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A B S T R A C T

Current parasite control programs in veterinary species have moved away from mass anthelmintic treatment
approaches due to the emergence of significant anthelmintic resistance (AR), and the availability of few classes
of anthelmintics. A number of parallels between livestock and human helminths exist that warn of the risk of AR
in human soil-transmitted helminthiases, yet current public health interventions continue to prioritize mass
treatment strategies, a known risk factor for AR. This review discusses the existing parallels between human and
animal helminth biology and management, along with current public health recommendations and strategies for
helminth control in humans. The effectiveness of current recommendations and alternative management stra-
tegies are considered.

1. Introduction

Warnings issued in a review 25 years ago [1] stated that those re-
sponsible for the control of human helminths needed to learn from the
challenges veterinarians and parasitologists have experienced with
managing gastrointestinal nematodes (GIN) in farm animals. Several
years later the same authors [2] went on to say that the biological,
epidemiological, and pharmaceutical similarities between human and
livestock helminths are so great that “optimism (as regards the devel-
opment of AR in human helminths) may amount to complacent ne-
glect.” They spoke of the danger of producing resistant helminths
through mass therapy programs while simultaneously urging careful
monitoring for any signs of the development of AR [1–3]. Geerts and
Gryseels [2] also made the distinction that the AR problem in livestock
has had economic ramifications and while this alone is devastating,
widespread AR in humans would be considered a “serious public health
problem” that would likely result in increased morbidity and mortality
from human helminths [2]. Current parasite control programs in small
ruminants [4–6] and horses [7] have moved away from “blanket” or
mass treatment approaches to parasite control to a more integrated
approach due to the emergence of significant AR in these species
[8–10].

Risk factors for AR development include: parasite biology and epi-
demiology, the dynamics of the host–parasite relationship, treatment
frequency, treatment strategies that result in various levels of refugia

and differences in anthelmintic pharmacokinetics between host species
[9]. Preserving “refugia” (the proportion of populations of parasites not
exposed to anthelmintics) is the current goal of parasite control in small
ruminants [5] and horses [7,8] and has been deemed the single most
important factor involved in the selection of AR parasites [9]. A se-
lective approach to deworming is currently recommended in veterinary
medicine in order to preserve refugia and slow AR. Animals in the herd
that are the least clinically affected based on fecal egg counts (FEC)
and/or FAMACHA© scoring are left untreated. Anthelmintics are then
administered to the most affected when there are more eggs and larvae
on the pasture so the presence of susceptible parasite populations on
pasture will “dilute” the resistant populations and thereby preserve
refugia. FAMACHA© is an on-farm test used to evaluate small rumi-
nants for the load of Haemonchus contortus, or barberpole worm, a
blood-sucking nematode, based on lower eyelid color as color correlates
with anemia [6].

A broad mass-treatment approach, referred to as preventive che-
motherapy, continues to be the cornerstone of human helminth control
[12] despite its reported ineffectiveness [13–16]. Currently, large scale
mass treatment campaigns take place in certain low-middle income
countries with school children and women of child-bearing age as the
primary targets. In these systems, there is no standardized surveillance
protocol for AR [17]. As we have painfully learned in veterinary
medicine, once AR has occurred in livestock GIN, full reversion to
susceptibility is never observed [18]. There is much to be learned from
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veterinary medicine and the pitfalls that veterinary parasitologists,
veterinarians and animal owners/producers have navigated after years
of mass, unregulated anthelmintic treatment in animal species.

1.1. Soil-transmitted helminths in humans

There are three major human major soil-transmitted helminths
(STHs), Ascaris lumbricoides (roundworm), Necator americanus/
Ancylostoma duodenale, Ancylostoma ceylanicum (the hookworms) and
Trichuris trichiura (whipworm). These are among the most prevalent
parasites worldwide [19,20]. One and a half billion people are esti-
mated as being infected by STHs [12]. In 2015, the global burden of
infections with STHs was estimated at 3.4 million disability adjusted
life years [21]. Significant morbidity is observed in hundreds of mil-
lions of people due to their infection, with children displaying the
greatest morbidity when infected. Infected pregnant women reportedly
also suffer significant morbidity, and hookworm-associated anemia is
thought to contribute to maternal mortality [19]. Approximately
135,000 deaths occur annually, primarily due to hookworm infections
and subsequent anemia, intestinal or biliary obstruction [22] due to
roundworm infections and chronic dysentery from whipworm infec-
tions [23]. Most affected countries are in low-middle income regions in
Asia, Sub-Saharan Africa, and Latin America, and many of the illnesses
resulting from these parasites have been classified by the WHO as ne-
glected tropical diseases or NTDs [12]. This “neglect” has been attrib-
uted to a relatively low mortality from NTDs as compared to HIV/AIDS,
malaria and tuberculosis, which historically have formed the primary
focus of the global public health agenda. Inadequate water supply and
sanitation, crowded living conditions along with lack of access to health
care and low levels of education make poorer people more susceptible
to infection and disease [24], while the study of STHs is allotted less
than 1% of global health research dollars [25,26].

