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Abstract 

Background  Dirofilaria immitis is a mosquito-transmitted filarial parasite causing heartworm disease in dogs. The 
parasite may cause a significant disease burden to the dog population in high prevalence areas and is mainly man-
aged through prophylactic treatments.

Methods  In this modelling study, the effect of a prophylactic treatment with moxidectin and sarolaner on heart-
worm disease dynamics was investigated in dogs. A compartmental model was developed to investigate different 
epidemiological settings considering different values for prevalence and host preference.

Results  When the mosquito host preference to dogs is low, a treatment compliance of only 40% decreases the pro-
portion of infectious dogs. When the host preference of the mosquitoes however increases, an exponential increase 
in infectious dogs was observed, and a higher treatment compliance is required. In high transmission environments, 
with a high prevalence and a high mosquito host preference, a high treatment compliance (up to 100%) is required 
to have an impact on the number of infected animals. Notably, in scenarios with higher host preference towards dogs, 
more mosquitoes are exposed to sarolaner through the blood meal, leading to higher mortality of these mosquitoes 
and resulting in fewer infected and infectious dogs.

Conclusions  The preventive efficacy, as measured by the number of non-infected dogs, increases with increas-
ing treatment compliance, but the extent of the treatment effect differs with the epidemiological setting. Adding 
sarolaner to a heartworm prevention has a complimentary impact on mosquito survival and heartworm disease 
transmission, although this effect depends on the epidemiological settings, emphasizing the true complexity of dis-
ease dynamics of a vector-borne disease.
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Background
Heartworm disease in dogs is a vector-borne disease 
caused by Dirofilaria immitis and may result in cough-
ing, difficult breathing, exercise intolerance, pulmonary 
hypertension, right-sided congestive heart failure and 
mortality [1, 2]. Up to 60 mosquito species have been 
described as potential vectors for heartworm disease, 
with Aedes spp., Anopheles spp. and Culex spp. as the 
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most relevant vectors in the USA [3–5]. Due to the high 
mean temperature and humidity as well as the presence 
of suitable vectors [6, 7], heartworm infection in the USA 
is most prevalent around the Gulf Coast and in Southern 
states [8].

Considering the severity of the disease and the risk of 
life-threatening complications during treatment of adult 
heartworm, prevention of infection is preferred, which 
can be achieved through a direct effect on larval heart-
worm stages or an effect on the vector. A direct effect 
on the larval heartworm stages is best achieved through 
moxidectin because of its efficacy against susceptible 
as well as resistant heartworm isolates [9–12]. Isoxazo-
lines are systemic ectoparasiticides with known efficacy 
against fleas, ticks and mites [13]. Recent studies dem-
onstrated their lethal effect against mosquitoes [14–17]. 
Furthermore, treatment with sarolaner ensures high effi-
cacy against Aedes spp. mosquitoes within 72 h after the 
blood meal for at least 28 days, enabling the prevention 
of oviposition [14]. Similar effects on egg-laying have 
been published for fluralaner [18]. Consequently, an isox-
azoline treatment may have an impact on local mosquito 
populations and subsequently on heartworm infections 
[14, 16], including transmission of resistant heartworm 
isolates. Similarly, the decrease of malaria infection in 
the human population through the control of vectors has 
been described [19].

In the current study, a compartmental model was 
developed to assess the potential impact of a prophylactic 
treatment consisting of a combination of moxidectin and 
sarolaner on heartworm disease dynamics in dogs in dif-
ferent epidemiological settings. Initial insights were gen-
erated on the possible complimentary effect of sarolaner 
on the mosquito populations feeding on treated dogs.

Methods
Model development
Development of compartmental model
A compartmental model (Fig. 1) was developed compris-
ing two transmission pathways.

In each transmission pathway, a proportion (defined by 
the host preference) of the Aedes aegypti mosquito popu-
lation is expected to feed on dogs, of which a proportion 
is infected with D. immitis. When a mosquito feeds on 
a non-infected dog, the mosquito remains uninfected. 
When a mosquito feeds on an infected dog, the mosquito 
may become infected. In the non-treated pathway, there 
is no medical interference with the heartworm transmis-
sion cycle, and the mosquito will be able to complete its 
gonotrophic cycle. In the treated transmission pathway, 
all or a proportion of the dogs receive a combination of 
moxidectin and sarolaner. It is expected that sarolaner 
will be 100% effective against Ae. aegypti mosquitoes for 

at least 28 days and that mortality will occur within 72 h 
[14]. Since sarolaner has no mosquito-repellent proper-
ties, the mosquito will be able to take in a full blood meal 
and potentially infect the dog with heartworm. Moxidec-
tin has 100% efficacy against larval heartworm stages and 
therefore can prevent the establishment of a new infec-
tion in treated dogs [2, 9, 12]. While data on fluralaner 
and prevention of egg laying [18] are available, no com-
bination product with efficacy against heartworm is cur-
rently available. No data on prevention of mosquito egg 
prevention are available for other isoxazolines. Therefore, 
the model focussed on a combination of sarolaner and 
moxidectin (Simparica Trio®).

