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EXECUTIVE SUMMARY 

This report summarizes work conducted by the University of Washington’s Global Health Strategic 
Analysis and Research Training Program (START) team in response to the Bill & Melinda Gates 
Foundation’s (the Foundation) work order NID STH Elimination Strategy Support. This report is 
focused on Objective 3 of this work order, aimed at determining strategies utilized in animal 
husbandry and veterinary practice to mitigate the risk of drug resistance among animals receiving 
routine empiric treatment to control soil-transmitted helminths (STHs). 

Anthelmintic resistance has been a concern in the field of animal husbandry for over half a century. 
A number of techniques have been developed to detect and diagnose emerging resistance. 
Strategies have been utilized in animal management to impede emergence and mitigate the spread 
of resistance. 

In humans, resistance has not yet been confirmed. However, suspected resistance, as evidenced by 
reduced efficacy of anthelmintic drugs, has been reported in a small number of studies worldwide. 
While none of these cases has been confirmed as resistance due to lack of reliable evidence and 
control for confounding factors, they do highlight a rising concern that resistance in humans will 
soon emerge. This fear is amplified by the lack of tools available to detect resistance early, and the 
relatively few anthelmintic drug classes available to humans.  

To mitigate the risk of resistance emergence in humans, strategies utilized in animal husbandry can 
be employed in STH control programs. The main factors influencing resistance include resistance 
allele frequency in the baseline population, treatment frequency, refugia, and underdosing.  Specific 
strategies utilized in livestock management to address these factors can be adapted to STH control 
programs in human populations, and should be utilized before resistance begins to emerge.  
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INTRODUCTION 

Soil-transmitted helminths (STHs) are intestinal parasites that infect over a billion people 
worldwide, and constitute a leading cause of morbidity among children in low resource regions (1) . 
Mass drug administration (MDA) with anthelmintic drugs is a strategy employed worldwide with 
the goal of reducing morbidity associated with STH infection. There is rising concern, however, that 
the frequent and repeated use of anthelmintics in stable populations will lead to the emergence of 
anthelmintic drug resistance. This concern is augmented by the widespread use of anthelmintic 
drugs in livestock populations, where resistance in many parts of the world has been reported in 
40-90% of worm populations (2, 3). Examination of the strategies utilized in animal husbandry to 
mitigate the risk of drug resistance could help inform public health practice and STH control 
interventions to reduce the risk of resistance emergence in human populations.  

Anthelmintic resistance is defined as occurring when an increased percentage of a given species in 
a population are not affected by a specific drug dose that was previously effective in that population 
(2). Helminths are predisposed to this emergence of drug resistance due to large population sizes 
and rapid rates of nucleotide sequence evolution (4). This creates a high level of genetic diversity 
that leads to the development of worms that are resistant to the drug classes being used. The initial 
level of resistance is low and confers a neutral reproductive fitness, however it can be selected for 
by repeated use of anthelmintics that reduces the population of non-resistant worms, leading to an 
emergence of resistance (2). Due to this cycle, anthelmintic resistance typically follows a sigmoid 
pattern, where a long period of incubation with only a few cases is followed by a sudden large 
expansion of the problem (5).  

Anthelmintic resistance has, thus far, not been confirmed in humans. A number of factors can 
account for this, including differences in dosing regimens, bioavailability of the drug in humans vs. 
animals, and difference in behavior between humans and animals (1, 3). However, there is concern 
that resistance either has already emerged undetected, or will in the near future. Currently there 
are no new classes of drugs on the market to introduce if resistance does emerge, which could 
create widespread public health problems (1). Of further concern is the observation in animal 
husbandry that reversion to susceptibility does not occur even after prolonged use of different 
classes of drugs with different mechanisms of action (2). 

In this brief we will highlight the current state of resistance in animal husbandry and how it is 
managed. We will then review the current evidence suggesting possible emergence of resistance in 
humans, and how this can be detected. Finally we consider some of the main strategies utilized in 
animal husbandry to mitigate resistance, and how these strategies could be employed in human 
models to prevent the emergence and spread of resistance.  

