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Summary
The growing problem of antimicrobial resistance affects
veterinarians on a daily basis. Antimicrobial stewardship and
responsible prescribing are essential for a future with effective
antimicrobials, as it is unlikely that new antimicrobials will
become available for use in horses in the near future.
Extended-spectrum b-lactamase (ESBL) producing
Enterobacteriaceae, methicillin-resistant Staphylococcus
aureus (MRSA) and Salmonella spp. are pathogens of
significant concern but there are also other opportunistic
pathogens such as Pseudomonas spp., a-haemolytic
Streptococcus spp., Enterococcus spp. and Acinetobacter
spp. which, due to their high intrinsic resistance, have limited
treatment options in adult horses. It is essential that highest
priority critically important antimicrobials such as ceftiofur,
enrofloxacin, rifampicin and polymyxin B are used prudently
in horses and ideally based on culture and antimicrobial
susceptibility testing (AST). For example, the use of polymyxin
B at a low anti-endotoxic dose rather than at a higher
antimicrobial dose in horses for the treatment of systemic
inflammatory response syndrome is a potential driver for
resistance to colistin (polymyxin E), an antimicrobial used as
a last resort in the treatment of multidrug resistant (MDR)
Enterobacteriaceae infections in humans. Serum
procalcitonin levels are used in humans to distinguish
noninfectious inflammatory conditions from inflammation
caused by bacteria and other infectious agents and are also
used to guide cessation of antimicrobial treatment. Although
no such studies have been performed in horses, this or other
markers may prove to be helpful in guiding antimicrobial
treatment decisions in the future. Optimising sampling
techniques and good communication with the microbiology
laboratory are essential for generating the accurate culture
and AST results that underpin appropriate antimicrobial use.
Additionally, there is clearly a need for national and
international harmonisation of laboratory methods in order to
improve the reliability and consistency of results reported by
different laboratories.

Introduction

Antimicrobial resistance (AMR) is a global problem, which
unfortunately remains an ongoing challenge in both human
and veterinary medicine. Horses occupy a unique niche
globally in that they, as companion animals, frequently have
direct contact with humans, as well as indirect contact
through contamination of walking trails or other public spaces
with horse faeces or through the use of horse faeces to

fertilise crops for human consumption. In addition, many
horses have a high financial value and in some countries,
have the potential to enter the food chain in meat products.
These diverse aspects of the role of horses in society mean
that increased AMR in horses is likely to have economic,
emotional and public health implications. AMR in horses is
expected to become an increasing concern to clinicians
over time, as new antimicrobials are unlikely to become
available for use in horses in the near future.

Veterinarians are becoming increasingly aware of the
importance of antimicrobial stewardship, in part due to
advances in the curriculum for veterinary students,
participation in continuing professional development and the
fact that journal publishing guidelines are becoming more
stringent with regard to antimicrobial treatment protocols
used in reported cases. Furthermore, there is likely an
increasing awareness of highest priority critically important
antimicrobials (HPCIAs) among equine veterinarians.
Although there is not yet widespread familiarity with this
acronym, there is at least an increased awareness of which
antimicrobials that are used in horses (e.g. enrofloxacin,
ceftiofur, rifampicin and polymyxin B) are classified as HPCIAs.
However, there are several circumstances where
inappropriate antimicrobial use either in terms of the drug
choice (Jago et al. 2015) or duration of therapy (Muntwyler
et al. 2020) has been reported. One would hope that the
inappropriate use of antimicrobials decreases in the future,
particularly in elective arthroscopic surgery, where it has
been shown that antimicrobials are not required to prevent
joint sepsis in the majority of cases (Borg and Carmalt 2013).

Evidence of reduced antimicrobial use

There is promising evidence that UK veterinarians are using
less antimicrobials year on year and are meeting or even
exceeding targets for reduced antimicrobial use. These data
mostly relate to food-producing animals (FPA), although this
does include horses in some instances. The data are
presented as the active ingredient weight in milligrams (mg)
of all antimicrobial products sold in the UK divided by the
estimated national annual biomass of animals in each
category (number of animals 9 estimated weight). Although
it is an estimation, it does enable year-on-year comparisons
to be made and trends to be seen (VARSS 2016). The total
sales of antimicrobials in all food-producing species in 2019
were 31 mg/kg, which is similar to the figure of 29.5 mg/kg
recorded in 2018, and a decrease of 45% compared with the
figures from 2015 (VARSS 2020). This is one of the lowest UK
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figures reported since regular sales reporting started in 2005
and is much below the 50 mg/kg government target set to
be achieved by 2018 following recommendations in the 2016
O’Neill Review on Antimicrobial Resistance (O’Neill 2016).
Furthermore, the total use of HPCIAs in FPA has decreased by
74% between 2015 and 2019 and was only 0.17 mg/kg in the
latest VARSS report (VARSS 2020). Sales of antimicrobials
authorised for ‘horses only’ are likely an underestimation of
use in horses, as products such as penicillin and
oxytetracycline labelled for FPA are also used commonly in
horses. Nevertheless, there was a decrease of 69% (4.6
tonnes) between 2017 and 2019 and 84% (11.3 tonnes)
between 2015 and 2019 in antimicrobials authorised for
‘horses only’ (VARSS 2020). Tetracyclines were the most sold
antimicrobial class in the FPA category, accounting for 41%
(72.8 tonnes), followed by beta-lactams (accounting for 23%
[41.7 tonnes]). Fluoroquinolones accounted for only a small
proportion of sales in this category (0.3% [0.6 tonnes]). Beta-
lactams were the most sold antimicrobial class in non-food-
producing species only (companion animal and ‘horse only’
products) in 2019, representing 65% (9.5 tonnes) of the total.
The trimethoprim–sulphonamides class accounted for 14%
(2.0 tonnes) of the total for non-food-producing species
category. As horses are included in both food and non-food-
producing proxies it is difficult to conclude with any certainty
which the most commonly used antimicrobials are, although
it would seem likely that trimethoprim–sulphonamides, beta-
lactams and tetracyclines make up a large proportion of the
antimicrobials used in horses.

