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Abstract

A recent article published in Parasitology Research describes the use of high-dose moxidectin (Cydectin®) by wildlife carers
for the treatment of sarcoptic mange in bare-nose wombats (Vombatus ursinus). We provide additional perspectives on this
topic, including consideration of the pharmacokinetics, mode of action and efficacy of moxidectin. The volumes of moxidec-
tin applied by some carers exceeded the manufacturer recommended dose by up to 100-fold, although there appeared to be no
association between dose and clinical efficacy. The safety of these extremely high doses has not been scientifically evaluated
and we raise concerns regarding the potential for severe adverse events that may be undetected in free-living animals. The
inadvertent spillage of large volumes of pour-on acaricides may also have ecotoxic impacts. Reports of treatment failure
prompting the perceived need for higher doses are also concerning. The causal factors behind treatment failures should be
investigated as a matter of priority, as it is possible that moxidectin resistance is emerging in Sarcoptes scabiei mites infesting
wombats. We welcome the insights of individuals actively engaged in the treatment of this debilitating disease of wombats

and encourage further discourse, reflecting both the lived experience and evidence-based practice.

A recent publication in Parasitology Research by Old et al.
(2021) raises the topical and often controversial issue of the
treatment of wildlife by personnel with little or no formal
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scientific training (e.g. wildlife carers). In a valuable con-
tribution to the subject, Old and colleagues document a
wide range of topical (pour-on) application doses and fre-
quencies of moxidectin (Cydectin®) administered in situ to
bare-nosed wombats (Vombatus ursinus) by members of the
wildlife carer/treater community in southeast Australia to
treat sarcoptic mange disease. This treatment occurred under
minor use permits issued by the Australian Pesticides and
Veterinary Management Authority (APVMA). These per-
mits do not require veterinary supervision, although carers
are registered and are expected to comply with the guide-
lines of this permit.

The prevalence and severity of sarcoptic mange in wild-
life is influenced by a variety of factors including mite biol-
ogy, environmental conditions, population density, animal
behaviour and immune susceptibility (Browne et al. 2021).
In bare-nosed wombats, combinations of these elements play
a substantial role in making the treatment of an already dif-
ficult disease more complex. Moroni et al. (2020) comment
that any pharmacological treatment of free-ranging wildlife
must consider these factors when assessing their feasibility
and implications, especially in the context of emerging drug
resistance and potential long-term ecological impacts. As
individuals with significant interest in sarcoptic mange and
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representing a range of professional research and veterinary
expertise, we see value in providing expert commentary on
this issue.

Pharmacokinetics of moxidectin in wombats

Most mange treatments, including moxidectin, are not ovi-
cidal, which means that a single-dose treatment will not
clear infestation unless the drug is retained in the host at
therapeutically active concentrations throughout the entire
mite life cycle (at least 14 days) (Bernigaud et al. 2019).
While moxidectin has prolonged retention compared to other
macrocyclic lactones (e.g. ivermectin) in many host spe-
cies (Bernigaud et al. 2016; Mounsey et al. 2016), this is
not the case in southern hairy-nosed wombats (Lasiorhinus
latifrons). The subcutaneous administration of a standard
(0.2 mg/kg) dose of moxidectin in southern hairy-nosed
wombats resulted in comparable plasma concentrations,
but a considerably shorter plasma half-life (5 days, range
2-10) relative to other species (Death et al. 2011). This dif-
ference may be attributed to the low body-fat composition
of wombats, as sequestration to adipose tissue contributes
to the long half-life of this lipophilic drug in other animal
species (Craven et al. 2002a, 2002b). Therefore, consistent
with the observations of Old et al. (2021) and other studies
(e.g., Martin et al. 2019), successful treatment of mange in
bare-nosed wombats with moxidectin requires multiple treat-
ments over many weeks. Importantly, the data from Death
et al. (2011) and pharmacokinetic studies in other animals
(Fazzio et al. 2019) show that higher plasma concentra-
tions or administering higher subcutaneous doses did not
change the elimination dynamics of moxidectin, suggesting
that increasing dose volumes within therapeutic limits will
not extend the duration of therapeutic coverage and will not
prevent reinfestation.

