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Summary
Antimicrobial agents are commonly used in neonatal foals for
the treatment or prevention of sepsis. However, due to concerns
about the development of antimicrobial resistance and
increasing pressure on veterinarians to rationalise antimicrobial
use, we should be trying to reduce the unnecessary use of
antimicrobials. This article reviews many of the important
considerations when selecting an antimicrobial for use in
neonatal foals. Firstly, we consider general differences in
neonatal pharmacology and physiology. Secondly, we review
common antimicrobial drugs and their indications. Finally, we
review antimicrobial stewardship.

Part 1: General considerations for antimicrobial
selection in foals

There are several important differences between foals and
adult horses which must be considered when selecting
antimicrobial drugs for use in foals. Neonatal foals have a
proportionally greater body water content than adult horses.
In the first week of life, foals have a body water content of
71–83% compared to 60–70% in adult horses (Andrews
et al. 1997; Fielding et al. 2011). Fluid dynamics differ further
between mature horses and foals as a result of foals having a
relatively smaller intracellular fluid compartment and larger
extracellular fluid compartment as well as higher blood and
plasma volumes (Carlson et al. 1979; Fielding et al. 2003;
Fielding et al. 2011). This greater body water content means
higher dosages of hydrophilic drugs such as aminoglycosides
are necessary in foals whereas the dosages of lipophilic drugs
are less affected (Corley and Hollis, 2009).

Drug metabolism also alters as organ function matures.
The rate of hepatic metabolism and renal excretion generally
increases with age. This means that protocols that are
extrapolated from adult dosing may not always be
appropriate, especially for young foals. For example,
standard oral dosing of trimediazine sulphadiazine at 24 mg/
kg achieved higher plasma levels in 1- to 10-day-old foals
than would be achieved in adult horses (Swain O’Fallon
et al. 2020). The rate of elimination of intravenous
chloramphenicol has been shown to increase in foals over
the first 6 weeks of life, with more prolonged elimination times
in premature foals (Adamson et al. 1991).

Foals also differ from adult horses with regard to their gut
flora as they are not yet hindgut fermenters. In foals, a
healthy gastrointestinal tract with appropriate microbiota is
important to allow the foal to transition into a healthy
weanling. Recent studies have tracked the changes in faecal
microbiota as the gut transitions from a diet of milk to

becoming a hindgut fermenter (De La Torre et al. 2019;
Lindenberg et al. 2019). In the first 7 days of life, the gut
microbiota of foals is very transient with large inter-individual
variability. A more uniform composition between foals is
established by Day 20, with an increase in fibre fermenting
species developing between Day 20 and Day 50 (Lindenberg
et al. 2019). These studies suggest that the composition of
bacterial populations in the foal’s gut changes gradually in
an age-dependent manner. These differences in microbiota
allow foals to tolerate a wider range of antimicrobials, such
as the macrolides, that would result in severe colitis in adult
horses. However, currently no literature is available in horses
regarding potential long-term effects on gut microbiota
composition as a result of antimicrobials administered in early
life.

The majority of pharmacokinetic studies are performed in
healthy foals. The bioavailability of drugs can be altered in
sick foals where disease processes, organ dysfunction,
hypovolaemia and administration of other drugs can affect
drug absorption and metabolism. In septic foals, for example
enteral absorption of antimicrobials is often reduced as a
result of hypoxic damage and reduced perfusion of the gut
(Corley and Hollis 2009). Furthermore, some antimicrobials
used in adult horses such as enrofloxacin are unsuitable for
use in foals due to specific toxicities. The impact of these
factors on the risk of antimicrobial toxicity and the steps that
can be taken to monitor for these side effects will be
discussed later in this article.

