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Abstract

Susceptibility testing of polymyxins has been
subject to intensive review and revision in
recent years. A joint working group was estab-
lished by the Clinical and Laboratory
Standards Institute and the FEuropean
Committee on Antimicrobial Susceptibility
Testing to establish a reference method. Issues
examined included the effects of divalent cat-
ions, binding to laboratory materials, and
addition of polysorbate 80. The working group
recommended the use of broth microdilution
without the addition of polysorbate 80 as the
reference method. Published studies have
shown that other testing methods, including
agar dilution, disk diffusion and gradient dif-
fusion, have unacceptably high levels of very
major errors compared to the reference
method, and are not recommended for routine
laboratory use. Most data were for the testing
of colistin; less information was available for
polymyxin B. The joint working group was
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also asked to consider the setting of clinical
breakpoints for relevant pathogens. This task
involved examination of the available
pharmacokinetic-pharmacodynamic, pharma-
cokinetic-toxicodynamic and population clin-
ical pharmacokinetic data. All current
pharmacokinetic-pharmacodynamic  targets
are based on MICs generated using the refer-
ence broth dilution procedure.
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Given that the polymyxin class has been in clini-
cal use for more than 50 years, it would normally
be assumed that susceptibility testing and the
associated breakpoints would have been ade-
quately resolved many years ago. However,
because this class fell into disuse for many years,
scant attention was paid to either susceptibility
testing or clinical breakpoints. The resurgence in
use driven by the emergence and spread of multi-
resistant Gram-negative bacteria has resulted in a
critical re-appraisal of susceptibility testing, the
standardization thereof and clinical breakpoints.
Thus, the last decade has seen a substantial
upgrade in the types of data and methods to be
applied in setting clinical breakpoints.
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Importantly, a clear distinction is now being
made between breakpoints that distinguish the
natural population without resistance mecha-
nisms (‘wild type’) and those that distinguish
between a high probability of cure and a low
probability of cure. The former is now defined as
an epidemiological cut-off value (ECOFF), is
independent of any therapeutic intervention, and
involves the application of in vitro phenotypic
data only. The latter are called “breakpoints™ or
“clinical breakpoints” (the words are used syn-
onymously), and are set only when there are suf-
ficient in vitro, animal model and human
pharmacokinetic-pharmacodynamic ~ (PK-PD)
and clinical outcome data [1]. Clinical break-
points are used in the clinical laboratory to indi-
cate whether treatment with an antibiotic is
feasible or not, provided that the dosing regimen
given to the patient is adequate.

A Joint Working Group was established by
the European Committee on Antimicrobial
Susceptibility Testing (EUCAST) and the
Clinical and Laboratory Standards Institute
(CLSI) to determine the most appropriate refer-
ence method for susceptibility testing and the

setting of clinical breakpoints for the
polymyxins.
9.1 In Vitro Susceptibility

Testing

A standard reference method for susceptibility
testing of antimicrobial agents is only of recent
origin and was published in 2006. The accepted
reference method for MIC testing of polymyxins
is broth microdilution (BMD), as described in
ISO 20776-1 [2], and is by and large the same as
those described by CLSI [3] and EUCAST [4]
with subtle differences. The vast majority of pub-
lished MIC distributions have used this method,
although a variety of other methods including
agar dilution and Etest® have been used as well
(see below for comments). Below, a number of
issues are described that have a direct effect on
the MIC value of polymyxins, indicating that
standardization of testing is extremely important,
as the conclusions that can be drawn from the test

results would otherwise be invalid and highly
misleading.

Formulations of Test
Compounds

9.1.1

It is important to realize that for testing of colistin
(polymyxin E) the colistin sulfate salt is used as
the test reagent. The parenteral methanesulfonate
formulation has almost no activity on its own; it
is a prodrug [5]. The use of this prodrug will
therefore give misleadingly high MIC values.
Since slow conversion of colistin methanesulfo-
nate to free colistin in aqueous solution does
occur, MICs will be dependent on the circum-
stances that result in more or less conversion [6].
There are no such issues for polymyxin B,
because the injectable product and the test reagent
are the same, namely the sulfate salt.

