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Abstract 

Background Domesticated animals play a role in maintaining residual transmission of Plasmodium parasites of 
humans, by offering alternative blood meal sources for malaria vectors to survive on. However, the blood of animals 
treated with veterinary formulations of the anti‑helminthic drug ivermectin can have an insecticidal effect on adult 
malaria vector mosquitoes. This study therefore assessed the effects of treating cattle with long‑acting injectable for‑
mulations of ivermectin on the survival of an important malaria vector species, to determine whether it has potential 
as a complementary vector control measure.

Methods Eight head of a local breed of cattle were randomly assigned to either one of two treatment arms (2 × 2 
cattle injected with one of two long‑acting formulations of ivermectin with the  BEPO® technology at the therapeu‑
tic dose of 1.2 mg/kg), or one of two control arms (2 × 2 cattle injected with the vehicles of the formulations). The 
lethality of the formulations was evaluated on 3–5‑day‑old Anopheles coluzzii mosquitoes through direct skin‑feeding 
assays, from 1 to 210 days after treatment. The efficacy of each formulation was evaluated and compared using Cox 
proportional hazards survival models, Kaplan–Meier survival estimates, and log‑logistic regression on cumulative 
mortality.

Results Both formulations released mosquitocidal concentrations of ivermectin until 210 days post‑treatment (haz‑
ard ratio > 1). The treatments significantly reduced mosquito survival, with average median survival time of 4–5 days 
post‑feeding. The lethal concentrations to kill 50% of the Anopheles  (LC50) before they became infectious (10 days after 
an infectious blood meal) were maintained for 210 days post‑injection for both formulations.

Conclusions This long‑lasting formulation of ivermectin injected in cattle could complement insecticide‑treated 
nets by suppressing field populations of zoophagic mosquitoes that are responsible, at least in part, for residual 
malaria transmission. The impact of this approach will of course depend on the field epidemiological context. 
Complementary studies will be necessary to characterize ivermectin withdrawal times and potential environmental 
toxicity.
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Introduction
From 2000 to 2015, an estimated 663 million malaria 
cases are thought to have been averted in the world [1]. 
Among these, 68% may be attributed to the use of long-
lasting insecticidal nets (LLINs) and 13% to residual 
insecticide spraying. As such, vector control remains by 
far the most effective approach to control disease trans-
mission. Despite this progress, malaria is an ongoing 
serious public health concern worldwide and this dis-
ease still impairs the social and economic development 
of endemic countries. In 2020, there were an estimated 
241 million new cases of malaria and 627,000 deaths [2]. 
These figures represent an increase of approximately 10% 
in the number of deaths compared to 2019, even though 
three quarters of these deaths may be attributable to the 
COVID-19 crisis and the saturation of health systems [2]. 
The fact remains that in recent years, malaria incidence 
and mortality have increased in several African regions.

This increase raises the issue of the limits of current 
prevention approaches. The vector control side faces lim-
ited access to LLINs, as well as the resistance of malaria 
mosquitoes to four out of the five classes of insecticides 
approved for malaria vector control, namely, to pyre-
throids, carbamates, organophosphates, and organo-
chlorides [2–4]. Resistance can occur through mutations 
rendering the insecticide target site insensitive to the 
molecule, through increased metabolic detoxification 
processes, or through structural adaptations that mitigate 
the effect of the insecticide [5]. Aside from this physi-
ological resistance, additional limits come from behavio-
ral features that primary and secondary vectors display. 
These behaviors, such as exophagy, zoophagy, incongru-
ous patterns of biting, or a co-association between some 
if not all of these traits, allow the mosquitoes to overcome 
control tools and to maintain or increase parasite trans-
mission [6–9]. Hence, the control of residual malaria will 
necessarily require targeted abatement of the populations 
of these particular vectors [9].

The World Health Organization (WHO) Global Tech-
nical Strategy for Malaria Control 2016–2030 requires 
the development of innovative vector control tools that 
can be integrated into contemporary malaria control 
programs. The use of endectocides, and in particular 
ivermectin, is considered an additional option to target 
vector mosquito populations and residual transmission 
[10, 11].

Ivermectin is a broad-spectrum anthelminthic medi-
cation that was first licensed in 1981 for veterinary use 
[12]. Since 1987, it has been approved for human use and 
widely distributed through mass drug administration 
(MDA) campaigns all over Africa to eliminate onchocer-
ciasis, lymphatic filariasis, and other parasitic diseases 
[13]. Studies have shown that ivermectin is lethal for 

hematophagous vector species, including malaria vec-
tor mosquitoes, when they absorb their blood meal from 
ivermectin-treated humans or animals [14]. Ivermectin 
has proven mosquitocidal properties for all the malaria 
vector species tested to date [15–17] and as such, the 
drug has triggered interest in malaria transmission con-
trol. It should therefore be possible to suppress entire 
vector populations, in a similar manner to the commu-
nity-level impacts of LLINs [9, 18, 19] by administering 
ivermectin to hosts in order to poison mosquitoes when 
they feed upon them. This new approach offers several 
advantages.