The pharmacokinetics of topical moxidectin in bare-
nosed wombats has not been investigated. While it is gener-
ally accepted that absorption is lower via the topical route, if
pour-on treatments are administered to severely excoriated or
fissured skin as occurs with severe mange, absorption could
be much higher compared to that of intact skin. Conversely,
the presence of hyperkeratotic crusts, another feature of
severe disease, could be expected to impede topical absorp-
tion. These uncertainties mean there is a substantial risk of
underdosing or overdosing with the currently employed topi-
cal treatment regimens, and caution is especially warranted
with high doses due to the risk of toxicity. This uncertainty
regarding dose volumes was expressed by the respondents
in Old et al. (2021) and is further confounded by difficulties
in dispensing accurate doses to free-living animals using
current delivery methods.

@ Springer

Even if systemic absorption as measured by plasma con-
centrations is reduced with topical administration, several
studies on non-blood feeding ectoparasitic mites and lice
(including the mange mites Psoroptes ovis and Chorioptes
bovis and chewing louse Bovicola bovis) demonstrate that
topical administration of moxidectin was actually more
efficacious than subcutaneous administration (Chick et al.
1993; Losson and Lonneux 1993), as high concentrations
of moxidectin are retained in the skin (Lifschitz et al. 1999;
Sallovitz et al. 2003). Clearly, the pharmacokinetics of mox-
idectin is complex, and more research is needed that is spe-
cific to bare-nosed wombats, including the effect of different
routes of administration and skin lesion severity on plasma
versus target tissue concentrations.

Do higher moxidectin volumes increase
treatment efficacy?

The efficacy of the recommended dose (0.5 mg/kg every
4-6 weeks) of pour-on moxidectin against mange is well-
established in the target species it was intended for (cattle
and deer) (Virbac Animal Health 2021; Prichard et al. 2012).
However, the scientific evidence for moxidectin’s efficacy
against sarcoptic mange in bare-nosed wombats suggests
that this species likely requires doses to be administered
at more frequent intervals over a prolonged period of time
to achieve clinical resolution. The treatment of free-living
wombats as detailed in Old et al. (2021) primarily utilised
non-invasive methods such as “burrow-flaps” and “pole
and scoop” to deliver moxidectin topically to the skin of
infested wombats. Published field research from Tasmania
(Martin et al. 2019) and unpublished field trials from New
South Wales (Phalen, personal communication) showed
that 4-5 mL of pour-on moxidectin (ca. 1 mg/kg in a 25 kg
wombat), delivered weekly by burrow flap for a minimum
of 8 to 12 weeks, resulted in the resolution of clinical signs
of sarcoptic mange in free-living wombats. However, it is
noteworthy that upon cessation of treatment, there was no
evidence of a prophylactic effect against later reinfestation
from a second exposure to Sarcoptes mites via direct contact
or shared burrows.

Conversely, many of the respondents in Old et al. (2021)
commented that dose volumes of 1 mg/kg applied topically
were not effective and reasoned that lack of efficacy justified
their decision to use much higher doses, despite this practice
breaching minor use permits at the time. To our knowledge,
the doses of moxidectin administered by carers as described
in this report are the highest reported for the treatment of
parasitic disease, in any other vertebrate species, globally.
Put in context, delivery of 100 mL of Cydectin® equates to
a dose of 20 mg/kg, and some carers utilised up to 200 mL
of product per application. This is exceptionally high and
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Fig.1 The varied utilisation of Cydectin® by wildlife carers. Dose
volume and number of doses administered in wombats with moder-
ate and severe sarcoptic mange reported as successfully treated with
moxidectin (Cydectin®) in Table 1 of (Old et al. 2021). Note that a
single case may have received changing regimens over the course
of treatment, so may be represented by more than one point on this
graph

represents a 100-fold increase compared to the recom-
mended regimen for this product (Virbac Animal Health,
2021).