9.1.2 Effects of Components
of Polymyxins

Both polymyxin B and colistin contain mixtures
of components. Colistin is predominantly a mix-
ture of colistin A (E1) and colistin B (E2), which
differ only in the length of the fatty acyl tail (by
one carbon) [7]. Polymyxin B is also predomi-
nantly a mixture of polymyxin B1 and polymyxin
B2, with two other components accounting for
around 12% [8].

9.1.2.1 Colistin

Very recent work at MicroScan Microbiology
systems, Beckman Coulter Inc. in California has
shown that the USP standard is predominantly
colistin A, while that of the Sigma-Aldrich chem-
ical supply company, the most widely used
reagent for in vitro studies, is predominantly
colistin B [Sei, personal communication]. This
suggests that there are substantial differences
between manufacturers in the balance between
the two major components of colistin and these in
turn may result in different MIC values, although
recent data suggest that these differences are
likely to be negligible [9].
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9.1.2.2 Polymyxin B

Tam et al. [10] have shown that MICs obtained
against a variety of Gram-negative bacteria using
Sigma-Aldrich brand polymyxin B components
do not differ significantly from those observed
with the USP standard. These investigators also
reported only modest differences in the MICs of
polymyxin B1 and B2. This was confirmed by the
more recent work of Roberts et al. [9].

9.1.3 Influence of Cations
Calcium ions were shown many years ago to
reduce the in vitro activity of colistin and poly-
myxin B against Pseudomonas aeruginosa [11—
13]. Magnesium and some other divalent cations
(strontium, barium) share this property, at least for
polymyxin B [11, 13]. Added Ca™ and Mg** also
reduced the activity of polymyxin B against sev-
eral other species of Pseudomonas and
Stenotrophomonas maltophilia [14]. Colistin
activity has also been shown to be affected when
adding Ca** and Mg*"* ions to Mueller-Hinton
broth. The effect may result from the interaction of
these divalent cations with the outer membrane of
these target species [11, 13]. It is stated without
proof that this effect is not observed with
Escherichia coli, Klebsiella spp., or Proteus spp.
[12]. Using different experimental conditions,
however, Chen and Feingold [13] suggested that
there was an observable effect against E. coli.
There is no published work examining the effect
of other cations likely or possibly present in
Mueller-Hinton broth, such as iron, zinc or manga-
nese which have been documented to vary between
manufacturers [15] and been shown to affect the
MIC for some other drugs such as tigecycline [16].
The documented concentration of calcium and
magnesium ions known to abolish the bacteri-
cidal effect of polymyxin B is 2 mM [13]. This
translates to concentrations of 80 and 24 mg/L,
respectively. ISO 16782 stipulated final cation
concentrations of 20-25 mg/L of calcium and
10-12.5 mg/L of magnesium in cation-adjusted
Mueller-Hinton broth used for reference and rou-
tine susceptibility testing [17]. Based on these
concentrations, partial inhibition of the antibacte-

rial activity of polymyxins against P. aeruginosa
can be expected [13]. ISO 16782 did not stipulate
final concentrations of either of these cations in
Mueller-Hinton agar [17].

As the concentrations of calcium and magne-
sium are controlled in cation-adjusted Mueller-
Hinton broth, this should not present a problem
for reference or routine broth susceptibility test-
ing. If there is some antagonism of polymyxin
action, then at least it will occur consistently.
However, it could potentially affect susceptibility
testing using agar dilution where calcium and
magnesium concentrations are not controlled and
where calcium and magnesium concentrations
are known to vary between brands [15]. This may
also pose a problem for disk diffusion testing.

9.1.4 Binding to Plastic and Other
Materials

Recent evidence has emerged that many polyca-
tionic molecules, including colistin and polymyxin
B, adhere to plastics and other surfaces. Because
BMD susceptibility testing is conventionally con-
ducted in 96-well plastic microtiter trays, concern
has arisen that this adherence may have a variable
and deleterious effect on the accuracy of MIC
measurements. Microtiter trays can be made from
polystyrene, polypropylene or polycarbonate, and
can have their surface charge enhanced for tissue
culture work by the method discussed below.
Polystyrene is by far the most commonly used for
MIC and commercial panel testing.