1. There is a high probability that vector mosquitoes 
feeding (even just once) on hosts treated with iver-
mectin will die before becoming infectious, i.e., 
before the end of the extrinsic incubation period of 
the Plasmodium parasite, ≈10 days.

2. The drug’s mode of action is different from all the 
other insecticides currently used in vector control. 
As such, malaria mosquitoes that are physiologically 
resistant to pyrethroids and other insecticide classes 
used for LLINs can be effectively targeted to mitigate 
ongoing insecticide resistance problems. In addition, 
ivermectin targets only invertebrate-specific gluta-
mate-gated chloride channels. It also binds to a P-gly-
coprotein membrane efflux pump [20] corresponding 
to a multidrug-resistant glycoprotein that prevents 
the molecule from crossing the blood/brain barrier 
[21]. As such, for animals, including humans, iver-
mectin has an excellent safety profile even at doses 
higher than recommended [22].

3. The drug should be effective for all vector mosquito 
species regardless of their behaviors: the period when 
they are aggressive, the location where they prefer 
to bite (indoors or outdoors), or their feeding pref-
erences (zoophagic vectors could also be targeted). 
Hence, it offers the potential for extending insec-
ticide coverage beyond humans to also encompass 
livestock and the residual transmission they feed. 
This falls into the “One Health” context, where both 
animal and human health are improved.

4. Sublethal concentrations of ivermectin impair fecun-
dity, fertility, and mobility of Anopheles mosquitoes 
[23] meaning that even mosquitoes that survive after 
exposure to ivermectin are impaired in their repro-
ductive fitness, which further contributes to vectors 
populations suppression.

More than four billion doses have been administered 
en masse to humans since 1987 by the Mectizan Dona-
tion Program, with the aim of eliminating lymphatic 
filariasis and onchocerciasis [24]. Adverse severe effects 
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with therapeutic doses have been registered, but at an 
extremely low rate over many years of monitoring, and 
are usually associated with high parasite infection loads, 
particularly in the presence of Loa loa co-infection [21, 
22, 25, 26].

The systemic insecticide potential of ivermectin admin-
istered to humans or animals has been thoroughly dem-
onstrated in the laboratory (e.g., [13, 15], reviewed in 
[11, 16]), in small-scale field trials [27, 28], and in differ-
ent ecological settings in the field where a decrease of 
the sporozoite prevalence in the vector population has 
been demonstrated following the MDA of ivermectin to 
humans [29, 30]. In addition, Foy et al. conducted the first 
randomized control trial in Burkina Faso to demonstrate 
the epidemiological impact of ivermectin on malaria [31]. 
The authors showed that in addition to the use of LLINs, 
repeated mass administration of single doses of ivermec-
tin every 3  weeks during the rainy season could reduce 
malaria incidence by 20% in children aged 5 or under 
([31], but see [32, 33]).

Despite its high potential for malaria control, the use of 
ivermectin poses several challenges. A single dose is not 
enough to maintain the lethal concentrations required 
to decrease vector populations for a duration that would 
significantly impact Plasmodium transmission. Ivermec-
tin cannot as yet impact transmission because of the 
relatively short plasma half-life of market formulations 
(about 18–56 h in humans [22], and from 24 to 364 h in 
cattle, depending on the formulation used [34]). When 
administered subcutaneously to cattle, the classical vet-
erinary formulation of ivermectin renders animals’ blood 
toxic to Anopheles for up to 3 weeks post-injection [17].

Using higher doses and/or repeated doses of the cur-
rent formulations of ivermectin could be a way to 
enhance and sustain its impact. However, an MDA strat-
egy based on the use of most current formulations would 
suffer from strong limitations. Given the short half-life of 
the drug in humans or animals, repeated administrations 
would be needed, which would be extremely challenging 
with respect to logistics, costs, and sustained compliance 
of the populations.

Another approach could consist in developing new for-
mulations allowing sustained plasmatic concentrations 
above the  LC50 for a longer period. WHO recognizes this 
challenge and suggests developing a formulation releas-
ing ivermectin for at least a month, preferably during 
most of the rainy season [10].