Heartworm has a 6–9-month pre-patent period in 
dogs, indicating that dogs may be infected but not yet 
able to transmit infection during that period of time (not 
infectious). In the current model, infected dogs are in the 
pre-patent period and infectious dogs are infected with 
patent infections. Nevertheless, it was assumed that all 
non-treated dogs acquiring an infection would become 
infectious, and the effect of the prophylactic treatment 
was evaluated based on a change in the proportion of 
infectious dogs. Similarly, after ingesting the infected 
blood meal, the mosquito becomes infected, but it takes 
another 6  days for the mosquito to become infectious. 
In both the dogs and mosquitoes, an infected and infec-
tious compartment in the respective populations was 
considered in the model. Mosquitoes were divided into 

Fig. 1  Compartmental transmission model with a treated 
(moxidectin/sarolaner) and not-treated pathway
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four different categories: non-infected, infected, infec-
tious and treated mosquitoes (who will die within 72 h) 
and four different age classes, which all have a maximum 
lifespan of 24 days. The model also included five dog cat-
egories, i.e. non-infected dogs (treated and untreated), 
infected dogs (treated and untreated) and infectious dogs 
(untreated), able to transmit the infection to mosquitoes. 
Age differences were not accounted for in dogs, although 
it was considered that dogs must be at least 6  months 
to become infectious. Each model etended over 61 time 
steps, with each time step encompassing 6  days. While 
it is acknowledged that the introduction of infected 
mosquitoes into an environment cannot be avoided [20, 
21], this model considered an isolated mosquito popula-
tion. The same applies to dog migration; consequently, 
it is possible that the modelling scenarios will evolve to 
an end stage where all dogs end up either infectious or 
remaining uninfected. This must be considered when 
interpreting the modelling results.

Epidemiological parameters considered 
in the compartmental model
After the development of the compartmental model, a 
list of epidemiological parameters was defined. Param-
eter values were obtained through a literature review in 
PubMed and Google Scholar and through expert opin-
ion. An overview of the parameters considered in the 
model is provided in Table  1, of which three were con-
sidered as a variable throughout the model assessment. 
The host preference (HP) is a parameter measuring the 
feeding preference of the mosquitoes to different hosts.

A higher HP in dogs leads to a higher disease transmis-
sion rate in an endemic environment. Several Ae. aegypti 
HP studies have been published [5, 22–24], and the HP 
to dogs is reported to vary from 2 to 50%. This parameter 

has a high uncertainty in the model. The second param-
eter was the D. immitis prevalence (DP) in dogs in the 
Mississippi Delta (Southern US states including Georgia, 
Alabama, Louisiana, Mississippi, Tennessee, Arkansas), 
which is reported to vary from 8% in veterinary clinics [1, 
25] to 34% in animal shelters [26, 27]. Concerning treat-
ment compliance (TC), 60% of the dog owners provided 
prophylactic treatment for their pets at the veterinary 
clinic but only 40% complied with a treatment schedule 
as recommended by the American Heartworm Society 
[27].

Model sensitivity analysis
The sensitivity of the model for HP and DP was analysed 
while maintaining TC at a constant rate of 40%. Dur-
ing this sensitivity analysis, the impact of 5% incremen-
tal changes of one parameter on the shape of the curves 
was assessed while maintaining the other parameter at 
the median value described in the literature. The HP was 
modelled from 5 to 40% while the DP parameter was set 
to 21%. The DP was also modelled from 5 to 40%, while 
the HP was set to 25%. After this sensitivity analysis with 
5% increments, incremental steps of 2% were performed 
for certain intervals. Finally, the sensitivity of the model 
to a combination of parameters was assessed. The aim of 
this sensitivity analysis was to assess the impact of these 
model parameters on the modelling results.

Modelling the impact of treatment compliance in four 
different epidemiological scenarios
In this study, four epidemiological scenarios were consid-
ered (as outlined in Table 2) to assess the impact of treat-
ment compliance on the disease dynamics in dogs and 
the potential impact on mosquito populations.