While there was a strong perception from sections of
the wildlife carer/treater community that higher volumes
enhanced recovery by reducing treatment time, objective
interpretation of the relationship between moxidectin dose
and treatment success in wombats was limited. The authors
acknowledged that they found “no relation between dose vol-
ume and overall length of treatment for mild, moderate and
severe sarcoptic mange”, although no statistical analysis was
presented. The ability to analyse the effect of dosing regimen
on clinical outcome was complicated by the ad hoc nature
of dose volumes given, mode of delivery, treatment period,
number of repeat doses given, and peri- and post-treatment
monitoring. Regardless, to better understand these asso-
ciations, we plotted drug volume versus number of doses
administered in recovered wombats (Fig. 1). When visualis-
ing the data from Old et al. (2021) in this way, it is appar-
ent that there was no difference in dose numbers between
volumes under pre-existing minor use permits (20 mL, ca.
4 mg/kg) from the APVMA and higher doses (100 mL, ca.
20 mg/kg) described in this paper. However, this analysis
does suggest that dose volumes below 5 mL (ca. 1 mg/kg)
were associated with more repeat doses and longer treat-
ment duration in accordance with recommended guidelines,
although not with a higher likelihood of treatment failure.
Additionally, it is important to recognise other pertinent fac-
tors influencing data interpretation, acknowledged by Old
et al. (2021). The definition of treatment success is broad,
with an absence of physical examination by veterinarians,

and a lack of diagnostic testing (such as microscopic exami-
nation of skin scrapings or histopathological examination of
skin biopsies) to support the assertion that treatment resulted
in “cure”. Thus, recovery may not be accurately captured
in all cases and may be subject to reporting biases toward
cases that were more likely called “successful” by the survey
respondents.

Mode of action and selectivity of macrocyclic
lactones

Macrocyclic lactones such as moxidectin and ivermectin
are irreversible agonists of ligand-gated chloride channels,
where their binding causes hyperpolarisation and paraly-
sis in the target organism. Certain families of ligand-gated
chloride channels are only found in invertebrates, such as
the glutamate-gated chloride channels (GluCls), in which
the macrocyclic lactones bind with high affinity at low con-
centrations. This potent activity of moxidectin against the
GluCls is often cited as the reason for its high selectivity
and safety. However, it is less well communicated that other
ligand-gated ion channels are also widely distributed in the
mammalian central nervous system and that macrocyclic
lactones are also agonists of these receptors. For example,
both ivermectin and moxidectin are active against GABA ,
receptors (Menez et al. 2012) and ivermectin can activate
glycine receptors (GlyRs) at relatively low concentrations
(Shan et al. 2001). While the concentrations of ivermectin or
moxidectin required to open mammalian receptors are gener-
ally higher than their invertebrate GluCl counterparts, they
become relevant in the case of high and/or frequent doses.
It is important to acknowledge that while moxidectin and
ivermectin are structurally related and share the same mode
of action, differences do exist between the drugs (reviewed
in Prichard et al. 2012), which are still incompletely under-
stood—moxidectin especially is not well characterised.

Safety of high-dose macrocyclic lactone
treatment

We emphasise that no published safety data on moxidec-
tin exists in wombats, and there have been few safety stud-
ies in any species on the topical application of moxidectin
beyond 5-10 mg/kg, as higher doses are not normally used
nor required to achieve the desired clinical effect. Most pub-
lished doses are between 0.2 and 0.5 mg/kg, with higher
doses less common and only for certain species (Schraven
et al 2021). The macrocyclic lactones are generally consid-
ered to have a wide safety margin, due to the expression of
P-glycoproteins at the blood-brain barrier which prevents
their entry to the CNS and binding to mammalian receptors.
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However, the potential for neurotoxicity from macrocyclic
lactone treatment does exist when high doses are adminis-
tered, and moxidectin was found to accumulate in the brain
of both P-glycoprotein deficient and wild-type mice (Menez
et al. 2012), meaning that high concentrations could theo-
retically enter the brain and cause CNS effects. Concerns
regarding safety of macrocyclic lactones in wombats have
been raised by others previously, even at “standard” doses.
Ruykys et al. (2013) reported that two free-living southern
hairy-nosed wombats with mange lost body weight over a
period of > 30 days following a single treatment with iver-
mectin (0.2 mg/kg subcutaneous injection), before body
weight was eventually regained. While this could be related
to recovery or diet changes, it may also indicate that iver-
mectin could cause adverse off-target effects to southern
hairy-nosed wombats, which would reasonably be expected
to be greater at higher drug doses.