For this purpose, technologies allowing the slow, long-
lasting release of a drug would increase the Plasmodium 
transmission control potential and aid in repurposing of 
ivermectin administration for malaria vector control. As 
such, experimental long-lasting implants releasing mos-
quitocidal concentrations of ivermectin for 6  months 

have been developed and tested in rabbits [35] and cat-
tle [36]. Such a device is inserted and retrieved by minor 
surgical procedures, and dose adjustments to animals’ 
weight made through the number of implants. Like Chac-
cour’s, our work followed from the expressed need for a 
mosquitocidal product with a release duration spanning 
most of a transmission season. To achieve this, we used 
an in situ depot technology  (BEPO®, [37]) and designed 
an ivermectin long-lasting formulation that we believe 
could be easier to manage in the field context than an 
inserted implant. The design is based on the use of block 
copolymers that entrap the therapeutic molecule upon 
depot solidification when in contact with body fluids. The 
depot progressively bioresorbs while delivering the active 
pharmaceutical ingredient with the desired pharmacoki-
netics. This technology was previously used to develop an 
ivermectin formulation which was tested for its micro-
filaricidal effect against Onchocerca ochengi [38].

The objective of the present study is to evaluate 
the malaria vector control potential of an alternative 
long-acting injectable formulation designed to release 
ivermectin for 6  months at lethal concentrations for 
Anopheles coluzzii, one of the major malaria vectors in 
sub-Saharan Africa. Mosquitocidal effects and efficacy 
duration were tested by injecting the formulation in cat-
tle at the classical veterinary therapeutic dose of 0.2 mg/
kg/month. Experiments were performed in laboratory 
settings of Burkina Faso, where we treated local cattle 
bread and, at different time points spanning the formu-
lation’s expected efficacy duration of 6  months, we per-
formed direct skin-feeding assays for survival follow-up 
using an An. coluzzii colony.

Methods
Mosquito colony
We used a colony of An. coluzzii mosquitoes from the 
Burkinabe Institut de Recherche en Sciences de la Santé 
du Burkina Faso, Direction Régionale de l’Ouest (IRSS 
DRO) established in 2008 using gravid females collected 
in Bama, Kou Valley (11° 23′ 14″ N, 4° 24′ 42″ W), 30 km 
from Bobo-Dioulasso, in southwestern Burkina Faso 
(West Africa). To alleviate founder effects and to main-
tain representative genetic diversity, the colony is replen-
ished every year with first filial generation  (F1) progeny 
from at least 50 mosquito females caught in the same 
locality, after the species status is identified by routine 
polymerase chain reaction (PCR) [39]. Potential contami-
nation of the colony by other Anopheles species is rou-
tinely checked using the same technique.

The mosquito colony was maintained under the fol-
lowing standard conditions: a temperature of 27 ± 2  °C, 
relative humidity of 75 ± 5%, and a 12  h/12  h  day/night 
cycle. Larvae were reared in plastic trays containing 
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tap water and fed ad  libitum with commercial alevin 
food  (TetraMin® Baby). Pupae were collected in cups 
and placed in cages measuring 30 × 30 × 30  cm. Newly 
emerged adults were allowed to feed for 3–5  days on a 
5% glucose solution and then starved for 16–18 h before 
blood-feeding on cattle.

Cattle hosts
Eight bull calves of the local Metis breed (obtained by the 
cross-breeding of Fulani zebus and Baoulé cattle) were 
used as hosts for Anopheles direct skin-feeding assays. 
This study was carried out in accordance with the ethi-
cal guidelines for the care of laboratory animals (Act no. 
00468, 24 January 1994) applicable in all West African 
French-speaking countries.

Upon their arrival at the cowshed of the Centre Inter-
national de Recherche-Développement sur l’Élevage en 
zone Subhumide (CIRDES), the calves were treated with 
therapeutic doses of aceturate diminazene and albenda-
zole to cure potential trypanosomiasis (endemic in this 
area) and gastrointestinal infestation with endopara-
sites, respectively. To our knowledge, no study has ever 
reported an effect of these molecules on Anopheles sur-
vival or fecundity but the calves were nevertheless left 
to acclimatize and clear these drugs in the cowshed for a 
month before the start of our experiment, during which 
time they were protected by a net to avoid any ectopara-
site disturbance and reinfestation. Calves were fed a diet 
consisting of straw and cotton oil cake, and provided 
with water and salt ad libitum. They were checked every 
2  days by a veterinarian to ensure their well-being. The 
weight gain of the calves served as an indicator of their 
well-being: the calves were weighed before the start of 
the experiment and after its completion to determine 
the percentage of mass change over the course of the 
experiment.

