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Abstract

Combinations of antimicrobial agents are
often used in the management of infectious
diseases. Antimicrobial agents used as part of
combination therapy are often selected empir-
ically. As regrowth and the emergence of poly-
myxin (either colistin or polymyxin B)
resistance has been observed with polymyxin
monotherapy, polymyxin combination therapy
has been suggested as a possible means by
which to increase antimicrobial activity and
reduce the development of resistance. This
chapter provides an overview of preclinical
and clinical investigations of CMS/colistin
and polymyxin B combination therapy. In
vitro data and animal model data suggests a
potential clinical benefit with many drug com-
binations containing clinically achievable
concentrations of polymyxins, even when
resistance to one or more of the drugs in com-
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bination is present and including antibiotics
normally inactive against Gram-negative
organisms. The growing body of data on the
emergence of polymyxin resistance with
monotherapy lends theoretical support to a
benefit with combination therapy. Benefits
include enhanced bacterial killing and a sup-
pression of polymyxin resistant subpopula-
tions. However, the complexity of the critically
ill patient population, and high rates of treat-
ment failure and death irrespective of
infection-related outcome make demonstrat-
ing a potential benefit for polymyxin combi-
nations extremely challenging. Polymyxin
combination therapy in the clinic remains a
heavily debated and controversial topic. When
combinations are selected, optimizing the dos-
age regimens for the polymyxin and the com-
binatorial agent is critical to ensure that the
benefits outweigh the risk of the development
of toxicity. Importantly, patient characteris-
tics, pharmacokinetics, the site of infection,
pathogen and resistance mechanism must be
taken into account to define optimal and ratio-
nal polymyxin combination regimens in the
clinic.
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16.1 Introduction

Combinations of antimicrobial agents have been
used in the management of infectious diseases
since the 1940s [160]. Reasons for the use of
antimicrobial combinations include prevention of
resistance selection during treatment, decreased
dose-related toxicity as a result of reduced dos-
age, broadening of spectrum in polymicrobial
infections, and ‘synergy’ [183]. However, it
remains controversial whether combination ther-
apy, given empirically or as definitive treatment
for many infection types, is warranted. There are
also potential disadvantages with combination
therapy including a greater risk of drug toxicity,
increased cost, and superinfection with even
more resistant bacteria [119]. Clinicians often
resort to antibiotic combinations as a conse-
quence of limited therapeutic options in the hope
of improving the activity of available agents. In
clinical practice, antimicrobial agents used as
part of combination therapy are often selected
empirically by clinicians, mainly by trial and
error or based on personal experience. This
approach is poorly guided and may not be opti-
mal for patient care.

Polymyxin (colistin [administered as colistin
methanesulphonate; CMS] or polymyxin B)
combination therapy is increasingly used clini-
cally [10, 11, 30, 51, 62, 78, 120, 139, 141, 142,
162]. However, systematic investigations of such
combinations are a relatively recent phenome-
non. As outlined in Chap. 15, the emerging phar-
macodynamic (PD) and pharmacokinetic (PK)
data on CMS/colistin and polymyxin B suggest
that caution is required with monotherapy. Given
this situation, polymyxin combination therapy
has been suggested as a possible means by which
to increase antimicrobial activity and reduce the
development of resistance [63, 72, 99, 151].

The growing body of data on the emergence of
polymyxin resistance with monotherapy lends
theoretical support to a benefit with combination
therapy. As discussed in Chap. 8, a consistent
finding of both in vitro and in vivo studies is
regrowth with colistin or polymyxin B monother-
apy, even with concentrations far exceeding those
which can be safely achieved clinically [12, 13,

16,25-27, 39, 67, 88, 89, 93, 103, 104, 128, 147,
165, 173, 174, 201, 208]. Amplification of
colistin-resistant subpopulations in heteroresis-
tant isolates, i.e. isolates that are susceptible to
polymyxins based upon their minimum inhibi-
tory concentrations (MICs) but which contain
resistant subpopulations, has been shown to con-
tribute to the observed regrowth following poly-
myxin monotherapy [13, 14, 16, 24, 45, 50, 84,
89, 103, 123, 147, 173, 174, 188]. Studies under-
taken in in vitro pharmacokinetic/pharmacody-
namic (PK/PD) models simulating clinically
achievable unbound plasma concentration-time
profiles of colistin or polymyxin B in critically ill
patients demonstrated early regrowth of heterore-
sistant strains of Pseudomonas aeruginosa [16,
103, 173], Klebsiella pneumoniae [45, 208] and
Acinetobacter baumannii [84, 89], with popula-
tion analysis profiles (PAPs) revealing substantial
increases in the proportion of polymyxin-resistant
subpopulations; PAPs after 72 h (colistin) or 96 h
(polymyxin B) were substantially different from
the PAPs prior to polymyxin therapy and those
for the growth controls. Similar increases in the
proportion of colistin-resistant bacteria with
monotherapy have been observed in other in vitro
studies (both static and dynamic time-kill infec-
tion models) [1, 13, 14, 24, 123, 128, 143, 147,
174] and, for A. baumannii, murine thigh and
lung infection models [50]; many of these studies
include polymyxin concentrations well above the
MIC of the organism. These observations suggest
that the susceptible bacterial populations were
selectively eradicated, resulting in unopposed
growth of resistant subpopulations (such as LPS-
deficient A. baumannii [114]; discussed in detail
in Chap. 5) and consequently the emergence of
resistance over time. Heteroresistance notwith-
standing, adaptive resistance (see Chap. 5) may
also contribute to regrowth as evidenced by
reversion to the susceptible state following serial
passaging on drug-free plates of one of three iso-
lates in the study by Tam et al. [173]. Finally, a
recent study demonstrated that amino acid altera-
tions in two-component systems such as PmrAB,
PhoPQ and ParRS involved in polymyxin resis-
tance (due to modifications of lipopolysaccha-
rides in the Gram-negative cell wall) occur
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rapidly in vitro in the presence of colistin within
the period of selection of single-step mutants
[32]. This suggests polymyxin treatment may
provoke genetic mutations related to resistance as
a mutagen within a short period in addition to the
selection of pre-existing resistant subpopula-
tions. Such observations highlight the importance
of polymyxin combinations to minimize the
emergence of polymyxin resistance.

In addition to a reduction in the emergence of
polymyxin resistance, combination therapy has
the potential to increase bacterial killing via ‘syn-
ergy’. Two mechanisms have been proposed
whereby polymyxin combinations may provide
an enhanced PD effect. As regrowth with poly-
myxin monotherapy is due, at least in part, to
amplification of pre-existing polymyxin-resistant
subpopulations in heteroresistant strains, it has
been suggested that polymyxin combinations
may give rise to so-called subpopulation synergy,

A Susceptibleto A

the process whereby one drug kills the resistant
subpopulation(s) of the other drug, and vice versa
(Fig. 16.1) [23]. Additionally mechanistic syn-
ergy, whereby two drugs acting on different cel-
lular pathways increase the rate or extent of
killing of the other drug, has been suggested as a
mechanism by which polymyxin combinations
may lead to an enhanced antimicrobial effect
(Fig. 16.1) [23]. The ability of colistin to increase
the permeability of the outer membrane of many
Gram-negative bacteria (Chap. 4) represents one
possible mechanism for mechanistic synergy,
potentially allowing better access of other anti-
microbial agents to their target sites within the
pathogen and thereby improving activity.
Potential examples of each type of synergy are
discussed subsequently in the PK/PD time-kill
studies section. Mechanisms of subpopulation
and mechanistic synergy are not mutually exclu-
sive and both may operate simultaneously.
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Fig. 16.1 Schematic representations for subpopulation
synergy (Panel A) and mechanistic synergy (Panel B). In
subpopulation synergy, drug A kills the resistant subpopu-
lations of drug B, and vice versa. In mechanistic synergy

for drugs acting on different cellular pathways, drug A
increases the rate or extent of killing by drug B, and vice
versa. (Figure adapted from Bulitta et al. [23], with
permission)
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An important observation of some recent stud-
ies which investigated colistin susceptibility has
been the substantially increased susceptibility of
colistin-resistant isolates of several Gram-
negative species to many antibiotics, including
some normally considered inactive against Gram-
negative organisms (e.g., rifampicin, macrolides,
glycopeptides and daptomycin) [25, 61, 66, 86,
92, 109, 187, 190]. For example, Li et al. [92]
examined the antibiograms of paired colistin-
susceptible and -resistant strains of multidrug-
resistant (MDR) A. baumannii against a broad
range of antibiotics. In that study, the MICs of
most colistin-resistant strains were substantially
lower against a number of antibiotic classes typi-
cally used against Gram-negative organisms than
their colistin-susceptible counterparts (e.g. >16
times lower in some cases against the penicillin
class and carbapenems). Additionally, the
colistin-resistant ~ strains had  substantially
increased susceptibility to many antibiotics that
are typically inactive against Gram-negative bac-
teria (e.g., rifampicin, fusidic acid, and erythro-
mycin). The authors suggested that this may be
due to substantial changes in the outer membrane
of A. baumannii which occur as a result of resis-
tance to colistin, thereby allowing antibiotics

FICindex

such as rifampicin and the lipopeptides, macro-
lides and streptogramins greater access to their
target sites. This unexpected finding further
emphasises the need for rational, systematic
examination of polymyxin combination therapy.
This chapter will provide an overview of both
preclinical and clinical investigations of CMS/
colistin and polymyxin B combination therapy.

16.2 Preclinical Studies of CMS/
Colistin or Polymyxin B
Combination Therapy

16.2.1 In Vitro Studies

In vitro studies examining combination therapy
most commonly define the pharmacodynamic
(PD) interaction of the agents in terms of additiv-
ity, synergy, indifference or antagonism, with the
method used to determine such interactions
dependent upon the experimental system
employed [144]. For example, with the checker-
board microbroth dilution method the fractional
inhibitory concentration (FIC) index is used. The
FIC is calculated as follows [144]:

_ MICof drug Ain combination N MIC of drug Bin combination

MIC of drug A alone

MIC of drug Balone

Though various definitions are used throughout
the literature, synergy with this method has tradi-
tionally been defined as an FIC index of <0.5,
additivity as an FIC index of 1.0, and antagonism
as an FIC index of 2.0. However, more recent cri-
teria suggest that an FIC index of >4 should be
applied to definitions of antagonism to account
for inherent imprecision of the technique when
twofold dilutions are used and because an FIC
index of 2.0 is probably indicative of an indiffer-
ent, rather than a true antagonistic, effect [6].
Though widely used, the checkerboard method is
less discriminatory than other more sophisticated
in vitro methods (e.g., static or PK/PD time-kill
models; discussed below) for assessing the inter-
actions of antimicrobial agents [28, 126, 194].

Discordance between results derived from com-
bination testing using Etest and time-kill meth-
ods has also been reported for polymyxins [175].
Consequently, results derived from FIC and Etest
methods will not be discussed here.

Time-kill methods have important advantages
over the checkerboard technique. Primarily, the
time-kill method measures the bactericidal activ-
ity of the combination being tested and provides
a picture of antimicrobial action over time (based
on serial viable counts); in contrast, the checker-
board technique provides only inhibitory data
and is usually examined at a single time point
(after 1624 h of incubation) [144]. Time-kill
models can be subdivided into static and PK/PD
models. In static time-kill models, with the
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exception of a small degree of loss in drug activ-
ity due to bacterial metabolism or inactivation,
bacteria are exposed to static (fixed) concentra-
tions of an antibacterial agent over a defined
period of time. PK/PD models essentially fall
into one of two categories: one-compartment
(1-CM) or two-compartment (2-CM) models [65,
186]. In these models, the test organism is pre-
sented with a dynamic concentration of drug
designed to mimic in vivo PK. PK/PD models
typically consist of a central reservoir containing
the organism, a diluent reservoir and a waste res-
ervoir. Drug is added to the central reservoir to
achieve the desired peak concentration and the
elimination profile is mimicked by addition of
sterile, drug-free media to the central reservoir
and removal of an equal volume of drug-
containing media into the waste reservoir; vari-
ous adaptations of this standard model are
available to simultaneously mimic the in vivo PK
of two or more drugs with differing half-lives
[21]. Though 1-CM are most common, the 2-CM
hollow-fibre infection model (HFIM) — which
prevents bacterial elimination by physically sep-
arating bacteria from the central reservoir — is
now considered gold standard for detailed exami-
nation of the effects of different regimens and PK
on the time-course of bacterial killing and emer-
gence of resistance [22].