In humans, the accumulation of ivermectin in brain tissue
due to greater than 100-fold overdoses via oral ingestion has
resulted in coma and death (Chung et al. 1999; Sung et al.
2009). Severe illness resulting from the inappropriate use
of ivermectin for the prevention and treatment of COVID-
19 is also being reported (Centers for Disease Control and
Prevention, 2021). Most studies of macrocyclic lactone
safety and pharmacokinetics consider the usual modes of
treatment, where low concentrations and less frequent treat-
ment are customary. However, there are some diseases such
as disseminated strongyloidiasis, severe crusted scabies and
demodicosis where more intensive treatments are required,
and these are relevant to the discussion of the treatment of
sarcoptic mange in wombats. While rare, reports exist of
encephalopathy after repeated ivermectin treatment in Stron-
gyloides hyperinfection (reviewed in Donadello et al. 2013).
Fluctuations in plasma ivermectin concentrations including
substantial increases post treatment were observed, indicat-
ing that careful monitoring of patients receiving frequent
treatments is required. Accumulation of ivermectin in the
brain, coma and death were noted in a patient 14 days after
the cessation of daily ivermectin treatment (van Westerloo
et al. 2014). Notably, these patients had no known impair-
ment of P-glycoprotein function. In severe disease, other
comorbidities such as impairment to liver function and
hypoalbuminemia may also result in unpredictable drug
absorption, pharmacokinetics and treatment response. In
severe sarcoptic mange of wombats (Martin personal com-
munication; Rukys et al. 2013.) and other mammalian spe-
cies (Espinosa et al. 2017; Nakagawa et al. 2009), secondary
bacterial infections, elevated liver enzymes, septicaemia and
systemic amyloidosis are common causes of organ dysfunc-
tion that are not treated by macrocyclic lactones and which
may be expected to alter plasma pharmacokinetics and drug
clearance, so this is an important consideration.

@ Springer

While moxidectin appears to have a lower affinity for
mammalian GABA , receptors and a wider safety margin
compared to ivermectin (Menez et al. 2012), this drug is
not immune from safety and neurotoxicity concerns. Mouse
model studies have observed moxidectin toxicity at rou-
tine topical doses for the treatment of fur mite (Myocoptes
musculinus). Like the reports of ivermectin neurotoxicity
in strongyloidiasis, there was a substantial accumulation of
moxidectin in the brain relative to plasma and no observable
P-glycoprotein deficit (Lee et al. 2009). Because there have
been limited studies of high-dose moxidectin in animals, the
clinical signs and physiological impacts of overdose in wom-
bats cannot be predicted. Adverse events have been reported
at high and/or inappropriate doses of moxidectin in dogs and
horses warranting caution in their use (Khan et al. 2002;
Mueller 2004). Adverse effects in dogs include salivation,
lethargy, vomiting, and loss of appetite as well as neuro-
logical signs including ataxia (abnormal, uncoordinated
movements), tremor, and nystagmus (repetitive abnormal
eye movements). In horses, overdose leads to ataxia, depres-
sion, drooping of the lower lip, tremor, decreased respiratory
rate, stupor, and coma (Dowling 2012).

