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A B S T R A C T   

Anthelmintic resistance is reported in equine nematodes with increasing frequency in recent years, and no new 
anthelmintic classes have been introduced during the past 40 years. This manuscript reviews published literature 
describing anthelmintic resistance in cyathostomins, Parascaris spp., and Oxyuris equi with special emphasis on 
larvicidal efficacy against encysted cyathostomin larvae and strongylid egg reappearance periods (ERP). Resis-
tance to benzimidazoles and pyrimidines is highly prevalent in cyathostomin populations around the world, and 
macrocyclic lactone resistance has been documented in cyathostomins in recent years as well. Two recent studies 
have documented resistance to the larvicidal regimen of fenbendazole, whereas the larvicidal efficacy of mox-
idectin is variable, but with no evidence of a reduction from historic levels. In the 1990s, ERP estimates were 
8–10 and 12–16 weeks for ivermectin and moxidectin, respectively, while several studies published after year 
2000 found ERPs to be 5 weeks for both compounds. This is a clear change in anthelmintic performance, but it 
remains unclear if this is due to development of anthelmintic resistance or selection for other biological traits 
leading to a quicker resumption of strongylid egg shedding following anthelmintic treatment. Macrocyclic 
lactone resistance is common in Parascaris spp. around the world, but recent reports suggests that resistance to 
the two other classes should be monitored as well. Finally, O. equi has been reported resistant to ivermectin and 
moxidectin in countries representing four continents. In conclusion, multi-drug resistance is becoming the norm 
in managed cyathostomin populations around the world, and a similar pattern may be emerging in Parascaris 
spp. More work is required to understand the mechanisms behind the shortened ERPs, and researchers and 
veterinarians around the world are encouraged to routinely monitor anthelmintic efficacy against equine 
nematodes.   

1. Introduction 

Horses around the world are constantly exposed to infection with 
multiple nematode species. Since the introduction of modern anthel-
mintic classes in the 1960s, parasite control efforts have been based on 
routine and frequent administration of anthelmintics to entire pop-
ulations of horses in a primarily prophylactic manner (Drudge and 
Lyons, 1966). This approach, later termed the interval-dose program, 
has been widely adopted in equine establishments during the past 
several decades (O’Meara and Mulcahy, 2002; Robert et al., 2015; 
Becher et al., 2018). However, a heavy reliance on anthelmintic prod-
ucts comes with a risk of development of drug resistance to the com-
pounds used, and this was evident already in the 1960s, where 
benzimidazole resistance was reported just a few years after the intro-
duction of this class (Drudge et al., 1965). 

In most parts of the world, only three anthelmintic drug classes are 

available for treatment of nematode parasites in horses. These include 
the benzimidazoles, the pyrimidines, and the macrocyclic lactones. The 
newest anthelmintic class to be introduced for equine usage was the 
macrocyclic lactones with ivermectin being launched in the early 1980s 
(Egerton et al., 1981). Thus, no new anthelmintic classes with new 
modes of action have been introduced for equine usage during the past 
40 years, and no such new products are expected in a foreseeable future. 
This emphasizes the need to monitor efficacy of existing anthelmintic 
classes in nematodes of veterinary importance and work towards iden-
tifying the most sustainable parasite control strategies. 

Currently available data suggest that once developed within a 
parasite population, anthelmintic resistance persists for many years and 
multiple parasite generations. In one study, benzimidazole resistance 
was documented in a cyathostomin population, which was then left 
untreated for a period of 22 years. When benzimidazole efficacy was 
subsequently evaluated in this population, resistance was still evident to 
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this drug class (Lyons et al., 2007). In another study conducted by the 
same group, ponies harboring a population of benzimidazole-resistant 
cyathostomins were treated bimonthly with pyrantel pamoate for a 
period of eight years. Efficacy evaluations conducted after the eight-year 
period demonstrated that the benzimidazole resistance status did not 
change, but that resistance had now developed to pyrantel as well 
(Lyons et al., 2001). Thus, these data suggest that acquiring benzimid-
azole resistance is not associated with any apparent fitness deficits in 
cyathostomin populations. However, no information is currently avail-
able regarding these aspects for resistance to other drug classes and in 
other parasite categories. Nonetheless, once anthelmintic resistance has 
established in cyathostomins to a given anthelmintic class, there is no 
reason to expect a reversion to susceptibility. 

Diagnosing anthelmintic resistance in equine nematodes has long 
been challenging due to a lack of guidelines. A World Association for the 
Advancement of Veterinary Parasitology (WAAVP) sanctioned guideline 
paper was published in 1992 (Coles et al., 1992), but it was primarily 
focused on diagnosing anthelmintic resistance in sheep nematodes and 
included very limited guidance for equine parasites. In recent years, a 
WAAVP subcommittee has been working on a new set of guidelines for 
FECRT studies in large animals, and publication of these can be expected 
in a relatively near future. Given that these guidelines are undergoing 
revision at the time of writing this review, it is not appropriate to 
describe them in detail herein. However, a few principles are worth 
highlighting. The new guidelines will include treatment efficacy 
thresholds based on historic data from when each anthelmintic com-
pound was first introduced. These thresholds will be specified for each 
anthelmintic class and each parasite category. Furthermore, the guide-
lines will introduce a modern approach for statistical analysis of FECRT 
data and will provide suggested group sizes required to reach sufficient 
statistical power. One factor affecting statistical power, and, hence, 
group size considerations is the number of parasite eggs counted in the 
group pre-treatment (Dobson et al., 2012). The statistical unit of interest 
is not the estimated fecal egg count expressed in eggs per gram of feces 
(EPG), but rather the number of eggs counted under the microscope 
prior to applying the multiplication factor. An egg counting technique 
with a low multiplication factor will count more eggs under the micro-
scope than one with a higher multiplication factor, as long as both 
techniques perform with similar accuracy. The value of this ‘eggs 
counted’ principle has been demonstrated by Levecke et al. (2018), and 
a recent equine FECRT study adopted these new concepts (Nielsen et al., 
2022a). Furthermore, in equine parasite control it is important to clearly 
delineate between reduced efficacy determined at two weeks post 
treatment and strongylid egg reappearance, which can only be demon-
strated in subsequent weeks and only if full efficacy is first demonstrated 
at two weeks post treatment. Thus, it is important to emphasize that 
anthelmintic resistance can only be determined when efficacy is evalu-
ated at two weeks post treatment. In cases, where strongylid egg counts 
are evaluated beyond the initial two-week interval, the study becomes 
an evaluation of egg reappearance, which has different implications, as 
will be discussed in this review. Once the new WAAVP guidelines get 
published, a more uniform use of study designs can be expected in 
equine anthelmintic efficacy studies. 

The status of anthelmintic resistance in equine nematodes has been 
reviewed multiple times over the past couple of decades (Kaplan, 2002, 
2004; von Samson-Himmelstjerna, 2012; Matthews, 2014; Peregrine 
et al., 2014; Silva et al., 2019). However, several new developments 
reported in the past decade prompts a new review. These include several 
reports of anthelmintic resistance in Oxyuris equi, cyathostomin resis-
tance to the larvicidal regimen of fenbendazole, documentation of 
resistance to the macrocyclic lactone class in cyathostomins, and a 
substantial body of literature documenting shortened strongylid egg 
reappearance periods (ERPs) following administration of ivermectin and 
moxidectin. 