Common bacterial infections in foals and
considerations for antimicrobial selection
Sepsis is the most common cause of foal death during the
first 7 days of life. Failure of passive transfer of colostral
immunity is an important risk factor. The ‘open gut’ of the foal
which enables pinocytosis of colostral antibodies also allows
direct access for bacteria from the environment and the
gastrointestinal tract into the circulation. Sepsis is the result of
failure of the immune response to respond adequately to
infection with downstream sequelae including conditions
such as septic arthritis, physitis, osteomyelitis, meningitis and
umbilical infections in some foals. Antimicrobial therapy is
central to the treatment of sepsis along with intravenous fluid
therapy and other supportive care. When initially selecting
antimicrobials for the treatment of sepsis, it is important to
select broad spectrum, intravenously administered
bactericidal drugs (Magdesian 2017). Empirical selection of
broad-spectrum antimicrobials is necessary initially for septic
foals as there is a time delay of several days until blood
culture results are reported and false-negative results are
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often obtained (Wilson 1989). Bactericidal drugs are
necessary due to septic foals having a naive immune system
compared to adults. The route of administration affects the
plasma concentrations of antimicrobial drugs. The
intravenous route is recommended as sick foals are often
haemodynamically compromised leading to reduced
perfusion of the gut and muscle and reduced absorption of
drugs administered via the oral or intramuscular routes. The
importance of rapid antimicrobial administration in sepsis is
well recognised in humans, with earlier administration of
antimicrobials associated with an improved outcome
(Puskarich et al. 2011). Delaying the initiation of antimicrobial
treatment in these foals while awaiting culture results is
clinically recognised to increase the likelihood of septic
shock or the sequelae described above developing.
Survival rates have been shown to be improved when an
empirically selected antimicrobial regime includes an
antimicrobial to which isolated bacteria are susceptible
(Theelen et al. 2019).

A number of studies have been published summarising
the most common bacterial isolates in neonatal foals with
sepsis and their susceptibility patterns (Brewer and Koterba
1990; Marsh and Palmer 2001a,b; Corley and Hollis 2009;
Theelen et al. 2014a,b; Theelen et al. 2019). Both Gram-
negative and Gram-positive bacteria are often isolated from
foals with sepsis. The most common isolate obtained from
septic foals is Escherichia coli. Other Gram-negative bacteria
that are often identified include enterics such as
Enterobacter spp. and Klebsiella spp. Nonenteric Gram-
negative bacteria commonly isolated include Actinobacillus
spp. and Pasteurella spp. Gram-positive bacteria that are
frequently reported in septic foals include Streptococcus
spp., Enterococcus spp. and Staphylococcus spp
(Magdesian 2017). Polymicrobic infections occur frequently in
foals with sepsis, and it is possible to have mixed infections of
Gram-negative and Gram-positive bacteria (Brewer and
Koterba 1990; Gayle et al. 1998).

There is evidence from a study in California comparing
isolates in neonatal septic foals at one hospital over a period
of 30 years that while Gram-negative bacteria remain the
most common isolates, the prevalence of Gram-positive
bacteria is increasing. Enterococcus spp. isolates were also
cultured more frequently in recent years (Theelen
et al. 2014b). The increase in Enterococcus spp. prevalence is
concerning as they can act as a donor of antimicrobial
resistance genes to other bacteria. Hospitalisation also
appears to have an impact upon the bacteria isolated and
the susceptibility of the strains. When cultures were compared
between hospital admission samples and those taken after
48 h of hospitalisation, there was found to be an increase in
the prevalence of several bacterial species including species
often involved in healthcare-associated infections such as
Acinetobacter spp., Klebsiella spp., Pseudomonas spp. and
Serratia spp. These results provide a rationale for repeating
bacteriological culture and susceptibility testing of
hospitalised foals and emphasise the importance of hospital
hygiene in equine neonatal intensive care units (Theelen
et al. 2020). It is clear from the studies already published that
bacterial susceptibility is also region- and hospital-dependent,
therefore local monitoring of this information to guide
antimicrobial selection is recommended (Marsh and Palmer
2001a,b; Theelen et al. 2014a).

Despite the necessity of antimicrobial treatment in
neonates to avoid septic shock, there are currently no studies
investigating the long-term implications of administering
antimicrobials to foals. In human medicine, studies have
shown an association between the use of antimicrobials in
children and the development of allergies, arthritis,
inflammatory bowel disease, asthma, multiple sclerosis,
obesity and diabetes (Schulfer and Blaser 2015). There is a
recognition that the first year of life is vital for the
development of a child’s intestinal microbiota and that early
exposure to antibiotics alters the microbiota and increases
the risk of developing inflammatory bowel diseases in later life
(Ponder and Long 2013). Alterations in gut microbiota have
been noted in adult horses after antimicrobial administration
but this has not been investigated in foals (Costa et al. 2015).
Despite the lack of studies examining the long-term
implications of early antimicrobial administration in foals,
these results from humans and mature horses support careful
consideration when prescribing antimicrobials in foals.