For both static and PK/PD time-kill methods
synergy has traditionally been defined as a 100-
fold increase in killing at 24 h (as measured by
colony counts; i.e. a >2-log;, lower CFU/mL)
with the combination relative to its most active
component (Fig. 16.2) [144]; antagonism is
defined as a 100-fold decrease (i.e. a >2-logy,
higher CFU/mL) in killing at 24 h with the com-
bination compared with the most active single
drug alone. While a strict application of these
definitions requires that at least one of the drugs
being tested produces no significant inhibition or
killing alone, there are no established criteria
with which to evaluate interactions when using
two or more drugs, each of which has significant
activity alone [144]. Consequently, these defini-
tions are commonly applied in practice even
when more than one drug displays significant
bacterial killing. Variations on, and additions to,
these definitions abound in the literature how-
ever, complicating comparisons of effect between
studies. A typical example is that synergy is
sometimes reported as described above, with the
qualification that the number of surviving organ-
isms in the presence of the combination must be
>2-log;y CFU/mL below the starting inoculum
[53,61, 134, 149, 167]. In this way, an interaction
described as synergistic by the former definition
may not be synergistic by the latter. These defini-
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Fig. 16.2 Effects of antimicrobial combinations as measured with the time-kill method. A + B, synergism; C + D,
antagonism; E + F, indifference. (Figure adapted from Pillai et al. [144], with permission)
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tions are also commonly applied at times other
than 24 h.

Numerous in vitro studies have used the static
or PK/PD time-kill method to examine polymyxin
combination therapy, with the majority of studies
utilising CMS or colistin (sulphate). However, as
discussed in Chap. 3, CMS is an inactive prodrug
of colistin and undergoes conversion to colistin in
aqueous media [15, 91]. Administration of CMS
will therefore result in a variable formation of
active colistin over time, making the administer-
ing CMS in these in vitro systems inappropriate.
Unfortunately, as for animal studies discussed
above, it is not always possible to ascertain
whether the ‘colistin’ administered was colistin
(sulphate) or CMS (sodium). Antimicrobial
agents combined with polymyxins in time-kill
models include both agents with and without
usual activity against Gram-negative pathogens.
Studies have included polymyxins combined
with rifampicin [8, 9, 19, 60, 82, 84, 94, 124, 177,
179, 180], carbapenems [8, 13, 16, 34, 36, 39, 45,
60, 82, 83, 87, 89, 96, 100, 102, 103, 111, 127,
134,135, 137, 149, 161, 167, 168, 176-178, 180,
184], tigecycline [4, 18, 19,27, 37, 40, 44, 60, 68,
80, 116, 122, 137, 148, 177], ampicillin/sulbac-
tam [89, 180], ceftazidime [67], ciprofloxacin [8,
67], aminoglycosides [8, 40, 131, 152, 171], gly-
copeptides [18, 60, 66, 140, 187, 190], fosfomy-
cin [5, 40, 46, 80, 87, 166, 177, 188, 201, 208]
and others [1, 34, 39, 61, 97, 127, 129, 143, 153,
155, 175, 177, 187, 193, 201]; rifampicin, the
carbapenems and tigecycline are the most com-
monly studied antibiotics in combination with
colistin. The most common organisms studied
are P. aeruginosa, A. baumannii and K. pneu-
moniae, and these will be the primary focus of
the remainder of this section.

Despite a relatively large number of published
studies examining polymyxin (primarily colistin)
combination therapy there are a number of defi-
ciencies with much of the existing information in
addition to the lack of certainty around the form
of ‘colistin’ administered; these deficiencies
apply to both static and dynamic (PK/PD) mod-
els. Firstly, the vast majority of studies employ a
single, generally lower inoculum (~10°-10% CFU/
mL). However, as the antibacterial activity of

both colistin and polymyxin B is subject to an
inoculum effect [24, 173], and as high bacterial
densities can be found in some infections [107,
169], it is important to examine the antibacterial
activity of combination therapy at multiple inoc-
ula. Second, many studies present antibiotic con-
centrations as multiples of the MIC with little
reference to, or discussion of, the clinical rele-
vance of the actual concentrations used. Further
to this, many authors judge the ‘success’ of a par-
ticular combination only by whether synergy was
attained rather than examining the overall antimi-
crobial activity of the combination. However, a
combination that attains synergy may still achieve
poor overall antimicrobial activity and may even
be less active overall than another combination
considered antagonistic. Third, consideration of
polymyin heteroresistance and the effect of com-
binations on the development of polymyxin resis-
tance have only been examined in a small number
of recent studies [1, 5, 13, 16, 27, 39, 45, 68, 84,
89, 100, 102, 103, 143, 201, 208]. As discussed
above heteroresistance is known to contribute to
regrowth observed following colistin or poly-
myxin B monotherapy, although its clinical sig-
nificance is unclear. Given the status of the
polymyxins as agents of last resort and reports of
increasing polymyxin resistance, it is crucial to
systematically examine the effect of combination
therapy on the emergence of polymyxin resis-
tance, including on heteroresistant strains, in
order to design optimal dosage regimens. Finally,
remarkably few studies utilise PK/PD models,
the introduction of which has been an important
advancement in antimicrobial research, to inves-
tigate polymyxins in combination.

The next two sections of this chapter will dis-
cuss significant recent static and dynamic (PK/
PD) time-kills investigations with polymyxins
(colistin or polymyxin B) and will focus primar-
ily on studies involving P. aeruginosa, A. bau-
mannii and K. pneumoniae. Although polymyxins
have been reported to be synergistic against a
variety of pathogenic fungi including a variety of
Candida, Aspergillus and other species in combi-
nation with echinocandins, azoles and amphoter-
icin B [2, 105, 117, 133, 158, 205, 206], these
studies will not be discussed here.
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16.2.2 Static Time-Kill Studies

Pseudomonas aeruginosa Few studies have
examined polymyxin combinations against P.
aeruginosa using either static or dynamic (the
latter discussed below) time-kill models. Two
studies by Pankuch et al. combined colistin with
either meropenem [134] or doripenem [135]
against clinical isolates of P. aeruginosa; the pro-
portion of MDR strains was not stated. Sub-MIC
concentrations of colistin (0.12-1 mg/L) and
meropenem (0.06-8 mg/L) were synergistic
against 13 (25.5%) of 51 isolates (all isolates
colistin-susceptible; 6 [11.8%] isolates
meropenem-resistant) at 24 h, whereas colistin
(0.12-16 mg/L) and doripenem (0.03—128 mg/L)
demonstrated synergy against 19 (76.0%) of 25
isolates (1 [4%] colistin-resistant isolate; 14
[56%] isolates doripenem-resistant). Urban et al.
examined antibiotic combinations using poly-
myxin B, doripenem, and rifampicin against five
MDR isolates of P. aeruginosa (one K. pneu-
moniae carbapenemase [KPC]-producing and
four non-metallo-f-lactamase [MBL] or KPC-f3-
lactamase producing) [184]. All isolates were
carbapenem-resistant and one polymyxin resis-
tant, and antibiotics were used at a concentration
of 0.25x MIC. As monotherapy, none of the
tested antibiotics was bactericidal (defined as a
>3-log;, CFU/mL decrease in 24 h). Triple ther-
apy with the combination of polymyxin B,
doripenem and rifampicin was most effective,
with bactericidal activity achieved against all iso-
lates at 24 h. Combinations utilising only two
antibiotics were less effective, with polymyxin B
plus doripenem or rifampicin bactericidal against
only one isolate. Despite examining combination
therapy ‘synergy’ was not directly examined in
this investigation.

Bergen et al. systematically investigated bac-
terial killing and resistance emergence with
colistin alone and in combination with imipenem
against P. aeruginosa [13]. Conducted over 48 h
this study included five clinical isolates and an
ATCC reference strain representing a mixture of
colistin and imipenem susceptible and resistant

strains, colistin heteroresistant and non-

heteroresistant strains, and MDR and non-MDR
strains; one isolate contained IMP- and CTX-M-
type B-lactamases. Importantly, of the static time-
kill studies discussed in this chapter only this
study examined the effect of combinations at
multiple inocula (~10° and ~10® CFU/mL); it was
also the first study to specifically incorporate
colistin-heteroresistant strains and investigate the
emergence of polymyxin resistance with poly-
myxin combination therapy. In combination
experiments both antibiotics were studied at con-
centrations of 0.5%, 4x and 16x MIC for suscep-
tible isolates and 1, 4 and 32 mg/L for colistin
and 1, 8 and 32 mg/L for imipenem for resistant
isolates; the majority of concentrations for colis-
tin and all concentrations for imipenem can be
considered clinically achievable. In total nine
colistin/imipenem combinations were examined
for each isolate at each inoculum. Regrowth of all
isolates was observed with colistin monotherapy
even with colistin concentrations well above
those which can be safely achieved clinically.
The addition of imipenem to colistin at both inoc-
ula generally resulted in substantial improve-
ments in bacterial killing over equivalent
monotherapy against MDR P. aeruginosa iso-
lates resistant to either antibiotic. The improve-
ments in activity against these isolates were
observed across the 48-h duration and with all
colistin concentrations at the low inoculum, and
4x and 16x MIC (or 4 and 32 mg/L) colistin at
the high inoculum. Notably, the total reductions
in log;, CFU/mL achieved with combinations
containing lower colistin concentrations (0.5x
and 4x MIC or 1 and 4 mg/L) were on many
occasions similar in magnitude to the reductions
achieved with combinations containing 16x MIC
colistin, particularly at the 10° inoculum. Benefits
in overall antibacterial activity for this combina-
tion were less pronounced against the three iso-
lates susceptible to both antibiotics, although
substantial improvements in initial kill (i.e., up to
6 h) were present. As for the emergence of colis-
tin resistance, colistin monotherapy against the
five colistin-susceptible isolates generally led to
increases in colistin-resistant subpopulations at
both the low and high inocula, with combination
therapy generally resulting in a similar proportion
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of colistin-resistant subpopulations at 48 h as
with equivalent monotherapy. While this result
would appear to negate one of the major theoreti-
cal attractions of colistin combination therapy,
namely a reduction in the emergence of colistin
resistance, the same authors subsequently con-
ducted a similar experiment with two of these
isolates in a dynamic (PK/PD) model combining
colistin with doripenem and achieved a very dif-
ferent result. The potential reason for this and the
implications for antimicrobial combination test-
ing are discussed in detail in the section examin-
ing PK/PD time-kill studies.

Two studies have examined colistin [46] or
polymyxin B [188] combined with fosfomycin
against P. aeruginosa. Di et al. examined this
combination against 5 carbapenem-resistant but
colistin-susceptible clinical isolates over 24 h
[46]. Antibiotics were administered at concentra-
tions of 0.5x and 1x MIC (range, 0.25-4 mg/L
for colistin and 16-256 mg/L for fosfomycin).
Neither antibiotic produced substantial bacterial
killing as monotherapy with regrowth to
~10% CFU/mL. However, in combination at both
0.5x and 1x MIC, in all but one case no viable
bacteria were detected after no later than 12 h;
the only exception was against the isolate with
the highest colistin MIC (4 mg/L) and only with
the combination with both antibiotics at 0.5x
MIC. With polymyxin B (0.5, 1 and 2 mg/L) and
fosfomycin (30, 150 or 300 mg/L) combinations,
Walsh et al. similarly observed enhanced bacte-
rial killing over 24 h against 3 polymyxin
B-susceptible heteroresistant isolates [189].
Though synergy was observed in only 39 (48.1%)
of 81 cases (9 combinations across 3 isolates at 3
time points), this was much higher (28 [51.9%]
of 54 cases) when only combinations containing
polymyxin B at 1 or 2 mg/L are considered.
Against 2 colistin-resistant isolates, bacterial
killing was not substantially enhanced with the
combination.

A. baumannii In the two studies by Pankuch
et al. discussed above, colistin was also com-
bined with either meropenem [134] or doripenem
[135] against clinical isolates of A. baumannii;
the proportion of MDR strains was not stated.

Colistin (0.06-8 mg/L) and meropenem (0.03—
64 mg/L) showed synergy against 49 (94.2%) of
52 isolates (13 [25%)] isolates colistin-resistant;
15 [28.8%] isolates meropenem-resistant) at
24 h, whereas colistin (0.12-16 mg/L) and
doripenem (0.06-32 mg/L) showed synergy
against 25 (100%) of 25 isolates of A. baumannii
(11 [44%] isolates colistin-resistant; 9 [36%] iso-
lates doripenem-resistant). Shields et al. exam-
ined colistin plus doripenem against five XDR
isolates (defined as resistant to all agents except
polymyxins and tigecycline) of A. baumannii
taken from patients who had received solid organ
transplants [163]; all isolates were colistin-
susceptible based on MICs. Against all five iso-
lates doripenem monotherapy at sub-MIC
concentrations resulted in virtually no antimicro-
bial activity, whereas colistin monotherapy
(0.25% to 1x MIC) was bacteriostatic (inhibiting
growth of the inocula without causing significant
killing) (Fig. 16.3). However, the combination of
colistin (0.125x to 0.25x MIC) plus doripenem
(8 mg/L) resulted in undetectable bacterial levels
at 8 h without evidence of regrowth by 24 h.
Interestingly, based on this, in vitro data combi-
nations of CMS (5 mg/kg/day of CBA in 24
divided doses) and doripenem (500 mg 8-hourly)
were recommended for use in their institution for
patients who have received solid organ trans-
plants and were infected with XDR A. bauman-
nii. At the time of publication four patients had
been treated with this combination with a fifth
patient receiving meropenem plus colistin; 4
(80%) of the 5 patients had a positive clinical
response and survived.