The aims with this literature study were to 1) review published re-
ports of anthelmintic resistance in cyathostomins since the year 2000, 2) 

critically analyze all published data describing strongylid ERPs 
following ivermectin and moxidectin administration, 3) summarize 
recent work evaluating larvicidal efficacy in cyathostomin populations, 
4) review all studies reporting anthelmintic resistance in Parascaris spp., 
and 5) review studies reporting anthelmintic resistance in O. equi. 

2. Cyathostomins 

Given the numerous previous reviews of the status of anthelmintic 
resistance in equine strongylids, this review is focused on reports pub-
lished since year 2000. A total of 71 equine strongylid anthelmintic 
resistance studies had been published in this millennium, and these are 
presented in Table 1. Of these, 30 studies were published during 
2000–2009, while 29 were published during 2010–2019, and 12 were 
published between 2020 and 2022 at the time of writing this manu-
script. The studies were conducted in 31 countries and six continents. 
Benzimidazole efficacy was evaluated in in 58 studies, and resistance 
was reported in all of these. In comparison, pyrimidine was evaluated in 
37 studies, with resistance documented in 34 of these (92%). Finally, 
macrocyclic lactones were evaluated in 57 studies and evidence of 
resistance to this class was reported in 13 of these (23%). 

Based on the above, benzimidazole resistance is widespread in 
equine strongylids around the world, as it was documented in every 
study evaluating this class published since 2000. Remarkably, resistance 
to this drug class has been documented in strongylids harbored by 
working equids with histories of limited anthelmintic use (Kumar et al., 
2016; Seyoum et al., 2017; Salas-Romero et al., 2018) as well as in feral 
equids (Kuzmina et al., 2020), indicating that benzimidazole resistant 
strongylids should be expected in most locations regardless of anthel-
mintic treatment intensity. Pyrantel resistance was first documented in 
equine cyathostomins in 1996 (Chapman et al., 1996), and Table 1 
documents that resistance to the pyrimidine class has become common 
over the past couple of decades with over 90% of all studies doc-
umenting resistance. In addition to the data presented in Table 1, two US 
studies evaluating observed efficacy of anthelmintics administered by 
horse owners further suggested a very high occurrence of pyrantel 
resistant strongylids (Nielsen et al., 2018a; Cain et al., 2019). Because of 
this development, it is not uncommon to find cyathostomin populations 
that are resistant to both the benzimidazole and the pyrimidine classes, 
which was documented in 19 of 22 studies evaluating both classes 
(Table 1). In contrast, resistance to macrocyclic lactones has been slow 
to develop in cyathostomins. This is remarkable, given that this drug 
class is the most widely used in equine operations (Stratford et al., 
2014b; Nielsen et al., 2018b), and that macrocyclic lactone resistance is 
very common in ruminant trichostrongylids (Kaplan, 2004; Sutherland 
and Leathwick, 2011). 

A study published by Molento and colleagues has long been regarded 
the first report of macrocyclic lactone resistance in equine strongylids 
(Molento et al., 2008). However, this paper did not describe the timing 
of the post treatment samples relative to the day of treatment, and the 
first author has subsequently relayed that the data reported were based 
on egg counts determined from samples collected four weeks post 
treatment (M.B. Molento, personal communication). Thus, this study did 
not document anthelmintic resistance, but rather four-week ERPs 
following administration of ivermectin, moxidectin, and abamectin 
(Molento et al., 2008). As will be discussed herein, the interpretation of 
shortened ERPs is not clear, and they cannot be solely regarded as evi-
dence of emerging anthelmintic resistance. However, several reports of 
apparent macrocyclic lactone resistance in equine strongylids were 
published in subsequent years. The first reports were all based on iver-
mectin fecal egg count reductions (FECRs) in single groups of relatively 
small size with no follow-up testing done to confirm the suspicion of 
resistance (Traversa et al., 2009; Milillo et al., 2009; Näreaho et al., 
2011; Canever et al., 2013; Relf et al., 2014), and other causes of the 
reduced efficacy could, therefore, not be ruled out. But stronger evi-
dence of macrocyclic lactone resistant cyathostomins has been 
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Table 1 
Studies reporting anthelmintic resistance in equine strongylids since 2000. For each study, anthelmintic classes evaluated are indicated with an X. Studies reporting 
anthelmintic resistance to a given class are marked with AR. Thus, X means that resistance was tested, but not found, and X-AR means that resistance was tested and 
found.  

Country Publication Benzimidazoles Pyrimidines Macrocyclic lactones 

Algeria Boulkaboul et al. (2006) X-AR  X 

Australia Pook et al. (2002) X-AR X-AR X 
Abbas et al. (2021) X-AR  X-AR 

Belgium Dorny et al. (2000) X-AR X-AR  

Brazil Toscan et al. (2012)   X-AR 
Canever et al. (2013) X-AR X-AR X-AR 
Felippelli et al. (2015)   X-AR 
Saes et al. (2016) X-AR  X 
Vera et al. (2020) X-AR  X 
Flores et al. (2020) X-AR X-AR X-AR 
Martins et al. (2021) X-AR  X-AR 
Lignon et al. (2021) X-AR  X-AR 

Canada Slocombe and de Gannes (2006)  X-AR X 
Slocombe et al. (2008) X-AR  X 
Butler et al. (2021)  X-AR X 

Chile von Samson-Himmelstjerna et al. (2002) X-AR   

Cuba Salas-Romero et al. (2018) X-AR   

Czech Republic Langrová et al. (2002) X-AR  X 
Bodeček et al. (2018)  X-AR X 
Nápravníková et al. (2022) X-AR X-AR X 

Denmark Nielsen et al. (2013)  X-AR  

Estonia Lassen and Peltola (2015)  X-AR X 

Ethiopia Seyoum et al. (2017) X-AR  X 

Finland Näreaho et al. (2011)  X-AR X-AR 

France Traversa et al. (2012) X-AR X-AR X 
Geurden et al. (2013) X-AR X X 
Sallé et al. (2017) X-AR X-AR X 

Germany Wirtherle et al. (2004) X-AR  X 
Traversa et al. (2009) X-AR X-AR X 
Fischer et al. (2015)  X-AR X 

Greece Papadopoulos et al. (2000) X-AR  X 
India Kumar et al. (2016) X-AR   

Italy Traversa et al. (2007) X-AR X-AR X 
Milillo et al. (2009) X-AR X-AR X-AR 
Traversa et al. (2009) X-AR X-AR X-AR 
Traversa et al. (2011) X-AR  X 
Zanet et al. (2021) X-AR X-AR X 

Lithuania Vyšniauskas et al. (2006) X-AR  X 
Dauparaitė et al., 2021  X-AR X 

Morocco Zouiten et al. (2005) X-AR X-AR  

New Zealand Morris et al. (2019) X-AR X-AR X 

Nigeria Mayaki et al. (2018) X-AR  X 

Pakistan Saeed et al. (2008) X-AR  X 

Romania Buzatu et al. (2015) X-AR  X 
Cernea et al. (2015) X-AR  X 

Slovakia Várady et al., 2000 X-AR   
Königová et al., 2003 X-AR   
Čerňanská et al. (2009) X-AR   