Part 2: Specific antimicrobial drugs – indications
and considerations

Beta-lactams: penicillin and ampicillin
Beta-lactam antimicrobials are time-dependent, bactericidal
drugs that inhibit cell wall synthesis. These drugs are
hydrophilic which means they distribute widely throughout
plasma but do not penetrate lipophilic cell membranes well.
In general, they have good Gram-positive spectrum of
activity, with lesser Gram-negative and anaerobic coverage.
They are often used synergistically with the aminoglycosides
to provide broad-spectrum coverage (Haggett 2008).

Procaine penicillin G can be administered intramuscularly.
However, this route of administration is associated with a risk
of penicillin reactions (Olsen et al. 2007) and is often poorly
tolerated due to low muscle mass. Procaine penicillin G also
achieves low plasma concentrations in adult horses (Uboh
et al. 2000), and this problem is likely worsened in foals with
poor perfusion leading to reduced drug absorption from the
tissue. Intravenous salts (sodium or potassium) of penicillin G
are better suited to use in foals as they achieve higher and
more reliable plasma levels.

The aminopenicillin, ampicillin, generally provides slightly
better Gram-negative coverage than penicillin G
(Magdesian 2017) and has the added advantage that
sensitivity to Enterococcus spp is generally better (Theelen
2014a). Ampicillin is generally considered to be the first-line
choice for treatment of neonatal sepsis in combination with
an aminoglycoside (Theelen 2014a).

Anti-pseudomonal penicillins
These drugs can penetrate the outer cell wall of Gram-
negative bacteria, including Pseudomonas spp. They can
also overcome b-lactamase inactivation when administered
with clavulanic acid. They can be considered an alternative
for treatment of foals with sepsis or Gram-negative infection
in which the use of aminoglycosides is contraindicated due
to renal dysfunction. Ticarcillin clavulanate has been used
widely but is no longer commercially available. The authors
have used piperacillin G tazobactam in neonatal foals but
there are no published reports of the use of this drug and the
dosage has been extrapolated from other species.
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Oral penicillins
Amoxicillin clavulanate can be used orally for the treatment
of bacterial infections in young foals (up to 4 months of age)
as it can attain adequate plasma levels (Love et al. 1981).
This drug can be considered to be good oral treatment for
specific infections such as neonatal pneumonia.

Beta-lactam antimicrobials: carbapenems
These drugs have probably the widest spectrum of activity of
all antimicrobials and imipenem has been studied in horses
(Orsini et al. 2005). This drug is of critical importance to human
health and should not be used in neonatal foals unless in
exceptional circumstances and only after bacteriological
culture and susceptibility testing has proven no other
alternatives for treatment.

Cephalosporins
These drugs are bactericidal and time-dependent with a broad
spectrum of activity. They distribute widely throughout plasma
and the extracellular compartment but have poor intracellular
penetration. These drugs have been widely used in neonates
due to their broad spectrum of activity, ease of administration
and lack of major side effects. However, these drugs are
classified as ‘highest priority critically important antimicrobials’
by the World Health Organization, and consequently, there is
increasing pressure to reduce their usage in equine practice.
There are five generations of cephalosporins. All generations
have good Gram-positive coverage with increasing Gram-
negative activity in the later generations.

Ceftiofur
Ceftiofur, a third-generation cephalosporin approved for use
in horses in some parts of the world, is the cephalosporin
most widely studied in neonatal foals. It is indicated for the
treatment of neonatal sepsis when other nonprotected
drugs are inappropriate, usually in the case of renal
dysfunction. A significant proportion of isolates from foals
with neonatal sepsis are reported to be resistant to ceftiofur,
and hence, ampicillin and gentamicin or amikacin is
generally a better first-line choice (Marsh and Palmar 2001a;
Sanchez et al. 2008). The label dose of ceftiofur (2.2 mg/kg)
is appropriate for the label indication of treatment of
respiratory disease caused by Streptococcus zooepidemicus,
a highly susceptible organism. A dose rate above 2 mg/kg is
required to ensure that adequate blood MIC concentrations
are obtained to exceed the MIC for less susceptible
organisms such as E. coli (Meyer et al. 2009). Ceftiofur has
the added advantage that it can achieve adequate
plasma levels after intramuscular or subcutaneous injection
(Slovis et al. 2006).