Table 1  Parameters used in the compartmental model

Parameter Values Sources

Aedes aegypti parameters

 Minimum duration for infected mosquito to become infectious 6 days [30]

 Longevity A. aegypti < 24 days [31]

 Host preference 0.25 VAR (0.02–0.50) [5, 22–24]

 Biting rate 0.83 [32]

 Minimal infectious rate 0.32 [33]

 Birth rate 0.35 Expert’s opinion

 Death rate (natural death) 0.1 Expert’s opinion

 Mosquito death rate after sarolaner ingestion 100% within 72 h [14, 16]

Dog-related parameters

 Dirofilaria immitis prevalence 0.1 VAR (0.08–0.34) [1, 25–27]

 Minimal infectious rate in dogs 1 [34]

 Treatment compliance 0.6 VAR (0.1–0.9) [27]
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Each scenario had a unique combination of DP and 
mosquito HP, which were kept constant while varying 
the treatment compliance from 40 to 80% with 5% incre-
mental steps. In the first three scenarios (Table 2), an 8% 
heartworm DP as observed in veterinary practices in the 
Mississippi Delta area [1, 25] was replicated. Across the 
range described in the literature, three HP values were 
included: 25% (scenario 1; mean of the combined litera-
ture data—see Table  1); 14% (scenario 2) and 2% (sce-
nario 3) as the lowest HP value [28]. A fourth scenario 
was developed in which a 34% heartworm DP in shelters 
in the Mississippi Delta [26, 27] was replicated. As previ-
ously suggested [24], when the dog-human ratio is high, 
mosquito feeding on dogs increases. Therefore, a high 
value for HP was used in scenario 4. Maximum value for 
HP according to the literature was 50%, but when consid-
ering the high uncertainty for this parameter and the fact 
that increasing the HP above 25% only resulted in mar-
ginal changes of the modelling results, an HP of 25% was 
used in scenario 4.

As 100% compliance in a dog population is not readily 
achieved, the effects of different prophylactic treatment 
compliance ratios on the potential transmission of heart-
worm were evaluated in these four epidemiological sce-
narios by comparing the proportion of infectious dogs to 
the proportion of the not infected dogs. Ideally, the pro-
portion of not infected dogs is maximised as opposed to 
the proportion of infectious dogs, i.e. a minimum num-
ber of dogs will be newly infected and maximum number 
of dogs remain uninfected. First, the impact of increasing 
the treatment compliance from 40 to 60% was evaluated. 
According to the literature, 60% of the dog owners pur-
chase the prophylactic treatment but only 40% correctly 
and compliantly administer the treatment they purchase. 
The impact of further increasing the treatment compli-
ance was evaluated in the different scenarios.

Results
Model sensitivity analysis
The model is most sensitive to lower HP values. Increas-
ing the HP with 5% increments resulted in significant 
changes in the shape of the curves until an HP of 20%. 

Further increasing the HP had less impact on the mod-
elling outputs. The same applies for heartworm DP, i.e. 
higher sensitivity for lower DP values, decreasing sensi-
tivity with increasing DP values. This was further con-
firmed by performing an additional sensitivity analysis 
for both parameters at their lower values with 2% incre-
mental steps. Combining both parameters increases the 
model’s sensitivity significantly compared to their iso-
lated attribution to the model’s output. A more elaborate 
description of the sensitivity analysis and corresponding 
modelling results can be found in the supplementary 
information.

Modelling the impact of treatment compliance in four 
different epidemiological scenarios
In scenario 1 (HP 25% and DP 8%, see also Fig.  2), at a 
TC of 40%, the number of infectious dogs (green line) is 
significantly higher than the proportion of non-infected 
dogs (blue line). If the TC is increased to 60%, the pro-
portion of infectious dogs is still higher than that of 
the non-infected dogs but the difference between both 
groups of dogs decreases significantly. A minimum treat-
ment compliance of 70% is required to ensure that the 
proportion of infectious dogs is lower than the propor-
tion of non-infected dogs. Increasing to an 80% treat-
ment compliance has additional benefits as it further 
decreases the proportion of infectious dogs.

In scenario 2 (HP is 14% and DP is 8%; see also Fig. 3), 
at a 40% TC, the proportion of infectious dogs (green 
line) is significantly higher than the proportion of non-
infected dogs (blue line). Notably, when this is compared 
to the 40% TC of the first scenario, the total number of 
infected dogs is higher in this second scenario, despite 
the lower HP. If the TC is increased to 60%, a similar 
dynamic as in scenario 1 is observed, i.e. the proportion 
of infectious dogs is still higher than for the non-infected 
dogs, but the difference decreases. A minimum TC 70% 
is required to decrease the proportion of infectious dogs 
below that of the not infected dogs and increasing the 
TC to 80% further decreases the proportion of infectious 
dogs.