In a follow-up study to that of Shields et al.
discussed above [163], the same group compared
the in vitro killing effects of colistin (2 mg/L),
doripenem (8 mg/L) and sulbactam (4 mg/L)
alone, and in combination, against isolates of
XDR A. baumannii collected from patients with
recurrent respiratory tract infections prior to (ini-
tial) and following (recurrent) treatment with
intravenous CMS plus doripenem [127]; 4 (44%)
of the 9 patients received additional CMS via
inhalation. Patients had received the combination
(doses were not stated) for a minimum of 13 days
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Fig. 16.3 Representative
time-kill curves with
colistin and doripenem
alone, and in
combination, against an
extensively drug-
resistant (XDR) isolate
of A. baumannii. (DOR
doripenem, COL
colistin. Doripenem MIC
alone = 64 pg/mL,
Colistin MIC

alone = 2 pg/mL) .
(Figure adapted from
Shields et al. [163], with \
permission) \
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(median duration, 31 days; range, 13 to 74 days)
with the median time between collection of ini-
tial and recurrent isolates being 65 days (range,
28-188 days). Nine initial and recurrent isolates
(1 of each from each patient) were collected (18
isolates in total), with 8 (89%) of 9 pairs geneti-
cally indistinguishable. Time-kill studies revealed
synergy at 24 h was more frequent when colistin
was combined with doripenem (16 [89%] of 18
isolates) than sulbactam (9 [50%] of 18 isolates).
The killing effects of the colistin/doripenem
combination was attenuated against isolates pre-
viously exposed to the combination in vivo (mean
log kill [CFU/mL] at 24 h of —5.08 log,, versus
—2.88 log), for initial and recurrent isolates,
respectively), although there was no difference in
the mean log kills against the initial and recurrent
isolates exposed to colistin plus sulbactam. The
triple combination of these agents achieved
greater log kills than either colistin/doripenem or
colistin/sulbactam combination among recurrent
isolates (mean logy, kills [CFU/mL] at 24 h of
—5.74 versus —2.88 and —1.51, respectively),
including those that did not respond to the colis-
tin/doripenem  combination.  Interestingly,
although only one of nine initial isolates was
colistin-resistant, five isolates were colistin-
resistant following treatment. However, although

10 15 20
Time of Incubation with Drug (Hours)

colistin MICs influenced the extent of killing
somewhat, colistin/doripenem combinations
were equally active against colistin-susceptible
and -resistant isolates. The MICs of doripenem
rather than colistin were associated with the
extent of killing by colistin and doripenem in
combination, with each of the isolates that failed
to respond to treatment having a doripenem MIC
>64 mg/L. Such an association has also been
demonstrated for colistin/doripenem combina-
tions in KPC-producing K. pneumoniae [36]
(discussed below).

Tan et al. examined colistin (at 1x MIC; range:
0.5-2 mg/L), minocycline (at 1x MIC for suscep-
tible isolates [n = 9] and 4 mg/L for resistant iso-
lates [n = 4]; range, 0.06-16 mg/L) and their
combination against 13 imipenem-resistant iso-
lates (MIC >8 mg/L) of A. baumannii across 24 h
[175]. As monotherapy neither antibiotic demon-
strated bactericidal activity at any time but the
combination was bactericidal against 9 (69%)
isolates at 24 h. Synergy was detected in 1 (8%),
2 (15%), 2 (15%) and 12 (92%) of isolates at 2, 4,
6, and 24 h, respectively. Tripodi et al. examined
colistin (6 mg/L), rifampicin (5 mg/L), imipenem
(20 mg/L) and ampicillin/sulbactam (50 mg/L)
alone or in double (colistin plus each of the sec-
ond drugs) or triple (colistin plus rifampicin plus



260

P.J.Bergen et al.

imipenem, or colistin plus rifampicin plus ampi-
cillin/sulbactam) combinations against nine iso-
lates of MDR A. baumannii producing OXA-58
carbapenemase [180]. Colistin was the most
active agent as monotherapy with double and tri-
ple combinations generally showing similar
activity to that of colistin monotherapy. However,
triple therapy with the combination of polymyxin
B, doripenem and rifampicin was more effective
against five non-MBL or KPC-producing isolates
when compared to monotherapy or double com-
bination therapy [184]. In another study, colistin
at concentrations of 0.25%, 0.5x and 1x MIC plus
daptomycin 10 mg/L was synergistic against ten
MDR-colistin-susceptible isolates of A. bau-
manni in 16 (53.3%) of 30 cases at 24 h, although
no benefit with the combination was seen against
a further four MDR-colistin-resistant isolates
[61]; however, it is not clear whether colistin
(sulphate) or CMS was wused in this
investigation.

One laboratory examined colistin (1 mg/L)
alone and in combination with the glycopeptide
antibiotics vancomycin (20 mg/L) [66] or teico-
planin (20 mg/L) [190] against five MDR-
colistin-susceptible isolates of A. baumannii.
Colistin as monotherapy was rapidly bactericidal
against all isolates with rapid regrowth to control
values by 24 h. However, when combined with
vancomycin regrowth was suppressed in four of
the five isolates even at 48 h, with ~5-7-logy,
CFU/mL greater killing at this time compared to
colistin monotherapy. The colistin/teicoplanin
combination suppressed regrowth against all iso-
lates at 24 h, with >8-log,, CFU/mL greater kill-
ing compared with colistin monotherapy and a
> 4-fold log reduction compared with the starting
inoculum at this time. Surprisingly, although
experiments were conducted for 48 h only the
24 h results were reported. Despite the substan-
tially improved bacterial killing with both glyco-
peptides the authors noted that, given the potential
of both colistin and vancomycin to cause nephro-
toxicity when either agent is used alone, there
may be concern about the suitability of this com-
bination in the clinic. Although teicoplanin has a
similar mechanism of action to vancomycin, it
has a more favourable effect profile including a

lower incidence of renal toxicity which may
make such a combination more acceptable to cli-
nicians [29, 172]. A colistin/telavancin combina-
tion was synergistic at 24 h against a single MDR
clinical isolate (representative of the epidemic
UK lineage OXA-23 clone 1) of A. baumanni
[73]. However, in contrast to teicoplanin above,
the incidence of renal toxicity with telavancin is
higher than that of vancomycin which may limit
the utility of this combination [185]. Similarly, a
polymyxin B/rifampicin combination was syner-
gistic at 24 h against two MDR isolates of A. bau-
manni positive for OXA-23 and OXA-51 and an
Acinetobacter sp. positive for OXA-58 and IMP-
type carbapenemases [95].

Phee et al. examined colistin (1-2 mg/L) com-
bined with fusidic acid (1 mg/L; 16 mg/L for the
colistin-resistant isolate) against six isolates of A.
baumannii across 24 h [143]. All but a single
colistin-resistant ~ isolate ~ were  colistin-
heteroresistant, and all but the reference strain
were either MDR, XDR or pandrug-resistant
[PDR] according to the classification of
Magiorakos et al. [106]. The majority of isolates
contained OXA-23 clone 1 or 2, OXA-51 and
OXA-23. Though bacterial killing with colistin
monotherapy was virtually superimposable with
that of the combination across the first 6 h for all
heteroresistant isolates, by 24 h substantial
regrowth had occurred with monotherapy but
remained suppressed with combination therapy;
bacterial killing and suppression of regrowth was
also observed with the combination against the
colistin-resistant isolate. Synergy was observed
in all cases at 24 h (enhanced bacterial killing of
~3-8 log,o CFU/mL). The combination also pre-
vented the emergence of colistin resistance, with
little increase in MIC above baseline after 7 days
of serial passage in the presence of both drugs
compared with monotherapy. Park et al. exam-
ined the combination of colistin (2 mg/L) with
doripenem (8 mg/L) or tigecycline (2 mg/L; con-
centration representative of achievable tissue lev-
els) against 69 isolates of A. baumannii [137]. Of
the isolates, 28 were MDR (100%, 0% and 25%
susceptible to colistin, doripenem, and tigecy-
cline, respectively) and 41 XDR (51.2%, 7.3%,
and 29.3% susceptible to colistin, doripenem,
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and tigecycline, respectively). Of 35 isolates
tested for the presence of the OXA carbapene-
mase gene, 34 (97.1%) contained OXA-23
whereas only 2 (5.7%) carried the ISAba-
OXA-51 gene. At 24 h, the colistin/doripenem
combination showed the highest rate of synergy
in both the MDR (15 [53.6%] of 28 cases) and
XDR (22 [53.7%] of 41 cases) groups; the equiv-
alent values for the colistin/tigecycline combina-
tion were 10 (35.7%) of 28 cases and 18 (43.9%)
of 41 cases.

Finally, Ozbek and Mataraci [129] examined
the activity of antibiotic lock therapy (ALT) with
colistin plus clarithromycin against biofilm-
embedded A. baumannii using an in vitro antibi-
otic lock model involving segments of central
venous catheters; ALT involves the instillation of
high concentrations of an antimicrobial agent
into the lumen of an infected central venous cath-
eter for extended periods to overcome the relative
antimicrobial resistance of biofilm-embedded
bacteria. Using two isolates of colistin-susceptible
A. baumannii they found that against both strains
colistin at 400x MIC completely eradicated bio-
film bacteria within 3 days, whereas the combi-
nation of colistin (400x MIC) plus clarithromycin
(200 mg/mL; ~100x serum concentration) steril-
ized the biofilm in 2 days.

K. pneumoniae and  Other  Entero-
bacteriaceae A small number of studies have
examined polymyxin combinations specifically
against KPC-producing bacteria, primarily K.
pneumoniae [36, 60, 83, 148, 166, 184, 208].
Pournaras et al. examined colistin and tigecycline
alone and in combination against eight KPC-
producing enterobacterial clinical strains (four K.
pneumoniae, two Escherichia coli, one E. cloa-
cae and one Serratia marcescens) [148]; all pro-
duced KPC-2 carbapenemase and were
colistin-susceptible. Each antibiotic was tested at
1%, 2x and 4x MIC (range, 0.5-4 mg/L for colis-
tin and 0.25-16 mg/L for tigecycline) and experi-
ments conducted over 24 h. The colistin/
tigecycline combinations substantially improved
bacterial killing across 24 h and was synergistic
at Ix and 2x MIC against most organisms at 4
and 8 h; at 4x MIC, synergy was maintained at

24 h against all strains. Similar improvements in
bacterial killing against four KPC-3-producing
K. pneumoniae isolates were reported by Lee and
Burgess with colistin or polymyxin B (both at 2x
MIC; range, 0.125-0.5 mg/L for colistin and
0.25-0.5 mg/L for polymyxin B) combined with
doripenem (6 mg/L) [83]; all isolates were
polymyxin-susceptible and doripenem-resistant.
In that study, none of the monotherapy regimens
sustained bactericidal killing at 24 h. However,
colistin or polymyxin B plus doripenem combi-
nations maintained bactericidal activity across
24 h against all isolates, achieving synergy at this
time; synergy was maintained at 48 h in 2 (50%)
of 4 isolates with colistin and all isolates with
polymyxin B. MIC measurements were addition-
ally repeated at 24 h on all isolates following
exposure to colistin or polymyxin B monother-
apy. All isolates developed polymyxin resistance
(MICs, 8-128 mg/L) and cross resistance
between colistin and polymyxin B was observed.
In another study triple therapy with polymyxin B,
doripenem and rifampicin (all at 0.25x MIC) was
most effective against five MDR isolates each of
K. pneumoniae (two with KPC and three with
ACT-1 [AMPC-type] p-lactamases) and E. coli
(one KPC-3 and four KPC-2 f-lactamases) [184];
all isolates were polymyxin B-susceptible and
doripenem-resistant. Bactericidal activity was
achieved against 4 (80%) of 5 isolates of K. pneu-
moniae and 5 (100%) of 5 isolates of E. coli at
24 h. Monotherapy with any agent failed to pro-
duce bactericidal activity, whereas combinations
utilising only two antibiotics were less effective
with polymyxin B plus rifampicin bactericidal
against only 1-2 (20-40%) of 5 isolates of each
species; polymyxin B plus doripenem was bacte-
ricidal against only 1 (20%) of 5 K. pneumoniae
isolates but 4 (80%) of 5 E. coli isolates. In
another study, the combination of colistin
(5 mg/L) plus fosfomycin (100 mg/L) was syner-
gistic at 24 h against only 1 (6%) of 17 KPC-2-
producing K. pneumoniae isolates [166].