Other third-generation cephalosporins with a slightly
broader Gram-negative spectrum can be used as an
alternative to ceftiofur when culture and susceptibility results
dictate. Examples include ceftriaxone and cefotaxime. Both
these drugs cross the blood brain barrier and are indicated
for the treatment of meningitis (Magdesian 2017).

Cephalosporins are suited to constant rate infusion due to
their time-dependent mechanism of action, and this route of
administration may improve efficacy by maximising time
above MIC. Studies have evaluated continuous infusion of
ceftiofur and cefotaxime, and this route of administration
should be considered over bolus administration for hospitalised

neonatal foals when cephalosporins use is indicated (Hewson
et al. 2013; Wearn et al. 2013).

Aminoglycosides
Aminoglycosides are bactericidal, concentration-dependent
antimicrobials with a predominantly Gram-negative
spectrum. They are indicated for the treatment of specific
Gram-negative infections or neonatal sepsis when used in
combination with a beta-lactam. The main concern
regarding their use is their potential to cause nephrotoxicity
due to concentration of the drug in the renal tubular cells.
This side effect occurs when repeated dosing occurs prior to
excretion of the previous dose. Therapeutic drug monitoring
(TDM) is recommended to reduce this risk. This relies on
measuring a peak concentration to ensure drug efficacy and
a trough concentration to ensure excretion (Magdesian
2017). Suggested target levels are shown in Table 1. If TDM is
not available, then careful attention should be given to
ensure an adequate dosing interval and normal renal
function. Hydration status, urine output and serum creatinine
concentration should be monitored closely.

Due to the high body water content of foals and the high
volume of distribution, a high dose of aminoglycosides is
required to reach therapeutic levels (see Table 2). Amikacin is
less likely to be associated with renal side effects compared
to gentamicin. The proportion of bacterial isolates that are
susceptible to gentamicin is lower when compared to
amikacin in some geographic regions (Theelen et al. 2019).
From an antimicrobial stewardship point of view, gentamicin
is preferred over amikacin. Therefore, making an informed
decision on which aminoglycoside to use should be based
on the local information obtained by ongoing monitoring of
susceptibility results.

Aminoglycosides are also ideal drugs for regional use due
to their concentration-dependent effect. Intra-articular
medication or intravenous regional perfusion should be
considered for foals with localised limb sepsis (Glass 2017).

Tetracyclines
Tetracyclines are bacteriostatic time-dependent antimicrobials
which inhibit protein synthesis (Haggett 2008). They generally
have a broad spectrum of activity but lack efficacy against
some important Gram-negative bacteria and Enterococcus
spp. Tetracyclines are lipophilic and penetrate well into tissues.
This is a major advantage when treating localised infections
such as septic arthritis, physitis or omphalophlebitis.

Oxytetracycline can be administered intravenously as a
first-line antimicrobial for foals with localised bacterial
infections. It is generally not considered an ideal first-line
choice for the treatment of sepsis. At supra-therapeutic
doses, oxytetracyline is used to treat flexural limb deformities
in foals (Madison et al. 1994). Even at antimicrobial doses

TABLE 1: Suggested target plasma aminoglycoside concen-
trations for therapeutic drug monitoring

Drug
30-min peak
(ug/mL)

8-h level
(ug/mL)

20-h trough
(ug/mL)

Amikacin >53–60 15–20 <2
Gentamicin >30–40 3–5 <1
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limb ligament laxity can occur and this can limit the use of
this drug particularly in dysmature individuals. Oxytetracyline
can cause acute kidney injury in foals, especially at high
doses, and this drug should be used cautiously in foals with
poor renal perfusion or evidence of reduced renal function
(Ellero et al. 2020).

Doxycycline is well absorbed after oral administration to
young foals and due to its relatively broad spectrum of
activity and good tissue penetration is an excellent choice
for the treatment of localised infections such as pneumonia
and omphalophlebitis (Corley 2009).

Fluoroquinolones
Fluoroquinolones are considered ‘protected’ drugs in equine
practice and should not be used for first-line therapy (British
Equine Veterinary Association 2012; World Health Organization
2019). In general, the fluoroquinolones have limited Gram-
positive activity (predominantly Staphylococcus spp) with
excellent Gram-negative coverage. They are liphophilic drugs
with excellent tissue penetration.

The main limitation of their use in neonates is their
propensity to cause toxicity to developing articular cartilage
(Vivrette et al. 2001). This effect is thought to be less when
using marbofloxacin compared to enrofloxacin.