Manufacturing of slow‑release formulations of ivermectin
The alternative injectable long-acting formulations of 
ivermectin were designed using the  BEPO® technol-
ogy [37] and prepared as described in [38]. Briefly, a 
triblock copolymer,  PLA97–PEG45–PLA97, and two 
diblock copolymers,  mPEG45–PLA130 and  mPEG7–
PLA41, were synthesized by ring-opening polymeriza-
tion in bulk condition as already described (patent US 
9023897 B2). Two long-lasting formulations were syn-
thesized: (1) formulation A, composed of 5% (w/w) 
of ivermectin, 45% (w/w) of copolymer comprising 
 PLA97–PEG45–PLA97 and  mPEG45–PLA130 and 50% 
(w/w) DMSO (dimethyl sulfoxide); and (2) formula-
tion B, composed of 5% (w/w) ivermectin, 50% (w/w) 
of a copolymer comprising  PLA97–PEG45–PLA97 
and  mPEG7–PLA41 and 45% (w/w) DMSO. Before 

preparation, the tri- and di-block copolymers of each 
formulation were first dissolved overnight in DMSO 
(Procipient, Gaylord Chemical), at room temperature, 
and under continuous stirring. ivermectin (Fagron, 
France) was then added to the polymer solution until 
its complete dissolution. The formulations were sterile 
filtered using 0.2 µm filters (Minisart SRP 15, Sartorius) 
and then administered to cattle according to their body 
mass (1.2 mg of ivermectin/kg of body mass, i.e., 24 mg 
of formulation/kg), using a hypodermic syringe capped 
with a 16-gauge needle.

Long-lasting formulations of ivermectin were imported 
into Burkina Faso under the clearance provided by the 
Direction Générale des Services Vétérinaires of Burkina 
Faso (Permit No. 14/107 issued on 18 November 2014).

Treatment of calves
Calves were randomly assigned to receive either the vehi-
cles (i.e., the copolymers dissolved in DMSO, without 
ivermectin) or the treatments (ivermectin-containing 
formulations). The formulations were injected subcuta-
neously into the loose skin in front of the shoulder. Calf 
number C8 moved suddenly during the injection, result-
ing in the withdrawal of the needle before the end of the 
injection. Hence, for this calf, the injection was made in 
two different places instead of only one. Two calves (C1 
and C6) were randomly assigned to each of the four arms: 
vehicle A: C2 and C4, treatment A: C1 and C3, vehicle B: 
C5, C7, treatment B: C6, C8.

Blood‑feeding
For each blood-feeding assay, 3- to 5-day-old female 
mosquitoes from the same batches of eggs were ran-
domly introduced into 32 plastic cups covered with 
nets (n = 50–70 mosquitoes per cup) 16–18  h before 
the direct skin blood-feeding. Mosquitoes were starved; 
only a cotton ball soaked with water was left in the cup 
to increase their propensity to feed on the hosts. Four 
plastic cups were randomly assigned to each calf, placed 
on the animal’s sides, and held with a rubber strap tied 
around the abdomen. Animals were carefully restrained 
with ropes to avoid rough movements or scratching. 
Mosquitoes were allowed to feed for 15 min, after which 
only fully engorged females were transferred in card-
board cups for survival follow-ups. Blood-feeding of 
mosquitoes occurred at 14 different points in time dur-
ing the experiment: 22  days before treatment, and after 
the injections on days 1, 7, 14, 21, 28, 49, 91, 105, 119, 
155, 183, 195, and 210. The percentage of blood-fed mos-
quitoes (90–95%) was similar between the 14 batches, for 
each treatment and each calf (data not shown).
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Ivermectin bioanalysis
After the blood meals (except on days 105 and 119 after 
injection because of a logistical failure) and for each calf, 
5  ml of blood was withdrawn from the jugular vein in 
heparinized tubes (BD  Vacutainer® PST™ tubes). Blood 
samples were centrifuged at 2500×g for 10 min at room 
temperature. Next, 1.5  ml of the supernatant (i.e., the 
blood plasma) was transferred in plastic tubes and stored 
at −20  °C until further processing. Samples were ana-
lyzed for their ivermectin content as described by Bouss-
inesq et al. [38].

Evaluation of the survival of mosquitoes fed on treated 
and control cattle
Fully engorged females were randomly distributed and 
maintained in paper cups for the survival follow-up. Four 
cups were used per calf with 10 mosquitoes per cup and 
provided every day with cotton balls soaked in a 2.5% glu-
cose solution. Mortality was recorded every day from the 
day of the blood meal and for 30  days afterward. Mos-
quitoes that were alive on the 30th day were registered as 
“censored.” In total, 3378 mosquitoes were observed daily 
for 30 days.

