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1. Abstract
Soon after its introduction in the 1950s, the use of colistin in human medicine was restricted to
predominantly topical administrations due to its toxicity if given systemically. Severe nosocomial
infections due to multidrug-resistant (MDR) Gram-negative bacteria now account for high morbidity
and mortality (Schorr, 2009). Colistin is therefore nowadays a last resort drug in human medicine in
the context of treatment of infections caused by MDR Pseudomonas aeruginosa, Acinetobacter
baumannii and Enterobacteriaceae (Escherichia coli, Klebsiella pneumoniae), for which mortality can be
extremely high.
Colistin has been used regularly in veterinary medicine for decades, both as curative treatment and for
prevention of disease. The antibiotic has been predominantly administered as group treatment for
Gram-negative gastrointestinal infections in conditions of densely populated livestock by oral
administration, the route by which the compound demonstrates poor systemic absorption. The use in
veterinary medicine is being questioned given the ever growing need for antimicrobials for treatment
of MDR infections in humans.
This document reviews the current knowledge with respect to the impact of and need for colistin use
for human and animal health. The document provides a description of toxicity issues, colistin resistance
mechanisms, susceptibility testing problems, and risk management options. Among other
recommendations, we here conclude that antimicrobial use in both human and veterinary medicine
must be rationalised. For colistin use in particular, detailed monitoring of colistin resistant bacteria is
required to confirm horizontal gene transfer is not involved and overall prevalence remains low. As
soon as colistin resistance determinants are found on mobile genetic elements in the bacteria of
concern as well as from human or animal origin, or a clonal explosion of virulent bacteria takes place, a
new risk assessment would be required.

2. Introduction
The global emergence and steady increase in bacteria that are resistant to multiple antimicrobials has
become a global public health threat (Carlet et al., 2012). Human infections with resistant bacteria are
associated with higher patient morbidity and mortality, higher costs and longer length of hospital stay
(Cosgrove, 2006). In the current state of increasing resistance coupled with a worrisome decrease in
the availability of new antibiotics, there is a need to explore all options that would allow as far as
possible the preservation of the current armamentarium (ECDC/EMEA, 2009).
Colistin (polymyxin E) is a cationic, multicomponent lipopeptide antibacterial agent discovered soon
after the end of the Second World War (1949). An antibiotic originally named “colimycin” was first
isolated by Koyama et al, from the broth of Paenibacillus (Bacillus) polymyxa var. colistinus in 1950
(Koyama et al., 1950). Colistin has been used for decades in veterinary medicine, especially in swine
and veal calves. Based on national consumption data, Gram-negative infections of the intestinal tract,
due to E. coli and Salmonella are the primary indications. Most of the colistin applications in animals
are for oral group treatments.
In human medicine, colistin was initially restricted to topical use due to its systemic toxicity (Nord and
Hoeprich, 1964). Recently hospital outbreaks with carbapenemase-producing Enterobacteriaceae (E.
coli, Klebsiella), and multidrug-resistant Pseudomonas and Acinetobacter species (non-fermenters),
have forced clinicians to re-introduce systemic colistin treatment, in the form of its inactive pro-drug,
colistin methanesulphonate (CMS), as a last resort drug for nosocomial infections in which these
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organisms are involved. Colistin is therefore playing nowadays a key role for public health, despite all
the limitations deriving from its safety profile and uncertainties around the best way of using it (Nation
and Li, 2009). Also, CMS is used by inhalation for the treatment of Pseudomonas aeruginosa lung
infections in patients with cystic fibrosis.
Due to the critical importance of colistin for use in human medicine, there is a need to focus on the
possible consequences of veterinary use of colistin for human public health. Simultaneously, the impact
of current or future use of colistin products in veterinary medicine for animal health and welfare needs
to be re-explored.

