsed interventions 
against malaria in their effects on the reproduction number. PLoS Com-
put Biol. 2015;11:e1004057.

 39. Moonasar D, Maharaj R, Kunene S, Candrinho B, Saute F, Ntshalintshali N, 
et al. Towards malaria elimination in the MOSASWA (Mozambique, South 
Africa and Swaziland) region. Malar J. 2016;15:419.

 40. Southern African Development Community: malaria elimination 8 (E8). 
http://tis.sadc.int/english/sarn/elimination-eight-e8/. Accessed 02 Feb 
2017.

 41. Churcher TS, Trape JF, Cohuet A. Human-to-mosquito transmission 
efficiency increases as malaria is controlled. Nat Commun. 2015;6:6054.

 42. Maude RJ, Pontavornpinyo W, Saralamba S, Aguas R, Yeung S, Don-
dorp AM, et al. The last man standing is the most resistant: eliminating 
artemisinin-resistant malaria in Cambodia. Malar J. 2009;8:31.

 43. Chaccour C, Hammann F, Rabinovich NR. Ivermectin to reduce malaria 
transmission I. Pharmacokinetic considerations regarding efficacy and 
safety. Malar J. 2017. doi:10.1186/s12936-017-1801-4.

 44. Slater HC, Walker PG, Bousema T, Okell LC, Ghani AC. The potential impact 
of adding ivermectin to a mass treatment intervention to reduce malaria 
transmission: a modelling study. J Infect Dis. 2014;210:1972–80.

 45. Ouedraogo AL, Bastiaens GJ, Tiono AB, Guelbeogo WM, Kobylinski KC, 
Ouedraogo A, et al. Efficacy and safety of the mosquitocidal drug iver-
mectin to prevent malaria transmission after treatment: a double-blind, 
randomized, clinical trial. Clin Infect Dis. 2015;60:357–65.

http://www.who.int/neglected_diseases/vector_ecology/Operational_procedures_for_VCAG.pdf%3Fua%3D1
http://www.who.int/neglected_diseases/vector_ecology/Operational_procedures_for_VCAG.pdf%3Fua%3D1
http://www.who.int/neglected_diseases/vector_ecology/Operational_procedures_for_VCAG.pdf%3Fua%3D1
http://apps.who.int/iris/bitstream/10665/208815/1/WHO_HTM_GMP_2016.6_eng.pdf
http://apps.who.int/iris/bitstream/10665/208815/1/WHO_HTM_GMP_2016.6_eng.pdf
http://tis.sadc.int/english/sarn/elimination-eight-e8/
http://dx.doi.org/10.1186/s12936-017-1801-4


Page 13 of 13Chaccour and Rabinovich  Malar J  (2017) 16:166 

 46. Escobedo-Vargas KS, López-Sifuentes VM, Durand S, Baldeviano GC, 
Gerbasi RV, Vásquez GM, et al. The effect of ivermectin on the Amazonian 
malaria vector Anopheles darlingi: LC50 determination. In: Poster session 
presented at the 65th annual meeting of the American Society of Tropi-
cal Medicine and Hygiene; 2016 Nov 11–16; Atlanta, USA. 2016.

 47. Sampaio VS, Beltran TP, Kobylinski KC, Melo GC, Lima JB, Silva SG, et al. 
Filling gaps on ivermectin knowledge: effects on the survival and repro-
duction of Anopheles aquasalis, a Latin American malaria vector. Malar J. 
2016;15:491.

 48. Chaccour C, Killeen GF. Mind the gap: residual malaria transmission, vet-
erinary endectocides and livestock as targets for malaria vector control. 
Malar J. 2016;15:24.

 49. Alout H, Krajacich BJ, Meyers JI, Grubaugh ND, Brackney DE, Kobylinski 
KC, et al. Evaluation of ivermectin mass drug administration for malaria 
transmission control across different West African environments. Malar J. 
2014;13:417.

 50. Sylla M, Kobylinski KC, Gray M, Chapman PL, Sarr MD, Rasgon JL, et al. 
Mass drug administration of ivermectin in south-eastern Senegal reduces 
the survivorship of wild-caught, blood fed malaria vectors. Malar J. 
2010;9:365.

 51. Kobylinski KC, Sylla M, Chapman PL, Sarr MD, Foy BD. Ivermectin mass 
drug administration to humans disrupts malaria parasite transmission in 
Senegalese villages. Am J Trop Med Hyg. 2011;85:3–5.

 52. IVERMAL. Study information. www.Clinicaltrials.org. http://clinicaltri-
als.gov/ct2/show/record/NCT02511353?term=ivermectin&rank=6. 
Accessed Aug 2015.