South Africa Davies and Schwalbach et al., 2000 X-AR X X 

Sweden Lind et al. (2007) X-AR X-AR X 

Switzerland Meier and Hertzberg (2005) X-AR X-AR X 

Turkey Cirak et al. (2004) X-AR X X 

Ukraine Kuzmina and Kharchenko (2008) X-AR  X 
Kuzmina et al. (2020) X-AR   

United Kingdom Comer et al. (2006) X-AR X-AR X 
Traversa et al. (2009) X-AR X-AR X-AR 
Lester et al. (2013) X-AR X-AR X 

(continued on next page) 
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published in the past decade. It is remarkable that Table 1 contains six 
Brazilian studies reporting macrocyclic lactone resistance, which is 
almost half of all studies reporting resistance to this anthelmintic class. 
Several of these studies documented clearly reduced macrocyclic 
lactone efficacy in several groups and to several members of this class 
(Toscan et al., 2012; Flores et al., 2020; Martins et al., 2021; Lignon 
et al., 2021), and one of them was a terminal study with intestinal worm 
counts confirming resistance to ivermectin in two cohorts (Felippelli 
et al., 2015), providing strong evidence for these findings. In 2020, we 
documented the first case of macrocyclic lactone resistance in equine 
strongylids in the US (Nielsen et al., 2020). In this study, it was 
remarkable that of the over 110 yearlings in the study, only the 59 
imported from Ireland as weanlings displayed reduced ivermectin effi-
cacy, while the US-born counterparts treated with the same products at 
the same time points displayed full efficacy on the FECRTs. This clearly 
suggested that the resistant cyathostomins were imported from Ireland 
and introduced to the US operation. The study consistently documented 
reduced ivermectin efficacy in three different groups over several 
treatments, and also documented resistance to moxidectin among the 
imported yearlings (Nielsen et al., 2020). A subsequent study docu-
mented ivermectin resistance in a group of US born yearlings raised on a 
different farm in the same area (Nielsen et al., 2022a), demonstrating 
that macrocyclic lactone resistance is established in the domestic US 
equine population as well. Furthermore, moxidectin resistance was 
recently demonstrated in groups of weanlings and yearlings in Australia 
(Abbas et al., 2021). Taken together, these recent data suggest that a 
long-awaited breakthrough of macrocyclic lactone resistance in equine 
strongylids has finally happened, and that many more reports can be 
expected in coming years. 

2.1. Larvicidal efficacy 

The concept of larvicidal efficacy deserves particular attention in the 
context of anthelmintic resistance. For cyathostomins, this term is used 
for anthelmintics with efficacy against encysted larval stages. The 
parasitic phase of the cyathostomin life cycle contains three distinct 
larval stages; the early third stage (EL3), the late third stage (LL3), and 
the mucosal fourth stage (ML4). Collectively, the LL3 and ML4 stages are 
referred to as developing larvae, whereas the EL3 can undergo arrested 
development for up to several years and are sometimes referred to as 
hypobiotic larvae (Gibson, 1953). Traditionally, larvicidal efficacy is 
determined separately for EL3s and LL3/ML4s (developing larvae), as 
different efficacy levels can be observed between these. Two anthel-
mintic compounds are currently registered with efficacy against encys-
ted cyathostomin larvae: moxidectin (single dose) and a five-day 
regimen of fenbendazole. The fenbendazole regimen was originally re-
ported to have high efficacy (>90%) against all larval stages (DiPietro 
et al., 1997a; Duncan et al., 1998), whereas moxidectin displayed lower 
and more variable efficacy levels with the percent reduction of EL3s 

ranging between 0 and 37% and the efficacy against LL3/ML4s in the 
50–89% range (Xiao et al., 1994; Monahan et al., 1995, 1996). It should 
be mentioned that due to these data, moxidectin products do not have a 
label claim for efficacy against EL3s in North America, whereas the 
fenbendazole regimen has label claims for all encysted larval stages. 
However, given the widespread occurrence of benzimidazole resistance 
documented at the adult cyathostomin stage through FECRTs and the 
multiple reports of shortened strongylid ERPs following moxidectin 
treatment summarized in the next section, it is legitimate to question 
whether the larvicidal efficacies of these two compounds are still intact 
today. 

In recent years, we have conducted two studies investigating the 
larvicidal efficacy of the five-day fenbendazole regimen and three 
studies examining the same property of moxidectin. These studies were 
all terminal controlled efficacy studies based on mucosal digestion and 
enumeration of the aforementioned encysted larval stages. In all these 
studies, the horses were kept on pasture for the duration of the trial to 
mimic a realistic field scenario, where horses are subjected to continued 
exposure to infective larvae following anthelmintic treatment. The two 
studies evaluating fenbendazole were conducted at two different sites 
with different resident parasite populations, but results were remarkably 
similar. In both cases, FECRTs indicated a lack of fenbendazole efficacy, 
which was confirmed by adult worm count data clearly documenting 
anthelmintic resistance at the adult stages (Reinemeyer et al., 2015; 
Bellaw et al., 2018). The larvicidal efficacy against EL3s and LL3/ML4s 
were around 30–40% and 70%, respectively (Reinemeyer et al., 2015; 
Bellaw et al., 2018), which was a substantial reduction from historic 
levels, and, hence, confirmed resistance of all parasitic larval stages to 
fenbendazole. 

In all three studies evaluating moxidectin, FECRTs indicated 100% 
efficacy and adult worm count data documented efficacy levels above 
99.9% (Reinemeyer et al., 2015; Bellaw et al., 2018). In two of the 
studies, ERP was found to be five weeks following moxidectin admin-
istration (Bellaw et al., 2018; Nielsen et al., in press). The first two studies 
evaluating moxidectin efficacy found larvicidal efficacy estimates at or 
above the higher end of the historic ranges with the efficacy against EL3s 
in the 60–70% range and the reduction of LL3/ML4s at 75 and 85% 
(Reinemeyer et al., 2015; Bellaw et al., 2018). However, the most recent 
moxidectin study returned substantially lower efficacy estimates with 
18% against EL3s and 60% against LL3/ML4s (Nielsen et al., In press). 
Given the largely variable historic larvicidal efficacy estimates for 
moxidectin, it is not possible to determine if these three recent studies 
suggest a change from historic levels. It can be argued that keeping 
horses on pasture for the duration of these studies might have falsely 
lowered the efficacy against EL3s due to newly ingested L3s establishing 
during the post-treatment intervals. However, this is not supported by 
available evidence, as in three historic studies, where horses were 
confined post treatment, EL3 efficacy estimates ranged from 0% to 37% 
(Xiao et al., 1994; Monahan et al., 1995, 1996), which is either lower or 

Table 1 (continued ) 

Country Publication Benzimidazoles Pyrimidines Macrocyclic lactones 

Stratford et al. (2014a) X-AR X-AR X 
Relf et al. (2014) X-AR X-AR X-AR 
Daniels and Proudman (2016a) X-AR   

United States Lyons et al. (2001) X-AR X-AR  
Tarigo-Martinie et al. (2001) X-AR X-AR X 
Kaplan et al. (2004) X-AR X-AR X 
Brazik et al. (2006)  X-AR  
Rossano et al. (2010) X-AR  X 
Garcia et al. (2013) X-AR   
Smith et al. (2015) X-AR X-AR X 
Reinemeyer et al. (2015) X-AR  X 
Bellaw et al. (2018) X-AR  X 
Nielsen et al. (2020)   X-AR 
Nielsen et al. (2022a)   X-AR  
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similar to our three recent studies, where horses were kept on pasture. 
Furthermore, it can also be argued that confinement of horses during the 
interval between anthelmintic treatment and necropsy could falsely 
increase efficacy estimates against encysted stages, as removal of 
luminal burdens may trigger hypobiotic EL3s to resume development 
and develop into LL3s and ML4s. While this does not appear to have 
been the case in the historic studies cited herein (Xiao et al., 1994; 
Monahan et al., 1995, 1996), a study design involving stall or gravel/-
dirt paddock confinement for eight weeks post treatment returned lar-
vicidal efficacy estimates >90% for moxidectin against EL3s (Bairden 
et al., 2001, 2006), and it seems plausible that a proportion of these 
larvae could have progressed to later stages during the eight weeks of 
confinement. 