Specific risk factors for human STH infection have been identified
and include: poverty, lack of sanitation, inadequate hygiene such as
absence of hand-washing with soap before eating and after defecation,
and walking barefoot [27]. Multi-species STH infections are common
among those infected. Transmission of STHs is primarily through con-
tact with contaminated soil in the case of hookworms, and via con-
sumption of egg-contaminated foods in the case of ascariasis and tri-
churiasis [27]. The distribution of the intensity of infection
(traditionally measured as eggs per gram of feces) is variable, with most
patients harboring infections of lower intensity and few individuals
with heavy infection [27]. Most studies suggest that approximately 70%
of the worm population is hosted by 15% of the host population [24],
similar to the “80:20 rule” of livestock parasite infection, a term re-
ferred to by parasitologists as “over-dispersion” [6]. The most intense
infections of A. lumbricoides and T. trichiura are found in children 5 to
15 years old, with a decline in intensity and frequency seen in adults.
According to the literature, it is unclear if this decline is due to acquired
immunity, decreased exposure or a combination of these two factors. In
veterinary species, young animals and pregnant females are similarly
the high-risk groups for parasite infection and are typically more in-
tensely affected [28]. The susceptibility of young animals is a con-
sequence of an inability to develop an effective acquired immune re-
sponse, and in the peri-parturient female, susceptibility arises from a
temporary loss of acquired immunity [28]. In contrast, heavy hook-
worm infections remain high in human adults, and even in the elderly.
Affected children experience malnutrition, stunted growth, as well as
impaired cognitive and learning abilities. The small number of in-
dividuals with heavy infections are at a greater risk of disease, are likely
the most in need of treatment, and are also the main source of en-
vironmental contamination [24]. Identification and effective treatment
of these individuals is essential in order to establish a successful tar-
geted, selective chemotherapy program and to slow the development of
anthelmintic resistance.

1.2. Current public health interventions and short-comings

The United Nation's General Assembly adopted access to water and
sanitation as a basic human right, and one of the UN Sustainable
Development Goals for 2030 is to ensure access to water and sanitation
for all [29]. The WHO currently recommends five interventions to
control morbidity due to STH infections: preventive chemotherapy;
innovative and intensified disease management; vector ecology and
management; veterinary public health services; and the provision of
safe water, sanitation and hygiene [12]. The organization continues to
identify preventive chemotherapy as the primary focus of STH inter-
vention and it “recommends anthelmintic treatment without previous
individual diagnosis.” Regular drug treatment of all individuals, re-
gardless of infection status, is the main approach for infection control in
areas of heavy infection, and where resources for disease control and
funding for sanitation are insufficient [12,25]. Treatment is re-
commended once yearly if community prevalence exceeds 20%, or
twice yearly when community prevalence exceeds 50%, in order to
decrease morbidity by reducing the worm burden [12]. By 2020, the
WHO (2017) has set a coverage goal of 75% of the 834.7 million pre-
school and school-aged children that require preventive treatment
while no specific target for 2020 has been set for women of re-
productive age. Many of the drugs provided in the mass treatment
campaigns are donated by pharmaceutical companies and are low-cost
generic drugs. This makes mass treatment programs the most cost-ef-
fective global public health control measure [30], as well as the most
commonly employed intervention. Of the 1556 new drugs marketed
between 1975 and 2004, very few drugs were developed to treat the
human helminthiases: lymphatic filariasis, onchocerciasis, schistoso-
miasis and the soil-transmitted helminthiases [29]. There are only six
drug options available to combat these infections, which include al-
bendazole, oxamniquine, praziquantel, ivermectin, diethylcarbama-
zine, and mebendazole. Of these six drugs, two benzimidazoles (al-
bendazole and mebendazole) are most commonly used in mass
treatment campaigns for STHs [29], along with levamisole and pyrantel
[15]. It is understood by veterinary parasitologists that if AR develops
within a class of anthelmintic, all drugs within this class are rendered
ineffective [18,31]. If this were to occur in one of the benzimidazoles
used against STHs, this would significantly limit treatment options, as
there are no new drugs under development [32]. In veterinary medicine
there are only four classes of drugs that are available for use against
GIN, and they include the benzimidazoles, the pyrimidines, the mac-
rocyclic lactones and the imidazothiazoles. Signs of AR have been found
in all drug classes in small ruminants and in three classes in horses, as
the imidazothiazoles are not routinely used in this species [9–11,33].

