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Abstract
‘Old’ colistin and polymyxin B are increasingly used as last-line therapy against multidrug-
resistant Gram-negative bacteria Pseudomonas aeruginosa, Acinetobacter baumannii and
Klebsiella pneumoniae. For intravenous administration, colistin is dosed as its inactive prodrug
colistin methanesulfonate (sodium), while polymyxin B is used as its sulfate (active antibacterial).
Over the last decade significant progress has been made in understanding their chemistry,
pharmacokinetics (PK) and pharmacodynamics (PD). The first scientifically based dosing
suggestions are now available for colistin methanesulfonate to generate a desired target steady-
state plasma concentration of formed colistin in various categories of critically-ill patients. As
simply increasing polymyxin dosage regimens is not an option for optimizing their PK/PD due to
nephrotoxicity, combination therapy with other antibiotics has great potential to maximize the
efficacy of polymyxins while minimizing emergence of resistance. We must pursue rational
approaches to the use of polymyxins and other existing antibiotics through the application of PK/
PD principles.
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1. Introduction
Rapidly increasing antibiotic resistance and lack of new antibiotics in the development
pipeline present a major global medical challenge. This unmet medical need was highlighted
by the Infectious Diseases Society of America (IDSA) in the ‘Bad Bugs, No Drugs’ report.
As the world faces a growing threat from bacterial ‘superbugs’ resistant to almost all
available antibiotics, the WHO has identified antibiotic resistance as one of the three
greatest threats to human health. The situation is especially worrying with multidrug-
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resistant (MDR) Gram-negative bacteria, namely Pseudomonas aeruginosa, Acinetobacter
baumannii and Klebsiella pneumoniae, against which no new antibiotics will be available
for many years to come. IDSA has placed these three very problematic pathogens on a hit-
list of top-priority dangerous pathogens. In addition, the recent rapid global dissemination of
New Delhi metallo-β-lactamase (NDM) producing Enterobacteriaceae is another major
medical challenge as these pathogens are resistant to almost all current antibiotics except
polymyxins. Without novel antibiotics in the development pipeline, polymyxins are
increasingly used as the only therapeutic option. Polymyxins were discovered in the 1940s
and never subjected to contemporary drug development procedures. Although clinical use of
polymyxins waned in the 1970s due to the early experience of nephrotoxicity and
neurotoxicity after intravenous administration, the rapid increase in resistance to all other
antibiotics has necessitated their resurgence in the clinic. This paper will review the latest
progress in polymyxin pharmacokinetics (PK), pharmacodynamics (PD) and integrated PK/
PD, essential information to optimize use of these antibiotics in patients.

2. Chemistry
Valid interpretation of polymyxin PK and PD requires an understanding of the chemistry of
these compounds. There are two polymyxins available for clinical use, colistin (i.e.
polymyxin E) and polymyxin B (Figure 1). There is only one amino acid difference between
colistin and polymyxin B and both are polycations at physiological pH owing to the five L-
α,γ-diaminobutyric acid (Dab) residues. Polymyxins are amphipathic, with hydrophobicity
mainly attributable to the fatty acyl moiety and hydrophilicity due to the five L-Dab γ-
amino groups. Hence, polymyxins are ‘sticky’ and able to bind non-specifically to different
surfaces (e.g. glass). Polymyxin B and colistin are a mixture of multiple components which
differ slightly (e.g. fatty acyl tail). For colistin and polymyxin B, the two major components
are colistin A and B, and polymyxin B1 and B2, respectively (Figure 1); however, the
proportion of these two major components in commercial material differs between
pharmaceutical suppliers and batches.

For parenteral administration, colistin is used in the form of sodium colistin
methanesulfonate (CMS), an inactive prodrug of colistin, while polymyxin B (active
antibacterial) is used as its sulfate salt. CMS is prepared from colistin by reaction of the free
γ-amino groups of the Dab residues with formaldehyde followed by sodium bisulfite.
Therefore, at physiological pH, CMS is a polyanion. It is very important to appreciate that
CMS is not a salt form of colistin but a different chemical entity. Both CMS and polymyxin
B can be used by inhalation for treatment of respiratory tract infections. Topical
formulations of colistin sulfate and polymyxin B sulfate are also available in many
countries. CMS is much more commonly used internationally (e.g. North America, South
America, Asia, Europe and Australia) whereas parenteral polymyxin B is mainly available
in the USA, Brazil and Singapore.

To understand the PK and PD of colistin it is crucial to appreciate that CMS is not stable and
converts to colistin at low, clinically relevant concentrations in plasma and urine in vivo and
in buffer solutions and microbiological media (e.g. <100 μg/ml at 37°C). Such conversion
forms a complex mixture of partially sulfomethylated intermediates and colistin, with the
potential to produce up to 32 different products even for a single component (e.g. CMS A).
A long-term stability study showed that CMS at 2 and 30 μg/ml in human plasma is stable
for up to 4 months when stored at −80°C and −70°C, while at −20°C a substantial
concentration of colistin (~0.4 μg/ml) was detected in the plasma spiked with 2 μg/ml CMS
even within 2 months. The instability of CMS has significant implications for sample
collection and handling in pre-clinical and clinical PK studies with CMS. If there is
significant conversion of CMS to colistin after samples are collected from patients or
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animals, concentrations of colistin will be overestimated, thereby leading to inaccurate
pharmacological analyses. Indeed, this is the major problem with use of microbiological
assays which are not able to differentiate between the colistin present in a sample at the time
of its collection from a patient and that formed by ongoing conversion from CMS during the
incubation period of a microbiological assay.