Statistical analysis and modeling
All statistical analyses and modeling were performed 
using the software RStudio version 4.0.1 [40]. The data 
and the R codes are all available upon request.

Statistical analysis
Dynamics of ivermectin in cattle blood
Ivermectin concentration dynamics as a function of time 
were characterized for each formulation and caw by fit-
ting generalized additive models (GAM) with a cubic 
regression spline to compare formulations A and B and 
assess the potential variation in the pharmacodynamics 
of ivermectin between individual cattle.

Mosquito survival
Kaplan–Meier survival estimates were calculated to 
investigate if the longevity of females, estimated dur-
ing a follow-up of 30 days, was affected by a blood meal 
taken on treated cattle on different days after injection 
[0–210  days after injection (DAI)] and for each formu-
lation and vehicles. The effects of the vehicle, the for-
mulations, the time elapsed since injection, and their 
interactions on survival were further tested using Cox 
proportional hazards mixed models with cattle as nested 
random effects. Additional survival analysis with Cox 
models and Kaplan–Meier estimates were performed to 
characterize potential confounding effects due to varia-
tions between individual cattle blood before the ivermec-
tin formulations were injected (0 DAI).

Complementary analyses were carried out in the frame-
work of the efficacy study to consider the concentrations 
of ivermectin that were found in treated calves, at differ-
ent points in time (as in Fig. 3, except for DAI = 105 and 
119 where ivermectin concentration was not available). 
A mixed-effects Cox regression model was used to char-
acterize the impacts of the formulations, ivermectin con-
centration, and their interaction on mosquito survival. 
Variance associated with point in time since injection 
(DAI) and identities of individual cattle were considered 
as random effects.

We further explored the efficacy of the two formula-
tions by considering the probability that a mosquito 
ingesting a blood meal containing ivermectin dies before 
it becomes infected with Plasmodium falciparum sporo-
zoites. We considered two simple scenarios: (1) the 
female mosquito ingests a blood meal containing iver-
mectin after it ingested an infectious blood meal (2) the 
female mosquito ingests a blood meal containing iver-
mectin before ingesting an infectious blood meal. We 
assumed a gonotrophic cycle of 3  days, and 10  days as 
the average number of days required by Plasmodium to 
undergo sporogony, as in other studies using ivermec-
tin [41]. We examined the effect of the formulations on 
cumulative mortality 7 and 13  days (n = 7, n = 13) after 
the ivermectin blood meal (see Fig. 1 for a schematic rep-
resentation of both scenarios). Data were considered as 
binomial [i.e., dead (1) or not dead (0) before t = n days 
after ivermectin blood-feeding]. Dose–effect of ivermec-
tin concentration on mosquitoes’ survival until a given 
day post-treatment (7 or 13  days) was assessed using a 
four-parameter dose–response log-logistic regression for 
different times of mortality during a follow-up of 30 days 
(see Additional file 1: Tables S1 and S2).

When needed, analyses were followed by post hoc tests 
to compare the levels of significant factors.

Results
Formulations, ivermectin concentration, and stable drug 
release
Comparison of the two ivermectin treatment arms 
reveals that the composition of the long-acting formula-
tions (i.e., the polymer mixture which traps the ivermec-
tin) did not yield different plasma concentrations of the 
molecule (formulation effect, F = 0.062, P = 0.8). For each 
formulation, the ivermectin plasma concentration profile 
varies over time with more or less fluctuation depend-
ing on the calf (Fig.  2). Significant fluctuations in the 
concentration–time profile are observed for the calves 
C3 (treated with formulation A) and C6 (treated with 
B) (i.e., a significant time effect, C3: F = 16.58, P < 0.001; 
C6: F = 22.867, P < 0.001), while for the other calves, 
the concentration remains steady [time effect, C1(FA): 
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F = 1.551, P = 0.278; C8(FB): F = 1.612, P = 0.211]. For 
both C3 and C6, ivermectin concentrations show an ini-
tial burst whose highest values reach more than 40 ng/ml 
7 days after injection and remain most of the time above 
10 ng/ml. It is worth noting that for these calves, plasma 
concentrations dramatically decrease between days 165 
and 185, which corresponds to the targeted duration of 

release. After day 185, ivermectin concentrations con-
tinue to decrease until they reach values close to the limit 
of quantification (0.1 ng/ml). For C1 and C8, the plasma-
concentration–time profile unexpectedly looks different 
with an absence of an initial burst release and relatively 
steady concentrations of ivermectin in the range of 
2–10 ng/ml from day 0 to 210.