3. The use of colistin in human and veterinary medicine
3.1. Human medicine
In human medicine, the two salt forms of polymyxin E (colistin) have been widely commercially
available, namely colistin sulphate and colistimethate sodium (syn colistin methanesulphate, colistin
sulphonyl methate, pentasodium colistimethanesulphate). Colistimethate sodium (CMS) is
microbiologically inactive (Bergen et al., 2006) and less toxic than colistin sulphate (Li et al., 2006). It
is administered predominantly as parenteral formulations and via nebulisation (Falagas and Kasiakou,
2005). After administration, CMS is hydrolysed to colistin, which is the base component that is
responsible for its antibacterial activity (Lim et al., 2010). Besides polymyxin E (colistin), polymyxin B
is also widely used in human medicine. Although parenteral formulations exist and are used in various
part of the world, polymyxin B is used only for topical administration in Europe for humans. Polymyxin
B has been reported to be associated with a similar or even worse toxicity pattern when administered
systemically (Ledson et al., 1998; Nord and Hoeprich, 1964).
Colistin sulphate is available in tablets and syrup for selective digestive tract decontamination (SDD)
and as topical preparations for skin infections. CMS is available for administration intravenously,
intramuscularly as well as topically via aerosol (nebulisation) or intraventricular administration.
Polymyxin B is available in parenteral formulations and can be administered intravenously,
intramuscularly, or intrathecal.
Until recently, due to the major concerns for neuro- and nephrotoxicity (Koch-Weser et al., 1970; Ryan
et al., 1969), the use of polymyxins has been limited to ophthalmic and topical use (Falagas and
Kasiakou, 2005; Koch-Weser et al., 1970). Cystic fibrosis patients have been an exception to this
practice, and such patients have received systemic or nebulised colistin to control lower airway
bacterial infections and complications (Beringer, 2001).
Healthcare-associated infections caused by MDR Gram-negative organisms are being increasingly
reported, especially in patients in intensive care units and haematology/oncology units (Zarb et al.,
2012). Colistin has re-emerged as a last-resort therapeutic option to treat infections due to multiresistant, lactose-fermenting and non-fermenting Gram-negative bacilli, including P. aeruginosa and
Acinetobacter baumannii, for which there is a growing unmet medical need. In particular, clinicians
nowadays have to resort to colistin to treat nosocomial infections in critically ill patients, such as
bacteraemia and VAP (ventilator-associated pneumonia), due to carbapenem-resistant Gram-negative
bacteria (Daikos et al., 2012; Petrosillo et al., 2013). In most cases these carbapenem-resistant
organisms produce a serine-based carbapenemase (e.g. the KPC or OXA enzymes) (Canton et al.,
2012) or a metalloenzyme (e.g. the New Delhi Metalo-β-Lactamase 1, NMD-1) (Bogaerts et al., 2010;
Cornaglia et al., 2011; Kumarasamy et al., 2010). These bacterial strains appear to be spreading
within the EU and have become a major problem in some centres/countries (Huang et al., 2011).
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Colistin in combination with other antibiotics such as tygecycline or carbapenems is currently used in
some countries as preferred approach particularly for carbapenemase producing Klebsiella pneumoniae
based on current evidence (Daikos et al., 2012; Qureshi et al., 2012; Tumbarello et al., 2012). A
recent randomised trial failed to establish a clinical benefit for the combination of colistin with
rifampicin for the treatment of serious infections due to extreme drug resistant (XDR) Acinetobacter
baumannii, despite synergism was shown in vitro (Durante-Mangoni et al., 2013). Studies are ongoing
to determine the efficacy of colistin combination with carbapenems for severe infections due to MDR
Gram negative pathogens.
The use of colistin by inhalation as adjunctive therapy or as monotherapy for VAP treatment has also
been explored (Lu et al., 2012; Michalopoulos and Falagas, 2008; Rattanaumpawan et al., 2010),
however larger randomised trials are needed in order to conclude on the utility of this approach.
Available evidence, mainly from old case series, suggests that systemic colistin is an effective and
acceptably safe option for the treatment of children without cystic fibrosis who have multidrugresistant Gram-negative infections (Falagas et al., 2009).
Major adverse effects of the systemic use of colistin in humans are nephrotoxicity (acute tubular
necrosis), and neurotoxicity such as paraesthesia, dizziness/vertigo, weakness, visual disturbances,
confusion, ataxia, and neuromuscular blockade, which can lead to respiratory failure or apnoea
(Falagas and Kasiakou, 2005). Older studies show a much higher frequency of neuro - and occasionally
irreversible – nephrotoxicity (approximately 7%), compared to more recent studies. The exception is
cystic fibrosis patients in which up to 29% adverse (neurological) effects have been found (Bosso et
al., 1991; Reed et al., 2001). The need of higher doses of CMS in order to achieve adequate colistin
concentrations for therapeutic effect, as shown in recent studies (Garonzik et al., 2011; Plachouras et
al., 2009), raises the concern around the consequent further increase in nephrotoxicity (Pogue et al.,
2011). To contain toxic side effects following systemic use, close monitoring of renal function and
avoidance of co-administration with other nephrotoxic agents (e.g. aminoglycosides) are recommended
(Falagas and Kasiakou, 2005). New derivatives of polymyxins, with a more favourable toxicity profile
are under evaluation (Vaara and Vaara, 2013).
The use of parenteral colistin to treat serious human infections is somewhat hampered by continuing
uncertainty regarding the optimum dose regimen, by the use of different ways to describe and express
the dose (in grams colistin base and as International Units) as well as the uncertainty regarding what
is actually delivered as active substance to the patient. There does, however, seem to be a consensus
on a need to use higher doses, adjusted according to creatinine clearance, and a loading dose
(Garonzik et al., 2011; Mohamed et al., 2012; Vicari et al., 2013).
A recent study with four different brands of CMS (He et al., 2013) showed that the pharmacokinetics
(PK) in rats was markedly different, with differences in the amount of colistin formed from the various
products. This is worrisome, considering the narrow therapeutic index of colistin and the risk of
failure/resistance associated with lower exposure. All recent PK studies measured colistin A and B with
chemical bioassay but not the other minor components (Couet et al., 2011; European Pharmacopoeia,
2013; Mohamed et al., 2012). The Ph. Eur. monograph for CMS is not particularly detailed and
specifications are quite broad (European Pharmacopoeia, 2013). Also a minimum titre for CMS is
specified in IU (potency test is based on turbidimetric and/or agar diffusion techniques) which would
need some re-evaluation considering CMS is an inactive prodrug (Bergen et al., 2006).
Colistin is used both in the community and hospital sectors. Total consumption (reflecting topical,
inhalational and systemic routes of administration combined) varies widely between countries. In
Figure 1, variation in systemic administered colistin between different countries is shown.
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Figure 1. Human colistin consumption as monitored in the European Surveillance of Consumption of
Antimicrobials (ESAC-net) for community (top) and Figure 2, hospital sector (bottom).

Total care includes data both from the hospital sector and community (primary care sector) and overestimates the
figures when used for reporting for the community sector. Some countries report reimbursement data that do not
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include consumption of antimicrobials obtained without prescription and other non-reimbursed sources. *Country
provided only total care data. See ESAC for full details and methodology (ECDC, 2012).