3. Mechanisms of activity and resistance
The detailed mechanism of polymyxin activity is unclear. The ‘self-promoted’ uptake theory
is widely accepted. Polymyxin activity involves an initial polar interaction of the cationic
lipopeptide with lipid A of lipopolysaccharide (LPS) in the outer membrane (OM),
displacing divalent cations (Ca2+ and Mg2+) from the negatively charged phosphate groups
of lipid A, followed by uptake across the OM. The fatty acyl tail of polymyxins is crucial for
activity as polymyxin B nonapeptide (derived by proteolytic cleavage of the fatty acyl-Dab
from polymyxin B) is devoid of antibacterial activity. Our structure-activity relationship
model for polymyxins indicates the hydrophobic interaction between the fatty acyl tail of
polymyxins and lipid A also plays a very important role in this first step of polymyxin
action. A recent study reported the inhibitory effect of polymyxin B against alternative
NADH dehydrogenase (NDH-2) and malate:quinone oxidoreductase (MQO) from
Mycobacterium smegmatis. No such enzymatic study has been conducted in any Gram-
negative bacteria.

Cross-resistance exists between colistin and polymyxin B. As described above, a critical
first step in the action of polymyxins against Gram-negative bacteria is the electrostatic
interaction between the positively charged Dab residues of polymyxins and the negatively
charged phosphate groups on lipid A. Thus, many of the bacterial mechanisms of resistance
to polymyxins are based on modifications to lipid A that reduce or abolish this initial polar
interaction. In E. coli, Salmonella enterica Serovar Typhimurium, K. pneumoniae, A.
baumannii and P. aeruginosa, modifications of the phosphates of lipid A with positively
charged moieties, such as 4-amino-4-deoxy-L-arabinose (L-Ara4N) and/or
phosphoethanolamine (PEtn), reduce the net negative charge of lipid A, thereby increasing
resistance to polymyxins. In addition, LPS loss and presence of capsule have been reported
for polymyxin resistance in A. baumannii and K. pneumoniae, respectively.

4. Pharmacodynamics
As CMS is an inactive prodrug of colistin, PD studies using CMS are not valid and will not
be reviewed here.

4.1 Susceptibility and minimal inhibitory concentrations (MICs)
Polymyxins are mainly active against Gram-negative bacteria while Gram-positive micro-
organisms are usually resistant. Antimicrobial susceptibility testing for colistin and
polymyxin B can be performed using disc diffusion, E-test, agar dilution and broth dilution,
although the accuracy of the disc diffusion method compared to other methods has been
questioned. Different susceptibility breakpoints have been employed by various
organizations (Table 1). As CMS is an inactive pro-drug, it should not be employed for
susceptibility testing. All currently available breakpoints for colistin susceptibility are for
colistin sulfate. As the PK/PD information of colistin and polymyxin B only became
available recently (see sections below), it is very likely that some of the current breakpoints
(Table 1) may not be appropriate; for example, >4 μg/ml for colistin resistance against P.
aeruginosa may be too high based upon the emerging data on achievable plasma
concentrations in patients, as discussed below.
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Although multidrug resistance is very challenging in Gram-negative pathogens, most
isolates of P. aeruginosa, A. baumannii and K. pneumoniae remain susceptible to colistin
and polymyxin B (Table 2). In general, colistin and polymyxin B demonstrated excellent in
vitro activity against a large collection of clinical isolates of Acinetobacter spp. (MIC90 ≤ 2
μg/ml), K. pneumoniae (MIC90 ≤ 2 μg/ml), E. coli (MIC90 ≤ 1 μg/ml) and P. aeruginosa
(MIC90 ≤ 2 μg/ml). Resistance rates to colistin and polymyxin B during 2006 to 2009
generally remained stable among the clinical isolates examined, except for Klebsiella spp.
isolates collected from the Asia-Pacific and Latin American regions where a trend of slight
increase in resistance was observed. This may be due to suboptimal use of polymyxins as a
result of lack of PK/PD knowledge. Neither polymyxin B nor colistin is currently available
for clinical use in China. In a national surveillance conducted between January 1 to
December 31, 2010 in 129 Chinese hospitals, the susceptibility rates of P. aeruginosa (4925
isolates) and A. baumannii (3490 isolates) to polymyxin B were 96.4% and 97.2%
respectively.

4.2 In vitro static and dynamic time-kill kinetics
Colistin (sulfate) showed rapid concentration-dependent killing against MDR P. aeruginosa,
A. baumannii and K. pneumoniae in in vitro static time-kill studies. However, regrowth can
occur even at colistin concentrations up to 64 × MIC (Figure 2). It is very likely that the
rapid emergence of resistance to colistin is due to colistin heteroresistance (defined as the
presence of colistin-resistant subpopulations in an isolate that is susceptible based upon
MIC). Population analysis profiles (PAPs) have revealed that a small proportion of colistin-
resistant cells exists in many clinical isolates of P. aeruginosa, A. baumannii and K.
pneumoniae; upon exposure to colistin, killing of the susceptible population plus
amplification of the resistant subpopulations may result in up to 100% of the remaining
bacterial cells being able to grow on PAPs agar plates containing 10 μg/ml colistin. These in
vitro studies suggest that polymyxin monotherapy may lead to emergence of resistance and,
as will be discussed below, highlight the importance of investigating combination therapy.
Static time-kill studies also demonstrated that the rate and extent of killing by colistin are
markedly decreased at high (i.e. 108 CFU/mL) compared to low inocula (i.e. 106 CFU/mL).