METHODS 

We conducted a targeted search in PubMed to determine the current state of anthelmintic 
resistance in humans, using the following search terms: 

(ascariasis[MeSH] OR ascari*[tw] OR strongyloidiasis[MeSH] OR strongyl*[tw] OR 
ancylostomatoidea[MeSH] OR hookworm OR Ancylostoma[tw] OR Necator[tw] OR trichuris[MeSH] 
OR trichur*[tw] OR whipworm OR “soil-transmitted helminths” OR geohelminths) AND ("drug 
resistance" OR (benzimidazole AND resistance)) 
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This search generated 380 results, from which we identified a short list of review articles to 
familiarize ourselves with the current literature. We then consulted with a content expert, Dr. Guy 
Palmer, DVM, PhD, to identify gaps in our knowledge and areas of further review. From this 
discussion, we used a “snowball” approach to find further literature expanding to topics of 
resistance in animal husbandry and strategies to mitigate resistance. We attended a webinar titled 
“Resisting Resistance: FDA’s Antiparasitic Resistance Management Strategy” organized through the 
FDA’s Center for Veterinary Medicine (6), and used resources from that to further expand our 
search. We periodically corresponded with Dr. Palmer to review the information we had compiled 
and receive further suggestions.  

ANTHELMINTIC RESISTANCE IN LIVESTOCK 

Anthelmintic resistance in livestock was first documented in 1964, three years after the first 
anthelmintic drugs were approved (4). Helminth infections commonly occur in sheep, goats, cattle 
and horses, and are mainly caused by Haemonchus contortus, Osertagia spp, Trichostrongylus spp, 
Cooperia spp, and equine cyathostomins (4, 5). A number of factors contribute to the heavy burden 
of infection that can be found in livestock, including grazing practices and crowding of animals. 
Beginning in the 1960s, a number of anthelmintic drug classes have been developed to target these 
infections in livestock, including benzimidazoles (BZ), imidothiazoles-tetrahydropyrimidines, 
avermectin-milbemycins including ivermectin (IVM) and moxidectin, and most recently 
monepantel (4, 7). Resistance has been detected at some level to all of these drugs, and is universal 
for some (4).  

DEFINING AND DETECTING RESISTANCE 

A number of diagnostic tools have been developed to detect resistance in livestock, allowing farm 
management to employ strategies to mitigate it before it spreads. These tools include field tests 
performed on the farm and laboratory tests including in vitro sensitivity and molecular detection of 
genetic changes associated with resistance (2). Assessment of these tools has been standardized 
and guidelines for defining resistance are available through the World Association for the 
Advancement of Veterinary Parasitology (WAAVP) (5). Table 1 includes the tests generally utilized 
for specific drug classes and their sensitivity.  

Table 1: Anthelmintic drug resistance diagnostic tests (5)  

 

Field tests are designed to determine the efficacy of drugs in animals at a certain dose rate. Fecal 
egg count (FECT) is the most widespread field test used as a survey of clinical resistance. This test 
compares fecal samples before and after treatment in a subset of animals that have not been treated 
for 8-12 weeks. Drug resistance in this test is defined by an egg reduction rate (ERR) that falls 
below standards set by the WAAVP, generally lower than 90-95% (5).  
 

Test Type Test Anthelmintic  Sensitivity 

Field Test Fecal Egg Count Test (FECT) All Low 

In Vitro Test Egg Hatch Test (EHT) BZ Low 

In Vitro Test Larval Development All Low 

Genetic Technique  PCR BZ, IVM High 
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In vitro tests determine what concentration is required to kill a particular percentage of worms 
cultured. The egg hatch test (EHT), a common in vitro method, involves collecting fecal samples and 
incubating them with multiple concentrations of benzimidazole, then counting the number of eggs 
hatched after 24 hours. Resistance results in a higher percentage of hatched eggs, allowing for 
guidelines to define the percent of hatched eggs at a certain dose as an indicator of resistance. 
According to WAAVP guidelines, resistance is present when a 50% effective dose of benzimidazole 
is ≥0.1mg/ml (5).  
 
Molecular techniques can be used to determine what proportion of helminths in a population carry 
genetic markers associated with clinical resistance. PCR-based assays are most successful in the 
detection of benzimidazole resistance, as it is linked to only a few nucleotide positions (3).  
 