Colistin resistance has been emerging rapidly following its reintroduction as shown in different reports
with an associated increased mortality (Capone et al., 2013; Kontopoulou et al., 2010; Zarkotou et al.,
2010). In a hospital in Greece, resistance rates rose from 0% in 2007 to 8.13% in 2008 and to 24.3%
in 2009 (Meletis et al., 2011). The use of colistin for selective digestive tract decontamination (SDD) in
intensive care units has resulted in an increase of colistin resistance including cases of bacteraemia
associated with colistin resistant strains, prompting the recommendation to stop the use of colistin for
SDD (Halaby et al., 2013).
As outlined under the section 4.1 on resistance mechanisms, the most recent evolution consists of
virulent clones of K. pneumoniae or other difficult to treat Gram-negative bacteria becoming resistant
during therapy and associated with hospital outbreaks within Europe and world-wide (Balm et al.,
2013; Brink et al., 2013; Comandatore et al., 2013; Del Bono, 2013; Lambrini, 2013; Lesho et al.,
2013; Snitkin et al., 2013). Furthermore, the increasing reports of colistin-susceptible isolates
harboring resistant subpopulations are of great concern (Meletis et al., 2011).

3.2. Veterinary medicine
Within the EU Member States, colistin and polymyxin B are authorised nationally. Main indications are
infections caused by Enterobacteriaceae in rabbits, pigs, poultry, cattle, sheep and goats. Also, colistin
is used in laying hens and cattle, sheep and goats producing milk for human consumption. Typically,
colistin products are administered orally, as a drench, in feed, in drinking water or through milk
replacer diets. Combinations of colistin with other antimicrobials are available for group treatments of
food-producing animals in some European countries. Products for parenteral and intramammary
administration are also available, and Gram-negative infections in ruminants including endotoxinaemia
are claimed indications. Polymyxin B is on the list of substances essential for the treatment of equidae
for systemic treatment for endotoxaemia associated with severe colic and other gastrointestinal
diseases (Barton et al., 2004; Moore and Barton, 2003; Official Journal of the European Communities,
2013). As in human medicine, colistin and polymyxin B have been registered for topical administration
to individual veterinary patients. In companion animals, prescription eye and eardrops are available as
colistin alone, or in combination with other antimicrobials. Colistin tablets are available for calves for
the prevention and treatment of neonatal colibacillosis. In some EU Member States, veterinary
medicinal products containing colistin are not on the market and not used at all (ESVAC, 2012).
The 2010 and 2011 FDA reports on sales of veterinary antimicrobials show no sales of polymyxins, but
there are reports of off label use of polymyxin B in horses in cases of endotoxemia (Moore and Barton,
2003).
In Europe, colistin has been used since the 1950s (Koyama et al., 1950), primarily for pigs including
group treatments and prevention of diarrhoea caused by E. coli and Salmonella spp, as first choice
treatments for neonatal diarrhoea in piglets (Timmerman et al., 2006) and veal calves (Pardon et al.,
2012) caused by E. coli as well as for the therapy of mild colibacillosis in poultry. The median number
of individuals treated with colistin per 1000 animals in Belgium was 41.3 (Callens et al., 2012b) and
58.9 (Pardon et al., 2012) for finishing pigs (50 farms) and for veal calves (15 farms), respectively.
Based on the overall antimicrobial consumption, these studies demonstrate that colistin accounted for
more than 30% of the antimicrobial use in swine and 15% in veal farming. Also, the Belgian use of
colistin was for indications others than those for which it is authorised, e.g. respiratory disease,
peritonitis (Pardon et al., 2012) and streptococcal infections (Callens et al., 2012b). Doses also varied
between animal species, farm types and indications. Timmerman (2006) reported underdosing of oral
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polymyxin E in piglets possibly due to dilution in food or water, since its administration was not weightbased. Studies on dairy farms have shown limited use of polymyxins (Catry et al., 2007; Menéndez
González et al., 2010). In 32 broiler farms in Belgium, the use of colistin was not reported despite
detailed consumption records (Persoons et al., 2012a), however colistin is used in medicated feed
(www.belvetsac.ugent.be). Older studies from 2001-2003 in a limited number of Belgian cattle farms,
have shown that starter rations with antibiotics were given for 6 to 13 days in all of 5 examined veal
calves farms and 55 % of them contained colistin (Catry et al., 2007). In the same survey and in great
contrast, the mean number of suckling beef (n= 5 farms) and dairy cattle (n= 5 farms) that received
colistin was on average below 0.2 per 1000 animals daily (Catry et al., 2007).
Across 19 EU/EEA European countries for which sales data are available for 2010, polymyxins were the
5th most sold group of antimicrobials (4.5%), after tetracyclines (39%), penicillins (23%),
sulphonamides (11%), and macrolides (9%). These data have been averaged and approximated for
the animal population (Population Correction Unit, PCU). Four countries report zero sales. The
percentage of polymyxin sold in veterinary medicine at the national level, according to the European
Surveillance of Veterinary Antimicrobial Consumption (ESVAC, 2012) is shown in Figure 3. The vast
majority was for oral administration by different formulations (premix, powder, solution). Only a
minority was given by injection, and the amount of tablets, pastes, intrauterine and intramammary
preparations was negligible (Figure 4)(ESVAC, 2012).
Combinations of colistin with other antimicrobials are authorised in some Member States. The sales of
those products represents less than 10% of the overall sales of colistin (data not published).
Colistin is used in aquaculture for the prevention of Gram-negative infections (Xu et al., 2012),
consumption data are not available separately for this species. In the recent Danish monitoring
programme, details on consumption do not refer to the use of colistin (Agersø et al., 2012).
Figure 3 Percentage of sales for food producing animals (including horses), in mg per population
correction unit (mg/PCU), of polymyxins, by country, for 2010 (ESVAC, 2012). No sales reported in
Finland, Iceland, Ireland or Norway.
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Figure 4 Distribution of sales by pharmaceutical form for polymyxins, in tonnes of active ingredient,
by country, for 2010 (ESVAC, 2012). No sales reported in Finland, Iceland, Ireland or Norway.
Negligible amounts sold as bolus, oral pastes, intramammary and intrauterine preparations.