There have been only a small number of in vitro dynamic time-kill studies on polymyxins
against Gram-negative pathogens. Bergen et al. examined the impact of three different
colistin dosing regimens against P. aeruginosa in an in vitro dynamic model. The three
treatment regimens simulated the plasma concentration - time profiles of formed colistin
after intravenous administration of CMS once, twice or thrice daily (colistin Cmax of 9.0, 4.5
or 3.0 μg/ml, respectively); the regimens, which delivered essentially the same daily dose of
colistin, were evaluated against two strains of P. aeruginosa. With all regimens against both
strains, rapid initial concentration-dependent killing was followed by regrowth. Although no
difference in overall bacterial killing was found, the 8-hourly regimen appeared most
effective at delaying the onset of resistance development. In an in vitro hollow-fiber
infection model, three regimens (8-, 12-, and 24-hourly administration of the same daily
dose) were employed to simulate the steady-state polymyxin B PK in patients and assess
activity against P. aeruginosa over 4 days. Emergence of resistance was less with the 8-
hourly regimen of polymyxin B, similar to the finding with colistin above. In the third study,
the same intermittent regimens of colistin examined by Bergen et al. were simulated in an in
vitro PK/PD model against two colistin-heteroresistant strains of A. baumannii. Extensive
initial killing was followed by regrowth as early as 6 h later, and bacterial density in the 24-
to 72-h period was within 1 log10 CFU/mL of growth control. PAPs revealed extensive
emergence of resistant subpopulations regardless of the colistin regimen. Thus, the
propensity for emergence of colistin resistance being dependent upon the dosing interval
selected appears to differ across bacterial species and may depend on the resistance
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mechanisms involved. None of these studies was designed to elucidate the PK/PD index
correlating with antibacterial effect. However, the finding that the time course of total
bacterial counts was not greatly different across the various dosing regimens within the
given studies suggests that time-averaged exposure to polymyxins is important for bacterial
killing; as discussed below, recent more extensive dose-fractionation studies in both in vitro
dynamic and animal infection models have demonstrated that free AUC/MIC (fAUC/MIC)
is the PK/PD index that correlates best with antibacterial activity.

4.3 Post-antibiotic effect (PAE)
Only very modest PAE was observed with colistin against P. aeruginosa and K. pneumoniae
at high concentrations (e.g. 32 × MIC). With 1-h treatment at 1 and 4 × MIC, Özbek and
Şentürk reported a 2.50 – 7.0 h PAE in 6 non-duplicate, nosocomially acquired, meropenem-
resistant A. baumannii isolates. In a separate study, a modest (0.3 – 3.5 h) or negative PAE
(i.e. where polymyxin-treated bacteria grew more quickly after removal of the drug
compared to controls) was revealed in A. baumannii ATCC 19606 and 5 clinical isolates
after 20-min exposure to colistin at 0.5 – 64 × MIC ; the mechanism of a negative PAE is
unknown. After 5-h exposure to colistin with 19 clinical A. baumannii isolates, a PAE of
0.82 – 8.04 h was observed with 1 × MIC by Plachouras et al. . In colistin PAE studies, an
appropriate exposure time is crucial since prolonged treatment may eradicate bacterial cells
due to rapid bactericidal killing at high concentrations (e.g. 64 × MIC), and substantial
regrowth can occur as early as 4 h after exposure due to colistin-resistant subpopulations.
The role of PAE of colistin in relation to antibacterial activity in patients is unclear and may
not be relevant because of the relatively long half-life of formed colistin and the small
fluctuations in plasma colistin concentration that occur across a CMS dosage interval in
critically-ill patients.

4.4 In vivo time-kill studies
There is only one in vivo colistin time-kill study against P. aeruginosa using a neutropenic
mouse thigh infection model. Mice were infected by two isolates with 6.3 – 6.6 log CFU per
thigh and treated with single subcutaneous doses of colistin 2.5 – 40 mg/kg. Colistin showed
concentration-dependent killing with maximal kill of 2.8 – 3.3 log. Similar to in vitro static
studies, regrowth was observed at 6 – 9 h with 10 mg/kg, at 12 h with 20 mg/kg and 12 – 24
h with 40 mg/kg of colistin. There is little information about the efficacy of polymyxin B in
animal infection models. However, considering the single amino acid difference between
polymyxin B and colistin (Figure 1), it is very likely that polymyxin B and colistin have
very similar bacterial killing in vitro and in vivo.

5. In vitro and in vivo PK/PD of polymyxins
Considerable progress has been made over the past few years towards the elucidation of the
PK/PD relationship of polymyxins with most studies focusing on colistin. Bergen et al. first
employed an in vitro PK/PD model to demonstrate that the fAUC/MIC is the PK/PD index
that best predicts colistin antibacterial activity against P. aeruginosa, being superior to
fCmax/MIC and fT > MIC. Dudhani et al. used neutropenic murine thigh and lung infection
models to identify the most predictive PK/PD index of the antibacterial activity of colistin
against P. aeruginosa and A. baumannii. Consistent with the in vitro PK/PD study, fAUC/
MIC correlated best with colistin activity in both lung and thigh infection models against
both pathogens. The fAUC/MIC targets were generally similar in the two infection models
for 1- and 2-log kill of P. aeruginosa. For example, in the thigh model the fAUC/MIC values
for 1- and 2-log kill of three P. aeruginosa strains ranged from 15.6 – 22.8 and 27.6 – 36.1,
respectively; for the lung infection model, the corresponding values were 12.2 – 16.7 and
36.9 – 45.9. These values are generally consistent with those obtained with an in vitro PK/
PD model. Against A. baumannii, the fAUC/MIC values required to achieve stasis and 1-log
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kill were 1.57 – 6.52 and 8.18 – 42.1 in the lung infection model, respectively; the
corresponding values were 1.89 – 7.41 and 6.98 – 13.6 in the thigh infection model.
Amplification of colistin-resistant subpopulations was revealed for all three A. baumannii
isolates in both models after 24-h colistin treatment. These PK/PD studies defined fAUC/
MIC values for various magnitudes of kill and indicated the importance of achieving
adequate time-averaged exposure to colistin. As discussed below, these pre-clinical PK/PD
results have begun to be used translationally to facilitate efforts to optimize CMS/colistin
dosing in humans.