Due to their excellent tissue penetration, the main
indication for the use of marbofloxacin is the treatment of
localised infections when culture and sensitivity results show no
alternative options for treatment. Marbofloxacin has also been
used to treat macrolide-resistant Rhodococcus equi infections.

Macrolides
The main indication for the use of macrolides is for the
treatment of Rhodococcus infections (Gigu�ere 2017). These
drugs have a narrow, predominantly Gram-positive spectrum
of activity but are highly lipophilic with excellent intracellular
penetration. They can occasionally be used for the treatment
of other localised infections, but only in the absence of other
options based on culture and sensitivity. These drugs should
be administered carefully as there is a risk of severe or fatal
enterocolitis in the mare if they ingest small amounts of the
drug. This risk seems to be greatest when using earlier
generation macrolides such as erythromycin (B�averud
et al. 1998). Enterocolitis can also occur as a side effect of
treatment with any macrolide (Gigu�ere 2017). This risk is
greater in older foals with a more mature gut flora.
Macrolides use is also associated with a reduced ability to
sweat (anhydrosis or hypohydrosis). Foals undergoing
treatment should be kept cool in hot weather as they are
unable to thermoregulate effectively (Stieler et al. 2016).

Rifampin
Rifampin has a narrow spectrum of activity which is
predominantly Gram-positive. The drug is highly lipophilic and
penetrates well into tissues. The drug is most often used in
combination with a macrolide antimicrobial for the treatment
of Rhodococcus equi pneumonia (Gigu�ere 2017) but can also
be used to treat other localised infections. Co-administration of
rifampin with clarithromycin leads to decreased plasma and
pulmonary epithelial fluid cell concentrations of clarithromycin
(Peters et al. 2012) due to inhibition of intestinal uptake
transporters. This has caused debate about whether this
combination of drugs is appropriate. However, as co-therapy is
thought to reduce the chance of bacteria acquiring rifampin
resistance and because plasma levels above the MIC for most
common pathogens can still be reached, combination therapy
should be used. Drug interactions between other macrolides
and rifampin are variable and when gamithromycin and
rifampin are combined, plasma concentrations of
gamithromycin are actually increased (Berlin et al. 2018).
Rifampin should not be used as a sole agent due to rapid
acquisition of resistance (Haggett 2008) and can be combined
with other oral medications such as doxycycline or trimethoprim
sulfadiazine for treatment of osteomyelitis or umbilical
infections. Historically, rifampin has been administered twice
daily but a recent study suggested that once daily
administrationmay beadequate (Berlin et al. 2017).

Potentiated sulphonamides
Trimethoprim sulfadiazine is a broad-spectrum bacteriostatic
drug. Levels of resistance are relatively high in some
geographic regions (Theelen 2019). The drug has lack of
efficacy against Enterococcus spp. (Magdesian 2017) and is
poorly active in purulent material (Haggett 2008). The drug is
useful for first-line treatment, for example in cases of mild
pneumonia. Trimethoprim sulfadiazine, however, is not a
good choice in foals with suspected sepsis.

Metronidazole
Metronidazole is indicated for the treatment of anaerobic
infection including clostridial infections. The drug has a longer
elimination half-life in foals compared with adults and should
be used at a lower dose (Swain et al. 2014).

TABLE 2: A list of antimicrobials commonly used in neonatal foals

Dosage (mg/
kg unless
otherwise
stated)

Route of
administration

Frequency of
administration
(h)

Procaine
penicillin G

20 IM 12

Sodium
penicillin

20,000–44,000 IV 6

Sodium
ampicillin

20 IV 6

Piperacillin
tazobactam

30* IV 6

Amoxicillin
clavulanate

30 PO 8

Ceftiofur
sodium

5–10 IV, IM, SC 12

Cefotaxime 40 IV 6
Ceftriaxone 25 IV 12
Amikacin 25 IV 24
Gentamicin 12 IV 36
Oxytetracycline 5 - 10 IV 12
Doxycycline 10 PO 12
Marbofloxacin 2