Fig. 1 Schematic representation of the two blood‑feeding scenarios considered in this study, in which an Anopheles mosquito feeds in an area 
where cattle are mass‑treated with a long‑lasting formulation of ivermectin A or B. Pf: Plasmodium falciparum. In gray: the mosquito does not 
carry Pf. In red: the mosquito carries Pf and eventually becomes infectious. Hatched areas represent for each scenario, the time during which the 
mosquito should die after its ivermectin blood meal to ensure that the transmission of sporozoites does not occur

Fig. 2 Ivermectin plasma concentrations (ng/ml) measured over time in calves after injection of the long‑acting ivermectin formulations A and B. 
Calves C1 and C3 received formulation A while C6 and C8 received formulation B
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Efficacy study: survival of mosquitoes over time 
after skin‑feeding assays
Before treatment, no survival difference was observed 
between the four experimental groups (host identity 
and cage number were both considered as random 
effects, likelihood ratio test (LRT) χ3

2 = 0.68, P = 0.88, 
Fig. 3, additional file 2 DAI = −22).

Kaplan–Meyer survival curves were drawn for each 
group after treatment (Fig. 3) to illustrate the treatment 
effect for each formulation and at each time point after 
injection. Multivariate survival analysis showed a sig-
nificant effect of the days elapsed after injection (DAI), 
the treatment, and their interaction, upon mosquito 
survival (DAI effect: χ10

2 = 192.05, P < 0.001; treatment 
effect: χ3

2 = 27.42, P < 0.001; DAI × treatment effect: 
χ30

2 = 289.67, P < 0.001), meaning that the survival prob-
ability estimated for each DAI depends on the treatment.

When compared, formulations A and B showed the 
same overall level of efficacy during the experiment (see 
Fig. 3 and Additional file 3: Table S3). The effect of for-
mulation A compared to the control was not significant 

at two specific points in time (t = 49 and t = 91 days after 
injection, Fig.  3). Also, at the end of the follow-up, i.e., 
180  days post-treatment (which is the targeted product 
profile), the toxic effect of both formulations upon mos-
quitoes is not significant anymore.

When considering efficacy as a function of the iver-
mectin concentration, the Cox model shows that there 
is a significant effect of ivermectin concentration 
(LRTχ1

2 = 184.57, P < 0.001), formulations (LRTχ1
2 = 6.57, 

P = 0.01), and their interaction (LRTχ1
2 = 22.86, P < 0.001) 

on mosquito survival, which suggests that even for the 
same ivermectin plasma concentration, the efficacy of 
formulations A and B are apparently not the same.

The Cox model predicted an increase in the prob-
ability of mosquito death when the concentration of 
ivermectin was increased in the range of 1–50  ng/ml 
(P < 0.001). For each additional 1 ng/ml, the model esti-
mated that the daily mortality rate should be multiplied 
by 1.08 for formulation A, and by 1.05 for formula-
tion B. For lower ivermectin concentrations in plasma 
(< 4 ng/ml), the probability of death was estimated to be 

Fig. 3 Kaplan–Meier survival curves for mosquitoes which fed on the calves of each experimental arm. Curves are drawn for each period of time 
elapsed after injection, i.e., the day on which mosquitoes were fed during direct skin‑feeding experiments. DAI days after injection
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better if formulation B was used (hazard ratio [HR] < 1), 
whereas formulation A seemed more effective (HR > 1) 
at higher concentrations (> 26 ng/ml) (Fig. 4).

When considering epidemiologically relevant mos-
quito survival times (Fig.  1), the dose–response 
regression predicts that formulation B would induce a 
mosquito mortality rate of 90% before Plasmodium has 
time to undergo sporogony if ivermectin plasma con-
centrations reached 12.56 ng/ml 95% CI (10.78; 14.34) 
and 11.46 ng/ml 95% CI (9.25; 13.67) ng/ml, for scenar-
ios 1 and 2, respectively. Formulation A would induce a 
mortality rate of 90% at higher concentrations, 16.4 ng/
ml 95% CI (13.59; 19.22) for scenario 1 and 12.32  ng/
ml 95% CI (19.69; 14.96) ng/ml for scenario 2. Further-
more, the  LC50 values estimated for scenario 1 (50% of 
dead mosquitoes before 7  days post-ivermectin blood 
meal) are 5.38  ng/ml 95% CI (4.89; 5.87) and 6.08  ng/
ml 95% CI (5.5; 6.66) for formulations B and A, respec-
tively. For scenario 2,  LC50 are 5.26 ng/ml 95% CI (3.94; 
6.6) and 4.09 ng/ml 95% CI (3.05; 5.13) for formulations 
B and A (Fig. 5).