More recently, Wang et al. determined the PK/PD indices for colistin that were the most
predictive of activity against planktonic and biofilm cells of P. aeruginosa in a neutropenic
murine lung biofilm infection model. In agreement with the results in the in vitro PK/PD
model and the neutropenic lung and thigh mouse infection studies (see above), AUC/MIC
was the PK/PD index best correlated with bacterial killing of colistin against planktonic
cells; for biofilm cells in the lung, AUC to minimal biofilm inhibitory concentration (MBIC)
ratio (AUC/MBIC) was the most predictive PK/PD index. Not surprisingly, the AUC/MBIC
targets required for biofilm infections were much higher than for planktonic cells. For
example, 1-log kill by colistin required an AUC/MIC of 297 for planktonic cells, while an
AUC/MBIC of 185 (i.e. an AUC/MIC of 867) was required for cells in biofilm. In this
study, plasma protein binding was not measured for colistin; therefore AUC/MIC and AUC/
MBIC values were for total colistin.

6. Pharmacokinetics of polymyxins
6.1 Preclinical PK studies

In a rat model, very different PK of colistin and CMS were revealed using accurate HPLC
methods that are capable of distinguishing between CMS and colistin. Following an
intravenous bolus dose of colistin (sulfate, 1 mg/kg), the total body clearance (CL) of
colistin was 5.2 ± 0.4 mL/min/kg, with a renal clearance (CLR) of 0.010 ± 0.008 mL/min/
kg; this latter value was far lower than the anticipated clearance by glomerular filtration of
2.3 mL/min/kg, with only 0.18 ± 0.14% of the total colistin dose recovered in urine over 24
h. This result first indicated very extensive renal tubular reabsorption of colistin through a
carrier-mediated process, and its clearance mainly via non-renal pathway(s); an isolated
perfused kidney study in rats confirmed the extensive tubular reabsorption. The unbound
fraction of colistin (ƒu) in healthy rat plasma was ~0.44 for colistin concentrations of 1.5 –
6.0 μg/ml.

Following a single intravenous bolus of CMS (15 mg/kg), conversion of CMS to colistin
was observed and the CL of CMS was 11.7 mL/min/kg. In contrast to the low CLR observed
previously for colistin, the CLR of CMS was greater than the glomerular filtration rate (7.2 ±
2.2 mL/min/kg versus ~5.2 mL/min/kg, respectively). Even without consideration of plasma
protein binding, this result indicated net tubular secretion of CMS into urine. During the first
24 h after dosing 61.1% ± 14.4% of the total dose of CMS was recovered in urine, with
approximately half present as colistin. However, PK analysis revealed that only ~7% of the
administered dose of CMS was converted to colistin systemically. Considering this low
systemic conversion of CMS to colistin, extensive renal tubular reabsorption of colistin, and
the conversion of CMS to colistin in aqueous media including urine, the high urinary
recovery of colistin after administration of CMS was very likely due to conversion of CMS
at 37°C within renal tubular cells, the bladder and/or at room temperature in the collection
vessel. The terminal t1/2 of formed colistin was approximately twice that of the administered
CMS (55.7 ± 19.3 min versus 23.6 ± 3.9 min), suggesting that the elimination of colistin is
not rate limited by its formation from CMS, and was similar to the t1/2 of colistin
administered directly. An independent rat PK study by Marchand et al. using a wide range of
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CMS doses (5 – 120 mg/kg intravenously) confirmed the observations of Li et al. in regard
to the fundamental aspects of the overall disposition of CMS and formed colistin. In
addition, linear PK of CMS and formed colistin was observed in rats treated with the wide
range of intravenous doses of CMS.

6.2 Clinical pharmacokinetic studies
Over the last decade, our knowledge on the clinical PK of CMS and formed colistin and
polymyxin B has increased substantially. As the old CMS/colistin PK data obtained with
microbiological assays are invalid due to conversion of CMS to colistin during the assay,
this section will only review those clinical PK studies that were conducted with HPLC or
LC-MS/MS assays which are able to quantify CMS and formed colistin separately.

As CMS/colistin and polymyxin B are increasingly being used as salvage therapy in
critically-ill patients with MDR Gram-negative infections, a comprehensive understanding
of their PK is vital to optimize their dosage regimens in this patient population. This review
will focus on the clinical studies after intravenous administration of CMS and polymyxin B
in critically-ill patients. Please refer to our Lancet Infect Dis review regarding the very
different and confusing product content labelling (i.e. International Units [IU] versus colistin
base activity [CBA]) used in various parts of the world; here, we express doses in both
conventions to facilitate interpretation for the reader.

Several studies investigated the PK of formed colistin after CMS dosing in critically-ill
patients, but did not measure CMS. Imberti et al. studied the steady-state PK of formed
colistin in 13 critically-ill patients with ventilator-associated pneumonia caused by Gram-
negative bacteria. With 2 million IU (i.e. 65 CBA) intravenous CMS 8-hourly, the maximum
plasma concentrations of formed colistin at steady state (Cmax,ss) were 2.21 ± 1.08 μg/ml at
1 h after the start of the infusion with an apparent terminal t1/2 of 5.9 ± 2.6 h.
Bronchoalveolar lavage (BAL) was performed at 2 h after the start of the CMS infusion but
colistin was undetectable in BAL (the detection limit of the assay in terms of epithelial
lining fluid was ~10 μg/ml after considering the dilution during BAL collection). This PK
study suggested that intravenous administration of CMS 2 million IU (i.e. 65 CBA) 8-hourly
leads to suboptimal plasma concentrations of colistin. In another clinical PK study with 14
critically-ill patients administered 2.8 million IU (i.e. 84 mg CBA) 8-hourly or 12-hourly,
Cmax,ss of formed colistin was 2.93 ± 1.24 μg/ml and the apparent total body clearance,
apparent volume of distribution, and t1/2 of formed colistin were 13.6 ± 5.8 L/h, 139.9 ±
60.3 L and 7.4 ± 1.7 h, respectively. After intravenous administration of CMS (1.88 – 8.44
million IU per day, i.e. 56 – 253 mg CBA per day) in five critically-ill adult patients,
concentrations of formed colistin in the cerebrospinal fluid (CSF) varied between 0.041 –
0.099 μg/ml and the CSF-to-serum ratios were 0.051 – 0.057 in the patients at the sampling
times examined. This indicates that intravenous administration of CMS is not suitable for
treatment of meningitis.