Antimicrobial stewardship

Antimicrobial stewardship is an organisational or healthcare-
system-wide approach to promoting and monitoring judicious
use of antimicrobials to preserve their future effectiveness
(NICE 2015) and can be simplified into ‘the right drug, at the
right time, at the right dose and for the right duration’
(Dryden et al. 2011). Antimicrobial stewardship relies on the
cumulative effects of multiple approaches and interventions
combined with a mindset of continuous improvement
(Prescott 2021) and is important for preserving the availability
and effectiveness of antimicrobials used by the veterinary
profession to treat infections in horses and other species.
Compared to small animal veterinarians, equine veterinarians
have a more limited range of antimicrobials available for use.
This becomes yet more restricted when considering practical
aspects, such as the limited number of antimicrobials
available in oral formulation for administration by owners; or
the number of antimicrobials available as intravenous
formulations that can be administered via a catheter during
hospitalisation, particularly in horses that are not tolerant of
repeated intramuscular injections.

Although antimicrobial stewardship is important, it should
not take precedence over the safety of veterinary staff
administering the antimicrobial or the ‘acceptable’ cost to
the owner. The ‘acceptable’ cost will vary depending on the
type of owner and circumstances relating to the infection.
Even though there are some nonauthorised antimicrobials
which can be administered to adult horses, for example
amoxicillin (human formulation) and chloramphenicol
(special licence), the cost of these two antimicrobials
becomes almost prohibitive in an adult horse (amoxicillin
[15 mg/kg bwt q.i.d. i.v.] approx. £500/chloramphenicol

[50 mg/kg bwt q.i.d. per os] approx. £200 per 24 hours for a
500 kg horse). In comparison with small animal veterinarians
dealing with a multidrug-resistant (MDR) infection in a 5 kg
dog, equine veterinarians face a logistical and financial
challenge when trying to find a suitable and responsible
antimicrobial for the treatment of a similar infection in a
650 kg horse. As foals generally weigh less than adult horses,
more antimicrobials are within the budget of the majority of
owners. Paradoxically, this may result in increased use of
HPCIAs. An additional factor to consider is that some broad-
spectrum antimicrobial combinations (e.g.
penicillin/gentamicin) commonly used in adults have
increased nephrotoxic potential in foals (gentamicin) (Corley
and Hollis 2009). Consequently, foals with a suspected
significant infection in the UK are routinely administered a
HPCIA such as ceftiofur without first considering culture and
antimicrobial susceptibility test (AST) results. The high mortality
rates associated with sepsis in foals mean there is often not
time to wait for culture and AST results before administering
antimicrobials. In Sweden, use of HPCIAs is only allowed
based on culture and AST; hence, a second-generation
cephalosporin (cefuroxime) is commonly used instead as a
first-line treatment in foals. However, this antimicrobial is not
authorised for use in horses in the UK. Although short- and
long-term systemic enrofloxacin administration in the mare
does appear safe for the developing fetus in both early and
late gestation (Ellerbrock et al. 2019a, 2019b; Ellerbrock et al.
2020), it has been associated with cartilage lesions when
administered systemically in foals (Vivrette et al. 2001). For this
reason, this particular HPCIA is rarely used in foals.