These detection tools are often used in animal husbandry to determine the level of resistance that is 
already present in a particular population, but are less useful for the detection of newly emergent 
infections. As the table notes, in vitro and field tests are not very sensitive, and resistance will not be 
detected if the prevalence of resistant worms is less than 25% (3). Definitions for resistance used 
for EHTs can only be developed after resistance is already recognized and measurable in a 
particular drug-species combination. PCR-based assays are more sensitive in detecting resistance, 
and can detect resistance when only 1% of the worm population is carrying the resistant genes (3). 
However, there is a lack of standardization of how resistance should be defined from this test, as 
baseline frequency of resistant alleles can vary by population.  
 
EMERGENCE AND SPREAD OF RESISTANCE 

Resistance has emerged for each major class of approved anthelmintic drugs available on the 
market. Table 2 shows the timeline of resistance reporting, and which hosts have been affected.  

Table 2: Major anthelmintic drug classes in veterinary medicine, from Kaplan, RM (4) 

Drug Host Year of initial drug 

approval 

First published 

report of resistance 

Benzimidazoles    

       Thiabendazole Sheep 1961 1964 

 Horse 1962 1965 

Imidothiazoles–tetrahydropyrimidines    

       Levamisole Sheep 1970 1979 

       Pyrantel Horse 1974 1996 

Avermectin–milbemycins    

       Ivermectin Sheep 1981 1988 

 Horse 1983 2002 

       Moxidectin Sheep 1991 1995 

 Horse 1995 2003 

 

Resistance in livestock can develop very quickly, with small ruminants such as sheep and goats 
showing particular susceptibility. As the table shows, resistance to thiabendazole was reported in 
sheep just three years after the first drug was approved (4). Numerous studies have reported on 
the emergence of resistance in specific populations. One study in Australia reported partial 
resistance in lambs following treatment five times per year, and rapid spread in groups treated nine 
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or more times per year (8). Coles et al. tested IVM resistance development in sheep and found 
resistance to H. contortus after three generations with normal doses (9). The latest drug introduced 
to the market, monepantel, had resistance of Ostertagia and Trichostrongylus species in goats first 
reported from a farm in New Zealand that implemented 17 treatments in three months, then again 
in H. contortus in sheep in Uruguay (7, 10). Other studies have found resistance after even shorter 
time periods. One field observation in South Africa reported IVM resistance after only three 
treatments (5). 

The speed at which resistance develops and spreads can be influenced by a number of factors. The 
key determinant is the proportional reproductive contribution that helminths surviving treatment 
will make to the next generation (5). This can be influenced by drug pressure, including the 
frequency and timing of treatment. Treatment frequencies in livestock of five or more times a year 
are common, increasing the drug pressure and therefore selecting for resistance (1). Timing also 
plays a role, as resistance develops faster in dry climates, when fewer helminths are surviving in 
the environment to dilute the resistant worms that survived treatment (11). In animal husbandry, 
these are key areas that can be targeted to mitigate resistance. Drug efficacy is also an important 
factor, and varies among drug classes and helminth species (3, 5). The generation time and 
fecundity of the worms, which varies by species, will play a role, as will baseline frequency of 
worms carrying resistance alleles prior to treatment. Gene flow, which can occur when new 
parasitized animals from an outside source are introduced to a population, is another factor. 
Finally, there are many genetic factors that can influence the spread of resistance, including the 
number of genes that are involved, and if they are dominant or recessive (5).  

RESISTANCE IN HUMANS 

In humans, Trichuris trichiura, Ascaris lumbricoides, and hookworm (Necator americanus and 
Ancylostoma duodenale) cause a large burden of infection (1). STH infection is most common in 
children, with the highest burden of Trichuris and Ascaris found in 5-15 year olds (12). While adult 
infection is less common, hookworm is the main species affecting adults, and is associated with 44 
million cases of hookworm-associated anemia in pregnant women (1). Chronic infection can have a 
number of health outcomes, such as malnutrition, anemia, delayed cognitive functioning, and 
mortality (12). The current methods of treating STH infection are through diagnosis and treatment 
or through MDA (1).  

DEFINING AND DETECTING 

Anthelmintic resistance in humans has not yet been confirmed, and as a result, tools to diagnose 
resistance are not as developed (1, 3, 11). Unlike in veterinary medicine, there is no in vitro method 
to detect resistance in humans. EHTs can be used, but the cutoff values used in animal husbandry 
were defined by observing resistance and determining which values signify emergence. We do not 
know if the helminth species that infect humans will respond in the same way, and therefore cannot 
confirm cutoff values to diagnose resistance until it has been observed (11). This presents a 
problem for STH control, because resistance will not be detected by observation only until it 
reaches approximately 25% prevalence, at which point it will be hard to mitigate (3).  