In scenario 3 (HP is 2% and DP is 8%, see also Fig. 4), 
40% treatment compliance results in a significantly 
higher number of not-infected dogs than infectious dogs, 
whereas in scenarios 1 and 2 this was only achieved at 
70% treatment compliance. The curve does not reach 
an equilibrium within the time frame of this modelling 
study; consequently, we cannot confidently state that 
once the equilibrium is reached the proportion of non-
infected dogs will still be higher than the proportion of 
infectious dogs. The same applies for increasing treat-
ment compliance. The curves flatten with increasing 

Table 2  The four epidemiological scenarios modelled with 
different host preferences and Dirofilaria immitis prevalence

Host preference (%) Dirofilaria 
immitis 
prevalence (%)

Scenario 1 25 8

Scenario 2 14 8

Scenario 3 2 8

Scenario 4 25 34
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treatment compliance, meaning that the numbers of 
infectious dogs increase more slowly.

In scenario 4 (HP is 25 and heartworm DP is 34%, see 
also Fig.  5), the opposite is observed; at a TC of 40% 
all dogs become infectious (green line) quickly and 
no dogs remain non-infected (blue line). Increasing 
to a TC of 60% only slightly postpones the moment at 
which all dogs become infectious. The impact of further 
increasing the TC is obvious as a proportion of the dogs 

indeed remains non-infected. However, even at a TC of 
80% the proportion of infectious dogs remains higher 
than the proportion of non-infected dogs. If considered 
as an isolated population in this study, i.e. not includ-
ing mosquito and dog migratory data, maximising 
the TC to 100% would result in a completely healthy 
population.

The mosquito population dynamics were plotted for 
each of the scenarios (Fig. 6). Only the results for TCs 

Fig. 2  Scenario 1 (host preference fixed at 25% and disease prevalence at 8%) with varying treatment compliance (40–80%). Each model extended 
over 61 time steps (X-axis), with each time step encompassing 6 days
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of 40%, 45% and 50% are provided as further increasing 
TC did not result in significant changes.

The different lines on each graph represent the dif-
ferent mosquito age groups. The initial deviation of the 
curves is part of the model initialisation period before 
it stabilises. This is a normal phenomenon in model-
ling and results are only interpreted past this phase. 

In scenario 1 (first column), the mosquito population 
dropped quickly. In the second scenario, a similar trend 
was observed, but slower. In scenario 3 the mosquito 
population increased over time. Finally, in scenario 4 
the mosquito population decreased quickly. Within 
each of these scenarios, the TC had no significant 
impact on the mosquito population dynamic.

Fig. 3  Scenario 2 (host preference fixed at 14% and disease prevalence at 8%) with varying treatment compliance (40–80%). Each model extended 
over 61 time steps (X-axis), with each time step encompassing 6 days
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Discussion
In this study a compartmental model with two trans-
mission pathways was developed considering the 
impact of TC, mosquito HP and DP on heartworm 
disease dynamics in dogs. The limitations of this com-
partmental model are acknowledged and include the 
absence of data on mosquito and dog movements in an 
endemic area. Therefore, some of the modelling sce-
narios evolve to an end-stage plateau phase, whereas 

fluctuations over time through new introductions of 
dogs or mosquitoes are to be expected in the field. Fur-
thermore, more detailed data on mosquito HP would 
improve the accuracy of the modelling output as this 
is currently the parameter with the largest confidence 
intervals. Finally, only the Ae. aegypti mosquito popula-
tion was considered in the model, as currently the effi-
cacy of sarolaner has only been evaluated against this 
mosquito species [14].

Fig. 4  Scenario 3 (host preference fixed at 2% and disease prevalence at 8%) with varying treatment compliance (40–80%). Each model extended 
over 61 time steps (X-axis), with each time step encompassing 6 days
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Despite its limitations, the compartmental model does 
enable an assessment of the relative impact of varying TC 
ratios considering four epidemiological scenarios with 
different mosquito HP and DP values. In scenarios 1 to 
3, a constant DP of 8% was used. It was observed that if 
the mosquito HP to dogs is low (2%—scenario 3), a TC 
of 40% in the dog population resulted in a decrease of the 
proportion of infectious dogs. When the mosquito HP 
however increased to 14% (scenario 2) or 25% (scenario 

1), the number of infectious dogs increased, and a treat-
ment compliance of only 40% resulted in a significant 
proportion of the dog population becoming infectious. 
In these HP scenarios (14% and 25%), increasing the TC 
to 60% significantly reduced the proportion of infec-
tious dogs, although the proportion of infectious dogs 
remained higher than for the non-infected group. Higher 
TC (> 70%) further decreased the proportion of infec-
tious dogs. These results confirm that in highly endemic 

Fig. 5  Scenario 4 (host preference fixed at 25% and disease prevalence at 34%) with varying treatment compliance (40–80%). Each model 
extended over 61 time steps (X-axis), with each time step encompassing 6 days
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areas, TC is indeed a key parameter for successful pre-
vention of heartworm disease.