The prescribing cascade is a unique UK and Irish decision-
making algorithm which allows a veterinary surgeon to
prescribe unauthorised medicines that would not otherwise
be permitted. In the first and second steps of the cascade,
veterinary medicine with a marketing authorisation valid in
GB or UK wide or in Northern Ireland for indicated species
and condition must be used first. In the third step of the
cascade, a veterinary medicine authorised in the UK for use
in another animal species or for a different condition in the
same species must be used next. If there is no such product,
step four includes either a medicine authorised in the UK for
human use, or a veterinary medicinal product not authorised
in the UK but authorised in another EU country for use in any
animal species (VMD 2013). However, appropriate
antimicrobial stewardship is considered a higher priority than
using an antimicrobial authorised for use in horses according
to the prescribing cascade (VMD 2014), and practice-based
protocols that recommend specific nonauthorised
antimicrobials may remain appropriate if they promote good
antimicrobial stewardship (Redpath and Bowen 2020). The
prioritisation of antimicrobial stewardship also means that
nonauthorised antimicrobials may be justified even in the
presence of authorised antimicrobials if this avoids the use of
a HPCIA. Furthermore, in consideration of the UK prescribing
cascade, many authorised antimicrobials are used in a
nonauthorised manner; for example, procaine penicillin is
authorised at a dose of 14 mg/kg bwt i.m. q. 24 h but is
routinely administered at a wide dose range (14 to 22 mg/kg
bwt i.m. q. 12 h) (Hardefeldt et al. 2019).

An example of inappropriate antimicrobial use is when
the underlying cause of disease may be viral or inflammatory,
but not bacterial. In a study of noninfectious inflammatory
airway disease in horses, 69% of racing Standardbred and
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Thoroughbred horses had received antimicrobials, with 52% of
horses having received more than one antimicrobial,
including ceftiofur, a third-generation cephalosporin (Weese
and Sabino 2005). Hammersely et al. (2016) also showed that
HPCIAs accounted for 4.8% of antimicrobial prescriptions
across seven ‘first opinion’ equine practices in the UK.
Furthermore, culture and AST were performed prior to
fluoroquinolone and fourth-generation cephalosporin (e.g.
cefquinome) administration in only 18.2% and 17.1% of cases,
respectively. Concerningly, when HPCIAs were used, in 70.1%
of fluoroquinolone and 76.4% of fourth-generation
cephalosporin prescriptions, they were the first antimicrobials
to be prescribed. A similar study in North America revealed
frequent prescription of HPCIAs as first-line treatments, with
even lower compliance of microbiological testing than in the
UK. Culture and AST was performed in only 2.4% of
enrofloxacin and 4.8% of ceftiofur prescriptions (Welsh et al.
2017). A more recent audit of several equine practices in the
UK, however, identified a 38% reduction in enrofloxacin, a
95% reduction in ceftiofur and a 100% reduction in
cefquinome usage between 2014 and 2018 with significant
increases in the proportions of trimethoprim–sulphadiazine
and doxycycline used (Mair and Parkin 2022).

The implementation of audits of HPCIA prescriptions
including a requirement that clinicians justify their choice of
antimicrobials in front of their peers is encouraged, and such
audits have been shown to reduce prescriptions of these
antimicrobials in humans (Diazgranados 2012). A recent
randomised controlled trial in companion animals found that
the use of heavy intervention, including in-depth
benchmarking and follow-up meetings, reduced HPCIA
prescriptions in canine and feline consults by 30% and 42%,
respectively (Singleton et al. 2021). The above studies would
suggest that auditing of antimicrobial prescriptions and
substantial intervention does help bring about improved
antimicrobial stewardship.

Polymyxin B and colistin

One antimicrobial of high priority that many clinicians may
not be aware of is polymyxin B, a drug that is closely related
to colistin (polymyxin E). Colistin is increasingly used as a last-
resort antimicrobial in humans due to limited therapeutic
options for carbapenem-resistant MDR Gram-negative
bacteria (Li et al. 2006; Lim et al. 2010; Dhariwal and Tullu
2013). Polymyxin B (Committee for Medicinal Products for
Veterinary Use [CVMP] class B- ‘Restrict’) is used in horses at
an anti-endotoxic dose (which is lower than the antimicrobial
dose) in the treatment of systemic inflammatory response
syndrome (SIRS). There is evidence that this treatment
improves the survival of horses with SIRS (Barton et al. 2004),
especially if used before an endotoxic insult (e.g. prior to
releasing a strangulated portion of bowel). However, in many
cases, it is used when there is already widespread evidence
of SIRS. When colistin was first discovered more than 50 years
ago, concerns over nephrotoxicity (Kelesidis and Falagas
2015) and neurotoxicity (Biswas and Brunel 2014; Velkov et al.
2018) precluded extensive use in human medicine; instead,
colistin was used as an in-feed antimicrobial growth promoter
to improve feed efficiency and bodyweight gain in FPA. The
use of antimicrobials as growth promoters has been banned
in the EU since 2006 (European Union 2006) and more
recently, in 2016 in China and 2019 in India (FSSAI 2019). The

World Health Organization (WHO) added colistin and
polymyxin B to the list of HPCIAs in 2016 for several reasons:
firstly, due to the increasing use of colistin to treat serious
infections in humans, secondly, as a consequence of the
discovery of genes that confer transmissible resistance to
colistin (mcr-1 and mcr-2) and thirdly, to mitigate concerns
over the spread of colistin-resistant bacteria via the food
chain (WHO 2016).