The disposition of both CMS and formed colistin was examined by Plachouras et al. in 18
critically-ill patients (age range 40 – 83 years; 6 females) with moderate to good renal
function (creatinine clearance of 41 – 126 mL/min) receiving maintenance doses of 3
million IU (i.e. 90 CBA) of CMS 8-hourly intravenously (two patients with creatinine
clearance < 50 mL/min received 2 million IU 8 hourly). More recently, the same group
reported clinical PK data on a further 10 critically-ill patients (age range 32 – 88 years; 4
females) with creatinine clearance values ranging from 24 to 214 mL/min; CMS
maintenance doses were 1 – 3 million IU (30 – 90 mg CBA) every 8 hours. Population PK
analysis of the data from the combined 28 patients revealed that the estimated PK
parameters for CMS were clearance 13.1 L/h and terminal half-life (t1/2) 2.2 h, while the
terminal t1/2 of formed colistin was 18.5 h. As a consequence of these dispositional events
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relating to CMS and formed colistin, patients were exposed to sub-optimal plasma colistin
concentrations for 2 – 3 days before reaching steady state. Even at an average plasma
colistin Cmax,ss of 2.3 μg/ml and without considering plasma protein binding, a large
fraction of the patients had plasma colistin concentrations below the MIC breakpoint of 2
μg/ml (Table 1). Based upon these considerations, the need for a loading dose and a change
in the dosing strategy for CMS was suggested. Unfortunately, due to the relatively small
patient numbers and the limited range of creatinine clearance values, it was not possible to
identify patient covariates, including creatinine clearance, as a driver of disposition in both
studies.

A recent population PK study developed the first scientifically based dosing suggestions for
CMS to achieve a desired target steady-state plasma concentration of formed colistin in
various categories of critically ill patients. Of the 105 critically-ill patients, 89 were not on
renal replacement and had a large range of renal functions (creatinine clearance 3 – 169 mL/
min/1.73m2), 12 were on intermittent hemodialysis and 4 on continuous renal replacement.
The median daily dose across the 105 patients was 200 mg CBA (range 75 – 410 mg CBA;
i.e. 2.5 – 13.7 million IU). Both CMS and formed colistin were efficiently cleared by
hemodialysis and continuous renal replacement therapy (see below). The average steady-
state plasma concentration (Css,avg) of formed colistin in all patients ranged from 0.48 to
9.38 μg/ml (median 2.36 μg/ml; Figure 3). Importantly, creatinine clearance was identified,
for the first time, as an important covariate for the total clearance of CMS (mainly
eliminated renally) and also the apparent clearance of formed colistin (predominantly non-
renally cleared). With decreasing renal function, a larger fraction of the CMS dose was
converted to colistin; this explains the observed decrease in the apparent clearance of formed
colistin with declining creatinine clearance. On the basis of the population PK modelling,
including the identification of creatinine clearance as an important covariate for clearance of
CMS and colistin, the authors were able to propose maintenance dosage regimens for CMS
to achieve a given Css,avg of formed colistin in patients with various degrees of renal
function and, as discussed below, those receiving renal replacement therapy. An important
finding of this study was that with the currently recommended dosage regimens, it is very
difficult to achieve what are likely to be adequate plasma concentrations of formed colistin
with CMS monotherapy, especially in patients with moderate to good renal function and if
the MIC of the isolate is ≥ 1 μg/ml. It should also be noted that nephrotoxicity is a dose-
limiting factor for intravenous CMS; even with the currently recommended dosage
regimens, ~50% of patients developed various degrees of nephrotoxicity. Therefore, CMS/
colistin might best be used as part of a highly active combination, in particular when treating
an infection caused by an isolate with an MIC of ≥ 1 μg/ml in a patient with a creatinine
clearance greater than ~70 mL/min/1.73m2.

In a PK study conducted in 12 young healthy volunteers (29.5 ± 5.5 years), a single dose of
1 million IU (i.e. 30 mg CBA) CMS was infused over 1 h. Similar to the findings in rats,
CMS was predominantly excreted in urine (70% on average as both CMS and colistin, with
the majority of the latter formed in the urinary tract).

There were only a very limited number of clinical PK studies on CMS and formed colistin in
patients on renal replacement therapy. Li et al. described the steady-state PK in a critically-
ill patient on continuous venovenous hemodiafiltration (CVVHDF) treated with intravenous
CMS (150 mg CBA, 5 million IU) 48 hourly, a dosage regimen recommended by the
Product Information. This dosage regimen was used, as there was a lack of scientifically
based information to guide dose adjustment in patients on continuous renal replacement
therapy. This CMS dose led to the plasma concentrations of formed colistin falling below
the MIC of 1 μg/ml approximately 6 h after the dose; unfortunately the patient died. This
study first revealed that both CMS and colistin are cleared by CVVHDF (clearances of CMS
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and colistin were 11.2 mL/min and 11.9 mL/min, respectively), and highlighted the urgent
need to investigate the PK of CMS and formed colistin in this subset of critically-ill patients.
In another case study, Marchand et al. examined the PK of CMS and formed colistin in two
patients on intermittent hemodialysis. With intravenous administration of 1 million IU (i.e.
30 mg CBA) every 48 h or 2 million IU (i.e. 60 mg CBA) every 12 h, time-averaged dialysis
clearances were ~140 mL/min for colistin and ~90 mL/min for CMS. In a recent study, both
CMS and colistin were shown to undergo efficient extracorporeal clearance in a total of 16
patients; based upon the population PK analysis, the authors were able to suggest loading
and maintenance doses of CMS for patients on intermittent hemodialysis or continuous renal
replacement and supplemental doses for patients in the former category after a dialysis
session.