In scenario 4, a high DP scenario (34%) was considered 
as well as a high transmission environment, such as shel-
ters in an endemic area. As the number of dogs is higher 
compared to the number of alternative hosts, mosquitoes 
will feed proportionally more on dogs [24, 26, 27, 29], 
resulting in a high mosquito HP (25%). In this scenario, 
increasing the TC from 40 to 60% and even beyond 75% 
had a minor impact on the proportion of infectious and 
non-infected dogs, with the proportion of infectious dogs 
remaining significantly higher than for the non-infected 
dogs. Compared to scenarios 1 to 3, a high TC (up to 
100%) is expected to be needed in this high transmission 
environment. Without a migration component of dogs 
and mosquitoes, a high TC would however bias the mod-
elling outcome towards an uninfected dog population. 
Therefore, a 100% TC was not modelled as only isolated 
dogs and mosquito populations were considered in this 
model.

The prophylactic treatment aims to lower the propor-
tion of infected dogs mainly by the effect of moxidectin 
on immature heartworm stages, but a complimentary 
impact on the disease dynamics through the lethal 

effect of sarolaner on mosquitoes has been observed in 
this study. When comparing the total number of infec-
tious dogs in scenario 1 and 2 at equal TC (e.g. 40%), 
more dogs become infectious in scenario 2 even though 
the HP is half of that in scenario 1. Because of the 
higher HP in scenario 1, one would expect to have more 
infected animals. However, it does make sense that if 
the HP towards dogs is higher, more mosquitoes will be 
exposed to sarolaner through the blood meal leading to 
mortality of these mosquitoes [14], resulting in a fewer 
infected and infectious dogs. In these specific condi-
tions, sarolaner has a complimentary impact on the 
transmission of heartworm, including resistant isolates. 
The direct impact of sarolaner on the mosquito popula-
tion was also observed in scenario 4. However, in this 
epidemiological scenario, the decrease of the mosquito 
population did not result in a decrease of the number 
of infected dogs, probably because of the significantly 
higher DP. This emphasises the true complexity of dis-
ease dynamics of a vector-borne disease. These findings 
suggests that the prophylactic treatment with sarolaner 
has a complementary impact on mosquito population 
and on the disease transmission dynamics, depending 
on the epidemiological settings.

Fig. 6  The evolution of the mosquito population in the four different scenarios for treatment compliance of 40–50%. Each model extended over 61 
time steps (X-axis), with each time step encompassing 6 days
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Conclusions
The modelling results show the impact of a combined 
treatment with moxidectin and sarolaner on the DP 
in dogs. As expected, there was an impact of increas-
ing treatment compliance, albeit the benefit differs 
between epidemiological settings. Whilst complex 
mosquito dynamics were not modelled in this study, 
the results suggested that in certain epidemiologi-
cal settings sarolaner had an additional benefit on the 
mosquito population dynamics and on the control of 
heartworm disease. More detailed data on the effect of 
sarolaner or other isoxazolines on other mosquito spe-
cies that transmit heartworm and data on mosquito 
and dog movement in endemic areas can be used in the 
future to refine the model.

Supplementary Information
The online version contains supplementary material available at https://​doi.​
org/​10.​1186/​s13071-​025-​06734-x.

Supplementary Material 1.

Acknowledgements
The authors acknowledge Tom McTier for his input in the model parameters.

Author contributions
TG, CM and EH co-authored the manuscript text. CM and EH developed and 
validated the actual model. TG developed the scientific hypothesis.

Funding
This study was funded by Zoetis, Parsippany, NJ, USA.

Availability of data and materials
Data used in the modelling are listed in Table 1. The R code of the model can 
be requested by contacting the corresponding author.

Declarations

Ethics approval and consent to participate
Not applicable.

Consent for publication
Not applicable.

Competing interests
TG is an employee of Zoetis. Zoetis is a pharmaceutical company marketing a 
moxidectin + sarolaner combination product for dogs. There were no compet-
ing interests for CM and EH.

Received: 4 August 2024   Accepted: 21 February 2025

References
	1.	 Bowman DD, Atkins CE. Heartworm biology, treatment, and control. Vet 

Clin North Am Small Anim Pract. 2009;39:1127–58. https://​doi.​org/​10.​
1016/j.​cvsm.​2009.​06.​003.

	2.	 Ames MK, Atkins CE. Treatment of dogs with severe heartworm disease. 
Vet Parasitol. 2020;283:109131. https://​doi.​org/​10.​1016/j.​vetpar.​2020.​
109131.

	3.	 Ludlam KW, Jachowski LA, Otto GF. Potential vectors of Dirofilaria immitis. 
J Am Vet Med Assoc. 1970;157:1354–9.

	4.	 Brown HE, Harrington LC, Kaufman PE, McKay T, Bowman DD, Nelson 
CT, et al. Key factors influencing canine heartworm, Dirofilaria immitis, in 
the United States. Parasit Vectors. 2012;5:245. https://​doi.​org/​10.​1186/​
1756-​3305-5-​245.