Clancy et al. examined colistin (2 mg/L) in
combination with doripenem (8 mg/L) against 23
KPC-2-producing strains of K. pneumoniae [36];
each strain contained a variant mutant opmK35
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porin gene. The median colistin and doripenem
MICs were 4 mg/L (range, 0.125-128 mg/L) and
32 mg/L (range, 4-256 mg/L), respectively.
Colistin MICs were > 2 mg/L against 14 (63%)
of 23 strains. The colistin/doripenem combina-
tion was significantly more active at 12 and 24 h
than either monotherapy against the four strains
with doripenem MICs of <8 mg/L, with synergy
at 24 h against all 4 strains. In contrast, there was
no overall difference in median bacterial killing
for strains with doripenem MICs >8 mg/L, with
synergy reported at 24 h in 6 (32%) of 19 strains.
There was no difference in synergy between
strains with colistin MICs of <2 mg/L and
> 2 mg/L at either 12 or 24 h. Notably, insertions
encoding glycine and aspartic acid at amino acid
(aa) positions 134 and 135 (ins aal34-135 GD;
n = 8) and ompK36 promoter IS5 mutations
(n = 7) were associated with significantly higher
doripenem MICs and diminished efficacy of
colistin/doripenem combinations; in these cases,
bacterial killing more closely resembled colistin
monotherapy. However, other mutant/wild-type
ompK36 strains demonstrated increased killing
with the combination, even with elevated doripe-
nem MICs. The authors suggested that doripe-
nem MICs and ompK36 genotyping of KPC-K.
pneumoniae may be useful for identifying strains
most likely to respond to colistin/doripenem
combination therapy. These results suggest that
despite membrane permeabilization by a poly-
myxin potentially increasing access of doripe-
nem to target sites and allowing it to overcome
hydrolysis by KPC, OmpK36 porins may also be
necessary for synergy.

While the majority of studies (checkerboard
and time-kill) examining polymyxin combina-
tion therapy against K. pneumoniae addressed
KPC-producing strains, fewer studies address
MBL-producing strains. Souli et al. examined
colistin (5 mg/L) in combination with imipenem
(10 mg/L) against 42 unique clinical isolates of
blaVIM-1-type MBL-producing K. pneumonia
[167]. After 24 h exposure to the combination,
synergy was reported against 12 (50%) of 24
colistin-susceptible isolates, but antagonism was
observed against 10 (55.6%) of 18 colistin-
resistant isolates. Interestingly, resistance to

colistin (MICs 64-256 mg/L) was observed in 7
(58.3%) of 12 isolates that were initially suscep-
tible to colistin. In contrast, none of four isolates
initially susceptible to imipenem and which
showed regrowth at 24 h developed resistance to
imipenem. Tangden et al. conducted more than
200 time-kill experiments with 24 antibiotic regi-
mens including colistin (4.0 mg/L) in double and
triple combinations with meropenem (6.8 mg/L),
aztreonam (17 mg/L), fosfomycin (83 mg/L) and
rifampicin (1.7 mg/L) against two VIM-1-type
and two NDM-1-type K. pneumoniae strains (all
colistin-susceptible; susceptibilities to the other
antibiotics varied substantially) [177]. At 24 h,
colistin plus fosfomycin was bactericidal and
synergistic against three of the four strains (both
NDM-1-types [each fosfomycin resistant] and
one VIM-1-type), while the triple combination of
colistin/fosfomycin/meropenem was bactericidal
against three strains and synergistic against all
strains. While colistin plus rifampicin was only
synergistic at this time against both NDM-1-type
strains, the addition of meropenem to this regi-
men resulted in bactericidal and synergistic activ-
ity against all strains; this triple combination was
the most effective regimen overall. Double com-
binations of colistin with either meropenem or
aztreonam produced synergy in only one strain,
although the triple combination produced syn-
ergy in three of the four strains. Albur et al.
reported that colistin or CMS in combination
with tigecycline did not increase bacterial killing
against a range of NDM-I1-producing
Enterobacteraceae [4]; however, the concentra-
tions chosen in this investigation were extremely
low (e.g. the maximum concentration of colistin
used was 0.29 mg/L). Abdul Rahim et al. exam-
ined polymyxin B (0.5, 1 or 2 mg/L) plus chlor-
amphenicol (8, 16 or 32 mg/L) combinations
against four NDM-producing K. pneumoniae
strains (all polymyxin B-susceptible and -hetero-
resistant; three susceptible to chloramphenicol)
[1]. Combination therapy significantly delayed
regrowth, with synergy observed in 25 (89.3%)
of 28 cases at both 6 and 24 h; at 24 h, no viable
bacteria were detected in 15 (53.4%) of 28 cases
with various combinations across all strains. The
emergence of polymyxin-resistant bacteria was
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also completely suppressed with combination
therapy. In another study, colistin/tigecycline
combinations were synergistic against a single
isolate of VIM-1- and SHV-12-producing K.
pneumoniae, although colistin/ciprofloxacin
combinations were indifferent against the same
isolate [37].

Corvec et al. combined colistin with tigecy-
cline, fosfomycin or gentamicin (each at 0.5x,
1x, and 4x MIC) against a single strain of ESBL-
producing E. coli [40]. Colistin combined with
tigecycline decreased bacterial counts at 24 h by
~4.5- and 7-log;, CFU/mL compared with the
initial inoculum and monotherapy, respectively.
The colistin/fosfomycin combination was syner-
gistic at 6 h with no viable bacteria detected at or
subsequent to this time. Colistin plus gentamicin
was no better than either monotherapy alone
(regrowth with both monotherapies had reached
control values by 24 h). A similar study by Ku
et al. that employed nine ESBL-producing K.
pneumoniae isolates (five carbapenem-resistant
and four — susceptible; one colistin-resistant)
examined colistin combined with either tigecy-
cline or fosfomycin (all antibiotics at 0.25x or
0.5x MIC) [80]. With concentrations of 0.5x
MIC, synergy at 24 h was reported in 8 (88.9%)
and 6 (66.6%) of 9 cases for the combinations
with tigecycline and fosfomycin, respectively.
However, synergy was absent with both combi-
nations when concentrations of 0.25x MIC were
used.

In two further studies the combination of
colistin and tigecycline had no benefit over
equivalent monotherapy against a single isolate
of OXA-48-producing carbapenem-resistant K.
pneumoniae susceptible to both drugs [44], and
only marginal benefit against six carbapenem-
resistant isolates of Enterobacter (E. coli [n = 2],
K. pneumoniae [n = 2], E. aerogenes [n = 1] and
E. cloacae [n = 1]) with varying resistance deter-
minants [18].

Other Bacteria Against one reference strain and
three clinical isolates of S. maltophilia (all with
elevated MICs to each antibiotic), colistin
(2 mg/L) combined with tigecycline (1 mg/L) or
rifampicin (8 mg/L) was synergistic at 24 h in all

cases except against one isolate and only with the
colistin/tigecycline combination (a 1.7 log
CFU/mL reduction) [19].

16.2.3 PK/PD Time-Kill Studies

To date few studies have utilized PK/PD models
to examine colistin in combination, while only
one has employed polymyxin B. Gunderson et al.
was the first to utilise a one-compartment PK/PD
model to examine colistin in combination [67]. In
that study colistin (steady-state peak concentra-
tion [Cpax] of 6 or 18 mg/L every 24 h; half-life,
3 h) was combined with either ceftazidime (con-
stant concentration of 50 mg/L) or ciprofloxacin
(Chax 5 mg/L every 12 h; half-life, 3 h) against
two colistin-susceptible MDR isolates of P. aeru-
ginosa; experiments were conducted over 48 h
with an inoculum of ~10° CFU/mL. Although the
combination of colistin plus ciprofloxacin gener-
ally produced poorer bacterial killing than with
either drug alone, the authors reported the combi-
nation of colistin plus ceftazidime was synergis-
tic. However, in light of more recent understanding
of colistin pharmacokinetics in both critically ill
patients [63, 75, 108, 115, 146] and patients with
CF [90] (Chap. 15), only one maximal concentra-
tion of colistin (6 mg/L) employed by Gunderson
et al. can be considered potentially clinically
achievable [67]. Additionally, although the simu-
lated 3 h half-life of colistin is representative of
that observed in patients with CF [90], colistin
was administered as a single dose every 24 h.
Given colistin is typically administered intermit-
tently to patients every 8—12 h, the colistin PK
profile generated across a 24-h period was not
representative of that observed in CF or critically
ill patients. Moreover, although synergy was
defined as a >2-log, decrease in colony count
relative to the count obtained with the more active
of the two antibiotics alone at 24 h, it appears that
only changes in log;, CFU/mL between colistin
monotherapy and combination therapy were con-
sidered; when data for ceftazidime monotherapy
(which was performed for only one of the two
isolates tested) is considered, synergy was not
observed.
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A small number of conference abstracts have
appeared examining colistin in combination with
meropenem [168], amikacin [131], and rifampi-
cin [9] against A. baumannii utilising PK/PD
models. While combinations with meropenem
and rifampicin were reported to be synergistic,
there are significant limitations with all these
investigations, not least of which is that it is
unclear whether ‘colistin’ (which was dosed
every 12 h) was administered as colistin (sul-
phate) or CMS (sodium). Additionally, in the two
studies where PK data were reported [9, 168],
‘colistin’ concentrations were determined using
microbiological assays; as discussed in Chap. 6,
microbiological assays are incapable of differen-
tiating between colistin present in a sample at the
time of collection and colistin formed in vitro
from administered CMS during the incubation
period of the microbiological assay. Finally, as
for the majority of investigations examining
colistin combinations using time-kill methodol-
ogy, experiments were conducted for 24 h and
used a single, generally lower inoculum
(~5 x 10°-10° CFU/mL). Given these limitations,
while the synergy observed in these dynamic sys-
tems is interesting it is difficult to draw any firm
conclusions from these studies.

More recent studies have systematically inves-
tigated polymyxin combination therapy, includ-
ing the emergence of polymyxin resistance, using
in vitro PK/PD models [5, 16, 27, 39, 45, 68, 84,
89, 100, 102, 103, 178, 201, 208]. Unfortunately,
as was the case for Gunderson et al. discussed
earlier [67], a number of recent studies simulated
a colistin half-life more representative of that
observed in patients with CF (range: 4—4.7 h), not
critically ill patients (Chap. 15) [5, 27, 39, 178,
201]. Two studies were conducted over 24 h at a
single, low inoculum (10° CFU/mL) [68, 100].
Consequently, these studies will not be consid-
ered below. Three studies utilized a 1-CM to
examine colistin combinations against planktonic
MDR isolates of P. aeruginosa [16], K. pneu-
moniae [45], and A. baumannii [84]. Two addi-
tional studies utilized a HFIM to examine colistin
combinations against planktonic MDR isolates of
P. aeruginosa [103] and a single KPC-producing
isolate of K. pneumoniae [208]; one study uti-

lized polymyxin B against a single MDR isolate
of A. baumannii [89]. Of these six studies, three
combined colistin (constant concentrations of
0.5, 2 or 5 mg/L across the studies) with doripe-
nem (Cy, of 2.5 or 25 mg/L every 8 h; half-life,
1.5 h) against P. aeruginosa (one heteroresistant
reference strain and one colistin-resistant
MDR clinical isolate in the 1-CM study; two het-
eroresistant strains and one colistin-resistant
MDR clinical isolate in the HFIM study; all
strains across the two studies doripenem-
susceptible) [16, 103] and K. pneumoniae (one
heteroresistant reference strain and three MDR
clinical isolates [one each of colistin-susceptible,
-heteroresistant, and -resistant]; three strains
doripenem-susceptible) [45]. Against A. bau-
mannii, one study combined colistin (constant
concentrations of 0.5, 2 or 5 mg/L) with rifampi-
cin (Cpax of 5 mg/L every 24 h; half-life, 3 h)
against one MDR-colistin-susceptible and one
MDR-colistin-resistant isolate [84], whereas one
combined polymyxin B (Cy,, 0of 3.61 mg/L atO h,
then C,,, of 2.41 mg/L every 12 h; half-life, 8 h)
with meropenem (C,, of 54.8 mg/L; half-life,
1.5 h) and/or ampicillin/sulbactam (C,. of
132/70.2 mg/L; half-life, 1.5 h) [103]. Colistin
(Cpax 0f 0.46 mg/L; half-life, 7 h) and fosfomycin
(Chax of 150 mg/L. mg/L; half-life, 2 h) were
combined against a single KPC-2-expressing K.
pneumoniae isolate (colistin- and fosfomycin-
susceptible) [208]. All 1-CM studies were con-
ducted at both a low (~10° CFU/mL) and high
(~108 CFU/mL) inocula to account for the attenu-
ated activity of colistin at higher inocula [24], the
latter mimicking the high bacterial densities
found in some infections [107, 169]; all HFIM
studies used only a single inoculum (~10°, 10% or
10° CFU/mL). One additional study examined
colistin in combination with doripenem against
MDR P. aeruginosa growing in a biofilm [102].
In all but one case colistin was administered as a
continuous infusion to simulate the ‘flat’ profiles
of formed colistin observed in critically ill
patients at steady state across a CMS dosage
interval [63, 146] (see Chap. 15). The concentra-
tions of colistin employed ranged from 0.46 mg/L
to 5 mg/L. Given the bound fraction of colistin in
human plasma is ~50% [115], minimal binding
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of colistin in the growth media [12, 102], and that
total (i.e. bound and unbound) plasma colistin
concentrations of ~2-3 mg/L are typically
achieved at steady state (with some patients
achieving concentrations of up to ~10 mg/L) [63,
108, 115, 146], these dosage regimens of colistin
(and also polymyxin B) reflect clinically achiev-
able unbound (free) plasma colistin concentration-
time profiles in patients. Administration of the
second, or in the case of polymyxin B, third drug
(doripenem, rifampicin, meropenem, or ampicil-
lin/sulbactam) similarly reflected unbound
plasma drug concentration-time profiles achieved
in patients [17, 20, 79, 101, 154]. Studies were
conducted across 72-96 h (1-CM) and 10-14
days (HFIM).