In our two most recent studies, the efficacy levels were evaluated at 
two different time intervals; the standard two weeks post treatment, and 
again at five weeks post treatment. In both of these studies, the larvicidal 
efficacy estimates for moxidectin declined between the two time points 
(Bellaw et al., 2018; Nielsen et al., in press), but the trend was most 
pronounced in the most recent study, where encysted larval counts were 
similar to those of the untreated control group at five weeks post 
treatment (Nielsen et al., in press). Taken together, these studies 
demonstrate that the larvicidal efficacy of moxidectin is partial and that 
the effect may be short-lived in horses kept on pasture. Although a 
reduction of encysted larval stages was observed for both compounds in 
each study, the differences between the treated groups and untreated 
control groups were not statistically significant, and the clinical benefit 
from larvicidal therapy with either compound is highly questionable. 
However, more studies are needed from different parts of the world and 
under different climatic and seasonal conditions to further investigate 
the value of larvicidal efficacy against cyathostomins. 

2.2. Strongylid egg reappearance periods 

Strongylid ERPs were initially introduced to identify appropriate 
treatment intervals for various anthelmintic products (Borgsteede et al., 
1993; Jacobs et al., 1995; Boersema et al., 1996). This gained particular 
attention when moxidectin was first introduced in the 1990s, and 
several studies demonstrated substantially longer ERPs for this new 
compound in comparison with ivermectin (Demeulenaere et al., 1997; 
Mercier et al., 2001). Several explanations were proposed for these 
observations: a) The labelled dose of moxidectin is twice that of iver-
mectin (400 vs. 200 μg/kg) and this was suggested to partly explain the 
different ERPs (Taylor and Kenny, 1995; Demeulenaere et al., 1997), b) 
Moxidectin has activity against encysted cyathostomin larvae, which 
ivermectin does not, and this has been proposed to lead to longer ERPs 
(Jacobs et al., 1995; Demeulenaere et al., 1997), and c) Moxidectin’s 
pharmacokinetic profiles were substantially different from ivermectin’s 
with much longer plasma half-lives, which led to speculations of 
possible persistent efficacy, which, again, could explain the longer ERPs 
(Pérez et al., 1999; Mercier et al., 2001; Gokbulut et al., 2001). 

In the late 1990s, Sangster (1999) proposed a different use of ERP 
monitoring. He postulated that ivermectin and moxidectin resistance in 
cyathostomins would be preceded by a shortening of ERPs. His rationale 
was that species with shorter prepatent periods would be under stronger 
selection pressure for developing resistance and that cyathostomin 
species composition would shift towards these species as resistance 
developed. This, in turn, would manifest as a reduced ERP. These pre-
dictions led scientists to start tracking strongylid ERPs across the world. 
However, ERP was never clearly defined, and a consensus of method-
ology was never reached. This led to a multitude of different definitions 
and methods used over the years, which has complicated comparisons 
across time and between regions. Most ERP studies have been based on 
determining weekly or biweekly fecal egg counts in cohorts of horses for 
variable periods of time following anthelmintic treatment, but the 
criteria for defining the week of egg reappearance have been vastly 
different. Some have simply defined the week of the first positive egg 

count as the week of egg reappearance (Lyons et al., 2008a, 2011a), 
while others declared egg reappearance when 50% of horses in the 
group exceeded a predetermined egg count threshold (Jacobs et al., 
1995; Demeulenaere et al., 1997). Some tracked the group mean egg 
count relative to a predetermined threshold (Boersema et al., 1996), 
while others made use of a FECR calculation and defined an efficacy 
threshold for the group FECR estimate to fall below to define the week of 
ERP (von Samson-Himmelstjerna et al., 2007). To address this lack of 
consensus, we recently defined equine strongylid ERP in a guideline 
paper sanctioned by the WAAVP (Nielsen et al., 2022b). Here, the FECR 
calculation is used, and the week of ERP is when the upper 95% confi-
dence (or credible) limit falls below a threshold defined as the FECR 
determined at two weeks post treatment minus 10% (Nielsen et al., 
2022b). Using this definition, ERP can only be determined in cases 
where no evidence of reduced anthelmintic efficacy is found at two 
weeks post treatment. We strongly encourage everyone to use this 
definition in ERP studies going forward to allow for an easier compari-
son between studies and across regions and time. 

To objectively assess the development of ivermectin and moxidectin 
ERPs across time, all publications reporting strongylid fecal egg counts 
during the weeks and months following treatment with either of these 
active ingredients were reviewed. The WAAVP definition described 
above for determining ERP was applied, where possible. However, given 
that none of the publications provided access to the original raw data 
and very few of the studies included a calculation of confidence or 
credible intervals for the mean FECR estimates, a slight modification to 
the WAAVP principle was necessary. Instead of using the upper confi-
dence (credible) limit, ERP determination was based on the mean FECR 
falling below the threshold, which was determined as the FECR calcu-
lated at two weeks post treatment minus 10%. In the large majority of 
cases, the FECR at two weeks post treatment was 100%, which meant 
that the ERP threshold was 90%. The data were acquired using three 
possible methods; 1) FECRs already calculated by the study authors, 2) 
FECRs calculated from fecal egg count data presented in data tables, or 
3) FECRs calculated from fecal egg count data estimated from graphs 
included in the publications. A few ERP publications did not include a 
presentation of fecal egg count or FECR data in any form (Jacobs et al., 
1995; Little et al., 2003; Daniels and Proudman, 2016b; Zak et al., 
2017), and were, thus, not included in this exercise. In total, 36 studies 
provided data describing ivermectin ERP (Table 2) and 23 studies 
documented moxidectin ERP (Table 3). Table 2 summarizes strongylid 
ERP reports for ivermectin from 1989 to 2022 and includes data from 14 
countries and four continents. While estimates ranged between 8 and 10 
weeks during the 1990s, they became more variable during the 2000s 
and 2010s with several studies reporting four and five weeks. Similarly, 
Table 3 presents ERP data for moxidectin spanning from 1995 to 2022, 
and studies were conducted in ten countries and four continents. The 
moxidectin data demonstrate that estimates have declined from an 
initial 12–16 weeks to five weeks in three of the most recently published 
studies. Taken together, these tables provide clear evidence that ERPs 
have reduced dramatically for both actives over the past decades. It is 
also remarkable that while moxidectin originally had substantially 
longer ERPs in comparison with ivermectin, the two compounds now 
appear to be performing with very similar ERPs. 