Currently, there is no up-to-date standardized method of detecting resistance, and it is not regularly 
monitored, despite recommendations from the WHO for monitoring (1). Suspected resistance is 
generally reported when a program has observed reduced efficacy in a particular population. This 
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is problematic, because reduced efficacy can be observed for a number of reasons, discussed below, 
that are unrelated to resistance.  

Reduced efficacy is generally measured by either cure rates (CR) or egg reduction rates (ERR). CR, 
the most commonly used test, is measured by comparing the prevalence of worms in a fecal sample 
before and after treatment. This is not an ideal test to determine drug efficacy, because it is 
sensitive to the pre-treatment fecal egg count and therefore will not be comparable across 
populations with different baseline infection intensities (1).  

Genetic testing analogous to that utilized in livestock has been developed for human STH species. 
These PCR-based assays allow for detection of the β-tubulin mutation to determine frequency of 
alleles resistant to BZ in a population, and are currently only available for benzimidazole resistant 
alleles. However, little has been published regarding the frequency of resistant alleles in current 
populations. This presents one area of research that could be promising in the future for detecting 
the emergence of resistance in humans (1, 3).  

CURRENT EVIDENCE OF RESISTANCE 

Based on these detection methods, a small selection of studies have reported suspected resistance 
due to reduced efficacy. These few studies generally have small sample sizes and are therefore 
underpowered, lack a standard method of detection or defined threshold of resistance, and fail to 
address confounding factors. Table 3 highlights the main studies that have reported suspected 
resistance and the reasons it has not yet been confirmed.  

Table 3: Evidence of reduced drug efficacy in humans (1, 5) 

 

As the table shows, many of the studies used observed low CR or low EPG as the reason for 
suspected reduced efficacy, and one study found a higher frequency of resistant alleles in a treated 
versus untreated population (1, 5). However, none of these studies were able to confirm resistance. 
In some, the results could not be replicated, while others relied too heavily on CR, used ineffective 
doses, and/or didn’t provide sufficient follow up (13, 14, 16-19). The study that compared allele 
frequency compared data from two different geographical regions, without baseline data on the 
frequency of the allele in the treated population before treatment, and did not assess efficacy of 

Location Year Reason resistance suspected Reasons unconfirmed 
Australia (13) 1997 Low CR of hookworm to pyrantel No untreated control group, too short follow 

up, no in vitro confirmation 
Mali (14) 1997 Low CR of hookworm to single dose 

MEB 
Used dose known to be low efficacy, long 
follow up, results not repeated  

Pemba Island, 
Zanzibar (15, 
16) 

2003 Efficacy of MEB in children fell over 
5 years 

Molecular studies found no evidence of β-
tubulin mutation  

Vietnam (17) 2007 Low mean EPG of hookworm after 
single dose MEB 

Used dose known to be low efficacy, results 
improved with increased dose 

Kenya, 
Panama (18) 

2009 Higher frequency of resistant alleles 
found in treated compared to 
untreated 

Comparison made between two different 
countries, small sample sizes, efficacy not 
assessed 

Ghana (19) 2011 Low CR of hookworm after ALB ERR was still high despite low CR, CR not as 
reliable of a measure 
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treatment (18). Due to these issues, none of these studies were able to provide conclusive evidence 
of reduced efficacy or resistance.  

CONFOUNDING FACTORS 

Reduced efficacy, if proven, would not in itself provide enough evidence of resistance development. 
There are a number of important factors that can contribute to reduced efficacy in the absence of 
true resistance. These confounding variables, listed below, can affect the bioavailability of the 
anthelmintic drugs used (1): 

 Concomitant medication 

 Variation in pharmacokinetics 

 Comorbidities affecting intestinal transit 

 Worm burden intensity 

 Worm fecundity 

 Drug quality and storage 
 

Pharmacokinetics, such as diet, can influence the ability of the body to absorb and utilize the drug. 
Intestinal transit can be affected by other comorbidities, such as diarrheal diseases that are 
commonly found in children; diarrhea reduces the ability of the intestines to absorb the drug, 
reducing efficacy. Interactions with concomitant drugs, such as antibiotics and anti-inflammatory 
medication, can influence the absorption and efficiency of the anthelmintic as well. Worm burden 
can also influence efficacy; a high parasite burden leads to reduced bioavailability of the drug. 
Female worm fecundity is inversely related to worm density, which can lead to an increase in egg 
production after treatment. Finally, drug formulations, degree of degradation of drugs, and particle 
size can all influence the realized efficacy of a drug (1).  