Across the six above studies directed specifi-
cally against planktonic bacteria, combination
therapy generally resulted in substantial improve-
ments in bacterial killing at both inocula. In many
cases improvements in bacterial killing with
combination therapy were dramatic. For exam-
ple, against a colistin-susceptible strain of A.
baumannii at the 10° CFU/mL inoculum no via-
ble bacteria were detected at 24 h with colistin/
rifampicin combinations containing colistin 0.5
or 2 mg/L, whereas regrowth to ~8 log,, CFU/mL
had occurred at this time with equivalent colistin
monotherapy [84]. At the 108 CFU/mL inoculum
colistin (at either 2 or 5 mg/L) plus rifampicin
increased bacterial killing across 72 h by as much
as ~8 log;o CFU/mL and, with the highest dose
colistin combination regimen (5 mg/L), resulted
in no viable bacteria being detected following
commencement of treatment. Similar improve-
ments were observed against the colistin-resistant
isolate. In the HFIM (10® CFU/mL inoculum),
while double polymyxin B combinations were
largely ineffective against a single isolate of A.
baumannii resistant to all investigated antibiot-
ics, the triple combination (polymyxin B plus
meropenem and ampicillin/sulbactam) resulted
in no viable bacteria being detected from 96 h
onwards [89]. Against a colistin-susceptible
(MIC 1 mg/L) doripenem-resistant (MIC 8 mg/L)
isolate of K. pneumoniae, the combination of
colistin at 0.5 mg/L plus doripenem at C,,, of
2.5 mg/L at the low inoculum produced ~4- to

5-log;o-greater killing than equivalent monother-
apy at 48 and 72 h, whereas colistin at 0.5 or
2 mg/L plus doripenem at C,,, of 25 mg/L at the
high inoculum produced ~5- to 7-log,-greater
killing at 48 and 72 h (with no viable colonies
detected across the 72-h period on at least one
occasion) [45]. Similar improvements were
observed against two colistin-heteroresistant
MIC 1 mg/L) doripenem-susceptible
(MIC<0.125) isolates, although only colistin at
2 mg/L plus doripenem at C,,, of 25 mg/L
resulted in enhanced bacterial killing of the
colistin-resistant isolate and only at the low inoc-
ulum. In the HFIM (inoculum 10°® CFU/mL), a
single KPC-2-producing K. pneumoniae isolate
was completely eradicated by a colistin (C,,, of
0.46 mg/L)/fosfomycin (C,,, of 150 mg/L) com-
bination [208]. Against P. aeruginosa, combina-
tions containing colistin 0.5 or 2 mg/L plus
doripenem at C,,,, of 25 mg/L resulted in eradica-
tion of the colistin-resistant MDR isolate at the
low inoculum and substantial reductions in
regrowth (including to below the limit of detec-
tion at ~50 h) at the high inoculum (Fig. 16.4)
[16]. For the same combination in the HFIM
(colistin 2 or 5 mg/L plus doripenem at C,,,, of
25 mg/L), markedly enhanced bacterial killing
was observed with each combination against both
heteroresistant (and MDR) isolates across
10 days, with only the combination containing
colistin at 2 mg/L and only against one isolate
failing to eradicate the bacteria [103]. Against the
colistin-resistant isolate, both combinations
enhanced bacterial killing by ~5-6 log;, cfu/mL
on 3 days, with regrowth then occurring; regrowth
approached control values by 10 days.

While subpopulation synergy may have con-
tributed to enhance bacterial killing against some
isolates in the above investigations, it cannot
explain enhanced activity against all isolates. For
example, greater bacterial killing of P. aerugi-
nosa was observed with the colistin/doripenem
combination against a colistin-resistant MDR iso-
late with near complete resistance to colistin
(MIC, 128 mg/L) and which contained enzymes
active against carbapenems [16, 103], and simi-
larly with the colistin/rifampicin combination

against A. baumannii despite rifampicin
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Fig. 16.4 Time-kill curves for colistin and doripenem
monotherapy (Panels A and C) and the combination
(Panels B and D) against a non-mucoid MDR-colistin-
resistant clinical isolate (19147 n/m) of P. aeruginosa at
an inoculum of ~10° CFU/mL (left-hand panels) and

ordinarily being inactive against Gram-negative
pathogens [84]. The triple combination of poly-
myxin B/meropenem/ampicillin/sulbactam erad-
icated also eradicated a clinical isolate of A.
baumannii resistant to all antibiotics investigated
[89]. In each case it may be that a form of mecha-
nistic synergy was operative due to permeabiliza-
tion of the outer membrane by colistin [207]. It is
possible that increasing the permeability of the
outer membrane resulted in substantially
increased concentrations of f-lactam in the peri-
plasm, facilitating access to the cytoplasmic

~10% CFU/mL (right-hand panels). The y axis starts from
the limit of detection and the limit of quantification (LOQ)
is indicated by the horizontal broken line. (Figure adapted
from Bergen et al. [16], with permission)

membrane where they act on penicillin-binding
proteins [125, 199]. Similarly for rifampicin,
which ordinarily does not effectively penetrate
the Gram-negative outer membrane [191],
increased membrane permeabilization may
improve access to its target site within the cyto-
plasm. In this latter case, the substantial changes
to the outer membrane of A. baumannii associ-
ated with the development of colistin resistance
[71, 114] may additionally facilitate access to
intracellular target sites.
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An important feature common to the above six
studies was the substantial reduction or, in some
cases, complete suppression of the emergence of
colistin-resistant subpopulations with combina-
tion therapy. As observed previously against all
three bacterial species monotherapy with colistin
generally resulted in substantial increases in the
proportion of colistin-resistant subpopulations in
colistin-susceptible or -heteroresistant isolates at
both high and low inocula, often by as early as
24 h. However, the addition of doripenem to
colistin eliminated the emergence of colistin-
resistant colonies of K. pneumoniae [45] except
at the lowest concentration combination tested
(colistin 0.5 mg/L plus doripenem 2.5 mg/L) at
the high (~10® CFU/mL) inocula. Against P.
aeruginosa, resistant colonies were greatly
reduced in number and emerged later (following
72-96 h of treatment) with all colistin/doripenem
regimens at both inocula in the 1-CM [16], with
the most resistant subpopulations (i.e., those
growing in the presence of colistin at 10 mg/L on
the PAP plates) absent with combination therapy.
In the HFIM, the same combination against P.
aeruginosa completely eliminated colistin-
resistant subpopulations [103]. All three colistin/
rifampicin regimens (colistin 0.5, 2 or 5 mg/L
plus rifampicin 5 mg/L) completely suppressed
the emergence of colistin-resistant subpopula-
tions in a MDR-colistin-susceptible clinical iso-
late of A. baumannii such that at 72 h no
colistin-resistant colonies were detected with any
colistin/rifampicin combination at either inocu-
lum (Fig. 16.5) [84]. Two important observations
arise from these investigations. First, although
combination therapy with doripenem had no
effect on colistin resistance of MDR-colistin-
resistant isolates of P. aeruginosa [16, 103] and
K. pneumoniae [45], against A. baumannii the
colistin/rifampicin combinations containing 2- or
5-mg/L colistin reduced the pre-existing colistin-
resistant subpopulations of a colistin-resistant
isolate to below the limit of detection at the low
inocula, indicating that this combination may
suppress the emergence of de novo colistin resis-
tance. Second, on the few occasions where exten-
sive regrowth (even up to ~7-log,, CFU/mL)
occurred with combination therapy (with both

doripenem and rifampicin), no colistin-resistant
colonies were detected. While the reason for the
observed regrowth despite an apparent lack of
colistin resistance is unknown, this important
finding suggests that combining doripenem or
rifampicin with colistin may reduce the emer-
gence of colistin-resistant subpopulations.

An interesting observation to come out of the
studies by Bergen et al. [16] and Ly et al. [103]
and which has implication for future rational test-
ing of antibiotic combinations generally concerns
the use of dynamic antibiotic concentrations sim-
ulating human PK when assessing the efficacy of
combination therapy, and the duration over which
such experiments are conducted. As discussed in
the static time-kill section Bergen et al. previ-
ously examined the combination of colistin and
imipenem at multiple inocula (~10° and
~10® CFU/mL) against multiple strains of P.
aeruginosa using a static time-kill model [13]. In
two subsequent PK/PD (dynamic) studies inves-
tigating colistin/doripenem, both isolates investi-
gated in the 1-CM study [16] and two of three
isolates (the third isolate being an additional
colistin-heteroresistant strain) in the HFIM study
[103] were included in this earlier investigation.
While the antibiotics and their concentrations
between the three studies are not directly compa-
rable, the activity of colistin combined with either
imipenem or doripenem was broadly similar
across 48 h (the duration of the earlier study) at
each inoculum against heteroresistant strains.
However, substantial differences were evident
against a colistin-resistant MDR isolate. In the
static model, combinations with concentrations
as high as 32 mg/L colistin plus 16x MIC imipe-
nem failed to reduce bacterial numbers of this
isolate to below the limit of detection at any time
(maximum bacterial killing of ~3.5 log,, CFU/
mL). In stark contrast, bacterial eradication was
achieved in the 1-CM (duration, 96 h) with com-
binations containing colistin (0.5 or 2 mg/L) and
doripenem 25 mg/L no later than 24 h at the low
inoculum, and bacteria reduced to below detect-
able levels at approximately 48 h with the same
combinations at the high inoculum. With the
higher initial inoculum in the HFIM (10° CFU/
mL), progressive bacterial killing occurred over
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Fig. 16.5 (Left) Time-kill curves with various clinically
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against a colistin-susceptible MDR clinical isolate
(FADDI-ABO030) of A. baumannii. (Right) Population
analysis profiles (PAPs) at baseline (0 h) and after 72-h

72-96 h (maximum bacterial killing of ~6 logy,
CFU/mL), but slow regrowth ultimately close to
control values occurred over the subsequent
7 days. Likewise, changes in PAPs with colistin/
imipenem combinations against heteroresistant
isolates in the static time-kill model generally
mirrored those observed with equivalent colistin
monotherapy, whereas the emergence of colistin
resistance was greatly reduced (1-CM) or com-
pletely suppressed (HFIM) with colistin/doripe-

exposure to colistin monotherapy, colistin-rifampicin
combination therapy, or neither antibiotic (control). The y
axis starts from the limit of detection and the limit of
quantification (LOQ) is indicated by the horizontal broken
line. (Figure adapted from Lee et al. [84], with
permission)

nem combinations in the PK/PD models. Loss of
imipenem due to degradation in the static experi-
ments may have contributed to this result (colis-
tin is stable under these conditions) [16], whereas
intermittent dosing of doripenem in the PK/PD
models replenished concentrations and avoided
the combination effectively becoming colistin
monotherapy over time. These observations high-
light the importance of simulating PK profiles
when assessing the activity and emergence of
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resistance to antimicrobial therapy. Additionally,
the regrowth that occurred in the HFIM following
substantial initial killing across the first 72-96 h
of therapy highlights the importance of longer
durations of therapy to fully assess the effective-
ness of combinations.