Evidence of the efficacy of mass treatment programs is lacking
[13–17,27]. A meta-analysis by Jia et al., [27] showed that after either
targeted or mass drug administration, the prevalence of STH infections
recovered rapidly in most endemic areas, with the prevalence of all
three species found to be at or above half the initial level 6 months post-
treatment. At 12months post-treatment, the prevalence of A. lum-
bricoides and T. trichiura had returned to levels close to those before the
initial pretreatment. A recent meta-analysis assessed the impact of de-
worming on children less than 5 years old and pregnant women affected
by STHs and found no beneficial effects [14]. While short-term health
benefits such as decreased worm burden in treated individuals were
found in other studies, the result on overall parasite transmission in the
larger community was deemed limited [34]. The variety of prevalence
and intensity levels of STH infection in treated populations have been
identified as barriers to understanding the effect of anthelmintic
treatment [14]. Of great concern are the many studies that provide
evidence for decreased anthelmintic efficacy [15,35–39], although
there are no documented reports of AR in human helminths to date.
However, there has been insufficient AR surveillance [40], which may
explain why there are so few reports of decreased efficacy or true AR in
the literature. Decreased anthelmintic efficacy, as evidenced by
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shortened egg reappearance periods, is considered by veterinary para-
sitologists as the first sign of AR [41]. In veterinary species signs of AR
went unobserved until it had already occurred [2], as drug resistance
reportedly follows a sigmoidal pattern with a long period of incubation
and a few scattered cases followed by the sudden explosion of resistant
parasites [42]. Initial resistance allele frequency, treatment frequency,
limiting refugia, and under-dosing of anthelmintics have been identi-
fied as possibly contributing to the development of AR in livestock and
humans [19]. However, little information exists on the frequency of
resistant alleles in human STHs, and there appears to be a poor un-
derstanding of the exact role that each of the aforementioned factors
plays [19]. It has also been shown in veterinary species that AR can be
selected for at lower treatment frequencies when the same drug is used
repeatedly for many years [2,3] as is the case in STH mass treatment
campaigns. Additionally, mathematical models in veterinary para-
sitology have shown that AR development can be delayed by opting to
not treat part of the population and is the basis for targeted-selective
deworming in an effort to preserve parasite refugia [43]. Interestingly,
more recent studies investigating the current WHO guidelines for STH
control are recommending increases in mass drug treatment to 75%
community-wide and not just school children, no reduction in treat-
ment frequency, and adding more anthelmintics to the protocol, parti-
cularly in higher-prevalence areas deemed more “resistant to treat-
ment” [44]. Lastly, despite the fact that one of the identified risk factors
for AR is under-dosing anthelmintics, mass-treatment programs use
lower dosages than recommended in order to reduce cost and side-ef-
fects in school-aged children [1,19]. It appears that human mass drug
treatment for STHs has a number of risk factors for AR at play. For-
tunately, the Bill and Melinda Gates Foundation has recently funded a
project called STARWORMS (Stop Anthelmintic Resistant WORMS)
aimed at strengthening the surveillance for drug efficacy and AR in STH
programs [45]. Veterinary parasitologists say that AR development is
inevitable, and all we can hope for is to delay its progress [8] high-
lighting the need for more holistic, integrated STH interventions.

2. Alternative public health interventions

Sustainable, integrated parasite control is not a novel concept. The
Rockefeller Sanitary Commission stated more than 70 years ago: “Cure
alone is almost useless in stamping out hookworm disease, because the
patient can go out and immediately pick up more hookworms. The cure
should be accompanied by a sanitation campaign for the prevention of
soil pollution [46],” and several meta-analyses have documented the
impact of sanitation on STHs [47–50]. An earlier systematic review and
meta-analysis by Fewtrell et al., (2005) [49] looked at the evidence for
any change arising from the interventions in diarrheal disease occur-
rence in non-outbreak conditions and concluded that there was strong
consistency in effectiveness of water quality interventions, hygiene in-
terventions (hand, food, water and fomites) and sanitation interven-
tions at reducing diarrheal illness in a wide-range of settings, in many
countries, and over many years. Water quality interventions were found
to be more effective than previously thought, and multiple interven-
tions were not more effective than single-focused ones, providing evi-
dence that implementation of just one intervention can have sig-
nificantly positive effects. Ziegelbauer et al., (2012) [47] in a review
and meta-analysis, looked specifically at the evidence for sanitation, as
defined as access to, and use of, facilities for the safe disposal of human
urine and feces, its effects on humans with STHs, and any association
with a reduced risk of infection by single or multi-species of STH. They
found that the availability and use of sanitation facilities were asso-
ciated with a reduction in STH-infection prevalence. A systematic re-
view and set of meta-analyses examined evidence of association be-
tween STH infection and WASH (water, hygiene and sanitation) [50]
concluded that WASH is generally associated with reduced odds of STH
infection. The strongest associations in this study were observed be-
tween wearing shoes and hookworm infection, the use of piped water