	5.	 Stenn T, Peck KJ, Rocha Pereira G, Burkett-Cadena ND. Vertebrate hosts 
of Aedes aegypti, Aedes albopictus, and Culex quinquefasciatus (Diptera: 
Culicidae) as potential vectors of Zika virus in Florida. J Med Entomol. 
2019;56:10–7. https://​doi.​org/​10.​1093/​jme/​tjy148.

	6.	 Morchón R, Montoya-Alonso JA, Rodríguez-Escolar I, Carretón E. What has 
happened to heartworm disease in Europe in the last 10 years? Patho-
gens. 2022;11:1042. https://​doi.​org/​10.​3390/​patho​gens1​10910​42.

	7.	 Wang D, Bowman DD, Brown HE, Harrington LC, Kaufman PE, Mckay 
T, et al. Factors influencing U.S. canine heartworm (Dirofilaria immi-
tis) prevalence. Parasit Vectors. 2014;7:264. https://​doi.​org/​10.​1186/​
1756-​3305-7-​264.

	8.	 Bowman D, Little SE, Lorentzen L, Shields J, Sullivan MP, Carlin EP. 
Prevalence and geographic distribution of Dirofilaria immitis, Borrelia 
burgdorferi, Ehrlichia canis, and Anaplasma phagocytophilum in dogs in 
the United States: results of a national clinic-based serologic survey. Vet 
Parasitol. 2009;160:138–48. https://​doi.​org/​10.​1016/j.​vetpar.​2008.​10.​093.

	9.	 Blagburn BL, Arther RG, Dillon AR, Butler JM, Bowles JV, Von Simson 
C, et al. Efficacy of four commercially available heartworm preventive 
products against the JYD-34 laboratory strain of Dirofilaria immitis. Parasit 
Vectors. 2016;9:191. https://​doi.​org/​10.​1186/​s13071-​016-​1476-7.

	10.	 Prichard RK, Geary TG. Perspectives on the utility of moxidectin for the 
control of parasitic nematodes in the face of developing anthelmintic 
resistance. Int J Parasitol Drugs Drug Resist. 2019;10:69–83.

	11.	 Prichard RK. Macrocyclic lactone resistance in Dirofilaria immitis: risks 
for prevention of heartworm disease. Int J Parasitol. 2021;51:1121–32. 
https://​doi.​org/​10.​1016/j.​ijpara.​2021.​08.​006.

	12.	 Savadelis MD, McTier TL, Kryda K, Maeder SJ, Woods DJ. Moxidectin: 
heartworm disease prevention in dogs in the face of emerging macro-
cyclic lactone resistance. Parasit Vectors. 2022;15:82. https://​doi.​org/​10.​
1186/​s13071-​021-​05104-7.

	13.	 Zhou X, Hohman AE, Hsu WH. Current review of isoxazoline ectoparasiti-
cides used in veterinary medicine. J Vet Pharmacol Ther. 2022;45:1–15. 
https://​doi.​org/​10.​1111/​jvp.​12959.

	14.	 Geurden T, Chapin S, McCall JW, Mansour A, Mahabir SP, Kryda K, et al. 
Insecticidal activity of Simparica and Simparica Trio against Aedes 
aegypti in dogs. Parasit Vectors. 2023;16:95. https://​doi.​org/​10.​1186/​
s13071-​023-​05699-z.

	15.	 Liebenberg J, Fourie J, Lebon W, Larsen D, Halos L, Beugnet F. Assessment 
of the insecticidal activity of afoxolaner against Aedes aegypti in dogs 
treated with NexGard®. Parasite. 2017;24:39. https://​doi.​org/​10.​1051/​
paras​ite/​20170​42.

	16.	 Schorderet-Weber S, Noack S, Selzer PM, Kaminsky R. Blocking trans-
mission of vector-borne diseases. Int J Parasitol Drugs Drug Resist. 
2017;7:90–109. https://​doi.​org/​10.​1016/j.​ijpddr.​2017.​01.​004.

	17.	 Venkatramanan S, Lewis B, Chen J, Higdon D, Vullikanti A, Marathe M. 
Using data-driven agent-based models for forecasting emerging infec-
tious diseases. Epidemics. 2018;22:43–9. https://​doi.​org/​10.​1016/j.​epidem.​
2017.​02.​010.

	18.	 Evans CC, Normile D, Gamble S, Guerino F, Dzimianski MT, Moorhead AR. 
Treatment of dogs with Bravecto (fluralaner) reduces mosquito survival 
and fecundity. Parasit Vectors. 2023;28:147. https://​doi.​org/​10.​1186/​
s13071-​023-​05682-8.