 53. RIMDAMAL. Study information. www.Clinicaltrials.org. http://clinicaltrials.
gov/ct2/show/NCT02509481?term=NCT02509481&rank=1. Accessed 
Aug 2015.

 54. Foy BD. Results from RIMDAMAL, a pilot randomized cluster-design trial 
in Burkina Faso, designed to assess the safety and efficacy of repeat 
ivermectin mass drug administrations to control malaria and NTDs. In: 
Oral presentation during the 65th annual meeting of the ASTMH Atlanta; 
2016.

 55. Chaccour C, Barrio A, Royo AGG, Urbistondo DM, Slater H, Hammann F, 
et al. Screening for an ivermectin slow-release formulation suitable for 
malaria vector control. Malar J. 2015;14:102.

 56. Bellinger AM, Jafari M, Grant TM, Zhang S, Slater HC, Wenger EA, et al. 
Oral, ultra-long-lasting drug delivery: application toward malaria elimina-
tion goals. Sci Transl Med. 2016;8:365ra157.

 57. Chaccour C, Abizanda G, Irigoyen A, Del Pozo JL. Slow release ivermectin 
formulation for malaria control: a pilot study in 80-kg Pigs. Antimicrob 
Agents Chemother. 2017;61:pii-e02104-16.

 58. Killeen GF, Seyoum A, Gimnig JE, Stevenson JC, Drakeley CJ, Chitnis N. 
Made-to-measure malaria vector control strategies: rational design based 
on insecticide properties and coverage of blood resources for mosqui-
toes. Malar J. 2014;13:146.

 59. Chaccour CJ, Rabinovich NR. Oral, slow-release ivermectin: biting back at 
malaria vectors. Trends Parasitol. 2017;33:156–8.

 60. Moonen B, Cohen JM, Snow RW, Slutsker L, Drakeley C, Smith DL, et al. 
Operational strategies to achieve and maintain malaria elimination. 
Lancet. 2010;376:1592–603.

 61. Killeen GF. A second chance to tackle African malaria vector mos-
quitoes that avoid houses and don’t take drugs. Am J Trop Med Hyg. 
2013;88:809–16.

 62. Molineaux L, Gramiccia G. The Garki project. Geneva: World Health 
Organization; 1980.

 63. Tusting LS, Bousema T, Smith DL, Drakeley C. Measuring changes in Plas-
modium falciparum transmission: precision, accuracy and costs of metrics. 
Adv Parasitol. 2014;84:151–208.

 64. Pinder M, Moorthy VS, Mendis K, Brown GV, on behalf of the WHO 
MALVAC committee. MALVAC 2010: measures of efficacy of anti-malarial 
interventions against malaria transmission. Geneva: WHO; 2010.

 65. WHO. Preferred product characteristics (PPC) for malaria vaccines. 
Geneva: World Health Organization; 2014.

 66. Shaukat AM, Breman JG, McKenzie FE. Using the entomological inocula-
tion rate to assess the impact of vector control on malaria parasite 
transmission and elimination. Malar J. 2010;9:122.

 67. Stuckey EM, Miller JM, Littrell M, Chitnis N, Steketee R. Operational strate-
gies of anti-malarial drug campaigns for malaria elimination in Zambia’s 
southern province: a simulation study. Malar J. 2016;15:148.

 68. Delrieu I, Leboulleux D, Ivinson K, Gessner BD. Malaria Transmission 
Blocking Vaccine Technical Consultation G. Design of a Phase III cluster 
randomized trial to assess the efficacy and safety of a malaria transmis-
sion blocking vaccine. Vaccine. 2015;33:1518–26.

 69. Wilson AL, Boelaert M, Kleinschmidt I, Pinder M, Scott TW, Tusting LS, et al. 
Evidence-based vector control? Improving the quality of vector control 
trials. Trends Parasitol. 2015;31:380–90.

 70. Nunes JK, Woods C, Carter T, Raphael T, Morin MJ, Diallo D, et al. Develop-
ment of a transmission-blocking malaria vaccine: progress, challenges, 
and the path forward. Vaccine. 2014;32:5531–9.

 71. Chaccour C, Rabinovich NR. Ivermectin to reduce malaria transmission III. 
Considerations regarding regulatory and policy pathways. Malaria J. 2017. 
doi:10.1186/s12936-017-1803-2.

 72. Stone WJ, Eldering M, van Gemert GJ, Lanke KH, Grignard L, van de Vegte-
Bolmer MG, et al. The relevance and applicability of oocyst prevalence as 
a read-out for mosquito feeding assays. Sci Rep. 2013;3:3418.