and A. lumbricoides infection, and treated water and any STH infection.
Fifty-four percent lower odds of any STH infection were reported with
the use of treated water, piped-water access was associated with re-
duced odds of A. lumbricoides (60%) and T. trichiura (43%) infection but
there was no association between piped-water access and un-
differentiated STHs [50]. WASH interventions consist of a multi-
pronged approach which includes community management of water
resources, local and private agency empowerment in order to build
capacity to attain safe drinking water, hand hygiene promotion and
latrine provision [51]. Several more recent reviews on WASH inter-
ventions have shown conflicting results of their impact [51] but this
appears to be due to a lack of randomized controlled studies and an
overabundance of observational studies [50,52]. Coffeng et al., (2018)
[53] have shown, through more rigorous mathematical modeling, a
clear added benefit of WASH interventions in preventive chemotherapy
programs but that the impact of WASH interventions on STH trans-
mission is highly dependent on worm species, WASH modality, uptake,
effectiveness, and pre-control endemicity. Other reasons cited by au-
thors for conflicting evidence include, logistical and ethical difficulties
in conducting randomized controlled trials, sufficient time to assess
behavioral change, bias, insufficient assessment of compliance to in-
terventions, and insufficient coherence across existing studies such as
comparing household-level, school-level, or community level WASH
access [54]. Additional recommendations for more rigorous research
include: investigation of the quality of WASH infrastructure, such as
differences in transmission associated with toilet cleanliness or proper
use of infrastructure, the impact of floods and inclement weather on
transmission, such as when latrine contents are released across com-
munal areas, and zoonotic infection via contact with animal feces [54].

While it is important to acknowledge that anthelmintic combination
therapy improves egg reduction when treating certain STHs [39], the
emphasis in human health and the call to arms for new drug develop-
ment continues to be in the realm of anthelmintic therapy [55] and
“repurposing” of anthelmintics [32] rather than looking beyond to
more holistic control. If these repurposed therapies merely take the
place of the benzimidazoles in preventive chemotherapy programs, AR
will inevitably occur in these drug classes as it did in monepantel
(Zolvix ®) within less than 2 years after it was introduced for use in
sheep in New Zealand [56] or moxidectin use in horses [57]. Sangster
(1999) predicted that cyathostomins would develop resistance to
moxidectin within 5 years of its introduction into equine parasite con-
trol programs, [57] and Trawford et al., confirmed it in 2005 [58].
Some of the targeted-selective deworming strategies in veterinary spe-
cies include using animal scoring systems such as the FAMACHA©
system [6] and the Five Point Check© system of targeted selective
treatment [7] to identify GIN-infected small ruminants that are then
selected for treatment. Farms or herds where Haemonchus contortus is
very prevalent can incorporate a number of adjunctive measures for
holistic parasite control in order to decrease infective larvae on pas-
tures. Feeding dried forms of anti-parasitic plants in hay or pellets, such
as condensed tannin-containing forages, or copper oxide wire particles
have been shown to decrease Haemonchus egg counts by 67–98%
[4,59]. Such measures help the individual animal by decreasing mor-
bidity but also decrease egg shedding and subsequent pasture con-
tamination, which helps the herd. Other alternative therapies that have
also been successful utilize the feeding of nematode-trapping fungi
(Duddingtonia flagrans) to trap and kill infective GIN larvae in feces on
pasture [60] as well as vaccines against H. contortus in ruminants [4].
Grazing strategies, such as co-grazing with other species who have
different grazing behaviors, rotational grazing, tilling or baling larvae
into hay, improved nutrition and genetic selection to improve herd or
flock parasite resilience and resistance to GIN infection have also been
incorporated into the holistic control plan [4]. Research dollars in the
fight against human STHs should be directed toward developing pro-
mising alternative strategies to anthelmintics for a more holistic, long-
term parasite control plan akin to those in veterinary medicine. Does
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mucous membrane color correlate to level of anemia and hookworm
egg counts in humans like the FAMACHA© score does with Haemonchus
contortus in sheep, goats and camelids? If not, is there another proxy
that could be considered? Perhaps recombinant subunit vaccines for
STHs, [61] similar to the veterinary vaccine Barbervax® used against
resistant Haemonchus contortus in small ruminants, could be in-
corporated into an integrated control program to combat trichuriasis,
which has proven itself to be less responsive to anthelmintic therapy?
Perhaps there is some effective anti-parasitic plant out of the 80 plus
species of medicinal plants that have been identified as treatments for
human helminths [62] that women of reproductive age, school children
or adults at risk of hookworm infection could safely consume thereby
decreasing morbidity? Or perhaps streamlining fecal diagnostic testing
to aid in more targeted, selective anthelmintic treatment of high-risk
individuals in certain communities? There are low-cost, rapid (sample
preparation and egg counts completed in 5min), accurate automated
egg counters available for point-of-care use by trained community
health workers in remote field settings such as the Parasight™ system
currently being used for equine strongyles and ascarids [63,64] and
qPCR fecal assays that have been shown to correlate highly to a level of
STH infection [65]. However, it goes without saying that none of these
adjunctive measures will matter in the long-term if the risk of reinfec-
tion persists in the environment. In horses, pasture hygiene has been
acknowledged for many years as the most effective method of con-
trolling equine parasites, and if feces are removed frequently anthel-
mintic treatments may not be needed at all [66]. As in veterinary
species, the parasite life-cycle must be broken in order to reduce human
exposure to STHs. Composting human waste cost-effectively via biogas
systems in communities that use human feces as fertilizer in China, or
providing low-cost footwear combined with pictorial education in il-
literate, hookworm endemic populations in Uganda are two such ex-
amples [67,68]. Improved sanitation will interrupt parasite transmis-
sion and reduce morbidity.