While the above studies examined bacterial
killing against planktonic cells, bacteria growing
in a biofilm are protected from environmental,
immune system and antimicrobial threats, mak-
ing them substantially more resistant to antibiotic
treatment. Such resistance is evidenced by sub-
stantial increases in MICs and MBCs [41, 70,
107]. The need for very high concentrations of
colistin when used as monotherapy to achieve
any substantial killing of biofilm-embedded bac-
terial cells has been demonstrated both in vitro
[69, 72, 132] and in vivo [70]. Using a mouse
lung infection biofilm model, Hengzhuang et al.
[70] reported a colistin serum concentration of
64x MIC (i.e. 128 mg/L) was required to achieve
a 1 logy decrease in CFU/lung. Such concentra-
tions are unattainable clinically and necessitate
alternative strategies such as antibiotic combina-
tions in order to adequately treat biofilm
infections.

Only one study has examined polymyxin
combination therapy using dynamic antibiotic
concentrations against bacteria growing in a bio-
film. Using a CDC biofilm reactor Lora-Tamayo
et al. examined colistin (constant concentrations
of 1.25 mg/L and 3.50 mg/L) in combination
with doripenem (C.x 25 mg/L every 8 h; half-
life, 1 h) over 72 h against P. aeruginosa [102].
One colistin-susceptible reference strain and two
MDR-colistin-susceptible-carbapenem-resistant
clinical isolates were employed, with bacterial
killing of both biofilm-embedded and planktonic
bacteria examined; each clinical isolate had been
the cause of outbreaks in the Hospital
Universitario de Bellvitge in Barcelona, Spain,
and contained either a VIM-2 metallo-f-
lactamase or a PSE-1 p-lactamase plus a MexXY-
OprM efflux-pump. Against biofilm-embedded
bacteria monotherapy with colistin at 1.25 mg/L
was ineffective against the reference strain and
produced only modest, non-bactericidal killing
of the clinical isolates; colistin at 3.5 mg/L pro-

duced greater and more rapid initial killing
against all three strains, but with subsequent
regrowth by 72 h such that bactericidal activity
was only observed at this time against one clini-
cal strain. The combination of colistin 1.25 mg/L
plus doripenem showed some additive effects
against biofilm-embedded bacteria during the
first 24-32 h of treatment (Fig. 16.6, top panels),
but was generally no better than colistin mono-
therapy against the clinical isolates. The combi-
nation of colistin 3.5 mg/L plus doripenem
resulted in greater and more sustained killing
than either corresponding monotherapy across
72 h. Notably, against both clinical isolates
greater initial killing (of ~2-3 log;,, CFU/cm?
compared to equivalent monotherapy) was
observed and the combination remained syner-
gistic at 72 h (Fig. 16.6, top panels). Importantly,
both colistin/doripenem combinations eliminated
the emergence of colistin resistance against
biofilm-embedded bacteria observed with the
highest colistin monotherapy (3.50 mg/L)
(Fig. 16.6, lower panels), and substantially
reduced (colistin 1.25 mg/L plus doripenem) or
eliminated (colistin 3.5 mg/L plus doripenem)
the emergence of resistance in planktonic
bacteria.

16.3 Animal Studies

Only a small number of animal studies have
examined polymyxin combination therapy, pro-
viding mixed results. All these studies have uti-
lized colistin (or CMS). Unfortunately, there are
a number of shortcomings with the existing lit-
erature which makes the results difficult to inter-
pret. Specifically, it is not always possible to
ascertain whether the ‘colistin’ administered in
these studies was colistin (sulphate) or CMS
(sodium). In patients colistin is administered in
the form of its inactive derivative, CMS, with the
active species colistin forming in vivo following
CMS administration (Chap. 7). However, in ani-
mal models the administration of colistin sul-
phate is preferable as it permits greater control
over the PK profile of the active species, colistin.
In a number of studies, it is unclear whether
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Fig. 16.6 Upper panels: Bacterial killing by colistin
(Col) alone at two different clinically relevant concentra-
tions, doripenem (Dor) alone, and in combination against
biofilm-embedded cells of three different P. aeruginosa
strains; results expressed using the log change method
(log change = logy| CFU,] — log;o[CFU,]). Lower panels:
Emergence of colistin resistance (i.e. colonies able to
grow in the presence of >4 mg/L colistin) among biofilm-

colistin or CMS was administered [33-35, 58,
64, 136, 195, 200]. Importantly, irrespective of
the form of ‘colistin’ utilised, few studies provide
a rationale for the doses of CMS/colistin admin-
istered with the majority of administered doses
apparently chosen to reflect human doses on a
mg/kg basis. However, such dosing fails to rec-
ognise the importance of animal scaling that
results in PK dissimilarities across species [202],
resulting in substantially lower plasma concen-
trations in the preclinical models. Adding to this
difficulty is that PK data for CMS/colistin and
second antibiotic are absent from virtually all
investigations, preventing comparisons with PK
profiles achieved in patients; such comparisons
are crucial to adequately assess the likely value
of the combination in the clinical setting. Where
concentrations of antibiotics are measured, anti-

embedded P. aeruginosa across the treatment period with
the same treatment regimens. Results expressed as the
absolute number of recovered bacteria. For the lower pan-
els, the y axis starts from the limit of quantification. Data
are presented as means + standard deviation of the mean.
(Figure adapted from Lora-Tamayo et al. [102], with
permission)

microbial assays are generally used for quantifi-
cation of antibiotic concentrations. As previously
discussed, such assays are incapable of providing
accurate information on the time-course of
plasma concentrations of the prodrug (CMS) and
the active entity (colistin). Given these shortcom-
ings results from animal studies will only be con-
sidered briefly here.

Yamagishi et al. used a murine thigh infection
model to examine °‘colistin’ (16 mg/kg/12 h
administered intraperitoneally [IP]) combined
with aztreonam (400 mg/8 h; administered sub-
cutaneously [SC]) against five clinical isolates
(two MDR) of P. aeruginosa [195]. Though the
authors’ state the administered dosing regimens
produce antimicrobial exposures similar to
humans following IV administration of standard
doses, the achieved concentrations of each agent
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were not reported. Compared to monotherapy,
the combination at 24 h produced greater bacte-
rial killing (maximum additional killing ~1 log,,
CFU) against four of five isolates. Using mouse
[34] and rat [33] sepsis models Cirioni et al.
examined ‘colistin’ (CMS or colistin sulphate not
specified; 1 mg/kg) in combination with either
imipenem (mouse model; 20 mg/kg) or rifampi-
cin (rat model; 10 mg/kg) against a reference
strain and MDR clinical isolate of P. aeruginosa;
all antibiotics were administered IV and once
only. ‘Colistin’ plus either imipenem or rifampi-
cin resulted in significant reductions in bacterial
counts across 72 h when compared with mono-
therapy with either drug, although only the colis-
tin/imipenem combination resulted in
significantly lower mortality. Aoki et al. exam-
ined the effect of CMS (administered either intra-
nasally (5 mg/kg/12 h) or subcutaneously (10 mg/
kg/12 h) in combination with either imipenem
(30 mg/kg/12 h SC) or rifampicin (25 mg/kg/24 h
orally) against a reference strain and MDR clini-
cal isolate of P. aeruginosa using a mouse pneu-
monia model [8]; treatment was continued for
48 h. Whereas all control mice and mice treated
with CMS, imipenem or rifampicin monotherapy
died within 42 h of infection with the reference
strain, the CMS plus imipenem or rifampicin
combinations increased survival to 62.5% and
75% at 72 h, respectively. A clear difference was
observed in survival between mice treated with
intranasal or SC CMS plus rifampicin (100% vs.
14%; P < 0.01); intranasal CMS was also supe-
rior to CMS administered SC when combined
with imipenem. Similar trends were observed
with the MDR clinical isolate.

Against MDR A. baumannii, two studies
found no differences in survival or bacterial
clearance from the lungs in mouse pneumonia
models with rifampicin monotherapy (IP: 25 mg/
kg/6 h or 25 mg/kg/24 h; rifampicin was the most
active monotherapy) and rifampicin/CMS (IM;
20 mg/kg/8 h or 40 mg/kg/6 h) combination ther-
apy [118, 130]. However, in the same model Yang
et al. observed significantly fewer bacteria at 24 h
in the lungs of mice treated IP with ‘colistin’
(10 mg/kg) and minocycline (50 mg/kg) com-
pared to monotherapy, with the combination pro-

ducing substantially greater survival at 7 days
[200]. Against a single MDR isolate of A. bau-
mannii, Pantopoulou et al. found little difference
in survival with CMS (3 mg/kg IM) or rifampicin
(5 mg/kg IV) as mono- or combination therapy in
a neutropenic rat thigh infection model, although
in this investigation both antibiotics were admin-
istered as single doses only at the beginning of
the experiment [136]. In a much larger study in a
murine thigh infection model involving 15 exten-
sively drug-resistant (XDR) isolates of A. bau-
mannii, reductions in bacterial counts of >2log,
CFU compared to monotherapy at 48 h were
observed with the combinations of ‘colistin’
(20 mg/kg/8 h) and fusidic acid (500 mg/kg/8 h)
or rifampicin (25 mg/kg/6 h) [58]; these combi-
nations were superior to colistin combined with
meropenem (200 mg/kg/8 h), tigecycline (50 mg/
kg/24 h), fosfomycin (100 mg/kg/4 h), and sul-
bactam (120 mg/kg/12 h). In a mouse sepsis
model, the addition of sulbactam (240 mg/
kg/12 h IP) to CMS (5 mg/kg/12 h IP) had no sig-
nificant effect on bacterial counts of a single
carbapenem-resistant (OXA-51-, OXA-58- and
PER-1-positive) isolate of A. baumanni [47].
However, in a mouse sepsis model involving two
clinical isolates (1 MDR) of A. baumannii,
Cirioni et al. recently showed a single a dose of
‘colistin’ (1 mg/kg) plus either daptomycin
(7 mg/kg) or teicoplanin (7 mg/kg) administered
IP substantially enhanced survival at 72 h [35]. In
that study lethality rates against the susceptible
isolates were 100% in the control group, 80%
with daptomycin or teicoplanin alone, 50% with
colistin alone, 10% with colistin/daptomycin and
15% with colistin/teicoplanin; lethality rates
were similar against the MDR isolate. The com-
binations also significantly reduced the number
of bacteria in intraabdominal fluid.

Giacometti et al. examined ‘colistin’ (CMS or
colistin sulphate not specified; 1 mg/kg) in com-
bination with piperacillin (60 mg/kg) against E.
coli in a rat intraperitoneal infection model [64].
Following a single IP administration of antibiot-
ics, mortality at 48 h was 93.3%, 33.3%, 33.3%,
and 0% for controls, ‘colistin’ monotherapy,
piperacillin monotherapy, and the ‘colistin’ plus
piperacillin combination, respectively. More
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recently, Michail et al. examined several combi-
nations of tigecycline (50 mg/kg/24 h SC) includ-
ing with CMS (40 mg/kg/8 h SC) against eight
clinical isolates of K. pneumoniae and two iso-
lates (one clinical isolate and one reference
strain) of E. coli in a murine thigh infection
model [113]; all organisms produced KPC-2 car-
bapenemase and were susceptible to colistin. As
monotherapy, CMS exhibited substantially less
bacterial killing than tigecycline. In combination,
bacterial killing at 48 h was either essentially the
same as tigecycline monotherapy or, in 4 (40%)
of 10 cases, antagonistic. However, as antago-
nism was broadly defined as simply a lower log;,
CFU reduction with combination therapy com-
pared to monotherapy, the magnitude of this
antagonism is unclear. Demiraslan et al. similarly
examined the combination of CMS (5 mg/kg/12 h
IP) and tigecycline (20 mg/kg/12 h IP) against a
single OXA-48-producing carbapenem-resistant
isolate of K. pneumoniae using a sepsis mouse
model [44]; this strain was also positive for bla-
tem.1 and blacrx.is genes and was susceptible to
both colistin and tigecycline. The combination
was tested against both immunocompetent and
immunosuppressed mice. In both sets of mice,
bacterial counts at 24 and 48 h in liver and lung
samples were decreased by both CMS and tige-
cycline monotherapy compared to controls, how-
ever there was no significant difference between
the most active monotherapy (CMS) and combi-
nation therapy at this time. Mutlu Yilmaz et al.
likewise found no differences in efficacy between
CMS (1.25 mg/kg/6 h IP) and tigecycline (10 mg/
kg/12 h IP) monotherapy and combination ther-
apy across 48 h against a single MDR strain of A.
baumannii using a rat pneumonia model [122].
Only one study has specifically examined
polymyxin combinations against biofilms in vivo
[102], most likely due to a lack of suitable mod-
els. Bacterial cells growing within a biofilm are
often substantially more resistant than planktonic
cells to antibiotic treatment due to the self-
produced polymeric matrix that protects the cells
from environmental, immune system and antimi-
crobial threats [41, 48, 107, 121]. With increased
MICs and minimum bactericidal concentrations
(MBCs) of polymyxins associated with biofilm