Due to concerns that the differences in posology and withdrawal periods established across the
European Union for veterinary medicinal formulations containing colistin at 2 000 000 IU per ml and
intended for administration in drinking water to food producing species could present a potential
serious risk to public and animal health, the United Kingdom referred the matter to the Agency on April
2009, under Article 35 of Directive 2001/82/EC as amended (EMA/CVMP, 2010). In their opinion the
CVMP confirmed that the benefit risk balance remained positive for the use of colistin for treatment of
gastrointestinal infections caused by non-invasive E. coli susceptible to colistin, when administered at
dose of 100 000 IU colistin per kg body weight daily for calves, lambs, pigs and 75 000 IU colistin per
kg body weight daily in poultry for 3-5 consecutive days. However, the benefit-risk balance regarding
the use of colistin for treatment of gastrointestinal infections caused by Salmonella spp in calves,
lambs, pigs and poultry was considered negative, and those indications were removed from the SPCs
of the involved products. The scope of the mentioned referral was limited to veterinary medicinal
products containing colistin for administration in drinking water; products administered in feed (or
injectables) were not addressed.

3.3. Antibacterial effect
The bactericidal effect of colistin is the result of an electrostatic interaction with divalent cations of the
outer bacterial membrane, which causes a disruption of the cell structure, leakage of the cell contents
and thereby cell lysis (Lim et al., 2010; Schindler and Osborn, 1979). The polymyxin broad-spectrum
of activity against Gram-negative bacteria involves binding to lipid A, the anchor for lipopolysaccharide,
and the main constituent of the outer membrane of these bacteria. Time kinetic-kill in vitro studies
have shown a concentration-dependent bactericidal action. Polymyxins are produced naturally by
Bacillus (Paenibacillus) polymyxa. Polymyxins are particularly active against a wide range of species of
Gram-negative bacilli (e.g. E. coli, Salmonella spp and P. aeruginosa) including those displaying
carbapenem resistance, and certain Mycobacterium species. Colistin differs from polymyxin B, only by
one amino acid in position 6 (D-leucine in colistin, phenylalanine in polymyxin B). However both
compounds have the same mechanism-of-action and resistance development. Polymyxin B and colistin
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(sulphate) have a similar spectrum of antibacterial activity against main Gram-negative pathogens
(Gales et al., 2011).
Polymyxins have no clinically useful activity against Gram-positive bacteria, Gram-negative cocci,
anaerobes and Molicutes including Mycoplasma (Falagas and Kasiakou, 2005). In addition, colistin
lacks therapeutic activity against inherently resistant species, including organism of the genera
Serratia, Stenotrophomonas, and Proteus (Pogue et al., 2011).
Colistin heteroresistance has been reported for K. pneumoniae (Poudyal et al., 2008), P. aeruginosa
(Bergen et al., 2011) and A. baumannii (Hawley et al., 2008). The potential for under-dosing in
relation to selecting subpopulations with higher MICs, during treatment with colistin has been
illustrated for A. baumannii (David and Gill, 2008). The use of combination therapy would have the
potential benefit to reduce the emergence of such subpopulations. Studies that included a moth
infection model (Galleria mellonella) have found that vancomycin and doripenem might have a
synergistic effect together with colistin in A. baumanni strains with decreased colistin susceptibility
(O'Hara et al., 2013). For P. aeruginosa, synergistic effects have been shown in vitro between colistin
and many other compounds (e.g. rifampicin and the anti pseudomonal agents azlocillin, piperacillin,
aztreonam, ceftazidime, imipenem, doripenem, or ciprofloxacin) (Conway et al., 1997).
Recent studies have demonstrated that colistin is synergistic with drugs of the echinocandin family
against Candida species, by increasing permeabilisation and attack by colistin on fungal membranes
(Zeidler et al., 2013).
The pharmacokinetic/pharmacodynamics approach has been applied successfully to the selection of
dose regimens for new antibacterial agents and the re-evaluation of efficacious dose regimens for
several antimicrobial classes. Also, PK/PD has some potential to identify regimens that may minimise
selection pressure for resistant strains. Although the vast majority have focused on the prevention of
mutational resistance (Drlica and Zhao, 2007), some studies have shown a benefit for the containment
of bacteria in which resistance is mediated mainly by horizontal gene transfer (McKinnon et al., 2008).
The application of PK/PD for colistin has only recently re-gained attention due to its increasing systemic
use to treat multidrug-resistant bacteria causing human infections. The PK/PD parameter to maximise
antibactericidal activity and minimise resistance has been shown as the area under the inhibitory curve
(AUIC, or fAUC/MIC) for target organisms such as P. aeuruginosa and Acinetobacter (Michalopoulos
and Falagas, 2011).