It is currently not known if the low dose of polymyxin B
used in the treatment of SIRS in horses contributes to the
global colistin resistance, but it would seem prudent to use
polymyxin B with care in horses and only in select cases to
minimise the overall global burden of this antimicrobial. The
recommended dose for polymyxin B in the treatment of SIRS
in horses is 6000 iu/kg IV every 8 to 12 hours, although the
published dose range varies between 5000 and 10,000 iu/kg
(Parviainen et al. 2001; Barton et al. 2004; Morresey and
MacKay 2006; Werners 2017). All antimicrobial use can select
for AMR, but exposure to subtherapeutic levels of
antimicrobial agents may increase the rate of development
of AMR, particularly when exposure is prolonged or recurrent
(Guillemot et al. 1998; Gullberg et al. 2011; Liu et al. 2011). It is
possible that the use of polymyxin B in horses may contribute
to the global colistin resistance, as horses are generally heavy
animals weighing approximately 450–550 kg, the total dose
administered would be much higher than that in humans.

Plasmid-mediated colistin-resistant genes were first
discovered in China in 2015 (Liu et al. 2016) although
retrospective studies have identified colistin genes in isolates
collected as early as 2005 (Haenni et al. 2016). Since then, a
number of colistin-resistant genes have been reported,
including mcr-2 (Xavier et al. 2016), mcr-3 (Yin et al. 2017)
and up to mcr-10 most recently (Wang et al. 2020). These
mobile colistin-resistant genes have been detected globally,
which is concerning. A colistin-resistant gene (mcr-9) has
recently been discovered in horses in Sweden (B€orjesson
et al. 2020) where it was associated with a blaSHV gene on a
plasmid. The same colistin-resistant gene (mcr-9) has been
discovered in extended spectrum b-lactamase (ESBL)-
producing E. coli at several equine hospitals in the UK (Isgren
et al., unpublished data). In these isolates, the gene was
associated with a different blaSHV gene on a different
plasmid, suggesting a source different from the isolates from
Swedish horses. Furthermore, another colistin-resistant gene
(mcr-5.3) was identified in a horse with pneumonia in Brazil
that died in 2012 (Fernandes et al. 2018). With increasing
colistin resistance globally, equine clinicians must question if
the clinical benefit of using polymyxin B in the treatment of
SIRS outweighs the potential global contribution to colistin
resistance. Commitment to a ‘One Health’ approach to AMR
is important for the veterinary profession; otherwise, the
availability of antimicrobials for use in horses may become
further restricted, either by regulatory bodies, by the action of
the bacteria themselves, or both.

Bacteria of concern

ESBL-producing Enterobacteriaceae
ESBL-producing Enterobacteriaceae are of high importance
as these bacteria are difficult to treat due to their resistance
to cephalosporins. Furthermore, as ESBL genes are commonly
carried on large plasmids which frequently carry many other
resistance genes; they are commonly also MDR. MDR isolates
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are defined as bacterial isolates with acquired
nonsusceptibility to at least one antimicrobial in three or more
antimicrobial classes. ESBL-producing Enterobacteriaceae are
a frequent cause of bloodstream infections in humans with
high mortality and it has been shown that every hour of
delayed effective antimicrobial treatment reduces survival by
7%, while the administration of antimicrobials within the first
hour of recognition of sepsis or septic shock, results in survival
rates of up to 80% (Kumar et al. 2006). Thankfully in horses,
bacteraemia with ESBL-producing Enterobacteriaceae is rare,
although it has been reported in foals (Shnaiderman-Torban
et al. 2020). More commonly these organisms are identified in
surgical site infections (SSIs) in horses after exploratory
laparotomy where they are a cause of morbidity, increased
duration of hospitalisation and increased post-operative cost.
Due to the above, such bacteria are of importance to
hospital biosecurity. In most cases, the infections will
eventually resolve, and the horse will be discharged from the
hospital without long-term complications, apart from the
general risk of hernia formation which is associated with any
SSI (French et al. 2002; Mair and Smith 2005).

In humans, carriage of ESBL-producing
Enterobacteriaceae are not limited to hospitalised patients
but are also frequently identified in the community (Reuland
et al. 2013). In horses, ESBL-producing Enterobacteriaceae
are frequently carried by hospitalised horses, identified in the
hospital environment and also in some SSIs (Apostolakos et al.
2017; Walther et al. 2018). Over the last decade, there has
been a change in the genes in ESBL-producing E. coli in
hospitalised horses in the UK from blaTEM and blaSHV to blaCTX-

M (Isgren et al. 2019). One of the blaCTX-M genes (blaCTX-M-15)
is of particular concern as it is associated with human
pandemic clone, O25:H4 ST131, and this gene (blaCTX-M-15)
has been identified in at least two equine hospitals in the UK
(Isgren et al., unpublished data). Unlike in humans,
community carriage of ESBL-producing E. coli in horses is low
(6.3%) and is most commonly associated with horses that
have recently been hospitalised (Maddox et al. 2012).