	19.	 Ahmad SS, Rahi M, Saroha P, Sharma A. Ivermectin as an endectocide may 
boost control of malaria vectors in India and contribute to elimination. 
Parasit Vectors. 2022;15:20. https://​doi.​org/​10.​1186/​s13071-​021-​05124-3.

	20.	 Bennett KL, Gómez Martínez C, Almanza A, Rovira JR, McMillan WO, 
Enriquez V, et al. High infestation of invasive Aedes mosquitoes in used 
tires along the local transport network of Panama. Parasit Vectors. 
2019;12:264. https://​doi.​org/​10.​1186/​s13071-​019-​3522-8.

	21.	 Guagliardo SA, Morrison AC, Barboza JL, Requena E, Astete H, Vazquez-
Prokopec G, et al. River boats contribute to the regional spread of the 

https://doi.org/10.1186/s13071-025-06734-x
https://doi.org/10.1186/s13071-025-06734-x
https://doi.org/10.1016/j.cvsm.2009.06.003
https://doi.org/10.1016/j.cvsm.2009.06.003
https://doi.org/10.1016/j.vetpar.2020.109131
https://doi.org/10.1016/j.vetpar.2020.109131
https://doi.org/10.1186/1756-3305-5-245
https://doi.org/10.1186/1756-3305-5-245
https://doi.org/10.1093/jme/tjy148
https://doi.org/10.3390/pathogens11091042
https://doi.org/10.1186/1756-3305-7-264
https://doi.org/10.1186/1756-3305-7-264
https://doi.org/10.1016/j.vetpar.2008.10.093
https://doi.org/10.1186/s13071-016-1476-7
https://doi.org/10.1016/j.ijpara.2021.08.006
https://doi.org/10.1186/s13071-021-05104-7
https://doi.org/10.1186/s13071-021-05104-7
https://doi.org/10.1111/jvp.12959
https://doi.org/10.1186/s13071-023-05699-z
https://doi.org/10.1186/s13071-023-05699-z
https://doi.org/10.1051/parasite/2017042
https://doi.org/10.1051/parasite/2017042
https://doi.org/10.1016/j.ijpddr.2017.01.004
https://doi.org/10.1016/j.epidem.2017.02.010
https://doi.org/10.1016/j.epidem.2017.02.010
https://doi.org/10.1186/s13071-023-05682-8
https://doi.org/10.1186/s13071-023-05682-8
https://doi.org/10.1186/s13071-021-05124-3
https://doi.org/10.1186/s13071-019-3522-8


Page 11 of 11Hendrickx et al. Parasites & Vectors          (2025) 18:102 	

dengue vector Aedes aegypti in the Peruvian Amazon. PLoS Negl Trop Dis. 
2015;9:e0003648. https://​doi.​org/​10.​1371/​journ​al.​pntd.​00036​48.

	22.	 Barrera R, Bingham AM, Hassan HK, Amador M, Mackay AJ, Unnasch TR. 
Vertebrate hosts of Aedes aegypti and Aedes mediovittatus (Diptera: Culici-
dae) in rural Puerto Rico. J Med Entomol. 2012;49:917–21. https://​doi.​org/​
10.​1603/​me120​46.

	23.	 Estrada-Franco JG, Fernández-Santos NA, Adebiyi AA, de López-López MJ, 
Aguilar-Durán JA, Hernández-Triana LM, et al. Vertebrate-Aedes aegypti 
and Culex quinquefasciatus (Diptera)-arbovirus transmission networks: 
non-human feeding revealed by meta-barcoding and next generation 
sequencing. PLoS Negl Trop Dis. 2020;14:e0008867. https://​doi.​org/​10.​
1371/​journ​al.​pntd.​00088​67.

	24.	 Olson MF, Ndeffo-Mbah ML, Juarez JG, Garcia-Luna S, Martin E, Borucki 
MK, et al. High rate of non-human feeding by Aedes aegypti reduces zika 
virus transmission in South Texas. Viruses. 2020;12:453. https://​doi.​org/​10.​
3390/​v1204​0453.

	25.	 Little S, Braff J, Place J, Buch J, Dewage BG, Knupp A, et al. Canine infec-
tion with Dirofilaria immitis, Borrelia burgdorferi, Anaplasma spp., and 
Ehrlichia spp. in the United States, 2013–2019. Parasit Vectors. 2021;14:10. 
https://​doi.​org/​10.​1186/​s13071-​020-​04514-3.

	26.	 Donnett U, Hubbard K, Woodruff K, Varela-Stokes A. Prevalence of 
canine heartworm infection in Mississippi animal shelters. Vet Parasitol. 
2018;259:68–73. https://​doi.​org/​10.​1016/j.​vetpar.​2018.​07.​007.