infections [69, 70], and increasing multidrug-
resistance generally, alternative strategies such as
polymyxin combination therapy have been sug-
gested for treatment of biofilm infections [102].
Corvec et al. employed a foreign-body infection
model involving the implantation of Teflon cages
into guinea pigs (four cages/guinea pig) to inves-
tigate the activity of antibiotic combinations
including colistin (15 mg/kg) in combination
with fosfomycin (150 mg/kg), gentamicin
(10 mg/kg) and tigecycline (10 mg/kg) [40]; all
antibiotics were administered 12-hourly IP for
4 days. A single extended-spectrum-f-lactamase
(ESBL)-producing clinical strain of E. coli sus-
ceptible to all antibiotics tested was employed.
Although the authors reported significantly lower
(>3 log;y CFU/mL) bacterial counts (and there-
fore greater bacterial killing) with each combina-
tion immediately and 5 days after the treatment
period against planktonic bacteria aspirated from
cage fluid, it appears that comparisons of combi-
nation therapy were only made against gentami-
cin or tigecycline monotherapy without including
colistin or fosfomycin monotherapy. When the
latter are included the differences in bacterial
killing appear not to be as great immediately fol-
lowing therapy, although in all cases combina-
tions did result in substantially improved bacterial
killing relative to monotherapy 5 days following
cessation of treatment. Against biofilm-embedded
bacteria 5 days following discontinuation of anti-
biotic therapy, only monotherapy with fosfomy-
cin was able to eradicate some biofilms (cure rate
of 17%; cure rate defined as the percentage of
total cages without E. coli growth). However, the
combinations of colistin with fosfomycin, tigecy-
cline and gentamicin significantly increased the
cure rate to 67%, 50% and 33%, respectively.
Two research group have employed an inver-
tebrate model of the wax moth caterpillar
Galleria mellonella which has been proposed as
an inexpensive an easy alternative to mammalian
models to generate reliable and reproducible data
on microbial virulence similar to that obtained
using higher animals [31, 76, 159]. One group
examined the activities of colistin (2.5 mg/kg)/
glycopeptide (vancomycin and teicoplanin,
10 mg/kg) [74] or colistin (2.5 mg/kg)/telavancin
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(10 mg/kg) [73] combinations against A.
baumannii-infected caterpillars (I ATCC refer-
ence strain and 1 MDR clinical isolate) over 96 h.
In 5 (83%) of 6 cases (3 combinations across 2
isolates) combinations significantly enhanced the
survival of larvae compared with monotherapy.
Other similar experiments by the same group
examined a colistin (0.25 mg/kg)/tigecycline
(1 mg/kg) combination against carbapenem-
resistant Enterobacteriaceae (six strains compris-
ing E. coli (n = 2), Enterobacter aerogenes
(n = 1), Enterobacter cloacae (n = 1) and K.
pneumoniae (n =2)) [18], and the same combina-
tion plus a colistin (0.25 mg/kg)/rifampicin
(10 mg/kg) combination against two strains of
Stenotrophomonas maltophilia [19]. The colistin/
tigecycline combination significantly improved
survival against all Enterobacteriaceae isolates
and 1 (50%) of 2 S. maltophilia isolates, while
the colistin/rifampicin combination significantly
improved survival in both S. maltophilia isolates.
More recently, another group has undertaken
similar experiments over 96 with colistin (2.5 mg/
kg) combined with vancomycin (15 mg/kg;
n = 4) [198], levofloxacin (6.7 mg/kg; n = 4)
[192] and daptomycin (4 mg/kg; n = 2) [196]
against A. baumannii and colistin (2.5 mg/kg)
combined with imipenem (15 mg/kg; n = 2)
against E. cloacae [197]; all studies included at
least 1 MDR isolate. With the exception of the
colistin/vancomycin combination that was less
effective than vancomycin monotherapy against a
colistin-resistant isolate, in all cases combination
therapy significantly improved survival com-
pared to monotherapy.

Clearly, future animal studies investigating
polymyxin combination therapy which adminis-
ter colistin (sulphate) or polymyxin B and which
provide the crucial PK data currently lacking in
existing studies are urgently required. Such
investigations will be crucial to build on the
knowledge gained from in vitro studies (dis-
cussed above) and are essential to optimise poly-
myxin therapy.

16.4 Clinical Studies of CMS or
Polymyxin B Combination
Therapy

Very few studies have formally assessed the ben-
efit of CMS (the sulphomethylated derivative of
colistin and the form administered intravenously
[IV]) or polymyxin B combinations, and those
that have are commonly retrospective in nature.
Although a small number of investigations have
been undertaken prospectively, these tend to con-
tain small patient numbers and are thus low pow-
ered. Additionally, the doses of antibiotics
administered, including polymyxins, are often
not stated and PK data is absent. The majority of
the data reviewed here is taken from studies seek-
ing to ascertain their general benefit in patients.
Studies that have assessed CMS or polymyxin B
for a variety of MDR Gram-negative pathogens
and infection sites combined into single studies
have been inconclusive in differentiating between
the value of monotherapy and combination ther-
apy [54-57, 145, 181]. This section will focus on
those studies that provide the greatest insight into
specific situations where polymyxin combination
therapy appears to be of promise or significant
value.

Klebsiella pneumoniae A retrospective cohort
analysis by Qureshi et al. examined the utility of
combination therapy in treating KPC-producing
K. pneumoniae bacteraemia [150]. In total, 41
patients with genetically confirmed infections
were included with a majority (32 [78%] of 41)
being hospital acquired and the remainder (9
[22%] of 41) health care associated. The primary
outcome was 28-day mortality which, among all
patients that received definitive antibiotic therapy
for >48 h, was 38.2% (12/34; 7 patients did not
receive definitive antibiotic therapy). Treatments
varied extensively. Nineteen patients received
monotherapy with most receiving CMS or poly-
myxin B (n =7), tigecycline (n = 5), or a carbape-
nem (imipenem or meropenem; n =4); 15 patients
received combination antibiotics. For combina-
tion therapy, CMS or polymyxin B were com-
bined with unspecified carbapenems (n = 5),
tigecycline (n = 1) or a fluoroquinolone (n = 1)
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while the most common polymyxin-free combi-
nation was tigecycline with either a carbapenem
(n = 3) or aminoglycoside (n = 2). The doses of
each antibiotic administered were not reported.
Combination treatment was the only significant
predictor of survival (p = 0.02) with a 28-day
mortality of 13.3% (2/15) compared to 57.8%
(11/19) for monotherapy. Of specific interest, 1
patient receiving CMS or polymyxin B (which
polymyxin was not stated) in combination died
compared with 4 (57.1%) of 7 patients that
received polymyxin monotherapy. The incidence
of mortality in patients receiving polymyxin
monotherapy was higher than that reported by
Dubrovskaya et al. with polymyxin B monother-
apy against KPC producing K. pneumoniae
(57.1% [4/7] vs. 18% [7/40]) [49]. This differ-
ence is likely due to the greater severity of infec-
tion in the patients in the former study who were
mostly critically ill. All of the deaths in this stud-
ied occurred despite K. pneumoniae having MICs
within the susceptible range for each of the
respective antibiotics administered, highlighting
the suboptimal use of CMS and polymyxin B
especially as monotherapy.

A case control study conducted in Greece pro-
duced similar results for KPC producing K. pneu-
moniae bloodstream infections. Zarkotou et al.
identified 35 patients that received appropriate
antimicrobial therapy (considered susceptible to
the respective antibiotic using EUCAST Clinical
Breakpoints), a subset of which received CMS
[203]. None of 20 patients administered multiple
antibiotics died compared to 7 (46.7%) of 15
patients receiving monotherapy. Of the patients
that received combination treatment, 14 were
administered CMS whereas 7 received CMS as
monotherapy; in this latter group mortality was
66.7% (4/7). The most common combination was
CMS plus tigecycline (n = 9), while unspecified
carbapenems were combined with CMS in an
additional 2 patients. Unfortunately, the doses of
each antibiotic administered were not specified.
Nevertheless, this data provides qualified support
for the use of combination regimens including
colistin (administered as CMS) against KPC-
producing K. pneumoniae bacteraemia. Another

study conducted in Italy similarly compared
monotherapy to combination treatment in a larger
population of 125 patients with KPC-producing
K. pneumoniae bacteraemia [182]. CMS was
administered as monotherapy in 22 patients and
in combination in 51 patients (combined with
[No. of patients]: tigecycline [23], gentamicin
[7], meropenem [4], tigecycline plus meropenem
[16], gentamicin plus meropenem [1]). The dose
of CMS administered in both groups was six to
nine million international units (IU; equivalent to
180-270 mg of colistin base activity [CBA]) IV
every 8—12 h following an unspecified loading
dose. Thirty-day mortality was significantly
reduced with combination therapy (34.1%;
27/79) compared to monotherapy (54.3%; 25/46).
Of the 22 patients that received CMS monother-
apy, 11 (50%) died; unfortunately, individual
mortality rates for each combination regimen
were not stated. The triple combination of colis-
tin, tigecycline, and meropenem was the only
drug regimen reported as significantly more com-
mon in the survivor group. However, it must not
be overlooked that this finding may be the result
of the triple combination also being the most
common carbapenem-containing combination
regimen. This study again confirms the impor-
tance of combination therapy in KPC-producing
K. pneumoniae bacteraemia and emphasizes the
benefit of including a carbapenem with
CMS. Further studies are warranted to optimize
specific combination regimens.

Overall, the available clinical data supports
the use of combination antibiotic regimens over
monotherapy for KPC-producing K. pneumoniae
bacteraemia, especially those containing either
CMS or polymyxin B in combination with a car-
bapenem or tigecycline [150, 182, 203]. Since
KPC strains hydrolyze carbapenems, the evi-
dence that mortality is reduced by the combina-
tion of a carbapenem and a polymyxin is of
interest. Results from an investigation by Daikos
et al. further support the use of a carbapenem in
addition to another agent to treat KPC-producing
K. pneumoniae, suggesting that if the infecting
pathogen has a carbapenem MIC of <4 mg/L,
combination therapy may reduce mortality com-
pared to other non-carbapenem combinations
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[42]. The type and severity of infection caused by
KPC-producing K. pneumoniae may be an
important factor in dictating the utility of poly-
myxin combination therapy. More severe infec-
tions (i.e. bacteraemia) have benefited from
combinations with these drugs [150, 182, 203],
whereas the cumulative assessment of all types of
infection including patients who were consider-
ably less ill, suggests monotherapy with a poly-
myxin may be sufficient [49]. Further,
KPC-producing K. pneumoniae pneumonia and
bacteraemia with pneumonia as its source of
infection have both been associated with higher
mortality and underline clinical scenarios where
monotherapy appears insufficient for most
patients. This lack of success in treating pneumo-
nia based infections with monotherapy may be
the result of low polymyxin concentrations at the
site of infection in the lungs where supplemental
antibiotics would in theory be useful [75, 209].
Further studies in this regard are warranted.

Pseudomonas aeruginosa Conway et al. pro-
spectively treated patients with cystic fibrosis
(CF) chronically colonized with P. aeruginosa
and experiencing an acute respiratory tract exac-
erbation with CMS monotherapy or combination
therapy in an effort to define the benefit of mul-
tiple P. aeruginosa coverage in these patients
[38]. Patients treated with monotherapy (n = 36)
received 160 mg CMS (two million IU [equiva-
lent to 60 mg CBA]) IV every 8 h while those
receiving combination therapy (n = 35) received
the same CMS dose with additional aztreonam,
azlocillin, piperacillin, ceftazidime, imipenem or
ciprofloxacin. By Day 12 all patients showed
clinical improvement based on clinical measure-
ment, patient weight, Shwachman-Kulczycki
score, Chrispin-Norman and Northern chest
radiograph scores. However, combination treat-
ment resulted in significantly more patients
returning to a normal C-reactive protein level at
this time suggesting less inflammatory activity in
the lungs. The authors concluded that IV CMS
was effective in treating acute respiratory exacer-
bations of P. aeruginosa as monotherapy or com-
bination therapy.