Although significant progress has been made recently in understanding how to optimize
clinical use of CMS, PK/PD data and dosing recommendations for parenteral CMS/colistin
cannot be extrapolated to polymyxin B. First, polymyxin B is not administered as a prodrug.
Secondly, the overall PK of CMS/colistin is very complex. CMS is predominantly cleared
via the renal route, while colistin formed in vivo is inefficiently cleared by the kidneys.
Lastly, in a subject with normal renal function only a very small fraction of the administered
dose of CMS is converted slowly to colistin. Without administration of a loading dose of
CMS, the slow accumulation of formed colistin in plasma may cause sub-optimal exposure
over the first day or two of therapy, thereby leading to emergence of resistance. However,
because polymyxin B is administered in its active form (i.e. not as an inactive prodrug),
administration of a suitable intravenous loading dose of polymyxin B will more rapidly
achieve higher exposure than can occur with generation of colistin, even when an
intravenous loading dose of CMS is used.

As polymyxin B is used much less widely than CMS, there are fewer clinical PK studies on
polymyxin B and they incorporate only a relatively small number of patients receiving
intravenous administration (100 – 400 mg/day). Kwa et al. examined the disposition of
polymyxin B1 (one major component of polymyxin B; Figure 1) in 9 non-critically-ill adult
patients with normal renal function. The average volume of distribution and elimination t1/2
were 47.2 L and 13.6 h, respectively. In another clinical PK study, 8 critically-ill patients
(APACHE II score: 20 – 27) received 1-h infusions of 0.5 to 1.5 mg/kg polymyxin B 12- or
48-hourly. Renal function of the 8 patients ranged widely (creatinine clearance from <10 to
246 mL/min). The Cmax, total body clearance and volume of distribution were 2.38 – 13.9
μg/ml, 0.27 – 0.81 mL/min/kg and 71 – 194 mL/kg, respectively. Only 0.04 – 0.86% of the
dose was recovered unchanged in urine in 4 patients where urine collection was possible;
this finding indicates that total body clearance of polymyxin B is relatively insensitive to
renal function, which is similar to colistin observed in rats. In a case report, a 50-year-old
Chinese patient with a creatinine clearance of 18 mL/min was administered an initial
intravenous infusion of 50 mg polymyxin B over 60 min, followed by infusions of 75 mg
over 90 min every 24 h. The elimination t1/2 of polymyxin B1 in this renally insufficient
patient was 11.5 h, which was similar to those previously observed in patients with normal
renal function. In a 9-month-old infant treated with intravenous polymyxin B for MDR K.
pneumoniae bacteremia, the elimination t1/2 of polymyxin B1 and isoleucine polymyxin B1
were 3.1 and 4.7 h, respectively, which are much shorter than those observed in the limited
number of adult patients studied. Overall, polymyxin B is predominantly non-renally
eliminated and larger clinical studies, including in patients on renal replacement therapy, are
needed for optimizing dosage regimens for different patient populations.
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7. Combination therapy with polymyxins
As outlined in Sections 4 and 5 above, the emerging PK and PD data on CMS/colistin
suggest that caution is required with monotherapy due to sub-optimal exposure and
emergence of resistance. Therefore, combination therapy has been suggested as a possible
means to overcome these limitations.

7.1 In vitro time-kill studies
Numerous in vitro studies have employed time-kill methods to examine CMS/colistin or
polymyxin B combination therapy. However, given that CMS is an inactive prodrug that
undergoes conversion to the antibacterial entity colistin in aqueous media, employing CMS
in these in vitro systems is invalid and studies identified as utilizing CMS will not be
considered here. While many antimicrobial agents have been combined with colistin or
polymyxin B, rifampicin and the carbapenems feature most often. The most common
organisms studied are P. aeruginosa, A. baumannii and K. pneumoniae. Unless otherwise
stated below, synergy is defined as a ≥2 log10 CFU/mL lower bacterial count with the
combination than with its most active component antibiotic at a specified time; additivity is
a 1 to <2 log10 CFU/mL lower bacterial count with the combination.

7.1.1 Static time-kill studies—Against 42 unique clinical isolates of blaVIM-1-type
metallo-β-lactamase producing K. pneumoniae, the combination of colistin (5 μg/ml) and
imipenem (10 μg/ml) resulted in synergy against 12 of 24 colistin-susceptible isolates, with
antagonism observed against 10 of 18 colistin-resistant isolates. Resistance to colistin (MICs
64 – 256 μg/ml) was observed in 7 of 12 isolates initially susceptible to colistin. Urban et al.
examined antibiotic combinations using polymyxin B, doripenem, and rifampicin against
MDR carbapenem-resistant isolates of P. aeruginosa, A. baumannii, K. pneumoniae and E.
coli; all antibiotics were used at 0.25 × MIC. As monotherapy, none of the tested antibiotics
was bactericidal (defined as a ≥3 log10 CFU/mL decrease in 24 h at 0.25 × MIC). Triple
therapy with the combination of polymyxin B, doripenem and rifampicin was most
effective, with bactericidal activity achieved against 5 of 5 P. aeruginosa isolates, 5 of 5 E.
coli isolates, 4 of 5 K. pneumoniae isolates, and 3 of 5 A. baumannii isolates. Combinations
utilizing only two antibiotics were less effective, with polymyxin B plus doripenem or
rifampicin bactericidal against only 1 – 2 of 5 isolates for all bacterial species except E. coli;
against E. coli, polymyxin B plus doripenem was bactericidal against 4 of 5 isolates. In
another study, Jernigan et al. investigated the activity of ‘colistin’ (1 μg/ml) in combination
with doripenem (8 μg/ml), gentamicin (2 μg/ml) or doxycycline (2 μg/ml) against 12
carbapenemase-producing isolates of K. pneumoniae; all isolates were resistant to
doripenem and most were resistant to the other agents. The colistin/doripenem combination
was most active against all isolates. With this combination, synergy was observed in 6 of 12
isolates at 24 h (log-kills ranged from 2.02 to 6.01 log10 CFU/mL). Of the remaining
combinations, synergy was reported in only 3 of 12 and 1 of 12 isolates when colistin was
combined with gentamicin and doxycycline, respectively. Unfortunately, none of the studies
above considered emergence of polymyxin resistance during the static time-kill.