STRATEGIES TO MITIGATE RESISTANCE  

There are a number of factors that play a role in the development and spread of resistance in 
livestock that are applicable to humans as well. The sections below elaborate on each factor as it 
currently relates to animal husbandry and human public health, and what strategies can be 
identified from livestock management that could apply to human populations. 

RESISTANT ALLELE FREQUENCY  

Livestock: The existing prevalence of resistance alleles in a population will be a determining factor 
for how quickly resistance emerges. Within livestock, alleles conferring resistance to benzimidazole 
and ivermectin can be detected using PCR primers. Relatively high resistance has been observed in 
untreated livestock populations, and it is thought that this has contributed to the rapid spread of 
resistance (5, 20).  

Humans: In humans, the same strategy can be utilized to determine frequency of benzimidazole-
resistant alleles, but currently very little is known about baseline frequencies in untreated 
populations. These frequencies are thought to be lower than in animal populations, which could 
partially explain the slower development of resistance (1).  
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Strategies: Detection of allele frequencies would allow for baseline measurements, which could help 
determine which populations are at highest risk for drug resistance. Available tools should be 
utilized to determine BZ-resistant allele frequencies in untreated and treated populations at 
baseline and during regular intervals of STH interventions so that changes in frequency can be 
tracked and monitored. Well controlled trials should be conducted to test the development of 
resistance so diagnostic values can be determined if resistance does emerge. Additionally, an 
international network to record and monitor resistance allele frequency could be developed to 
track these potential changes.  

TREATMENT FREQUENCY 

Livestock: Drug pressure is an integral factor in the development of resistance and is determined by 
the frequency and repetition of treatment. Strategies such as drug rotation and drug combination 
are used to reduce this drug pressure. These are commonly employed strategies in animal 
husbandry and are aided by having a selection of anthelmintics drug classes that target helminths 
through varying mechanisms (1, 5, 11). 

Humans: In humans, MDA programs often use single- or multi-dose regimens of a particular drug, 
and repeat this dosing 1-2 times a year within a particular population. No single-dose regimen is 
considered a curative therapy for individuals (1). 

Strategy: One strategy to mitigate the risks associated with this drug pressure would be to add drug 
rotation and combination into STH public health interventions. Unfortunately, there is a heavy 
reliance on BZ class drugs in STH control. Some studies have suggested the potential of combining 
IVM and BZ drug classes, or BZ and levamisole to increase efficacy (21). However the safety of these 
combinations has not been tested, suggesting that clinical trials of drug combination regimens 
could be a useful step (21). An additional strategy is the promotion of new drug classes to provide a 
wider range of combination options. Drugs are currently being developed that could make this a 
more effective option to slow the development of resistance (22). However, it should be noted that 
this strategy should not be considered preventive, but will only act to delay resistance. Additionally, 
feasibility of the supply chain may be a potential limitation in implementing these strategies within 
public health programs.  

REFUGIA 

Livestock: Refugia is an important strategy utilized in livestock management. A refugia is a portion 
of a population which is intentionally left untreated. This untreated population effectively dilutes 
the proportion of helminths that are resistant to treatment, thereby reducing the selective pressure. 
The size of the refugia can depend on a number of factors, including treatment frequency, timing, 
drug efficacy, and climate during treatment (23). Modeling studies have suggested that leaving 20% 
of a population untreated delays resistance, while some field studies have found no significant 
difference between leaving 10% and 20% refugia (11, 24). 

Humans: The parameters influencing refugia have been well researched in livestock, but there is a 
poor understanding of how these factors affect the development of resistance in humans. While the 
theoretical basis for a refugia still applies, this complicates our understanding of how large it needs 
to be in order to effectively prevent resistance (1). Additionally, the idea of intentionally leaving 
portions of a population untreated raises ethical questions for public health programs. However, 
compliance and coverage rarely exceeds 80% in most treatment programs, and control programs 
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are often targeted at subpopulations such as school-aged children. This effectively creates a natural 
refugia in the larger population, and may negate the need to intentionally create one (1). 