Holistic parasite control programs that have been successful, such as
the LAWA model in Thailand for sustainable liver fluke control [69], or
STH control in Sichuan Province in China [70], understand the com-
plexity required for success – they have their basis in the prevention of
disease transmission and they recognize the importance of identifying
socio-cultural factors and human behaviors that make populations
vulnerable to STHs and target these through health education. Such
Eco-Health/One Health programs also emphasize the importance of
identifying unique ecosystem effects on growth or transmission of STHs
to human hosts [69]. The survival of STH larvae vary geographically
with environmental conditions (average humidity and temperature,
climatic events, and crops) [71] and will also depend on the socio-
economic level of the community, times of political unrest, and with
population density. For example, in Sichuan Province, 97.5% of total
STH infections were found to be in the mountains, plateaus and hilly
areas where cultural and economic development lag behind and sani-
tary conditions are poor [70]. Lastly, successful holistic STH programs
recognize the importance of community engagement - health commu-
nication and education - by involving local stakeholders within each
unique ecosystem who understand the particulars of their environment
and culture. In Sichuan Province, STH infection rate was reduced from
82.4% to 3.6% after 5 years of integrated control [70]. Top-down po-
licies, such as the WHO's primary public health intervention in the
campaign to eliminate STHs, the preventive chemotherapy approach,
are problematic for several reasons – they waste valuable resources and
funds, they do not utilize a bottom-up, Eco-Health/One Health ap-
proach in communities within a culturally acceptable framework, and
they are not breaking the parasite life cycle in a sustainable way.

3. Conclusions

Anthelmintics were not developed to prevent parasitism, and the
term “preventive chemotherapy” is misleading and naïve as it implies

prophylactic use, which is no longer acceptable in veterinary medicine
due to the prevalence of anthelmintic resistance. Anthelmintics are
meant to be one part of a parasite control program where they are used
to treat individuals who have been diagnosed with clinical parasitism in
order to decrease disease-associated morbidity. Suggestions of de-
creased anthelmintic efficacy have already been documented in all four
currently recommended drugs for STH infections for certain species of
STH [15]. If documented anthelmintic resistance occurs during the
campaign to eliminate STHs it could result in an even larger scale,
global public-health problem for those suffering from infection with
STHs as there will be no effective therapeutic options for those with the
greatest morbidity. Anthelmintic efficacy must be preserved for as long
as possible, and efficacy must be documented through sensitive sur-
veillance methods. Control of human helminthiasis is contingent upon
the willingness of those involved in human medicine to look beyond
preventive chemotherapy and to the lessons learned in veterinary
medicine. As Geerts and Gryseels warned us over 20 years ago [1],
continued disregard for their significance could prove disastrous.
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