Bergen et al. examined colistin/imipenem combinations and were the first to employ PAPs
to investigate the emergence of colistin resistance with colistin combination therapy. This
systematic study conducted at two inocula (~106 and 108 CFU/mL) over 48 h utilized MDR
and non-MDR P. aeruginosa (6 isolates in total) and included colistin-resistant and
heteroresistant isolates. Based upon the clinical PK of colistin and imipenem, 9 colistin/
imipenem combinations were studied using concentrations of 0.5, 4 and 16× MIC for
susceptible isolates; for resistant isolates, concentrations of 1, 4 and 32 μg/ml for colistin
and 1, 8, and 32 μg/ml for imipenem were employed. Substantial improvements in activity
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(including additivity or synergy) with combinations were observed across 48 h with all
colistin concentrations at the low inoculum, and with colistin at 4 and 16 × MIC (or 4 and 32
μg/ml) at the high inoculum. Notably, against a colistin-resistant isolate (MIC 128 μg/ml)
the 9 combinations were additive or synergistic at 24 h in 9 and 8 cases at the 106 and 108

CFU/mL inocula, respectively, and in 5 and 7 cases at 48 h.

7.1.2 Dynamic time-kill studies—While numerous studies have employed static time-
kill methods to examine colistin or polymyxin B combination therapy, remarkably few have
employed in vitro dynamic models. Gunderson et al. was the first to utilize a one-
compartment PK/PD model to examine colistin combination therapy with either ceftazidime
or ciprofloxacin over 24 h against two colistin-susceptible MDR isolates of P. aeruginosa.
The combination of colistin plus ceftazidime was synergistic. However, only changes in
bacterial counts between colistin monotherapy and combination therapy were employed in
the determination of synergy and when data for ceftazidime monotherapy (which was
performed for only one of the two isolates tested) is considered, synergy was not observed.
More recently, Bergen et al. investigated bacterial killing and the emergence of colistin
resistance with colistin and doripenem combinations against a colistin-heteroresistant
reference strain ATCC 27853 and colistin-resistant MDR clinical isolate of P. aeruginosa.
Four combinations utilizing clinically achievable concentrations of each drug (constant
colistin concentrations of 0.5 or 2 μg/ml, mimicking the ‘flat’ plasma concentration - time
profiles across a dosing interval at steady state (Figure 3); doripenem with peaks of 2.5 or 25
μg/ml 8-hourly, t1/2 1.5 h) were investigated at two inocula (~106 and ~108 CFU/mL). All
combinations at the low inoculum, and combinations containing 2 μg/ml colistin at the high
inoculum, substantially increased bacterial killing against both strains. Against the colistin-
resistant MDR isolate, combinations containing doripenem at 25 μg/ml resulted in bacterial
eradication at the low inoculum. Importantly, combination therapy against the colistin-
heteroresistant strain at both inocula substantially reduced or delayed the emergence of
colistin-resistant subpopulations. This important finding was in contrast to earlier work by
the same group utilizing static time-kill studies for colistin/imipenem combination therapy
against colistin-susceptible isolates (including heteroresistant isolates) in which little effect
was observed on the proportion of colistin-resistant subpopulations; loss of imipenem due to
degradation in the static experiments may have contributed to these different results. This
observation highlights the importance of in vitro dynamic PK/PD models in assessing the
activity and the emergence of resistance to antimicrobial therapy.

7.2 Animal studies
The number of animal studies examining colistin combination therapy is small and most,
like clinical studies discussed below, suffer from a number of significant shortcomings that
make the results difficult to interpret. These include ambiguity around whether the
administered ‘colistin’ was colistin (sulfate) or CMS (sodium), and failure to provide a
rationale for the doses of CMS/colistin administered or to recognize the importance of
animal scaling. Crucially, PK data for CMS/colistin and the second antibiotic are absent
from virtually all investigations, preventing comparisons with PK profiles achieved in
patients.

Cirioni et al. examined ‘colistin’ (although it is unclear whether colistin or CMS was
administered) in combination with imipenem or rifampicin against P. aeruginosa using rat
and mouse sepsis models; all antibiotics were administered intravenously. Both
combinations resulted in significantly enhanced bacterial killing across 72 h when compared
with monotherapy, although only the colistin/imipenem combination had significantly lower
mortality. In a mouse pneumonia model, all control mice receiving monotherapy (n = 14 to
16) with CMS (total daily dose of 20 mg/kg administered subcutaneously [SC] or 10 mg/kg
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administered intranasally; both divided into two doses administered every 12 h), imipenem
(SC; total daily dose of 60 mg/kg divided into two doses administered every 12 h) or
rifampicin (25 mg/kg orally every 24 h) died within 42 h of infection with P. aeruginosa
PAO1. Combinations of CMS plus imipenem or rifampicin increased survival to 62.5% and
75% at 72 h, respectively; intranasal CMS was also superior to SC CMS when combined
with imipenem. Similar trends were observed using a MDR clinical isolate of P. aeruginosa.
In contrast, no differences were observed in survival or bacterial clearance from the lungs in
mouse pneumonia models with rifampicin monotherapy (25 mg/kg intraperitoneally [IP] as
a single daily dose or 100 mg/kg/day IP in four divided doses) and rifampicin/CMS (40 mg/
kg/day IP in four divided doses or 60 mg/kg/day IM in three divided doses) combination
therapy against MDR A. baumannii. Against E. coli in a septic shock rat model, mortality at
48 h was 93.3%, 33.3%, 33.3%, and 0% for animals following a single IP administration of
‘colistin’ monotherapy (1 mg/kg; unclear as to whether CMS sodium or colistin sulfate was
administered), piperacillin monotherapy (60 mg/kg), and ‘colistin’ plus piperacillin
combination, respectively (n = 15). In a recent mouse thigh and lung infection study, PK/PD
of colistin, doripenem and rifampicin alone was considered in the design of this combination
study ; the colistin/doripenem combination was superior (at least >1 log better kill) to the
most active monotherapy in both lungs and thighs for 2 of 3 strains of both P. aeruginosa
and K. pneumoniae. Against the A. baumannii strains in the thigh infection, the colistin/
rifampicin combination was more active than monotherapy.