Strategy: Moving forward, treatment programs should be aware of the need to maintain a refugia to 
reduce selective pressure. Additional strategies could be employed to implement an intentional 
refugia, such as only treating participants during the wet season, when more worms are present in 
the environment, thereby reducing the proportion of resistant worms in the population (11). 
However, this and other refugia strategies present a problem in that they are often not conducive to 
the goals of elimination and best practice in public health.  

UNDERDOSING 

Livestock: Underdosing, resulting from treating at sub-curative levels, can increase proportions of 
worms carrying resistance and therefore poses a significant threat in the development of 
resistance. A strategy utilized in animal husbandry is to treat selectively and at curative levels only, 
based on parasitism in individual animals (2, 11). One example in sheep is the use of FAMACHA 
color cards to diagnose anemia based on eye mucosa (11). This leaves those that can tolerate 
existing infection untreated, and focuses on reaching a proper treatment level in those animals with 
the highest burden of disease. Additional underdosing concerns arise from lack of drug quality 
monitoring and control. One study conducted in Kenya found that the concentrations of nine 
anthelmintic products purchased for use in livestock varied from 0-118% of the claimed drug 
composition (25). 

Humans:  In human populations, underdosing from sub-curative anthelmintic drug doses poses a 
significant risk. MDA campaigns treat on the population level and therefore do not consider 
individual worm burden, and single dose MDA is not curative for those with a high worm burden 
(1). There will therefore be a lower drug efficacy in those with high burden, which could then select 
for resistance. Another concerns with MDA programs is lack of adherence in multi-dose treatment 
regimens, either through non-compliance or through dose sharing between families in low resource 
settings (11). Finally, lack of monitoring creates similar concerns about drug quality.  

Strategy: To address these issues, public health interventions should move away from single-dose 
MDA regimens toward other treatment strategies. Repeat dosing is more effective, but may not be 
feasible for public health programs to implement. Screen and treat approaches more closely 
parallel curative models used in livestock, and allow for sufficient treatment in high-burden 
individuals (1, 11). Finally, stricter monitoring of drug quality assurance would allow for reduced 
risk of substandard drugs, such as products that are repacked, reformulated, expired, or produced 
by unlicensed companies (11).  

CONCLUSION 

There is currently no conclusive evidence of anthelmintic resistance emergence in humans.  
However signs of possible resistance have been observed throughout the world, highlighting the 
potential risk this poses on STH control and elimination programs. Strategies should be 
preemptively adopted to ensure that resistance is recognized as quickly as possible if it does 
emerge, and steps are taken to mitigate the damage and spread. Lessons from animal husbandry 
can be used to guide these strategies and determine the best method to work toward public health 
goals while also reducing the risk of resistance.  
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A number of changes could be made utilizing existing tools and knowledge adapted from livestock 
management. The first step is to map the frequency of resistant alleles in populations with high STH 
burden. This will allow for the identification of areas at higher risk for resistance, and with proper 
monitoring in place could facilitate early detection of resistance development. Second, serious 
consideration should be given to dosing strategies in public health interventions to avoid 
underdosing. Screen and treat methods would ideally allow for the appropriate dosage in high-
burden individuals, thereby reducing the risk of resistance. If MDA is utilized, it should be restricted 
to areas of high burden, and repeat dosing should be considered. Finally, implementing stringent 
drug quality control measures to monitor drug formulations would ensure standardization of drug 
dosages and further mitigate this risk. 

These lessons can also be used to identify areas for future development. Under both MDA and 
screen and treat models, strategies such as drug combinations and rotations could be beneficial 
within a population being treated over time. Randomized controlled trials to determine safe and 
efficacious dosing using existing drugs would offer more information about how to safely employ 
this strategy. Supporting the development of new drug classes would also allow for this strategy to 
be more feasibly and effectively implemented. Finally, factors that influence refugia should also be 
considered, and if populations shift their goals from morbidity management toward elimination of 
STH, thought should be given toward management of refugia beyond that which naturally occurs 
through non-compliance. 
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