4. Resistance mechanisms and susceptibility testing
4.1. Resistance mechanisms
Acquired resistance to colistin in normally susceptible bacteria has been characterised by chromosomal
mutations and thus in theory is non-transferable by mobile genetic elements (Callens et al., 2012b;
Landman et al., 2008). Polymyxin resistance is mediated by mutations in specific regions (pmrA/B and
phoP/Q)(Moskowitz et al., 2012). Resistance is then associated with changes in the target components
of the Gram-negative bacterial wall, namely a covalent addition of 4-amino-L-arabinose (LAra4N) to
phosphate groups within the lipid A and oligosaccharide as elements from the lipopolysaccharide (LPS)
(Boll et al., 1994; Moskowitz et al., 2012; Moskowitz et al., 2004; Nummila et al., 1995). The twocomponent regulatory ParR-ParS system with an identical modification of LPS is involved in the
adaptive resistance at sub-inhibitory concentrations of cationic peptides, including colistin and the
bovine peptide, indolicidin (Fernandez et al., 2010). Research has demonstrated that also the activity
of lysozyme and other innate immune defence peptides (LL37) can be affected (Napier et al., 2013).
Colistin resistance thus confers resistance to polymyxins and a range of other cationic peptides.
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Decreased activity of polymyxins is due to structural LPS changes at both the cytosol and periplasmatic site of the cell membrane (Moskowitz et al., 2012). Studies indicate a similar (temperature
dependent) mechanism in other bacteria including A. baumannii, Yersina enterocolitica and Salmonella
(Beceiro et al., 2011a; Beceiro et al., 2011b; Guo et al., 1997; Reines et al., 2012). They found that
the development of a moderate level of colistin resistance in A. baumannii requires distinct genetic
events, including (i) at least one point mutation in pmrB, (ii) up-regulation of pmrAB, and (iii)
expression of pmrC, which leads to the addition of phosphoethanolamine to lipid A (Beceiro et al.,
2011a). Also, the phoP/Q system has been shown to be involved in strains with intrinsic resistance, for
example pathogenic Edwardsiella tarda from fish (Lv et al., 2012). These systems are different from
the mechanisms of colistin resistance in laboratory and clinical strains of A. baumannii as described by
(Moffatt et al., 2010), whom noted – unexpectedly -the total loss of LPS production via inactivation of
the biosynthesis pathway genes lpxA, lpxC, or lpxD. In Yersinia spp, polymyxin resistance can also be
related to the existence of efflux pumps with potassium anti-porter systems (RosA/RosB) (Bengoechea
and Skurnik, 2000).
With the exception of some well-examined clinical strains, many of the above mutation mechanisms
are not stable after several passages in vitro (Moskowitz et al., 2012). This instability of polymyxin
resistance, and the absence of horizontal gene transfer of these mutations, reduces the risk of rapid
spread of resistance to colistin (Gentry, 1991; Landman et al., 2008). Investigations on consecutive
samples of Acinetobacter baumannii from nosocomial infections have indicated that this in vitro
instability of colistin resistance is also found in vivo during colistin therapy (Lesho et al., 2013; Snitkin
et al., 2013; Yoon, 2013)REF. Out of 37 patients treated with colistin for <1 to 3 months, in 5 patients
(13%) mutations in the pmr locus were found. Colistin susceptibilities returned soon after cessation of
colisitin therapy (Snitkin et al., 2013), but in one of the isolates further examined an apparent more
stable mutation was found (pmrBL271R). Of notice,in this strain E-test and microbroth susceptibility tests
were highly discordant (Snitkin et al., 2013).
Work on Klebsiella pneumoniae has indicated that colistin resistant mutants counteract horizontal gene
transfer from multi-resistance gene clusters (Lamousin-White and O'Callaghan, 1986). This “conjugal
deficiency” of colistin- resistant strains can be 1000-fold compared to colistin-susceptible strains. This
aspect of colistin-resistant strains has been exploited successfully under clinical circumstances.
Although stepwise mutational resistance has appeared following prolonged colistin use in certain
hospital outbreaks, because plasmids were not present in the epidemic strains, whereby the colistinresistant isolates remained susceptible to other antibiotics. Through the rotational use of colistin and
aminoglycosides, the prevalence of resistant Klebsiella decreased during the latter outbreaks
(O'Callaghan et al., 1978).
Multi-resistant Klebsiella strains remain a cause of hospital outbreaks and colistin resistance has been
found in clones that are resistant to numerous unrelated antimicrobial agents. For example, often
encountered in Europe is K. pneumoniae sequence types (ST) 258, resistant to all beta (β)-lactams,
cephalosporins, carbapenems (KPC/class A; non-metallo), fluoroquinolones, macrolides,
aminoglycosides, tigecycline, and colistin (Comandatore et al., 2013). This colistin-resistant variant of
ST258 is circulating widely in Greece, with clinical cases also seen, possibly via importation, in Hungary
the UK (Livermore, 2012) and USA (Bogdanovich et al., 2011). Other multi-resistant examples are K.
pneumoniae ST 14 and ST17, reported in Asia (Balm et al., 2013). Despite the presence of many other
horizontally- transferable extended spectrum resistance mechanisms (e.g. β-lactams and
carbapenems), the colistin resistance determinants remain located on the chromosome and do not
appear to be horizontally transferable. However, it is acknowledged that, as shown for the clone ST258
(Bogdanovich et al., 2011), these strains have high capability for successful spread.
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Recent proteomic analysis by Chua and colleagues have shown that low intracellular c-di-GMP
concentrations in bacteria (i.e. a secondary messenger required for adaptations in life style of bacteria)
are also associated with polymyxin resistance. Biofilm formation by bacteria, which has long been
regarded as leading to decreased susceptibility to antimicrobials, is systematically down-regulated at
low intracellular c-di-GMP concentrations (Chua et al., 2013). Biofilms are protective layers around
bacteria that are formed, for example, around inert invasive devices (e.g. implants) or in the digestive
tract as mucosal biofilm communities (Fite et al., 2013). Whereas for many antimicrobial agents,
resistance transfer is enhanced under biofilm conditions, this down-regulation of c-di-GMP might
explain why this is not applicable for colistin resistance. In other words, colistin resistance, and maybe
by extension colistin presence, might interfere with biofilm formation and therefore resistance transfer.
To what extent conjugal deficiency and down-regulation of biofilm formation are related within the
occurrence of colistin resistance, is not documented.