We note with concern the report of one death of a wom-
bat receiving two high doses (200 mL followed by 100 mL)
and a second death at lower doses (6 X 30—40 mL). With no
clinical examination of these cases, both may be potentially
related to CNS toxicity. Any deaths following acaricide treat-
ment should be followed up by gross post-mortem examina-
tion including histological review of tissues and appropriate
toxicity screening. Investigations should include the collec-
tion of brain tissue to test for drug accumulation and liver
tissue to assess hepatic function, which could impair normal
drug clearance. These documented mortality incidents raise
further concerns due to the commonality of treated wombats
avoiding re-observations despite rigorous post-treatment
monitoring (Wilkinson, personal communication). In such
cases, it is a real possibility that adverse effects related to
moxidectin dose (as well as mange severity, secondary infec-
tions and other factors), including mortality, may go unde-
tected and therefore be under-recognised and under-reported.
The experience with ivermectin-related encephalopathy in
strongyloidiasis and complex pharmacokinetic properties of
both drugs suggest that adverse neurological effects may
not arise until well after treatment has ceased, meaning that
longer-term monitoring is likely required, especially when
high doses are administered repeatedly. Furthermore, tran-
sient or less overt clinical signs such as lethargy and reduced
respiratory rates are unlikely to be identified in the absence
of clinical examination.

The difficulties associated with appropriately monitoring
treated animals at sufficiently regular intervals were cited
as the key issue by the interviewees and are a well-known
barrier to the successful treatment of sarcoptic mange in
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wildlife (Rowe et al. 2019). Thus, empirical assessment of
the safety of high-dose moxidectin, including monitoring for
neurotoxicity events, using data gathered by non-veterinary
trained carers alone is not possible. Owing to the complexi-
ties of definitively identifying cause and effect in free-living
wombats, it is possible that death from treatment may be
incorrectly attributed to death from mange-related complica-
tions or other causes.

Ecotoxicity potential with indiscriminate use
of pour-on moxidectin

The interviewees in Old et al. (2021) note that substantial
spillage of moxidectin can occur during drug administration.
Moxidectin has recently been identified by the European
Union as persisting in the environment and bio-accumulat-
ing in fish (European Medicines Agency, 2017). In cattle,
moxidectin is preferable to ivermectin in that it is generally
less lethal to arthropods, such that concentrations persisting
in faeces do not adversely affect dung beetle populations
(Lumaret et al. 2012). However, moxidectin is highly toxic
to aquatic organisms, such that inadvertent spillage of high
volumes of product that ultimately enter waterways could
have profound impacts, especially on fish. These may mani-
fest as both acute toxicity and reproductive changes such as
reduced egg hatching that could affect population dynamics
in the longer term (Lumaret et al. 2012; Mesa et al. 2018;
Muniz et al. 2021). While more research into the ecotoxico-
logical impacts of moxidectin are needed, in the short term,
it would be prudent to clearly communicate to end-users that
moxidectin pour-on should not be used near waterways, in
volumes that inevitably lead to spillage, or during rain events
that may lead to moxidectin being washed off the wombat
or flooding of burrows. Another consideration is that high
doses of moxidectin in burrow flaps may be dispensed to
non-target animals utilising burrows.

Drug resistance

A key concern of the interviewees in Old et al. (2021) was
regarding the potential emergence of mite resistance to mox-
idectin. We share these sentiments. Acknowledging the dif-
ficulties in objectively assessing treatment responses in these
settings, if carers are reporting a potential lack of moxidectin
efficacy at conventional dose volumes, then formal investi-
gations to gather evidence of treatment failure(s), including
the underlying mechanisms, are warranted. The usage pat-
terns reported in this study have raised strong suspicions that
moxidectin resistance may already exist in mites from some
of these treated populations, which may explain the high
variation in reported treatment efficacy at different doses.