4
IV
PO

24

Clarithromycin 7.5 PO 12
Rifampin 5

10
PO
PO

12
24

Trimethoprim
sulfadiazine

5/25 PO 12

Metronidazole 10 IV, PO 12

* Dosage extrapolated from other species.
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Discontinuation of therapy
Once antimicrobial treatment has been started, it is
important to evaluate whether or not the treatment is
effective. Clinical improvement of the foal and improvement
of laboratory test results are the most reliable indicators.
Besides repeated clinical evaluation of the patient, repeated
blood analysis, such as white blood count, serum amyloid A
and fibrinogen, or repeated diagnostic imaging to monitor
disease resolution can be helpful in determining when
antimicrobial treatment can be discontinued. In cases that
fail to improve, collection of follow-up samples for
bacteriological culture and susceptibility testing can be
useful. Isolation rates and antimicrobial susceptibility profiles
from bacteria isolated from foals with sepsis after > 48h of
hospitalisation differ significantly from those collected at
hospital admission (Theelen et al. 2020). This demonstrates
that previous test results should not be used for selection of
alternative drugs for treatment if initial treatment is
unsuccessful. This study also showed it was not possible to
predict antimicrobial susceptibility of bacteria isolated from
foals after > 48h of hospitalisation and, therefore, no general
empirical recommendation could be made for treatment of
foals with sepsis which did not respond well to the initial
antimicrobial therapy. Repeated bacteriological culture and
susceptibility testing is necessary in these cases to make an
informed decision in each individual patient.

Part 3: Surveillance of antimicrobial drug use and
development of resistance

Frequent use of antimicrobial drugs leads to the
development of antimicrobial resistance over time, and this
trend is also observed for bacteria isolated from foals with
sepsis (Sanchez et al. 2008; Theelen et al. 2014). The opposite
was also seen: susceptibility to ‘older’ drugs that were no
longer used increased over time (Theelen et al. 2014). This
supports the central notion in antimicrobial stewardship
programmes that reduced use of an antimicrobial drug can
contribute to maintaining the efficacy of that antimicrobial
drug over time. Antimicrobial stewardship programmes are
being developed and implemented in human as well as
veterinary medicine in order to sustain the efficacy of
antimicrobial drugs in the light of increasing development
and spread of resistance. Surveillance of antimicrobial drug
use and development of resistance are key concepts in any
antimicrobial stewardship strategy. Since antimicrobial drug
prescription varies between different geographic regions,
based on common practices and local regulation,
development of antimicrobial resistance also varies between
different geographic regions. Susceptibility patterns from
bacteria isolated from (neonatal) foals also differ between
geographic regions (Brewer and Koterba 1990; Gayle
et al. 1998; Marsh and Palmer 2001a,b; Russell et al. 2008;
Sanchez et al. 2008; Hollis et al. 2008; Theelen et al. 2014;
Hytychov�a and Bezdekov�a 2015; Toombs-Ruane et al. 2016).
Utilising studies obtained from different countries with different
antimicrobial usages and over different time periods to make
decisions regarding antimicrobial treatment in individual
patients may therefore result in inappropriate treatment and
potentially poor corresponding outcome. This highlights the
importance of incorporating continuous surveillance of
antimicrobial drug use and development of resistance in
each practice or hospital.

For surveillance of antimicrobial drug use, procurement or
prescription data can be used. The former is easier to obtain
but does not allow for differentiation between patient types
or, in mixed practices, species. Prescription data can be
obtained from many patient management systems and
allows for detailed analysis of prescription policy between
species, different types of patients and even between
different veterinarians. Systematic collection of these data
also allows for benchmarking between practices which can
stimulate veterinarians to further reduce the use of
antimicrobials in their practice.

Monitoring development of antimicrobial resistance starts
with implementing the policy of collecting samples for
bacteriological culture and susceptibility testing in each case
and not only in refractory cases. Furthermore, systematic
recording of bacteriological culture and susceptibility testing
results is essential in order to be able to detect changes in
prevalence and antimicrobial susceptibility over time. It is
therefore advisable to assign this task to a designated person
within the practice and to discuss trends on a regular basis
within the entire team to increase awareness and
engagement.