4.2. Susceptibility testing
Susceptibility testing methods and standards for colistin have been developed within the EU.
Determination of minimal inhibitory concentrations (MICs) has long been applied to in vitro
susceptibility testing of colistin. Colistin sulphate is recommended to be used by EUCAST and CLSI as
the prodrug CMS is completely inactive as shown by Bergen et al (2006) and all its activity seen in
vitro simply would derive from partial conversion of CMS to colistin over time. The breakpoints for
susceptibility are based on colistin sulphate. Based on this, the microbiological testing of CMS in vitro,
either for susceptibility testing, for PK or even potency determination, would be of disputable value.
Different techniques, such as broth microdilution (Gales et al., 2001), agar dilution, and the E-test
(Boyen et al., 2010; Lo-Ten-Foe et al., 2007) have been used. The EUCAST clinical breakpoints for
Enterobacteriaceae (E. coli and Klebsiella species, but excluding Proteus spp., Morganella morganii,
Providencia spp., and Serratia spp.) and A. baumannii are based on testing using colistin sulphate and
are currently ≤2 μg/ml for colistin susceptible strain; and >2 μg/ml for a colistin resistant strain
(EUCAST, 2013). For P. aeruginosa, the values are ≤4 μg/ml for a colistin susceptible strain; and >4 μ
g/ml for a colistin resistance. These breakpoints are under continuous evaluation. For non-clinical
surveillance purposes, the epidemiological cut-off value can deviate as proposed for certain intrinsically
slightly-less susceptible Salmonella serovars, such as Dublin and Enteriditis (Agerso et al., 2012).
The disk diffusion test is routinely applied worldwide in human and veterinary medicine yet is seldom
reliable due to the inability of colistin to diffuse gradually in the agar (Lo-Ten-Foe et al., 2007). More
recently, the pre-disk diffusion test has been used successfully in which colistin tablets have an initial
two hours pre-diffusion before the bacteria are added to the medium for another 18 hours of
incubation. Both this pre-disk diffusion test and the E-test give comparable results to MIC
determination using the agar dilution technique (Boyen et al., 2010).
Molecular identification of colistin resistance is so far not included in routine laboratory practice, and an
appropriate phenotypic susceptibility test is necessary under laboratory conditions and for research
purposes that involve screening of large quantities of bacteria. A number of new techniques for
susceptibility testing and identification of resistance determinants is under development (van Belkum
and Dunne, 2013). These techniques reduce the antimicrobial susceptibility testing time from
2 to 4 days to approximately 1 to 2 hours, which could reduce the empirical treatment and stimulate
appropriate antimicrobial use.
The 2011 EFSA/ECDC EU Summary Report on antimicrobial resistance in zoonotic and indicator
bacteria from humans, animals and food (EFSA/ECDC, 2013) details which countries voluntarily tested
antimicrobial resistance (AMR) against colistin in zoonotic and indicator bacteria; seven Member States
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tested Salmonella, one tested Campylobacter and seven tested E. coli. On the latest European
Commission draft proposal for harmonized monitoring of AMR (not published) colistin should be tested
for Salmonella and E. coli (epidemiological cut-off value [ECOFF] and clinical resistance breakpoint >2 mg/l).

5. Possible links between the use of polymyxins and other
antimicrobials in animals and resistance in bacteria of animal
origin
Despite the abundant use of colistin in veterinary medicine for over 50 years, from the available
information colistin resistance transmission via horizontal gene transfer or sustained clonal expansion
has not been observed for the target Gram-negative organisms.
However the rapid emergence of resistance in humans after oral use in the ICU for selective digestive
tract decontamination shows that resistance in Enterobacteriaceae can emerge following oral use
(Halaby et al., 2013).
Indeed, the lack of emergence of resistance should be addressed with caution since in depth
epidemiological surveys in veterinary medicine are scarce. Large studies combining consumption and
resistance are limited, because colistin susceptibility tests are not fully reliable.
Low antimicrobial consumption is found in dairy and beef cattle that have regular access to pasture.
Under these conditions, 5-10 animals are treated on average with a standard antimicrobial dose per
1000 animals (equal to treatment incidence; TI), for colistin the TI was found to be lower than
0.2/1000 (Catry et al., 2007). For grazing animals, resistance in E. coli is low for most antimicrobials,
but multi-resistance is encroaching slowly over consecutive years (Geenen et al.; MARAN, 2012).
In veal calves in central Europe, the average overall TI with antimicrobials was calculated to be 417
per 1000 animals per day (Pardon et al., 2012), and for colistin this daily incidence is approximately 60
per 1000. The evolution of multi-resistance is worrisome in veal calves (MARAN, 2012), yet colistin
resistance in this production system is extremely low to absent (Di Labio et al., 2007).
In Belgium, the second highest antimicrobial-consuming livestock production system is that of
fattening pigs, where on average over 200-250 per 1000 individuals are treated daily with
antimicrobials (Callens et al., 2012b). Up to 30% of oral prophylactic and metaphylactic group
treatments consist of colistin (Callens et al., 2012b). If appropriate testing is applied, resistance is only
recent, but increasingly (10% in Belgium) being reported among porcine pathogenic E. coli strains
(Boyen et al., 2010). Dutch, porcine E. coli and Salmonella isolates, as reported in 2009 (MARAN,
2009), remain fully susceptible.
In broilers, approximately 95 to 130 animals were reported to be treated daily with a standard
antimicrobial dose per 1000 individuals (MARAN, 2009; Persoons et al., 2012a). Quantification of
broiler consumption did not identify use of colistin in 50 randomly selected farms in Belgium (Persoons
et al., 2012b), but it is used in many other EU Member States. The Dutch MARAN report covering 2009
showed a decrease in the use of intestinal anti-infectives (including colistin and neomycin) in broilers
from 26.0 to 18.4 daily dosages per 1000 animals (conversion from daily dosages per animal year).
Resistance in E. coli from broilers is increasingly becoming multi-resistance (Geenen et al., 2011), but
colistin resistance reports remain scarce and limited to some broiler meat samples (2.1%, N=328)
(MARAN, 2009). Care should be taken that technical difficulties can result in over-reporting of colistin
resistance, in particular for Salmonella when contaminated with inherent resistant organisms such as
Proteus species.
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In Australian Aeromonas strains from fish have frequently been found to be resistant to colistin
(55.5%), especially when retrieved from clinical cases (Aravena-Roman et al., 2012). Studies under
European aquaculture conditions are not available.
Detailed studies relating colistin use with a reduction of multi-resistance plasmids at the farm level are
currently unavailable. Surveillance data show low levels of colistin resistance despite considerable use
especially in veal and fattening pigs (Callens et al., 2012a). Detailed accurate monitoring is needed in
these confined production systems to follow up the emergence of clonal resistance strains and to
demonstrate absence of multi-resistance plasmids or alternative structures that include efficient
spreading mechanisms for polymyxin resistance.