Resistance is known to emerge in Sarcoptes mites fol-
lowing intensive exposure to acaricides. Important lessons
can be learned from the treatment of crusted scabies, which
is the human equivalent to severe sarcoptic mange where
similar treatment regimens are utilised. Oral ivermectin has
been used for crusted scabies for more than two decades
with varied success. Early studies showed that single-dose
therapy was not effective, and even three doses at 14-day
intervals failed to achieve cure in some cases (Huffam and
Currie 1998). Genetic analysis revealed that some of these
cases were likely to be recrudescent infections rather than
reinfection (Walton et al. 1999). In a further report, two
severe crusted scabies patients did not respond to oral iver-
mectin despite five doses being administered over a period of
one month. Large numbers of live mites were still observed
post-treatment, and these mites were found to have a dimin-
ished response to ivermectin in vitro (Currie et al. 2004). A
later study confirmed that selection for ivermectin-tolerant
mites can occur quickly, with increased in vitro survival
times noted in mites obtained from a patient 8 days post
ivermectin treatment (Mounsey et al. 2009). These obser-
vations led to the recommendation that ivermectin treat-
ment should be supplemented with topical acaricides and
keratolytic therapy to aid the removal of crusts and limit
the future emergence of resistance (Currie and McCarthy
2010). Unfortunately, such intensive regimens are not possi-
ble in free-living wombats. Notably, there have been several
cases of apparent moxidectin treatment failure in orphaned
bare-nosed wombats in care, with live mites and eggs still
observed in skin scrapings despite multiple doses of subcu-
taneously administered moxidectin (Wicker, personal com-
munication). It is unknown whether these cases represent
bona fide resistance, or whether these suboptimal responses
to treatment were related to other factors such as impaired
drug bioavailability.

While ivermectin resistance is widespread in nematodes
and arthropods, reports of moxidectin resistance have been
less common until recently. It now appears that many years
of indiscriminate pour-on treatment with moxidectin has
led to resistance in the closely related Psoroptes ovis mite,
the causative agent of psoroptic mange in sheep and cattle
(Doherty et al. 2018; Sturgess-Osborne et al. 2019; van Mol
et al. 2020). Based on this experience, there is a very high
potential of selecting for moxidectin resistance in S. scabiei
mites with repeated doses of moxidectin. Due to the uncer-
tainties surrounding drug concentration in the skin, it is pos-
sible that mites are frequently exposed to sub-therapeutic
levels of moxidectin, and continual increases of drug dose
are likely to escalate the selection for resistance. Empiri-
cal investigations of this would involve testing of mites for
in vitro and molecular evidence of moxidectin resistance
(Doherty et al. 2018; Mounsey et al. 2009, 2017). Collection
of skin scrapings and analysis of mites in non-responding
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animals could provide rich insights and may be a relevant
consideration for wombats in care. This should be com-
plemented by a thorough health assessment to understand
underlying issues which may be contributing to poor treat-
ment response.

Notwithstanding our above concerns regarding the safety
and paucity of evidence supporting the use of high mox-
idectin doses, these observations from experienced carers
represent the lived experience of treating sarcoptic mange.
Such insights are highly valuable and eloquently highlight
the “grand challenges” of this debilitating disease in bare-
nosed wombats and wildlife more generally. Key issues
include the following:

1. A need for more effective acaricides with sufficient host
retention, preferably needing only a single or small num-
ber of doses.

2. Improved delivery methods that are non-invasive, accu-
rate and feasible for treating free living populations.

3. Extreme caution with the use of higher doses, including
frequent monitoring of animals and thorough investiga-
tion of adverse events.

4. Carers/treaters should be familiarised with the risks of
using acaricides near waterways.

5. A better understanding of the pharmacokinetics, safety
and efficacy of new and existing drugs.

6. Deeper investigations into treatment failures, including
testing for drug resistance and investigating other under-
lying factors which may contribute to poor treatment
responses.

In summary, the successful treatment of sarcoptic mange
requires partnerships among stakeholders, including wild-
life carers and treaters, veterinarians and research scientists.
We encourage continued conversations, supported by both
individual experiences and scientific evidence. We recog-
nise that debate and discourse about knowledge, experience,
strength of evidence and interpretations of that can at times
be difficult and emotive. Nonetheless, it is our experience
that the goals of all stakeholders are broadly aligned and
keeping perspective of common ground, i.e. the welfare of
an iconic Australian animal, is of significant value to all.

Funding Scott Carver, David Phalen, Kotaro Takano, Victoria Wilkin-
son and Kate Mounsey are involved in recent research on the safety,
pharmacokinetics and efficacy of Fluralaner (Bravecto®) to treat wom-
bats for S. scabiei, supported by an Australian Research Council Link-
age Project LP180101251. The original article discussed (Old et al.
2021) was funded by the Wombat Protection Society of Australia.
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