Two different methods for antimicrobial susceptibility
testing are used: disk diffusion (Kirby Bauer) or microdilution
susceptibility testing. In disk diffusion susceptibility testing,
antibiotic discs are placed on agar plates inoculated with
bacteria. Interpretation criteria for inhibition zones are used to
determine antimicrobial susceptibility. The results of this method
of testing are reported as S (susceptible), I (intermediate) or R
(resistant). In microdilution susceptibility testing the wells in the
microtiter plates are inoculated with a broth containing the
bacteria as well as varying concentrations of the antimicrobial
drugs of interest. After the incubation time, each well is
checked for bacterial growth. By using this procedure, it is
possible to determine the Minimum Inhibitory Concentration
(MIC; the lowest concentration of antimicrobial drug that
inhibits bacterial growth) for each antimicrobial drug that was
tested. Interpretation breakpoints are used to determine
susceptibility. If the MIC is below the breakpoint, an organism is
considered to be susceptible (S); if the MIC is above the
breakpoint, an organism is considered to be resistant (R).
Microdilution is currently considered the gold standard of
susceptibility testing. This method allows for early detection of
increasing MIC values, which might still be well below the
breakpoint meaning the isolate is still susceptible but are an
early indicator of development of antimicrobial resistance
(Theelen 2014). From a surveillance point of view, microdilution
susceptibility is therefore preferred over disk diffusion
susceptibility testing.

Practical guidelines for antimicrobial stewardship in
foals
Antimicrobial stewardship involves the judicious use of
antimicrobials balanced against the requirement to treat the
presenting clinical condition (Raidal 2019). The same
principles apply to human medicine as well as veterinary
medicine, including equine medicine. This requires a
multifactorial approach combining reduction of resistant
reservoirs, improved diagnostic techniques for bacterial
infection, improved infection control measures, improved
preventative health measures and greater insight into the
aetiology of infections to reduce dependence on
antimicrobials and limit the emergence of antimicrobial
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resistance. Recently, several excellent papers have been
published on antimicrobial stewardship in equine medicine
(Raidal 2019; Prescott 2021). In these papers, guidelines are
formulated that can be applied in equine practice. A recent
study on antimicrobial stewardship in small animal medicine
clearly demonstrated the positive effect of implementing an
antimicrobial stewardship programme in small animal clinics
by reducing the total amount of antimicrobials used and
showing a shift in type of drugs used from ‘protected’
antimicrobials such as cephalosporins and fluoroquinolones to
more ‘first-line’ antimicrobials such as penicillins (Hopman
et al. 2019). Developing and incorporating an antimicrobial
stewardship strategy are therefore important for all veterinary
practices in order to reduce the use of antimicrobial drugs.
Future research and development of new improved
diagnostic techniques will hopefully contribute to a
decreased need for use of antimicrobials. In the meantime,
many aspects related to antimicrobial stewardship can be
applied in daily practice. In the following paragraph, we will
discuss how antimicrobial stewardship guidelines can be
applied practically in (neonatal) foal medicine.

Antimicrobial stewardship starts with prevention of
disease. Hygiene protocols, both at farms and in the hospital,
should be optimised to prevent infections, thereby
decreasing the need to use antimicrobials to treat infections.
This is especially important in the perinatal period as foals are
susceptible to sepsis. Hygiene protocols should include hand
hygiene, aseptic protocols and isolation of patients with
contagious conditions. Furthermore, bacterial infections can
be avoided by preventative medicine measures, such as
excellent prepartum and foaling management, assuring
adequate colostrum intake in neonatal foals and by
vaccination. Once infection has occurred, it is important to
make an evidence-based decision about whether or not a
foal should be treated with antimicrobials in each individual
case. Many cases do not need antimicrobial treatment, such
as mild cases of diarrhoea or foals with colic. Recently, a
study demonstrated that a policy change to treat foals with
Rhodococcus equi pneumonia in the later stage of the
disease reduced antimicrobial usage without increasing
mortality (Arnold-Lehna et al. 2020). Appropriate aseptic
sample collection technique is also important in this light to
avoid sample contamination and overtreatment. The
duration of antimicrobial therapy should be appropriate.
Excessive duration of treatment should be avoided. Clinical
and blood parameters can be used to evaluate the need for
continuation of treatment. Removal of the infected source
can reduce the need for long-term antimicrobials. For
example, abscess drainage or surgical removal of infected
tissue can take away the need to treat a foal with
antimicrobials. Antimicrobials must only be used with
veterinary involvement. Owners should not have access to
antimicrobial drugs without consulting a veterinarian. As
discussed previously, continuous monitoring of bacteriological
culture and sensitivity results in each practice is essential to
collect information on the local situation regarding
prevalence and susceptibility of bacteria. Antimicrobials
should be classified as ‘first line’, ‘alternative’ and ‘protected’
options, based on local culture and susceptibility results.
Documents ranking antimicrobials based on risk
management of antimicrobial resistance are available and
should be used as guidance for selection of antimicrobial
drugs for treatment in veterinary medicine, such as the World