Methicillin-resistant Staphylococcus aureus
Methicillin-resistant Staphylococcus aureus (MRSA) continues
to be of high interest in hospitalised horses where it is a
sporadic cause of infection (often found in SSIs). In human
medicine, much research focus has changed in the last
decade from MRSA to ESBL-producing Enterobacteriaceae,
due to increased prevalence in bloodstream infections
(Sader et al. 2020). MRSA is, however, still identified in some
bloodstream infections in humans where it has a higher
mortality than methicillin-susceptible Staphylococcus aureus
(MSSA) (Cosgrove et al. 2003) and is a cause of morbidity,
including repeat surgery, removal of implants and increased
hospitalisation times (Watters et al. 2004). In equine hospitals,
MRSA is a cause of high morbidity and does increase the
duration of hospitalisation and cost to the owner, although it
is rarely fatal in horses (Bortolami et al. 2017). There is also a
risk it may spread to other horses in the hospital and cause
an outbreak. Hence, strict adherence to infection control
and biosecurity protocols are important. Several different
sequence types (STs) have been reported in MRSA identified
in horses, including ST8 (Baptiste et al. 2005; Moodley et al.
2006) and ST254 (Cuny et al. 2008) both of which belong to
clonal complex (CC) 8. More recently, livestock-associated
CC398 has been identified in horses in the UK (Bortolami et al.

2017). MRSA also poses a zoonotic risk to hospital staff, horse
owners and caregivers. Consequently, immunocompromised
members of the family should avoid contact with horses with
MRSA as suspected horse-to-human transmission of MRSA
ST398 has been reported (van Duijkeren et al. 2011). This was
further demonstrated by pulsed field gel electrophoresis
(PFGE), where patterns of MRSA isolates from eight horses
and their attending personnel were found to be
indistinguishable, in a report from Ireland (O’Mahony et al.
2005) suggestive of zoonotic spread. Occasionally, insurance
companies have paid out for mortality claims in MRSA-
positive horses due to the concern over zoonotic risk to
immunocompromised owners.

Salmonellosis
Infections with Salmonella spp. are rare in horses in the UK
and there are clear guidelines on horses that fulfil criteria for
isolation, including any two of the following three clinical
signs: diarrhoea, pyrexia or leucopaenia (McKenzie III and
Mair 2009). In North America, infections with Salmonella spp.
are more common and the most common isolates include
Salmonella enterica. This is a highly infectious micro-organism
responsible for many outbreaks reported in equine hospitals
although there are several different serovars including
Typhimurium, Newport, Anatum and Braenderup (Leon et al.
2018). Outbreaks in horses are characterised by high
morbidity and mortality rates, nosocomial transmission to
other patients, zoonotic transmission to hospital personnel,
and even closure of facilities. Horses undergoing abdominal
surgery are particularly at risk of developing nosocomial
Salmonella infections (Ekiri et al. 2009). However, a recent
study identified that Salmonella-positive horses which survived
to discharge from the hospital after colic surgery had similar
risks of long-term complications (e.g. colic/diarrhoea), survival
and return to function as Salmonella-negative horses
(Southwood et al. 2017). A hospital-based study identified
Salmonella spp. from human contact surfaces (e.g. offices
and pharmacy) and animal contact surfaces (e.g. stalls,
surgery room and waterers), with 41% of isolates being MDR
(Soza-Ossand�on et al. 2020), which highlights the importance
of good hospital biosecurity to prevent disease in horses and
hospital personnel. There are limited reports of outbreaks of
Salmonella spp. in UK horses which is likely a representation of
how rare it is in this country. However, it is important that
veterinarians remain vigilant and adhere to isolation and
testing protocols for horses that fulfil the criteria for isolation, in
order to prevent hospital outbreaks. The important ESBL-gene,
blaCTX-M-15, has also been identified in Salmonella spp. isolates
in horses in Germany (Fischer et al. 2014), which is of concern
if this highly pathogenic and frequently fatal isolate acquires
further resistance determinants and disseminates into horses.
This would also have public health implications as this
pathogen is highly zoonotic.

Bacteria with high intrinsic resistance
Bacteria with high intrinsic resistance (IR), in particularly
Pseudomonas spp., a-haemolytic Streptococcus spp.,
Enterococcus spp. and Acinetobacter spp. are also of
concern due to limited available treatment options (Cox
and Wright 2013). These bacteria are IR to many commonly
used antimicrobials (Table 1) due to their various
antimicrobial resistance determinants. As the classification of
MDR only considers acquired resistance, this often results in
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artificially low MDR prevalence for these bacteria, despite
there being limited treatment options for adult horses.
Therefore, prevalence of MDR in bacterial isolates with high
IR should be interpreted with caution. There are many
different mechanisms behind the IR in these bacteria, for
example Pseudomonas spp. has many porins in its outer
membrane and efflux pumps which either restrict entry to, or
pumps out, antimicrobials from inside the bacterial cell
(Fern�andez and Hancock 2012; Chevalier et al. 2017).
Pseudomonas spp. and Acinetobacter spp. are also prolific
biofilm producers, and the bacteria aggregates encased in
this self-produced extracellular matrix which is difficult or
impossible to eradicate with antimicrobial treatment (Ciofu