	27.	 Levy JK, Edinboro CH, Glotfelty CS, Dingman PA, West AL, Kirkland-Cady 
KD. Seroprevalence of Dirofilaria immitis, feline leukemia virus, and 
feline immunodeficiency virus infection among dogs and cats exported 
from the 2005 Gulf Coast hurricane disaster area. J Am Vet Med Assoc. 
2007;231:218–25. https://​doi.​org/​10.​2460/​javma.​231.2.​218.

	28.	 Tzipory N, Crawford PC, Levy JK. Prevalence of Dirofilaria immitis, Ehrlichia 
canis, and Borrelia burgdorferi in pet dogs, racing greyhounds, and shelter 
dogs in Florida. Vet Parasitol. 2010;171:136–9. https://​doi.​org/​10.​1016/j.​
vetpar.​2010.​03.​016.

	29.	 Yan J, Gangoso L, Ruiz S, Soriguer R, Figuerola J, Martínez-de la Puente J. 
Understanding host utilization by mosquitoes: determinants, challenges 
and future directions. Biol Rev Camb Philos Soc. 2021;96:1367–85. https://​
doi.​org/​10.​1111/​brv.​12706.

	30.	 Cuervo PF, Rinaldi L, Cringoli G. Modelling the extrinsic incubation of 
Dirofilaria immitis in South America based on monthly and continuous 
climatic data. Vet Parasitol. 2015;209:70–5. https://​doi.​org/​10.​1016/j.​
vetpar.​2015.​02.​010.

	31.	 Goindin D, Delannay C, Ramdini C, Gustave J, Fouque F. Parity and 
longevity of Aedes aegypti according to temperatures in controlled 
conditions and consequences on dengue transmission risks. PLoS ONE. 
2015;10:e0135489. https://​doi.​org/​10.​1371/​journ​al.​pone.​01354​89.

	32.	 Fankhauser B, Dumont P, Hunter JS, McCall JW, Kaufmann C, Mathis A, 
et al. Repellent and insecticidal efficacy of a new combination of fipronil 
and permethrin against three mosquito species (Aedes albopictus, Aedes 
aegypti and Culex pipiens) on dogs. Parasit Vectors. 2015;8:64. https://​doi.​
org/​10.​1186/​s13071-​015-​0691-y.

	33.	 McCrea AR, Edgerton EB, Oliver GT, O’Neill FM, Nolan TJ, Lok JB, et al. A 
novel assay to isolate and quantify third-stage Dirofilaria immitis and Bru-
gia malayi larvae emerging from individual Aedes aegypti. Parasit Vectors. 
2021;14:30. https://​doi.​org/​10.​1186/​s13071-​020-​04529-w.

	34.	 McCall JW, Varloud M, Hodgkins E, Mansour A, DiCosty U, McCall S, 
et al. Shifting the paradigm in Dirofilaria immitis prevention: blocking 
transmission from mosquitoes to dogs using repellents/insecticides and 
macrocyclic lactone prevention as part of a multimodal approach. Parasit 
Vectors. 2017;10:525. https://​doi.​org/​10.​1186/​s13071-​017-​2438-4.

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

https://doi.org/10.1371/journal.pntd.0003648
https://doi.org/10.1603/me12046
https://doi.org/10.1603/me12046
https://doi.org/10.1371/journal.pntd.0008867
https://doi.org/10.1371/journal.pntd.0008867
https://doi.org/10.3390/v12040453
https://doi.org/10.3390/v12040453
https://doi.org/10.1186/s13071-020-04514-3
https://doi.org/10.1016/j.vetpar.2018.07.007
https://doi.org/10.2460/javma.231.2.218
https://doi.org/10.1016/j.vetpar.2010.03.016
https://doi.org/10.1016/j.vetpar.2010.03.016
https://doi.org/10.1111/brv.12706
https://doi.org/10.1111/brv.12706
https://doi.org/10.1016/j.vetpar.2015.02.010
https://doi.org/10.1016/j.vetpar.2015.02.010
https://doi.org/10.1371/journal.pone.0135489
https://doi.org/10.1186/s13071-015-0691-y
https://doi.org/10.1186/s13071-015-0691-y
https://doi.org/10.1186/s13071-020-04529-w
https://doi.org/10.1186/s13071-017-2438-4

	Model development to assess the impact of a preventive treatment with sarolaner and moxidectin on Dirofilaria immitis infection dynamics in dogs
	Abstract 
	Background 
	Methods 
	Results 
	Conclusions 

	Background
	Methods
	Model development
	Development of compartmental model
	Epidemiological parameters considered in the compartmental model
	Model sensitivity analysis

	Modelling the impact of treatment compliance in four different epidemiological scenarios

	Results
	Model sensitivity analysis
	Modelling the impact of treatment compliance in four different epidemiological scenarios

	Discussion
	Conclusions
	Acknowledgements
	References