Linden et al. conducted a prospective study
that compared treatment efficacy of CMS mono-
therapy (n = 10) and combination therapy (n=13)
in 23 patients infected with MDR P. aeruginosa
[98]; 21 patients were critically ill, defined as
having at least 2 major organ system failures dur-
ing the study. The types of infection varied with
the most common being pneumonia (n = 18),
bacteraemia (n = 8) and intra-abdominal infec-
tions (n = 6). For patients in both monotherapy
and combination treatment groups, CMS was
administered IV based on ideal body weight and
estimated creatinine clearance (range: ~2.7—
13.3 mg/kg/day; equivalent to ~33,000—
167,000 IU/kg/day or 1-5 mg CBA/kg/day).
Amikacin or an antipseudomonal f-lactam was
added to CMS for patients in the combination
group. An unfavourable response, defined as per-
sistence or worsening of presenting signs and
symptoms or death, was reported for 4 (40%) of
10 patients receiving only CMS and 5 (38.5%) of
13 patients on combination therapy. However, 11
patients had other co-infecting pathogens which
may have confounded the results. Based on this
data it is evident that colistin provides an impor-
tant ‘salvage’ option for patients who have failed
or are resistant to other antipseudomonal thera-
pies, but it cannot support the use of combination
treatment. In a similar study by Furtado et al.,
polymyxin B combinations (most commonly
combined with imipenem) did not provide addi-
tional benefit over polymyxin B monotherapy for
pneumonia caused by MDR P. aeruginosa [59].
Polymyxin B was dosed based on creatinine
clearance (1.5-2.5 mg/kg/day when CrCl
>80 mL/min; 2.5 mg/kg on Day 1, then 1.0-
1.5 mg/kg/day thereafter when CrCl 30-80 mL/
min; 2.5 mg/kg on Day 1, then 1.0-1.5 mg/kg
every 2-3 days thereafter when CrCl <30 mL/
min; 2.5 mg/kg on Day 1, then 1.0 mg/kg every
5-7 days thereafter) and, unusually, was adminis-
tered by continuous infusion over 24 h rather
than in divided intervals (usually every 12 h).
There was no difference in favourable outcomes
(defined as partial resolution of signs and symp-
toms by the end of treatment; unfavourable was
the persisting or worsening of signs and symp-
toms or death during treatment) between the
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groups (14 [50.0%] of 28 vs. 21 [45.7%] of 46 in
patients receiving combination therapy and
monotherapy, respectively). Based on these data,
the authors suggested polymyxin B monotherapy
would be an appropriate ‘salvage’ option for
MDR P. aeruginosa pneumonia, although the
overall low favourable outcome rate (47.3%) rel-
ative to other studies may suggest against admin-
istering it as a continuous infusion.

To our knowledge, no clinical studies to date
support the use of CMS or polymyxin B based
combinations in favour of polymyxin monother-
apy for treatment of infections caused by MDR P.
aeruginosa. Existing data regarding CMS or
polymyxin B combinations in humans is limited
with studies frequently pooling patients with
many types and sites of infection and varying
degrees of severity, limiting the usefulness of the
results obtained [38, 59, 98]. Further, more
focussed studies are warranted which may assist
to identify subsets of patients that benefit from
combination therapy.

Acinetobacter baumannii In a recent prospec-
tive study, Aydemir et al. compared CMS mono-
therapy (n = 22) to a combination of CMS and
rifampicin (n = 21) for ventilator-associated
pneumonia (VAP) caused by carbapenem resis-
tant A. baumannii [10]. CMS was administered at
300 mg CBA/day IV in three divided doses
adjusted for renal impairment based on the man-
ufacturer’s recommendations; rifampicin was
administered nasogastrically at a dose of 600 mg/
day. No difference in the primary endpoint of
clinical response was observed between the two
groups (40.9% for monotherapy, 52.4% for com-
bination; p = 0.654), however microbiological
clearance (a secondary endpoint) was obtained
significantly more quickly with combination
therapy (4.5 + 1.7 days for monotherapy,
3.1 £0.5 days for combination; P = 0.029).

It is important to note that in the studies dis-
cussed above, CMS was dosed according to the
product information which likely cannot achieve
high enough plasma concentrations to optimally
treat severe infections for all patients. In order to
more rapidly attain higher plasma concentrations

recent studies have suggested the use of a loading
dose of nine million IU of CMS (equivalent to
~270 mg of CBA) followed by nine million IU
per day in divided doses instead of the six million
IU (equivalent to ~180 mg of CBA) received by
many of the patients reviewed above [43, 55,
108]; administration of higher doses of poly-
myxin B have also been suggested [52]. Non-
traditional ‘front loaded’ or ‘burst’ polymyxin
regimens (e.g. high dose, short duration poly-
myxin at the start of therapy, with lower overall
exposure), especially in combination, require fur-
ther analysis in patients in order to fully define
their therapeutic role in the management of MDR
Gram-negative infections. Since the mortality
rate remains high for infections with KPC-
producing K. pneumoniae, P. aeruginosa and A.
baumannii, it is critical to continue to investigate
optimal dosing strategies for polymyxins, includ-
ing the role of combination therapy. Given the
limitations associated with existing clinical data
future randomized controlled trials with robust
study designs are urgently required to more fully
understand the utility of CMS or polymyxin B
based combinations [138].

16.5 Randomized Controlled
Trials Evaluating Polymyxin
Combinations

Although there are no adequately powered pub-
lished randomized controlled trials (RCTs) to
examine whether therapy with polymyxins (poly-
myxin B or colistin) administered in combination
with another active agent is superior to poly-
myxin B or colistin monotherapy against
carbapenem-resistant ~ Enterobacteriaceae  or
carbapenem-resistant P. aeruginosa infections,
there are recent RCTs in evaluating polymyxin
combinations against MDR A. baumannii. The
first open label RCT comparing synergistic com-
binations with monotherapy was a prospective
study by Durante-Mangoni et al. who conducted
a larger (n = 209) multi-centre prospective study
examining CMS/rifampicin combinations against
extensively drug resistant A. baumannii [51];
extensively drug resistant was defined as an MIC
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>16 mg/L for carbapenems and resistant to all
other antibiotics except colistin. Patients were
allocated to receive either CMS (160 mg or two
million units; equivalent to ~60 mg CBA;
n = 105) every 8 h IV as monotherapy or CMS
(same dose) plus rifampicin 600 mg every 12 h
IV (n = 105). Most patients had VAP (69.8%)
while the remainder had bloodstream infections
(20.1%), hospital acquired pneumonia (8.6%), or
intra-abdominal infections (2.4%). Although
there was no difference between monotherapy
and combination therapy for the primary end-
point of 30-day mortality, eradication of A. bau-
mannii was significantly higher with the addition
of rifampicin (60.6% vs 44.8%, P = 0.034).
Additionally, the risk of death within 30 days was
similar between combination therapy and mono-
therapy (OR =0.88,95% CI1 0.46—-1.69; P=0.71)
despite a significantly improved microbiological
cure rate in patients receiving colistin + rifampin
(P = 0.034) with no resistance developing in
either arm. No colistin loading dose was adminis-
tered and the maximum daily maintenance dose
was low by current standards.

In another, open label, prospective, random-
ized trial of 94 patients with carbapenem-resistant
A. baumannii (CRAB) infections, subjects were
randomised to receive colistin alone or colistin +
fosfomycin for 7-14 days [164]. Some patients in
both groups received other antibiotics; for exam-
ple, 17.0% and 8.5% of patients in the monother-
apy and combination groups, respectively,
received a carbapenem. There was no difference
between monotherapy and combination therapy
arms in infection-related (23.1% vs. 16.3%;
P = 0.507) or all-cause mortality (57.4% vs.
46.8%; P = 0.41). However, the patients who
received combination therapy had a significantly
more favourable microbiological response than
those who received colistin alone. Interestingly,
microbiological cure in the first 72 h (65.7% vs.
78.8%; P = 0.028) and at the end of treatment
(84.5% vs. 100%; P = 0.023) was greater in the
combination arm.

Recently, Paul et al. conducted a randomized
controlled superiority trial in 406 patients com-
paring colistin monotherapy with colistin (nine
MIU or 300 mg CBA/day) + high dose extended

infusion meropenem combination therapy for the
treatment of carbapenem-resistant Gram-negative
bacilli [139]. Patients with bacteraemia,
ventilator-associated ~ pneumonia,  hospital-
acquired pneumonia, or urosepsis caused by
carbapenem-non-susceptible Gram-negative bac-
teria were included. Patients received either intra-
venous colistin (9-million unit loading dose,
followed by 4.5 million units twice per day) or
colistin with meropenem (2-g prolonged infusion
three times per day). The primary outcome was
clinical failure, defined as not meeting all success
criteria by intention-to-treat analysis, at 14 days
after randomisation. Most infections were caused
by A. baumannii (312/406, 77%), although some
infections were due to CRE and carbapenem-
resistant P. aeruginosa. No significant difference
between colistin monotherapy (156/198, 79%)
and combination therapy (152/208, 73%) was
observed for clinical failure at 14 days (risk dif-
ference — 5.7%, 95% CI -13.9 to 2.4; risk ratio
[RR]0.93,95% CI10.83-1.03). Results were sim-
ilar among patients with A. baumannii infections
(RR 0.97, 95% CI 0.87-1.09). No differences
were noted in clinical failure (76% vs. 71%;
P = 0.22) or 28-day mortality (41% vs. 41%;
P =0.84) in comparing monotherapy and combi-
nation therapy arms. All-cause 28-day mortality
was 86 (43%) of 198 patients treated with colistin
monotherapy and 94 (45%) of 208 patients
treated with combination therapy. Combination
therapy increased the incidence of diarrhea (56
[27%] vs 32 [16%] patients) and decreased the
incidence of mild renal failure (37 [30%] of 124
vs 25 [20%] of 125 patients at risk of or with kid-
ney injury). There were no significant differences
(6% for monotherapy versus 5% for combination
therapy; P = 0.77) noted as it relates to colistin-
resistance during or after therapy or isolation of
new carbapenem-resistant bacteria. As it relates
to infection type, most patients had hospital-
acquired or ventilator associated pneumonia or
bacteraemia (355/406, 87%).

Finally, there is an ongoing RCT comparing
colistin monotherapy to colistin plus meropenem
combination therapy for the management of inva-
sive infections due to carbapenem-resistant
Gram-negative organisms (https://clinicaltrials.
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gov/ct2/show/NCT01597973). Data from this
study, should further elucidate the role of poly-
myxin combinations. Furthermore, given the
potential advantages of polymyxin B over colis-
tin, clinical data assessing the impact of poly-
myxin B-based combination regimens are
needed. Future studies should also address the
impact of infection site and resistance mecha-
nisms on the effectiveness of combination
therapy.

16.6 Conclusions and Future
Directions

In general, the in vitro data for polymyxin combi-
nation therapy suggests a potential benefit with
many drug combinations, particularly so when
only the more sophisticated PK/PD models are
considered. A common finding is that low, sub-
MIC (yet clinically achievable) concentrations of
polymyxins (e.g. 0.5 mg/L) in combination with
another agent may significantly enhance bacterial
killing even when resistance to one or more of the
drugs in combination is present. This may be true
not only when the second drug would normally
be active against the particular bacterial species
but also with agents such as the glycopeptides
that should ordinarily have no effect on Gram-
negative organisms due to the relative imperme-
ability of the outer membrane. Such an
observation is important as total (i.e. bound and
unbound) plasma concentrations of colistin (fol-
lowing IV administration of CMS) and poly-
myxin B are typically in the range of ~2-3 mg at
steady state, although a proportion of patients
will achieve lower plasma concentrations (Chap.
15) [63, 81, 85, 90, 115, 146, 156, 157, 204].
Given this situation it may nevertheless be possi-
ble to enhance bacterial killing with polymyxin
combination therapy even in patients who achieve
low plasma concentrations with standard dosage
regimens. Alternatively, it may be possible to
take advantage of increased bacterial killing at
low plasma concentrations by using lower-than-
normal doses of polymyxins, especially given the

toxicity concerns associated with their use (dis-
cussed in Chap. 17).

A close look at the existing in vitro data on
combination therapy also reveals that even when
improvements in bacterial killing were not
observed at later time points (e.g. 24 or 48 h), in
many cases there were improvement in initial
killing (e.g. up to 6 h). While regrowth obviously
occurred in these situations it must be remem-
bered that the in vitro models used lack the
immune components present in vivo. Thus, in an
immunocompetent host combination therapy at
the commencement of treatment may help to
quickly reduce bacterial levels to facilitate clear-
ance by the immune system. Importantly, the few
studies undertaken in PK/PD models have shown
a substantial reduction in the emergence of
polymyxin-resistant subpopulations. Given the
increasing emergence of polymyxin resistance
since their reintroduction into clinical practice [3,
7,71, 86, 110, 112, 170] and their role as a last-
line therapeutic option, combination therapy
could potentially play an important role in mini-
mising further resistance development.

Finally, the data would suggest that a ‘one-
size-fits-all’ approach to identifying optimal
combination regimens is not appropriate. This
can be illustrated by the study conducted by
Clancy et al. where isolates of K. pneumoniae
responded differently to a colistin/doripenem
combination depending on the presence or
absence of particular resistance mechanisms
[36]. Thus, the specific resistance mechanisms
manifested by different isolates of a bacterial
species may dictate the efficacy of particular
combination regimens. Ultimately the true value
of combination therapy must be evaluated in
well-designed, well powered, randomized clini-
cal trials in critically ill patients which are
urgently required in order to define the clinical
benefit of polymyxin combination therapy.
Future advances in rapid diagnostics and next-
generation omics technologies will guide optimal
use of polymyxin combinations which are pre-
cise to each patient, infection site, pathogen and
resistance mechanism.
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