and Tolker-Nielsen 2019). Biofilms can, however, be
overcome in some cases with the use of topical treatment
such as ethylenediaminetetraacetic acid (EDTA) and acetic
acid (vinegar) (Bjarnsholt et al. 2015; Percival and Salisbury
2018). Similarly, many superficial SSIs do not require systemic
antimicrobials, but can be managed with topical treatment
and specialist wound dressings. The presence of
Enterococcus spp. in nonsterile sites such as SSIs is common
(Isgren et al. 2017) but their significance is unknown as they
are frequent wound contaminants. Current
recommendations suggest laboratories should only report
AST results of Enterococcus spp. when present in pure
growth obtained from a normally sterile site such a

TABLE 1: List of bacteria with high intrinsic resistance (IR) leaving limited treatment options available for use in adult horses in the UK
(modified from resources in literature such as Magiorakos et al. 2012, EUCAST 3.1 and CLSI VET08 ED4:2018) and Gigu�ere, S., Prescott,
J.F. and Dowling, P.M. (Eds.) (2013)

Class Agent
Pseudomonas
spp.

Alpha-haemolytic
Streptococcus spp.

Enterococcus
spp.

Acinetobacter
spp.

Amino/Ureido- Penicillins Ampicillin IR IR IR
Amoxicillin IR IR IR
Ticarcillin IR IR IR

Extended-spectrum b-lactamase
inhibitor combinations

Ticarcillin–clavulanic
acid

IR IR

Piperacillin–
tazobactam

IR IR

3rd and 4th GCs Ceftiofur* (HPCIA) IR IR IR
Ceftazidime IR
Cefotaxime IR
Cefquinome IR

Aminoglycosides Gentamicin* IR IR
Amikacin† IR IR
Neomycin* IR IR
Framycetin IR IR
Tobramycin IR IR

Tetracyclines Doxycycline† IR IR IR
Oxytetracycline* IR IR IR

Folate pathway inhibitors Trimethoprim–
sulphadiazine*

IR IR IR

Trimethoprim–
sulfamethoxazole*

IR IR IR

Fluoroquinolones Enrofloxacin†

(HPCIA)
Marbofloxacin†

(HPCIA)
Ofloxacin IR
Ciprofloxacin IR
Pradofloxacin IR

Macrolides (only in combination) Erythromycin IR IR IR
Clarithromycin IR IR IR
Azithromycin IR IR IR

Note: As the classification of multidrug resistance (MDR) only considers acquired resistance, this often results in artificially low MDR
estimates despite there being limited treatment options for adult horses; hence, MDR calculations in bacterial isolates with high IR
should be interpreted with caution. Antimicrobial agents highlighted in bold are those which are readily available for use in adult
horses in the UK. * – authorised use, † – nonauthorised use. The red boxes indicate bacteria–drug combinations which should be
susceptible but are not readily available for use in the UK, those in amber are available but nonauthorised for use in horses and those
in green are available and authorised for use in horses in the UK. Any antimicrobial not listed is considered IR to all four bacteria.
Pseudomonas spp. are considered IR to benzyl and amino penicillins, 1&2nd GCs, tetracyclines, folate pathway inhibitors, phenicols
and macrolides; alpha-haemolytic Streptococcus spp. are considered IR to benzyl and amino penicillins, beta-lactamase inhibitor
combinations, 1&2nd GCs, aminoglycosides, tetracyclines, folate pathway inhibitors, macrolides and phenicols; Enterococcus spp. are
considered IR to benzyl penicillin, beta-lactamase inhibitor combinations, all cephalosporins, aminoglycosides, folate pathway inhibitors,
macrolides and phenicols and Acinetobacter spp. considered intrinsically resistant to benzyl and amino penicillins, 1&2nd GCs,
tetracyclines, phenicols and macrolides.
HPCIA, Highest priority critically important antimicrobial.
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peritoneal cavity (Weese 2015), as inappropriate reporting is
likely to lead to escalated antimicrobial use due to high IR.