7.3 Clinical studies of CMS combination therapy
While a number of clinical studies have involved CMS combination therapy, major
limitations with all published clinical studies exist due to practical and ethical
considerations. Notably, these clinical investigations are primarily retrospective in nature
and do not include PK information on CMS, formed colistin, or concomitant antibiotics.
Further, the number of patients participating is usually small and there is heterogeneity in
the definitions of outcomes (e.g. mortality or clinical cure), variability in the dosing
regimens, differences in the susceptibility testing methods (disc or broth dilution), and often
no clear rationale for the choice of the second antibiotic. Moreover, most studies did not
stratify outcome by severity of illness, an important consideration as combination therapy is
most likely to be given to the sickest patients who are more likely to die. Thus, although
clinical studies to date have not shown any clear advantage for CMS combination therapy,
the limitations associated with these studies significantly hinder interpretation of the data
and, as such, the benefits to patients of CMS combination therapy remain unclear. As a
consequence, clinical studies will only be briefly reviewed here.

Few studies directly compared the effectiveness of CMS monotherapy with combination
therapy. In a recent study, Falagas et al. reported on 258 patients infected with MDR Gram-
negative pathogens. Infection was cured in an equal proportion of patients (83.3%) who
received CMS monotherapy or CMS combined with meropenem, whereas patients treated
with CMS combined with piperacillin/tazobactam, ampicillin/sulbactam or other agents had
significantly lower rates of infection cure (64.7%, 75.0% and 61.3%, respectively); average
daily doses or dosage ranges for patients receiving mono- or combination therapy were not
specified. When only patients infected with polymyxin-only-susceptible bacteria were
included, 18 (90%) of 20 patients treated with CMS monotherapy were cured of the
infection compared with 70 (83.3%) of 84 patients treated with CMS combined with
meropenem and 17 (54.8%) of 31 patients treated with other antimicrobial agents.
Multivariate analysis for this subset of patients showed that treatment with CMS
monotherapy or CMS/meropenem combination therapy was an independent factor for cure
of infection. In contrast, a much smaller review of studies involving a total of 18 patients
with infections caused by KPC β-lactamase-producing K. pneumoniae treated with
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polymyxins (CMS or polymyxin B) alone or in combination reported that infections were
successfully treated in 1 of 7 patients receiving polymyxin monotherapy and 8 of 11 patients
receiving combination therapy (mainly with tigecycline or gentamicin). In patients receiving
antimicrobial therapy for acute respiratory exacerbation of cystic fibrosis, no substantial
differences were observed between patients receiving 2 million IU of CMS (i.e. 60 mg
CBA) intravenously every 8 hours as monotherapy (n = 36) or CMS plus a second anti-
pseudomonal antibiotic (n = 35).

8. Conclusion
In summary, over the last decade significant progress has been made in understanding the
PK/PD of CMS/colistin and polymyxin B. As both polymyxins have been off patent for
decades, it is very difficult to seek funding from pharmaceutical companies to re-develop
‘old’ polymyxins through contemporary drug development procedures. Fortunately, with
significant funding support from government agencies (e.g. US National Institutes of Health
(NIH; National Institute of Allergy and Infectious Diseases (NIAID)), Australian National
Health and Medical Research Council (NHMRC) and European Commission), the
knowledge derived over the last decade from investigations into the PK, PD, and PK/PD of
polymyxins means we are now in a much better position to optimize the dosing regimens for
maximizing efficacy while minimizing development of resistance. Importantly, systematic
pre-clinical and clinical PK and PD investigations on polymyxin B are urgently needed and
are being undertaken in several laboratories, including ours. The current poor Product
Information for CMS and polymyxin B products needs to be updated by incorporating the
recent modern PK and PD information, which will greatly help clinicians to optimize their
clinical use. As new antibiotics will not become available for many years, CMS/colistin and
polymyxin B will continue being a last-line therapeutic option against MDR Gram-negative
‘superbugs’. In the battle against rapidly emerging Gram-negative bacterial resistance we
can no longer rely on discovery of new antibiotics. We must pursue rational approaches to
the use of polymyxins and other existing antibiotics through the application of PK/PD
principles.
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Figure 1.
Structures of colistin and polymyxin B. Dab: α,γ-diaminobutyric acid; Thr: threonine; Leu:
leucine; Phe: phenylalanine.

Bergen et al. Page 21

Diagn Microbiol Infect Dis. Author manuscript; available in PMC 2013 November 01.

N
IH

-PA Author M
anuscript

N
IH

-PA Author M
anuscript

N
IH

-PA Author M
anuscript



Figure 2.
Static time-kill curves for colistin against two A. baumannii isolates. Reproduced from
Owen et al. [2007] with permission.
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Figure 3.
Steady-state plasma concentration versus time profiles of (A) CMS and (B) formed colistin
in 105 critically-ill patients. Physician-selected CMS dosage intervals ranged from 8 to 24 h;
therefore, the inter-dosing blood sampling interval spanned the same range. Reproduced
from Garonzik et al. [2011] with permission.
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