Discussion
Our study was designed to establish the proof of concept 
that a long-lasting formulation of ivermectin could allow 
the release, in a single injection, of mosquitocidal plasma 
concentrations of ivermectin to kill malaria vector mos-
quitoes for up to 6 months. This sustained effect and the 
associated logistical advantages for mass administration 
to domesticated animals reinforce the perspectives for 
the One Health approach and the fight against malaria in 
different field contexts [42].

For the two tested formulations, intra- and inter-animal 
variability in the pharmacokinetic profiles were observed. 
Fluctuation in ivermectin concentration has also been 
observed in other studies [38]. In addition, physiological 
factors, such as body mass index, unique to each indi-
vidual animal, may carry some degree of variability. The 
body fat in cattle, where ivermectin is accumulated, could 
act as a reservoir from which ivermectin is released in 
the function of each individual metabolism, which dif-
fers between hosts [43]. Such a hypothesis was raised by 
Ouédraogo et al. [41] to explain ivermectin concentration 

Fig. 4 Estimated hazard ratio (HR) as a function of ivermectin concentration for comparison of formulation A and B efficacy at killing mosquitoes. 
Gray ribbon represents 95% confidence interval of HR estimation
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differences between treated male and female humans. 
In the same idea, species-specific basal metabolic rates 
explain differences in ivermectin concentration profiles 
over time and its efficacy against parasites [34]. Recently, 
Tipthara et  al. [44] showed that ivermectin metabolism 
by humans produces compounds that may extend the 
insecticidal action of the core molecule. Hence, metab-
olite differences, either quantitative or qualitative, are 
likely to be found as well between species and from one 
individual to another, and may impact efficacy.

We showed that for specific ranges of ivermectin con-
centrations, identical amounts seem to induce different 
mosquito mortality rates depending on which formu-
lation is used. This was not expected, and could be due 
to the formulation composition or to the injection pro-
cess. Moreover, even with the random effect integrated 
in the model, such difference should be taken with cau-
tion because outcomes might be influenced by the lim-
ited number of calves that we used per experimental arm. 
This is a true limit for characterizing the overall profile of 
ivermectin release, but not to conclude that such formu-
lation has great potential for malaria vector control. Fur-
ther studies to test long-acting ivermectin formulations, 
incorporating more replicate animals per group, are defi-
nitely needed to understand as accurately as possible the 
pharmacokinetic profiles and efficacy variability accord-
ing to the formulation composition and dosage.

A previous study attempted to use the same technology 
to fight natural infections of zebus by O. ochengi [38]. It 
allowed a year-round release of microfilaricidal ivermec-
tin concentrations. Both formulations in our study reach 

these concentrations as well, and as such the use of long-
lasting formulations could have additional benefits and 
support the fight against other endo- or ectoparasitic dis-
eases of animals, including zoonoses that are transmitted 
to humans [45].

With plasma concentrations reaching at least the  LC50 
for Anopheles species for 6  months, our formulations 
have the potential to help circumvent the technical and 
logistical gaps identified by WHO for the use of ivermec-
tin for mass administration to humans or animals [10], 
For a One Health approach, administering ivermectin to 
animals is not expected to be beneficial in all field con-
texts. Suitability scores computed by Imbahale et al. [46] 
identified the Sahelian zone as the region which would 
benefit the most from this approach, especially due to the 
zoophagic behavior of Anopheles arabiensis, one of the 
main Plasmodium vectors of this area.

Among all the formulations that have been tested so 
far, ours offers the unique advantage of being injected in 
a single shot and of progressive resorption while releas-
ing active concentrations of ivermectin for a duration 
that could largely encompass the Plasmodium transmis-
sion season. The  LC50 values found in our study were in 
the same range as previous in  vivo experiments reports 
[41, 47, 48], and are compatible with the therapeutic 
effects of ivermectin for the treatment of parasitic dis-
eases in humans and animals [47]. For these reasons, 
the concept of an injectable long-acting formulation 
of ivermectin appears to be an effective tool to combat 
malaria transmission through a mass treatment of cat-
tle, and ultimately of all domesticated animals that are 

Fig. 5 Estimation of the dose–response relationship between ivermectin plasma concentrations and mosquito mortality when calves are injected 
with formulation A (solid red lines, red circles) or B (dotted blue lines, blue triangles). Lines are the estimated relationships following the log‑logistic 
regression, while circles and triangles represent means of experimental data. Ivermectin‑induced mortality is explored according to two scenarios 
A and B that would decrease the parasites’ transmission: A the mosquito dies within 7 days after an ivermectin blood meal (ivermectin blood meal 
is taken after the infectious one); B the mosquito dies within 13 days after the ivermectin blood meal (ivermectin blood meal is taken before the 
infectious one). Details of the two scenarios are given in the methods section and Fig. 1
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hosts for Anopheles vectors. Indeed, multiple dosing 
programs seem hardly compatible with field logistical 
requirements.