Based on the data presented above, Sangster’s suggestion of moni-
toring strongylid ERP is strongly supported. However, the interpretation 
of shortened ERPs remains obscure. In 2009, a study associated a 
shortened ERP following ivermectin administration with apparent 
resistance at the luminal L4 stage (Lyons et al., 2009), and a subsequent 
study provided further evidence supporting this claim (Lyons and Toll-
iver, 2013). While it was conceivable that luminal L4s surviving 
anthelmintic treatment could quickly complete the last molt to become 
egg producing adults, which could explain a shortened ERP, studies 
evaluating cyathostomin populations exhibiting shortened ERPs 
following moxidectin treatment provided a less clear picture. The two 
ivermectin studies referenced above found the efficacy against luminal 
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L4s to be 55.3% and 9.5%, respectively (Lyons et al., 2009; Lyons and 
Tolliver, 2013). However, two studies investigating moxidectin efficacy 
in cyathostomin populations with ERPs of five weeks, found efficacy 
estimates against luminal L4s to be substantially higher; 93.8% and 
98.3% (Lyons et al., 2010; Bellaw et al., 2018). Thus, the hypothesis that 
shortened ERPs were due to anthelmintic resistance at the luminal L4 
stage was not strongly supported by the moxidectin data. These obser-
vations leave several questions. Why are moxidectin and ivermectin 
ERPs so similar, when the efficacy estimates against luminal L4s are so 
different? Why do the larvicidal properties and the substantially 
different pharmacokinetic profiles of moxidectin not appear to influence 
ERP? The fundamental question is still whether shortened ERP can be 
considered a sign of emerging anthelmintic resistance or whether it re-
flects selection for other biological traits. 

We recently conducted a study to compare ivermectin and mox-
idectin efficacy over a five-week interval and evaluate the efficacy 
against adults, luminal L4s, and encysted larval stages (Nielsen et al., 
2022c). Egg reappearance was documented at five weeks post treatment 
in both treated groups. While the adulticidal efficacy was >99.5% in 
both groups at two weeks post treatment, the efficacies against the 
luminal L4s were 69.7% and 84.3% for ivermectin and moxidectin, 

respectively. Thus, at a first glance, this appeared to support the hy-
pothesis that shortened ERPs can be explained by resistance at the 
luminal L4 stage. However, luminal L4s accounted for less than 3% of 
total luminal worm burdens in the untreated control group and mean 
luminal L4 counts in the two treated groups at two weeks post treatment 
were in the range of a few hundred, which is very low. In comparison, at 
five weeks post treatment coinciding with ERP, adult worm counts were 
in the range of several thousand with the luminal L4 counts remaining in 
the hundreds. Thus, the number of luminal L4s at two weeks post 
treatment did not correspond with the number of adult worms recovered 
in the treated groups three weeks later, and the hypothesis that short-
ened ERPs is due to luminal L4s surviving treatment and completing the 
life cycle sooner after treatment could, therefore, not be supported. In 
fact, it is not given that the luminal L4s encountered post ivermectin and 
moxidectin treatment were even present in the intestinal lumen at the 
day of treatment, as it is plausible that they could have emerged from the 
mucosal walls as a response to removal of luminal burdens. If the latter is 
the case, recovering luminal L4s post treatment would not be indicative 
of anthelmintic resistance. A larvicidal efficacy within historic ranges 
was demonstrated for moxidectin (Nielsen et al., 2022c), but as 
mentioned in the previous section, only a proportion of larvae were 
eliminated, and encysted larval counts were similar to those of the two 
other groups at five weeks post treatment. Thus, the larvicidal efficacy of 
moxidectin did not appear to be high enough to substantially suppress 
the dynamics of recruitment of new adults from the pool of encysted 
ML4s. But given that larvicidal efficacy did not differ from historic levels 
suggests that the reduced ERP could not be linked to signs of emerging 
anthelmintic resistance. The question remains whether ERP shortening 
could be a result of selection for parasite species or strains with a quicker 
emergence of L4s from the mucosal walls. The same study evaluated 
cyathostomin species composition at the time of egg reappearance (five 
weeks) and found that a selection of the globally most abundant species 
contributed to the egg production with no apparent major shifts from the 
untreated control group (Nielsen et al., 2022c). However, it was 

Table 2 
Estimates of strongylid Egg Reappearance Periods (ERP) following ivermectin 
treatment in horses over the course of four decades. The table includes all 
publications that either calculated the percent Fecal Egg Count Reduction 
(FECR) during weeks post ivermectin treatment or presented Fecal Egg Count 
data allowing this calculation to me made. The definition of ERP was the week 
post treatment, where the mean FECR fell below 90%.  

Study Country Estimate (weeks) 

Lumsden et al. (1989) a UK 10 
Borgsteede et al. (1993) a Netherlands 7–11 
Repeta et al. (1993) b USA 8 
Kivipelto and Asquith (1994) a USA >9 
Taylor and Kenny (1995) a UK 8 
Arbittier (1996) a USA 8 
Boersema et al. (1996) b Netherlands 9 
DiPietro et al. (1997b) a USA 8 
Demeulenaere et al. (1997) a Belgium >8 
Boersema et al. (1998) a Netherlands 10 
Rolfe et al. (1998) b Australia 7 
Piché et al. (2001) a Canada 9 
Mercier et al. (2001) b Australia and 

Brazil 
7 

Tarigo-Martinie et al. (2001) b USA 6 
Martin-Downum et al. (2001) a USA 8 < 12 
Cirak et al. (2005) a Turkey 8 
von Samson-Himmelstjerna et al. (2007) 

b 
Germany 5 

Lind et al. (2007) a Sweden 10 
Molento et al. (2008) b Brazil 4 
Lyons et al. (2008a) a USA 4 and 5 
McFarlane et al. (2010) a USA 8 
Lyons et al. (2011a) a USA 5–7 
Lyons et al. (2011b) a USA 4 and 5 
Larsen et al. (2011) b Denmark 6 
Kyvsgaard et al. (2011) b Nicaragua 10 
Francisco et al. (2012) b Spain 6 and 9 
Relf et al. (2014) b UK 6 
Geurden et al. (2014) b Belgium 6, 8, and >12 
Geurden et al. (2014) b Italy 8 and > 12 
Geurden et al. (2014) b Netherlands 4, 5, 6, 8, and 

>12 
Sanna et al. (2016) b Italy 12 and 21 
Shea Porr et al. (2017) a USA 8 
Rosanowski et al. (2017) New Zealand 4, 5, and 6 
Molena et al. (2018) a UK 5 
Baranova et al. (2022) a Russia 6 
Nielsen et al. (2022c)b USA 5 
Molento et al. (2022) b Brazil 5  

a FECR calculated from data presented. 
b FECR calculated by study authors 

Table 3 
Estimates of strongylid Egg Reappearance Periods (ERP) following moxidectin 
treatment in horses over the course of four decades. The table includes all 
publications that either calculated the percent Fecal Egg Count Reduction 
(FECR) during weeks post ivermectin treatment or presented Fecal Egg Count 
data allowing this calculation to me made. The definition of ERP was the week 
post treatment, where the mean FECR fell below 90%.  