Health Organization ‘List of Critically Important Antimicrobials
for Human Medicine’ and the PROTECT ME toolkit developed
by the British Equine Veterinary Association (British Equine
Veterinary Association 2012; World Health Organization 2019).
Antimicrobials that are of critical importance to human
health, such as 3rd-, 4th- and 5th-generation cephalosporins,
fluoroquinolones and carbapenems (World Health
Organization 2019) should be classified as ‘protected’ and
their use should always be justified by bacteriological culture
and susceptibility testing results demonstrating that no other
alternatives are available. Treatment should be modified
based on culture and susceptibility results for individual
patients, when possible. Dose and route of administration
should be appropriate to the condition being treated to
make sure antimicrobials reach sufficiently high
concentrations to be effective at the location of the
infection. Local delivery methods (e.g. intra-articular
administration in a septic joint) can be used to allow for high
antimicrobial concentrations at the site of infection, which is
especially useful in cases where concentration-dependent
antimicrobials are used as bacterial killing is directly
proportional to the ratio of peak drug concentration to the
MIC of the infecting bacteria. Isolation of patients infected by
multi-drug resistant bacteria is important to reduce the risk of
spread of resistance. Monitoring antimicrobial drug use in a
practice provides the opportunity of comparing data
between individual years and/or veterinarians within a
practice or even between practices (benchmarking).
Benchmarking can have a positive effect on reducing the
total amount of antimicrobials used (Hopman et al. 2019).
Post educational training for veterinarians on antimicrobial
resistance and practice-wide discussions on guidelines should
be organised in order to improve alignment. Client education
on antimicrobial resistance can assist in reducing client
pressure on veterinarians to prescribe antimicrobials. This can
be achieved through sharing information by the use of
posters or leaflets for clients.

Prophylactic use of antimicrobials in foals in the first few
days of life has been advocated in the past to prevent
infections but given the current rise of antimicrobial resistance
and the worldwide call for reducing antimicrobial use, should
not be used. Antimicrobial prophylaxis should not be used as
a substitute for good animal health management. Prevention
of infections by improving hygiene on breeding farms is key.
In each case, the requirement to treat the presenting clinical
condition with antimicrobials should be balanced against the
potential for development or spread of resistance (Raidal
2019). Empirical use of antimicrobials is justified in initial
treatment protocols for rapidly progressive, life-threatening
conditions such as sepsis in foals, while awaiting the results of
culture and susceptibility tests to increase the chance of
survival (Theelen et al. 2019). Selection of antimicrobial drugs
in these cases should be based on knowledge of the
bacterial agents most likely involved with the disease process
and knowledge of local resistance patterns combined with
antimicrobial guidelines favouring antimicrobial drugs with the
lowest risk of development and spread of resistance.

Conclusions

It is important to realise that results of bacteriological culture
and susceptibility testing may differ between geographic
regions. Temporal trends in susceptibility and resistance also
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occur. Continuous local monitoring of culture and
susceptibility results is therefore of utmost importance to
ensure that empirical selection of drugs for treatment is
based on contemporaneous and locally applicable
susceptibility results. Bacteriological culture and susceptibility
testing in individual cases therefore might not only benefit the
individual patient, but also provides the basis for empirical
drug selection in future cases.

Foals treated at NICU facilities are at risk for healthcare-
associated infections (Theelen et al. 2020). Hygiene is
important to prevent infection and spread of resistant
bacteria. Repeated bacteriological culturing and susceptibility
testing is advisable in hospitalised foals to detect ongoing or
healthcare-associated infections at an early stage to provide
guidance for potentially changing antimicrobial therapy.

Choosing antimicrobials for treatment of equine neonates
is complex. Selecting antimicrobial drugs is more
complicated than matching ‘drugs and bugs’. Knowledge
about the drugs, the microbiological aspects and the clinical
situation of the patient are all necessary to make an
appropriate decision and improve the chance of a positive
outcome for the foal. The challenge is not to always play it
safe, just because it is easy, but to make a well-considered
decision in each individual case. Judicious use of
antimicrobials is important to prevent development of
resistance. In order for the veterinary profession to take
responsibility and contribute to the worldwide battle against
antimicrobial resistance, all veterinary practices should
develop and implement a practice-wide antimicrobial
stewardship strategy.
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