Whatever the formulation, administering ivermectin to 
animals will require further studies to consider the risk 
of ivermectin resistance in the populations of helminths 
that are classically treated using ivermectin [49], but also, 
in Anopheles populations [48]. The selection pressure 
exerted by ivermectin will increase dramatically if the 
approach is deployed on a mass scale, and the emergence 
of ivermectin resistance would likely be only a matter of 
time, as has been the case for all other insecticidal com-
pounds widely used to date. Ideally, mitigation strategies 
based on careful monitoring of existing or future mark-
ers should be proposed and implemented together with 
the approach, in all targeted field contexts. The threat 
of selecting the most anthropophagous mosquitoes by 
targeting domesticated animals and zoophagic behav-
iors has to be assessed as well. Moreover, mitigation 
strategies should also explore the environmental toxic-
ity issues that would ensue with the release of ivermec-
tin in the excrement of treated hosts. These could have 
potentially dramatic consequences on non-targeted ter-
restrial or aquatic fauna, especially for numerous species 
of dung-degrading insects that are crucial for soil fertili-
zation [50]. In addition, ivermectin has been reported to 
be phytotoxic as well [51]. Today, the need for environ-
mentally sustainable solutions must be borne in mind, 
even if ivermectin seems to be a promising solution to 
increase the health of both humans and animals by kill-
ing malaria mosquitoes and parasites responsible for 
zoonotic human and livestock diseases that impair local 
development. Ongoing studies on already marketed iver-
mectin formulations attempt to measure the ivermectin 
amounts released in the feces of treated cattle to evaluate 
toxicity on reference non-targeted coprophagic species. 
These studies should give initial findings on the associ-
ated risks in the fields [52]. Treatments and mitigation 
measures should be defined and developed with the help 
and expertise of local herders and peasants, which would 
support their full participation in the overall approach.

Concentration studies will also have to be conducted 
to determine the ivermectin withdrawal period in the 
different edible cattle tissues and organs, and in milk. 
A 6-month release period from a long-lasting ivermec-
tin formulation may indeed lead to qualitatively and 
quantitatively different accumulation of the compound 
that could necessitate increased withdrawal time when 
compared, for example, to the recommended 28  days 
for classical products for cattle [53]. This should be 
characterized by taking into account the recommenda-
tions and frameworks of the Joint Food and Agriculture 

Organization (FAO)/WHO Expert Committee on Food 
Additives (JECFA, [54, 55]). Basically, gestating and lac-
tating females and animals intended for human or ani-
mal meat or milk consumption during the ivermectin 
releasing period should not be considered, unless own-
ers’ will and non-consumption guarantees are given. 
Males dedicated to labor and young animals will on the 
contrary be primarily targeted. Cattle herders and own-
ers’ involvement will be more than necessary to define 
and adapt the injections coverage according to their 
needs and requirements, and modeling approaches will 
help in defining the most efficient co-constructed treat-
ment scheme.

Aside from Plasmodium-bearing mosquitoes, other 
insects of medical and veterinary importance are sensi-
tive to ivermectin as well [45]. Novel ivermectin formu-
lations like the one in our study could serve as broader 
control tools by targeting other neglected tropical dis-
eases of zoonotic origin. In theory, this innovative tool 
could definitely be integrated within a One Health 
approach, with benefits for both animals and humans. 
Because resistance risks are potent, the use of other 
endectocides is a possible mitigation strategy to address 
the appearance of ivermectin resistance in both hel-
minths and Anopheles.

Conclusion
Our study shows that a formulation releasing mosqui-
tocidal concentrations of ivermectin for 6 months could 
provide a complementary malaria control measure. This 
tool could be effective in endemic areas where domes-
ticated animals live in close vicinity to human beings, 
both in urban and rural environments. More studies are 
needed to further assess inter-individual variability and 
tune the pharmacokinetic profile of ivermectin to the 
optimal characteristics. To this end, future animal stud-
ies will be sufficiently powered to afford more robust 
data interpretation and projections in the fields. Treating 
animals using a long-lasting formulation of ivermectin 
within a One Health paradigm, combined with a cur-
rently deployed antimalarial arsenal, would surely help 
impacting harder the malaria transmission and inci-
dence, in the ranges expected by WHO.
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