Duration of antimicrobial administration

The concept of ‘finishing a course’ is outdated, and our
profession should move away from always giving prolonged
courses of antimicrobials. In a randomised controlled trial, 3
days antimicrobial treatment did not result in more
complications than a 5-day course following exploratory
laparotomy in horses (Durward-Akhurst et al. 2013).
Furthermore, animals receiving antimicrobials for less than
36 h after colic surgery did not have more episodes of
infection after surgery than those receiving longer term
antimicrobials (Freeman et al. 2012). A shorter course of
antimicrobials would also reduce the problem of horses
becoming needle shy after repeated injections. The historical
use of a 5- or 7-day course of antimicrobials has recently
been challenged across the species, with short-duration
therapy shown to be as effective as long-duration therapy in
several scenarios in human (Kyriakidou et al. 2008; Falagas
et al. 2009) and veterinary medicine (Westropp et al. 2012;
Clare et al. 2014). It is perhaps more important to ensure
adequate antimicrobial cover peri-operatively, and repeated
administration during surgery should be considered if surgery
time is more than 1–2 times the elimination half-life of the
chosen antimicrobial, or if substantial blood loss (>30% of the
circulating volume) occurs during surgery (Bratzler et al. 2013;
Crader and Varacallo 2020).

Procalcitonin (PCT) is a specific biomarker for
inflammation resulting from bacterial infection rather than
general inflammation and is minimally affected by viral
infections as PCT is blocked by IFN-y (Linscheid et al. 2003).
Monitoring of serum PCT levels represents an effective
antimicrobial stewardship strategy in humans to differentiate
bacterial infections from viral infections and noninfectious
inflammatory conditions (Covington et al. 2018). Current
literature suggests fungal infections may also result in
elevated serum PCT levels, although to a lesser extent than in
bacterial infections (Dou et al. 2013). PCT levels greater than
2.0 ng/mL on the first day of intensive care unit (ICU)
admission in humans indicate a high risk for progression to
severe sepsis and/or septic shock. In contrast, a PCT level less
than 0.5 ng/mL indicates a low risk (Del�evaux et al. 2003).
Because the half-life pf PCT is short, levels decrease by 30%
within 24 h after the healing process begins (Hatzistilianou
2010) and consequently have been found to reduce
significantly once the infection responds to treatment
(Mehanic and Baljic 2013). Despite PCT being a reliable
biomarker in humans, in qualitative studies, doctors
experienced PCT as a useful clinical decision aid but
emphasised that their clinical evaluation of the patient was
the most important factor when deciding on antimicrobial
treatment (Christensen et al. 2020) and expressed fears of
missing an infection and the subsequent potentially serious
outcomes for patients (O’Riordan et al. 2020).

Clinical studies of the relevance of PCT as a sepsis
predictor in veterinary patients are few, which is likely due to
limited validated assays. PCT has been shown to be elevated
in foals and calves with SIRS (Bonelli et al. 2015, 2018) as well
as in dogs with sepsis (Goggs et al. 2018). PCT has also
similarly been used in conjunction with other
clinicopathologic results as an indicator of intestinal

ischaemia to identify horses with a strangulating lesion,
necessitating surgery (Kilcoyne et al. 2020). Recently, a
human PCT ELISA kit was found to be suitable to detect
equine PCT with a limit of detection of 56 ng/mL (Battaglia
et al. 2020). In foals, however, PCT was not a useful biomarker
in pneumonia associated with Rhodococcus equi (Barton
et al. 2016) and there was no significant difference in
leukocyte PCT mRNA levels identified between septic and
nonseptic foals (Pusterla et al. 2006). To the author’s
knowledge, there are no studies in horses utilising PCT
measurement as a clinical aid to indicate when it is safe to
discontinue antimicrobials in serious infections. This is in
contrast to human patients (Schuetz et al. 2011) where
monitoring PCT levels has been found to reduce duration of
antimicrobial treatment by 1.7 to 3.8 days (Bouadma et al.
2010; de Jong et al. 2016). PCT is a promising biomarker in
horses, but until more research is undertaken in horses
validating its use, serum amyloid A (SAA) and fibrinogen
remain the most reliable biomarkers for inflammation (De
Cozar et al. 2020). However, these biomarkers, unlike PCT, do
not determine if the inflammation is due to an underlying
bacterial infection.

Antimicrobial stewardship programmes in humans have
been shown to be effective at reducing antimicrobial use
(Karanika et al. 2016; Schuts et al. 2016). In human healthcare
settings, compliance is usually high because these
programmes are often supported by large government
grants and are commonly administered by an overall
healthcare body. A similar programme would be difficult to
implement in equine veterinary medicine due to lack of
funding and coordinated governance. The best available
resource for equine veterinarians is the BEVA tool kit, which
was launched in 2012 and has recently been updated (BEVA
2020), to guide appropriate antimicrobial prescriptions in
horses for different clinical conditions.