6. Impact of use of colistin in food animals for animal and
human health
Colistin is now regarded as a last line defence against infections caused by multidrug resistant Gramnegative bacteria such as K. pneumoniae and A. baumanii. Its clinical use has resurged in many parts
of the world despite the limitations posed by its toxicity profile. The use of colistin in combination is
also more frequently considered and clinical studies are on-going. Human nosocomial infections with
colistin- resistant strains, particularly with carbapenem resistant K. pneumoniae, with high mortality
have been reported (Capone et al., 2013; Kontopoulou et al., 2010; Zarkotou et al., 2010). The only
independent risk factor demonstrated for colistin-resistant carbapenemase-producing
Enterobacteriaceae (CPE) in matched, controlled studies, is the use of colistin itself (Brink et al., 2013;
Halaby et al., 2013).
In European livestock, enteric diseases are treated with colistin, mainly in swine and poultry. The
amount of colistin used varies significantly for those EU/EEA countries for which there are data on
consumption. Differences in colistin use might result from amongst others; local bacterial resistance
situation, management, production type and Marketing Authorisations. If colistin is no longer available
then it could be speculated that other antimicrobials or medication (example zinc oxide in pig
production) would replace its use if no other interventions are taken (biosecurity, vaccination,
hygiene…). In the case of zinc oxide, other issues such as environmental impact should be taken into
account. The alternatives to colistin, depending on the resistance situation in a particular country, are
aminopenicillins, trimethroprim – sulfonamides, tetracyclines, aminoglyclosides, and the Critically
Important Antimicrobial (CIA) cephalosporins and fluoroquinolones. The latter are of particular concern
due to emerging ESBL (EFSA, 2011; EMA/CVMP/SAGAM, 2009). Although food producing animals are
the main concern for the transmission of AMR from animals to man, also the risk of transmission of
AMR via direct contact from companion animals should be taken into account.
There is no evidence that the use of colistin in veterinary medicine for food producing species has
resulted in colistin resistance transference to humans. Nevertheless, based on current data,
transmission of such resistance cannot be absolutely excluded. For other antimicrobial drug resistant
organisms including E. coli, the emergence following antimicrobial consumption and the transfer via
direct animal contact or via food has been documented (Angulo et al., 2004).

7. Conclusions


Despite its high toxicity, colistin is a last resort antimicrobial for the treatment of severe infections
caused by highly resistant bacteria in human medicine (among others carbapenemase-producing
A. baumannii, P. aeruginosa, K. pneumoniae and E. coli). Polymyxins with a more favourable
toxicological profile deserve attention for further research.
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Colistin is of therapeutic importance in veterinary medicine for the treatment of enteric diseases in
certain food producing species for which there are few effective alternatives available for certain
indication. Currently, there is no evidence of spread of colistin resistance from food producing
animals to human patients, or vice versa.



From the data available from 19 EU/EEA countries, colistin is the 5th most used antimicrobial for
food producing animals. There is variation between Member States in the extent of use of colistin.
From the data available the variation cannot be directly linked to specific animal species, category
or husbandry system in an individual Member State with some Member States having a low level,
or no use of the substance, suggesting that there is scope to decrease the overall use of colistin
within the EU.



Acquired resistance mechanisms are limited to a stepwise process via mutations in target bacteria.
However, emerging data in humans show that this clonal resistance can develop rapidly and can
spread efficiently under certain conditions in hospitals.



Transfer of resistance either on mobile genetic elements (such as plasmids) between bacteria or
from animals to humans has not been reported. Mutations coding for colistin resistance might even
downregulate resistance spread by horizontal gene transfer.

8. Recommended Risk Management options:
8.1. Review of existing Marketing Authorisations:
The SPCs for currently authorised products should be reviewed to ensure consistency for measures to
ensure responsible use in regards to protecting animal health and limiting the possibility of future risk
to public health. Based on the current evidence, it is considered appropriate to maintain the use of
colistin in veterinary medicine, but to restrict indications to therapy or metaphylaxis, and to remove all
indications for prophylactic use in order to minimise any potential risk associated with a broader use.
Reduction-of-use is expected to follow from elimination of prophylactic-use and other measures to
implement responsible-use. This recommendation is made on the basis that it is prudent to minimise
the possibility of resistance to colistin developing as a result of its use in animals and thereby also
reduce the possibility that any resistance that does develop will be transferred to man.

8.1.1. Prophylactic use
Colistin should only be used for treatment (cure or metaphylaxis1) of disease, and not for prophylactic
use.

8.1.2. Metaphylactic disease
Current indications such as colibacillosis, can spread rapidly through groups of animals/flocks if
metaphylactic treatment is not available. Current indications should be reviewed and the
appropriateness of metaphylaxis should be clarified.