Study Country Estimate (weeks) 

Taylor and Kenny (1995) a UK 14 
Boersema et al. (1998) a Netherlands 15 
Demeulenaere et al. (1997) a Belgium >12 
DiPietro et al., 1997b a USA >12 
Rolfe et al. (1998) b Australia 13 
Mercier et al. (2001) b Australia and Brazil 7 
Martin-Downum et al. (2001) a USA >16 
Cirak et al. (2005) a Turkey >25 
Molento et al. (2008) Brazil 4 
Rossano et al. (2010) b USA 5 
Lyons et al. (2011a) a USA 5, 6, and 8 
Lyons et al. (2011b) a USA 5 and 6 
Francisco et al. (2012) a Spain 5 and 8 
Relf et al. (2014) b UK 8 and 9 
Geurden et al. (2014) b Belgium 6, 10, 12, and >12 
Geurden et al. (2014) b Italy 6, 12, and >12 
Geurden et al. (2014) b Netherlands 6, 8, and >12 
Mason et al. (2014) b USA 6 
Sanna et al. (2016) b Italy >21 
Tzelos et al. (2017) b UK 6 and 10 
Shea Porr et al. (2017) a USA 10 
Bellaw et al. (2018) a USA 5 
Abbas et al. (2021) b Australia 5 
Nielsen et al. (2022c)b USA 5  

a FECR calculated from data presented. 
b FECR calculated by study authors 
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noteworthy that one species, Cylicocyclus nassatus, represented over half 
the worms recovered in the moxidectin treated group, whereas it only 
accounted for about 25% of the adult worm burden in the ivermectin 
treated group, which could suggest some differential species-specific 
activity between the two compounds. However, the most abundant 
species encountered in this study were all with the most abundant 
species reported worldwide over a 40-year period (Bellaw and Nielsen, 
2020), so there is no clear evidence suggesting that shortened ERPs 
could be due to selection for species with shorter prepatent periods as 
suggested by Sangster (1999). However, it remains possible that a se-
lection could be happening on an isolate or strain basis rather than on a 
species level. However, cyathostomin isolates or strains have not been 
genetically characterized on a population level, and it remains unclear 
how a selection might occur within and between species. Clearly, more 
work is needed to characterize cyathostomin populations genetically in 
the context of shortened ERPs. 

In the context of the above discussion, it should be kept in mind that 
for cyathostomins, prepatent periods are not defined and fixed attri-
butes, due to the arrested development at the EL3 stage, which can last a 
couple of years or more (Gibson, 1953). In addition to this, the available 
evidence suggests that cyathostomin prepatent periods get longer as 
horses age. In a series of experimental inoculations of a group of ponies, 
Smith (1976a) first kept the ponies in a low transmission environment 
for three years and administered several thiabendazole treatments to 
eliminate naturally acquired cyathostomin infection. When the ponies 
were 4–5 years old, he experimentally inoculated them with a 
mixed-species cyathostomin isolate and documented that strongylid egg 
shedding began 12–15 weeks later (Smith, 1976b). He then repeated the 
exercise of keeping the ponies in a low transmission environment for 
another three years and administered several thiabendazole treatments 
over the course of this period to clear out the infection (Smith, 1978). 
Following this, he, again, experimentally inoculated the ponies, now 
9–10 years old and this time documented egg shedding 17–18 weeks 
post inoculation (Smith, 1978). It should be acknowledged that the 
cyathostomin species composition of the inocula was unknown in these 
experiments, and the two inocula may not have been identical. How-
ever, taken together, these data do suggest that prepatent periods may 
lengthen with age and parasite exposure. Furthermore, experimental 
data have demonstrated that preconditioning infective larvae to autumn 
temperatures between 0 and 10 ◦C leads to a significantly higher pro-
portion of EL3s compared to ponies inoculated with larvae precondi-
tioned at higher temperatures (Scháňková et al., 2014). This suggests 
that infective larvae exposed to the cooler temperatures are more prone 
to undergoing arrested development at the EL3 stage, which would lead 
to longer prepatent periods. Thus, prepatent periods appear to be 
affected by both environmental and host-dependent factors, and the 
suggestion that prepatent period is a primary factor affecting develop-
ment rates of anthelmintic resistance in cyathostomins, and that 
anthelmintic treatment would select for species with shorter prepatent 
periods, is likely too simplistic. Thus, while Sangster was correct that 
monitoring ERPs would be valuable, his reasoning behind this sugges-
tion has not been supported, and more work is needed to fully under-
stand and interpret the shortened ERPs observed around the world. 

In summary, ivermectin and moxidectin strongylid ERPs have 
shortened substantially over the past decades. Moxidectin originally 
displayed ERPs about 4–6 weeks longer than ivermectin, but recent es-
timates have been very similar for the two compounds. While our recent 
investigations do not support the suggestion that shortened ERPs are 
signs of emerging anthelmintic resistance, it is important to emphasize 
that this development is a substantial change of drug performance with 
obvious implications for strongyle control. Analogous observations have 
been made in studies evaluating ivermectin efficacy against Onchocerca 
volvulus in human populations. Here, the anthelmintic has high anti- 
microfilarial efficacy regardless of treatment history, but in pop-
ulations subjected to mass administration of ivermectin in the past, 
microfilariae return much quicker following treatment (Churcher et al., 

2009; Pion et al., 2013). While this is a clear change in anthelmintic 
performance of ivermectin, it does not appear to represent anthelmintic 
resistance, but rather a selection of other biological traits allowing the 
adult worms to more quickly resume production of microfilariae 
following treatment. Clearly, more work is clearly needed to fully 
elucidate the mechanisms behind shortened strongylid ERPs following 
macrocyclic lactone administration and to monitor the progression of 
this development in different parts of the world. With the guidance 
recently provided by the WAAVP (Nielsen et al., 2022b), a better 
consensus regarding study design and methodology should be expected 
in the future. 

3. Parascaris spp 

Compared to the situation in cyathostomins, anthelmintic resistance 
in equine ascarids is a fairly new development with the first peer- 
reviewed report occurring in 2002 (Boersema et al., 2002). However, 
anecdotal reports of apparent ivermectin treatment failure existed well 
before, but these were dismissed as likely errors such as false positive 
fecal samples due to coprophagy and the time required to kill adult as-
carids and eliminate all eggs from the intestinal tract (Boraski, 1987). 
However, no data were presented to support or dismiss these claims. It 
should also be noted that while one early study suggested complete 
elimination of all larval ascarid stages (DiPietro et al., 1988) another 
study demonstrated 100% ivermectin efficacy against intestinal stages 
of the parasite, but only 76.9% efficacy against migrating stages 
(DiPietro et al., 1987). These data suggest a variable efficacy against 
migrating stages and may have been an early sign of developing 
resistance. 