 73. Blagborough AM, Churcher TS, Upton LM, Ghani AC, Gething PW, Sinden 
RE. Transmission-blocking interventions eliminate malaria from labora-
tory populations. Nat Commun. 2013;4:1812.

 74. MPAC meeting, 14–16 September 2016: Update on a proposed Iver-
mectin target product profile. http://www.whoint/entity/malaria/mpac/
mpac-sept2016-invermectin-session9pdf?ua=1. Accessed Oct 2016.

 75. Schneider P, Wolters L, Schoone G, Schallig H, Sillekens P, Hermsen R, et al. 
Real-time nucleic acid sequence-based amplification is more convenient 
than real-time PCR for quantification of Plasmodium falciparum. J Clin 
Microbiol. 2005;43:402–5.

 76. Cook J, Aydin-Schmidt B, Gonzalez IJ, Bell D, Edlund E, Nassor MH, et al. 
Loop-mediated isothermal amplification (LAMP) for point-of-care detec-
tion of asymptomatic low-density malaria parasite carriers in Zanzibar. 
Malar J. 2015;14:43.

 77. Drakeley CJ, Corran PH, Coleman PG, Tongren JE, McDonald SL, Carneiro 
I, et al. Estimating medium- and long-term trends in malaria transmission 
by using serological markers of malaria exposure. Proc Natl Acad Sci USA. 
2005;102:5108–13.

 78. Mueller I, Schoepflin S, Smith TA, Benton KL, Bretscher MT, Lin E, et al. 
Force of infection is key to understanding the epidemiology of Plasmo-
dium falciparum malaria in Papua New Guinean children. Proc Natl Acad 
Sci USA. 2012;109:10030–5.

http://www.Clinicaltrials.org
http://clinicaltrials.gov/ct2/show/record/NCT02511353?term=ivermectin&rank=6
http://clinicaltrials.gov/ct2/show/record/NCT02511353?term=ivermectin&rank=6
http://www.Clinicaltrials.org
http://clinicaltrials.gov/ct2/show/NCT02509481?term=NCT02509481&rank=1
http://clinicaltrials.gov/ct2/show/NCT02509481?term=NCT02509481&rank=1
http://dx.doi.org/10.1186/s12936-017-1803-2
http://www.whoint/entity/malaria/mpac/mpac-sept2016-invermectin-session9pdf%3fua%3d1
http://www.whoint/entity/malaria/mpac/mpac-sept2016-invermectin-session9pdf%3fua%3d1

	Ivermectin to reduce malaria transmission II. Considerations regarding clinical development pathway
	Abstract 
	Background
	A not-so-trivial question: transmission-blocking or vector control?
	Defining the ideal context for ivermectin use for malaria control
	Residual transmission
	Insecticide resistance
	High transmission settings
	Elimination settings
	Additional factors

	Selecting the right proof-of-concept scenario: where is it testable?
	Elimination in the Greater Mekong Sub-region
	Elimination in selected areas of countries with a heterogeneous transmission
	Reduce disease burden in areas of high vectorial capacity
	Stem insecticide resistance in well-defined areas with high resistance intensity
	Elimination from hotspots in the endgame
	Control of outbreaks

	Selecting ivermectin-based strategies for malaria control: factors affecting the potential impact
	The plasma levels reached as a factor of the LC50
	The duration of effective mosquitocidal concentrations
	The population coverage
	The proportion of vectors feeding on alternative blood sources
	The magnitude and duration of beneficial sublethal effects of the drug on the mosquitoes

	Selecting ivermectin-based strategies for malaria control: how to use it?
	Using the current oral formulation
	Potential novel formulations
	Target coverage
	Examples of possible use
	Using the current oral formulation at high doses for a short period of time 
	Using the current oral formulation at Onchocerca-approved doses at intervals 
	Novel, slow release formulations of ivermectin 


	Timing the intervention: when could ivermectin be most useful?
	Study design for a proof-of concept of ivermectin MDA to achieve a measurable transmission reduction
	Potential outcomes
	Potential comparators
	Community standard core vector control interventions alone (LLINsIRS vs LLINsIRS + ivermectin) 
	MDA with anti-malarials (ACT MDA+LLINs+−IRS vs ACT MDA +LLINs+−IRS + ivermectin) 
	Transmission-blocking interventions 

	Potential trial design
	GoNo-Go criteria for pre-clinical and early clinical development


	Conclusions
	Authors’ contributions
	References