1

The recently published for consultation guidance for the demonstration of efficacy for veterinary medicinal
products containing antimicrobial substances indicates: “Metaphylactic claims are when in addition to treatment of
clinically affected animals there is a need for administration of an antimicrobial to other animals in the same group,
still clinically healthy but likely to be infected due to close contact with diseased animals.”
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8.1.3. Indications
Indications for colistin should be revised according to current knowledge on rational antimicrobial
therapy:


In line with Regulation 1177/2006, antimicrobials should not be used for control and treatment of
Salmonella in poultry except in exceptional circumstances. In addition, EFSA’s Opinion on QMRA
(EFSA, 2010) of Salmonella in pigs also advises that antimicrobials should not be used in control of
this disease. Therefore, any indication for treatment of Salmonella spp. should be deleted.



Indications should be for the treatment of named pathogens and general indications should be
avoided.



If any indications for production enhancement (e.g. increase of feed efficiency or growth
promotion2) exist, they should be taken out of the SPC.

8.1.4. SPCs warnings of currently authorised products should be reviewed
to ensure that use is in line with responsible use.
Some of the marketing authorisations for colistin have been in existence for decades without
substantial revision or updating. Therefore, the SPCs should be examined to ensure that they are up to
date on recommendations on responsible use. For example:


Duration of treatment should be limited to the time needed for cure of diseases.



Whenever possible, colistin should only be used based on susceptibility testing, although limitations
on the susceptibility test are acknowledged.



Use of the product deviating from the instructions given in the SPC may lead to treatment-failures
and increase the prevalence of bacteria resistant to colistin.

8.1.5. Combination products (other than topical formulations)
The MAs for these products should be reviewed and unless sound justification can be provided that the
combination is in line with responsible use principles, combination products should be withdrawn. This
is particularly the case for any combination products of colistin with antimicrobials that are the highest
priority on the WHO list of critically important antimicrobials i.e. 3rd and 4th generation cephalosporins,
fluoroquinolones and macrolides.

8.2. New indications, formulations or species
New indications, formulations or species (e.g. fish) should be subject to full antimicrobial resistance
risk assessment before approval. This is the standard procedure for any marketing authorisation
application for an antimicrobial product for use in food producing animals, but in this case it is
especially important that the relevance of colistin for human medicine is considered for any new
marketing authorisation.
Studies that further examine the effect of different formulations of colistin (polymyxins) on duration of
symptoms, and excretion of relevant bacteria and their antimicrobial susceptibilities would help to
identify and to decrease inappropriate use.

2

Use (and indications) of antimicrobials as growth promoters are banned in the EU.
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8.3. Consumption and surveillance of colistin
The use of colistin in Member States is currently monitored as part of the ESVAC project in terms of
overall use. The monitoring system should be enhanced to provide figures on use per species,
production type and weight class.
The proposed revised European Commission harmonised monitoring of AMR requires all Member States
to perform standardised and quality controlled susceptibility testing of colistin on representative
samples of zoonotic and indicator bacteria (Salmonella and E. coli). The findings from such testing are
currently voluntarily reported by some Member States but should be made compulsory for all Member
States. This monitoring system should preferably be linked to a system where a random selection of
resistant isolates are screened for new resistance mechanisms, in particular for emergence of
transferrable resistance genes.
Surveillance of target animal pathogens isolated from clinical cases should be implemented to ensure
an early detection of any change on resistance patterns. Currently there is no official surveillance of
target animal pathogens, therefore such a system should be implemented. The practical challenges for
surveillance are recognised and are not restricted to colistin.

8.4. General considerations
Treatment of individual animals is preferred where possible.
Rapid, reliable diagnostic tests combining bacterial identification, susceptibility testing, and
differentiation with non-bacterial diseases should be further developed.
Biosecurity measures should be implemented to reduce the need for use of antimicrobials in general
(including colistin).

8.5. Follow up of scientific advice
This recommendation should be reviewed if there is a substantial increase of colistin resistance in
animal bacteria and other new relevant information for public health.
Further studies on the transmission of colistin resistance from animals to humans could be useful to
clarify the areas where information available is limited.
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ANNEX
9. Risk Management options that were analysed and
disregarded:
9.1. Withdrawal of Existing Marketing Authorisations
Considering the current information available, withdrawal of MAs is not considered to be proportionate
taking into account the low levels of reported resistance in animals despite decades of veterinary use
of colistin, and the current lack of evidence for transfer of resistance from animals to humans.
Withdrawal of marketing authorisations could have a negative overall impact on antimicrobial
resistance development to other antimicrobial agents as it might increase their veterinary use,
especially those used for the treatment of diseases where there are high levels of resistance to the first
line alternatives, e.g. colibacillosis in poultry. Examples are, but are not limited to, cephalosporins,
fluoroquinolones, betalactams, aminoglycosides, trimethoprim, sulphonamides and tetracyclines.

9.2. Use of colistin to be reserved for the treatment of clinical conditions
which have responded poorly, or are expected to respond poorly, to more
narrow spectrum antimicrobials
The option or recommending that colistin should be reserved for the treatment of clinical conditions
which have responded poorly, or are expected to respond poorly, to more narrow spectrum
antimicrobials was discussed and disregarded for the following reasons:


After decades of use of colistin in animals the detection of resistance to colistin is currently a rare
event in surveillance programmes monitoring antimicrobial resistance in relation to veterinary use
of antimicrobials.



Limiting the use of colistin to the cases described in the heading would be likely to promote the use
of other antimicrobials for which resistance might be of more relevance for public and animal
health.

9.3. Group treatments
The option of placing restrictions to reduce the use of colistin for the treatment of groups of animals
was discussed. Approximately 99% of use of colistin is in oral formulations which are mostly used for
group treatment within herds/flocks. The same reasons as provided above for not recommending the
withdrawal of existing marketing authorisations apply also for not placing restrictions on group
treatment.
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