All resistance reports in equine ascarids are summarized in Table 4. 
The table includes 32 studies from 20 different countries and five con-
tinents. Of these, 29 evaluated macrocyclic lactone efficacy and all re-
ported evidence of resistance to this class. Four of 16 studies (25%) 
reported pyrimidine resistance, and three of 13 studies (23%) reported 
benzimidazole resistance. Thus, it can be concluded that resistance to 
macrocyclic lactones is widespread around the world and is highly likely 
to be documented whenever a study is conducted. In contrast, resistance 
to the two other classes was reported in about a quarter of studies 
conducted. It should be noted, however, that the sporadic reports for the 
benzimidazole and pyrimidine classes may to some extent reflect a 
limited number of studies conducted evaluating these classes. Thus, it is 
possible that resistance to these two anthelmintic classes may be more 
common in equine ascarids than suggested in the scientific literature, 
and this is supported by recent reports of pyrantel and benzimidazole 
resistance in Nordic countries (Martin et al., 2018, 2021b; Hautala et al., 
2019). It should also be noted that in addition to the studies included in 
the table, Lyons and colleagues published two studies evaluating the 
activity of several different anthelmintics against equine ascarids (Lyons 
et al., 2008b, 2011c). However, these studies did not make use of FECR 
measurements, but rather counted the number of foals testing positive 
for ascarid eggs pre and post treatment. Given this unconventional study 
design, these studies were not included in Table 4. However, both 
studies suggested reduced efficacy of pyrantel pamoate, and one of them 
indicated a lack of ivermectin efficacy as well (Lyons et al., 2008b). 
Overall, reports of multi-drug resistance in equine ascarids are rare. Of 
21 studies evaluating more than one anthelmintic class, only three 
(14%) documented resistance to two or more classes. Researchers and 
clinicians around the world should be encouraged to monitor the effi-
cacy of all three anthelmintic classes against Parascaris spp. With 
resistance being so widely documented to the macrocyclic lactone class, 
there is more value in monitoring the efficacy of the two other classes. 

Some consideration should be given to the design of ascarid FECRT 
studies, as the biology is substantially different from the cyathostomins. 
Ascarid egg shedding is highly age dependent with foals and weanlings 
usually only shedding eggs for a short period of time before an age 
dependent immunity eliminates the parasites (Fabiani et al., 2016). 
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Typically, foals shed ascarid eggs between three and six months of age, 
with egg counts peaking at four-five months of age (Fabiani et al., 2016; 
Nielsen et al., 2021). This challenges the study design of ascarid FECRT 
studies, because age can be a considerable confounder affecting efficacy 
estimates. To account for this bias, a recent study demonstrated the 
feasibility of using age-matched untreated control groups under field 
settings (Morris et al., 2019). To increase the number of foals meeting 
the eligibility criteria of being ascarid egg count positive, study subjects 
were enrolled in a rolling manner over the course of several months 
(Morris et al., 2019). This was meaningful since foals are typically born 
over the course of several months starting in late winter and extending 
well into the spring and sometimes early summer. Consequently, only a 
subset of foals will be at the optimum ascarid shedding age at any single 
time point, but by sampling foals repeatedly over the course of several 
months, more foals will reach the optimum age for ascarid shedding and 
can be enrolled. This lengthens the duration of the study and requires 
several more farm visits, but the increased number of eligible study 
subjects may be worth the effort. These principles will be outlined in the 
upcoming WAAVP guidelines for FECRT studies. 

A few comments should be made about the species designation. 
Historically, the equine ascarid was referred to as P. equorum, which was 
the case in the majority of studies summarized herein. However, for a 
period of several decades, the veterinary parasitology community ap-
pears to have been unaware of the existence of the other equine ascarid 
species, P. univalens (Nielsen et al., 2014), and scientists assumed pop-
ulations to be P. equorum without attempting to confirm the species 
identity. The only established technique for identifying equine ascarid 
specimens to species is karyotyping, which requires fresh viable worm 
specimens or viable ascarid eggs at the single cell stage, whereas no 
morphological or molecular techniques exist for this purpose. Conse-
quently, identifying equine ascarid eggs to species can be challenging in 
a field setting. Nonetheless, two recent studies demonstrated the feasi-
bility of including karyotyping in anthelmintic resistance surveys and 

determined the studied populations to be 100% P. univalens in both 
studies (Martin et al., 2018, 2021a). Given this, it is appropriate to refer 
to the equine ascarid as Parascaris spp., unless the species has been 
verified by karyotyping or other techniques, if they become available in 
the future. 

4. Oxyuris equi 

Ivermectin and moxidectin were originally reported to have near 
100% efficacy levels against O. equi adults and L4s (Lyons et al., 1980, 
1992; Yazwinski et al., 1982). However, in recent years, several reports 
have suggested reduced efficacy of both compounds against this parasite 
(Table 5). In 2009, Lyons and colleagues reported <50% efficacy of 
ivermectin against O. equi L4s in a series of critical tests in Kentucky, 
USA (Lyons et al., 2009). In a second US study, eight horses harboring 
patent O. equi infections were first treated with ivermectin and then with 
pyrantel pamoate 14 days later. All feces passed by each horse were 
collected for a period of 72 h and washed and sieved for recovery of 
parasite specimens (Reinemeyer, 2012). Several adult O. equi were 
recovered suggesting that they had survived the ivermectin treatment 
but were subsequently eliminated by the pyrantel pamoate treatment 
(Reinemeyer, 2012). Similar observations were made in New Zealand, 
where naturally infected horses were first administered ivermectin or 
abamectin and subsequently treated with oxfendazole, which resulted in 
expulsion of several adult O. equi (Rock et al., 2013). In Europe, studies 
conducted in Germany (Wolf et al., 2014), Czech Republic (Scháňková 
et al., 2013), and France (Sallé et al., 2016) have all documented 
resistance to macrocyclic lactones in O. equi. The German study docu-
mented a lack of efficacy of ivermectin as well as moxidectin (Wolf et al., 
2014), and all three European studies included recovery of adult O. equi 
from the treated horses, adding strength to the evidence. Finally, a large 
terminal study conducted in Brazil documented a lack of efficacy of 
ivermectin, abamectin, and moxidectin (Felippelli et al., 2015), 

Table 4 
Reports of anthelmintic resistance in equine ascarids. For each study, anthelmintic classes evaluated are indicated with an X. Studies reporting anthelmintic resistance 
to a given class are marked with AR. Thus, X means that resistance was tested, but not found, and X-AR means that resistance was tested and found.  

Country Reference Benzimidazoles Pyrimidines Macrocyclic lactones 

Australia Armstrong et al. (2014) X-AR X-AR X-AR 
Beasley et al. (2015)   X-AR 
Wilkes et al. (2017)   X-AR 

Argentina Cooper et al. (2020) X  X-AR 
Brazil Felippelli et al. (2015)   X-AR 
Canada Hearn and Peregrine (2003)   X-AR 

Slocombe et al. (2007) X X X-AR 
Czech Republic Bodeček et al. (2018)  X X-AR 
Denmark Schougaard and Nielsen (2007)  X X-AR 
Estonia Lassen and Peltola (2015)   X-AR 
Finland Näreaho et al. (2011)   X-AR 

Hautala et al. (2019) X X-AR  
France Laugier et al. (2012)   X-AR 

Geurden et al. (2013) X X X-AR 
Germany von Samson-Himmelstjerna et al. (2007)  X X-AR 
Iceland Martin et al. (2021a)   X-AR 
Italy Veronesi et al. (2009)  X X-AR 

Veronesi et al. (2010)  X X-AR 
Netherlands Boersema et al. (2002)  X X-AR 
New Zealand Bishop et al. (2014)   X-AR 

Morris et al. (2019) X  X-AR 
Poland Studzińska et al. (2020)   X-AR 
Saudi Arabia Alanazi et al. (2017) X-AR  X-AR 
Sweden Lindgren et al. (2008) X X X-AR 

Lind and Christensson (2009) X X X-AR 
Martin et al. (2018) X X-AR  
Martin et al. (2021b) X-AR   

Turkey Cirak et al. (2010)  X X-AR 
United Kingdom Stoneham and Coles (2006) X  X-AR 

Relf et al. (2014) X  X-AR 
United States Craig et al. (2007)  X-AR X-AR 

Reinemeyer et al. (2010)  X X-AR  
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demonstrating resistance to the entire macrocyclic lactone class. 
Remarkably, no further studies reporting anthelmintic efficacy against 
O. equi have been published since 2016. Given the findings summarized 
herein, researchers should be encouraged to provide further information 
about anthelmintic efficacy against this parasite around the world. 