Improving collaboration with microbiologists

Many clinical infections are associated with bacteria which
have unpredictable AST profiles and therefore clinicians
frequently do not know the bacteria or the susceptibility
pattern when first treating a patient. In uncomplicated
infections, the clinician is likely to prescribe a first-line
antimicrobial, instead of performing culture and AST or while
awaiting AST results. This scenario is the same for both human
doctors and veterinarians. The behavioural drivers behind not
submitting a sample for AST likely include the associated
expense, the 48–72 h delay in obtaining results or, in some
cases the lack of a clear site to sample (e.g. cellulitis). The
latest development of matrix-assisted laser desorption/
Ionisation-time of flight (MALDI-TOF) mass spectrometry has
enabled identification of bacteria in a few minutes. This
allows identification of bacteria in positive cultures as early as
24 h from submission; however, AST results still require 48 h. As
this technology becomes more established, cost effective
and accessible, results should be obtained more quickly. In
addition, MALDI-TOF sub-typing software allows recognition of
some resistant variants, such as MRSA (Tang et al. 2019).
However, the technology is still in its infancy, and further work
is needed to determine the accuracy of results.

It should also be noted that clinicians and laboratory
personnel frequently experience frustration with each other
because they are dealing with different aspects of the case.

© 2021 The Authors. Equine Veterinary Education published by John Wiley & Sons Ltd on behalf of EVJ Ltd.
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Clinicians frequently omit important clinical and sampling
information from submission forms that the microbiologist
needs to better interpret microbiological findings, whereas
the microbiologist may report results that lack the context
(e.g. purity and weight of bacterial growth, actual minimum
inhibitory concentration value) that the clinician needs to
select an appropriate antimicrobial regimen. Good
communication and closer collaboration between the
clinician and the microbiologist are essential to optimise
patient outcomes. Perhaps, it is no surprise that in 8.6% of the
diagnostic submissions to the laboratories in a recent project,
the sample site was not recorded (Isgren et al. 2021). This is
particularly frustrating when many of the bacterial isolates
from these unknown sample sites were MDR. This is similar to
human (Nutt et al. 2008; Georgiou et al. 2011) and other
veterinary studies (Glass-Kaastra et al. 2014) where
information is commonly missing from diagnostic submission
forms. The microbiologist will report on the clinical significance
of culture and AST results in light of the clinical information
provided by the submitting veterinarian, and any omissions
are likely to lead to inaccurate interpretations of results.

An inherent challenge of diagnostic microbiology,
especially in polymicrobial cultures, is determining which are
the most likely primary pathogen(s). Many bacteria are
opportunistic pathogens, and it is difficult to distinguish
between simple bacterial presence (bacterial colonisation)
and true infection (Bortolami et al. 2019). Unless present in a
pure culture in a normally sterile site, it may be difficult to
determine the clinical significance of bacterial isolates and
their involvement in the infectious process. Approaches to
enhancing the accuracy of microbiological results include
improving sample collection methods, such as enhanced
cleaning of the sampling site prior to sampling (if
appropriate), depressing the swab into the wound tissue
during wound sampling (Levine’s technique) (Levine et al.
1976), as well as submitting a tissue biopsy for culture
(Copeland-Halperin et al. 2016). Education regarding
optimal sampling of wounds and SSIs are important for more
reliable results, as there is a tendency to sample purulent
material without cleaning the site first, over fears of a
negative culture. Improved sampling technique would
hopefully result in fewer polymicrobial cultures of clinically
irrelevant organisms and therefore lead to more appropriate
antimicrobial use.

Additionally, there is a need to improve the quality of
microbiology procedures across service providers from
academic, commercial or private laboratory settings. As with
other specialties, optimisation of this process requires the
expertise of a clinical microbiologist, ideally with a veterinary
background to guide the laboratory technical staff during all
stages, and to facilitate the dialogue between the laboratory
and clinicians. Appropriate selection of isolates for AST is a
critical process, which directly affects antimicrobial
stewardship. Reporting of AST results for organisms, which are
either likely environmental contaminants or skin commensals
(e.g. Bacillus spp., Corynebacterium spp., Pantoea spp.),
indicates a lack of appropriate interpretation of culture results
and inappropriate isolate selection for AST. There is also a
need for national and international harmonisation of the
laboratory methods used between different laboratories to
improve the reliability of reporting of results. One such
initiative, led by the European Network for Optimisation of
Veterinary Antimicrobial Treatment (ENOVAT), aims to

optimise veterinary antimicrobial use with special emphasis
on the development of antimicrobial treatment guidelines
and refinement of microbiological diagnostic procedures. This
initiative is underway but not yet fully developed at the time
of writing (ENOVAT 2020).

The equine veterinary profession is in a better position now
compared with a decade ago with regard to antimicrobial
stewardship as there is increased awareness of responsible
prescribing. This has been achieved through education,
action by journals such as the publication of this special issue
by Equine Veterinary Education and similar publications by
the Equine Veterinary Journal on AMR, the publication and
recent update of the BEVA tool kit (BEVA 2020) as well as the
improved financial support from funding bodies for AMR
research in horses. However, the work does not end here.
Future studies should investigate other ways of improving
responsible antimicrobial prescribing by equine veterinarians
including exploring behavioural drivers behind antimicrobial
prescriptions and barriers to culture and AST. Increased
awareness and understanding of antimicrobial stewardship is
required to tackle this complicated global issue and to
protect antimicrobials so that they will remain effective in
horses in the future.
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