Although the number of studies reporting evidence of anthelmintic 
resistance in O. equi is small, the representation of four continents 
strongly suggests that macrocyclic lactone resistant isolates of this 
parasite may be very common around the world. Anecdotally, veteri-
narians and horse owners frequently report an apparent lack of efficacy 
of benzimidazoles and pyrimidines as well. However, no such evidence 
has been reported in the peer-reviewed literature at this time (Table 5), 
but this should be monitored and documented if found. 

Evaluating anthelmintic efficacy against O. equi can be challenging, 
as a standardized FECRT has yet to be defined. However, the studies 
summarized herein provided good examples of how good quality data 
can be generated. While a terminal study can provide the ultimate 
documentation of anthelmintic resistance as demonstrated by the study 
conducted by Fellipelli and colleagues (2015), several of the other 
studies made use of follow-up treatments with an effective anthelmintic 
and collected expulsed parasites in the feces (Reinemeyer, 2012; Rock 
et al., 2013; Scháňková et al., 2013; Wolf et al., 2014; Sallé et al., 2016). 
However, this latter approach can become challenging if multi-drug 
resistance is suspected. Relying on O. equi egg counts alone as deter-
mined by the scotch tape test should be done with caution but can 
provide meaningful indications of anthelmintic activity if performed 
daily and thoroughly washing the perianal area after each sampling 
(Sallé et al., 2016). 

5. Concluding remarks 

In conclusion, anthelmintic resistance in equine nematodes has 
progressed considerably over the past decades. Macrocyclic lactone 
resistant cyathostomins have now been clearly documented in Brazil and 
USA and is very likely to exist elsewhere as well. Resistance to the lar-
vicidal regimen of fenbendazole has been demonstrated in all parasitic 
stages of the cyathostomin life cycle, including the encysted larval 
stages. A growing body of literature has demonstrated widespread 
occurrence of macrocyclic lactone resistance in Parascaris spp. around 
the world, and resistance to macrocyclic lactones has been documented 
in O. equi as well. This paper included the first comprehensive review of 
published data describing strongylid ERPs following administration of 
ivermectin and moxidectin and addressed the historic discrepancies in 
ERP definition and use of methodology by applying the same criteria to 
all available data. These data clearly documented a trend of shortened 
ERPs over the course of the past three decades. While this represents a 
substantial change in the anthelmintic performance of ivermectin and 
moxidectin, it is not yet clear whether this reflects anthelmintic resis-
tance or a selection for parasites possessing other biological traits 
allowing them to reach the egg producing stage sooner after anthel-
mintic treatment. This review has emphasized the need for continued 
monitoring of anthelmintic efficacy in equine operations around the 
world and has identified several knowledge gaps in need of being 
addressed in future research studies. 
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Parascaris equorum in foals and in their environment on a Swedish stud farm, with 
notes on treatment failure of ivermectin. Vet. Parasitol. 151, 337–343. 

Little, D., Flowers, J.R., Hammerberg, B.H., Gardner, S.Y., 2003. Management of drug- 
resistant cyathostominosis on a breeding farm in central North Carolina. Equine Vet. 
J. 35, 246–251. 

Lumsden, G.G., Quan-Taylor, R., Smith, S.M., Washbrooke, I.M., 1989. Field efficacy of 
ivermectin, fenbendazole and pyrantel embonate paste anthelmintics in horses. Vet. 
Rec. 125, 497–499. 

Lyons, E.T., Drudge, J.H., Tolliver, S.C., 1980. Antiparasitic activity of ivermectin in 
critical tests in equids. Am. J. Vet. Res. 41, 2069–2070. 

Lyons, E.T., Tolliver, S.C., Drudge, J.H., Granstrom, D.E., Collins, S.S., Stamper, S., 1992. 
Critical and controlled tests of activity of moxidectin (CL 301,432) against natural 
infections of internal parasites of equids. Vet. Parasitol. 41, 255–284. 

Lyons, E.T., Tolliver, S.C., Drudge, J.H., Collins, S.S., Swerczek, T.W., 2001. Continuance 
of studies on Population S benzimidazole-resistant small strongyles in a Shetland 
pony herd in Kentucky: effect of pyrantel pamoate (1992–1999). Vet. Parasitol. 94, 
247–256. 

Lyons, E.T., Tolliver, S.C., Collins, S.S., 2007. Study (1991 to 2001) of drug-resistant 
population B small strongyles in critical tests in horses in Kentucky at the 
termination of a 40-year investigation. Parasitol. Res. 101, 680–701. 

Lyons, E.T., Tolliver, S.C., Ionita, M., Lewellen, A., Collins, S.S., 2008a. Field studies 
indicating reduced activity of ivermectin on small strongyles in horses on a farm in 
Central Kentucky. Parasitol. Res. 103, 209–215. 

Lyons, E.T., Tolliver, S.C., Ionita, M., Collins, S.S., 2008b. Evaluation of parasiticidal 
activity of fenbendazole, ivermectin, oxibendazole, and pyrantel pamoate in horse 
foals with emphasis on ascarids (Parascaris equorum) in field studies on five farms in 
Central Kentucky in 2007. Parasitol. Res. 103, 287–291. 

Lyons, E.T., Tolliver, S.C., Collins, S.S., 2009. Probable reason why small strongyle EPG 
counts are returning “early” after ivermectin treatment of horses on a farm in Central 
Kentucky. Parasitol. Res. 104, 569–574. 

Lyons, E.T., Tolliver, S.C., Kuzmina, T.A., Collins, S.S., 2010. Critical tests evaluating 
efficacy of moxidectin against small strongyles in horses from a herd for which 
reduced activity had been found in field tests in Central Kentucky. Parasitol. Res. 
107, 1495–1498. 

Lyons, E.T., Tolliver, S.C., Collins, S.S., 2011a. Reduced activity of moxidectin and 
ivermectin on small strongyles in young horses on a farm (BC) in Central Kentucky in 
two field tests with notes on variable counts of eggs per gram of feces (EPGs). 
Parasitol. Res. 108, 1315–1319. 

Lyons, E.T., Tolliver, S.C., Collins, S.S., Ionita, M., Kuzmina, T.A., Rossano, M., 2011b. 
Field tests demonstrating reduced activity of ivermectin and moxidectin against 
small strongyles in horses on 14 farms in Central Kentucky in 2007–2009. Parasitol. 
Res. 108, 355–360. 

Lyons, E.T., Tolliver, S.C., Kuzmina, T.A., Collins, S.S., 2011c. Further evaluation in field 
tests of the activity of three anthelmintics (fenbendazole, oxibendazole, and pyrantel 
pamoate) against the ascarid Parascaris equorum in horse foals on eight farms in 
Central Kentucky (2009–2010). Parasitol. Res. 109, 1193–1197. 

Lyons, E.T., Tolliver, S.C., 2013. Further indication of lowered activity of ivermectin on 
immature small strongyles in the intestinal lumen of horses on a farm in Central 
Kentucky. Parasitol. Res. 112, 889–891. 
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