Binding to plastic and glass has been exam-
ined to some extent by investigators at Beckman
Coulter Inc. (previously Siemens Healthcare
Diagnostics), manufacturers of Microscan® pan-
els [Sei, unpublished observations]. The most
influential effect on binding of colistin to typical
polystyrene trays is surface charge. This was
examined by measuring MICs of E. coli ATCC
25922 and P. aeruginosa ATCC 29753 in plates
exposed to no external charge, and two levels of
“corona” (plasma, the fourth state of matter)
which ionises the plate surface (Table 9.1).
Exposure to “full corona” could shift MIC values
upward by at least fourfold.
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In another experiment by these investigators
supported by the US Centers for Disease Control
and Prevention, MICs of 12 strains of Gram-
negative bacteria were compared in five testing
formats. Geometric mean MICs for the different
formats are shown in Table 9.2.

As part of this experiment, they also under-
took assays of the well/tube contents at different
colistin concentrations and demonstrated that
binding was concentration-dependent and satu-
rable (Fig. 9.1).

Table 9.1 Distributions of MIC® replicates according to surface charge (corona strength)

Corona strength Number at MIC (mg/L)
Test strain <0.25 0.5 1 2
E. coli ATCC 25922 None 21

Half 5 6 6 4

Full 4 12 5
P. aeruginosa ATCC 29753 None 18 2

Half 1 11 8

Full 5 15

*Replicates were done 6 or 7 times in 3 separate brands of Mueller-Hinton broth

Table 9.2 Effect of different surfaces on MICs of 12 bacterial strains
Microscan BMD | Trek BMD | Trek BMD Macrobroth glass | Macrobroth
panels panels Panels + Polysorbate 80 tubes polypropylene tubes
Geo 0.11 0.94 0.22 0.40 0.42
mean
Range |0.06-2 0.5-4 0.06-8 0.125-4 0.125-4
100%
90%
80% a
i s
60%

50%

== Glass

30%

_” PolyPro
40% -—r/ /)( e --IVHc!:oScan B

i Trek —

% of Expected Concentration

20% ==g==Trek+P80
10% / =g Evergreen
M
0% T T T
05 1 2 4

Colistin Concentration (mg/L)

Fig. 9.1 Binding of colistin to the surface of trays and
tubes made from different materials® and by various man-
ufacturers®, over a range of concentrations

aPolyPro = polypropylene microtiter tray; MicroScan =
polystyrene in Beckman Coulter Inc. Microscan® brand

tray; polystyrene in ThermoFisher’s Trek brand tray;
P80 = addition of polysorbate 80; Evergreen = brand of
polystyrene tray
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Another study from the United Kingdom
examined the impact of using “tissue-culture
treated” polystyrene microtiter trays (Corning
brand) on colistin MICs. These trays are treated
with corona discharge, resulting in a strong nega-
tive surface charge, to ensure maximum cell
adhesion in cell cultures [18]. Corona treatment
had a major effect on colistin binding, ranging
from a 5.5-fold increase for P. aeruginosa to an
8.1-fold increase for Enterobacteriaceae.

Karvanen et al. examined the concentration-
and time-dependent effects of binding to plastics
(including polystyrene microtiter trays) and glass
[19]. An exponential reduction in unbound colis-
tin was observed, worst at the lowest concentra-
tion tested (0.125 mg/L) in glass, polypropylene
and polystyrene tubes. Concentration-dependent
binding was observed at O h and after 24 h of
incubation at 37 °C; most of the loss occurred
within 4-8 h (data not shown). How much this
impacts on susceptibility testing is not known.
Karvanen and co-workers also documented the
loss of colistin during the preparation of stock
solutions [19]. A drop of up to 57% was noted at
the lower end of the stock solutions when pre-
pared using the ISO-prescribed dilution method.
Losses were even higher when stocks were pre-
pared by straight serial dilution.

There is currently no information on binding
to other materials such as Silastic®, rubber or
other materials used in the preparation of drug
stock solutions and dilutions.

9.1.5 Effect of Polysorbate 80 (P80)
on‘Binding’ and MICs
of Polymyxins

It is known that some other antimicrobial classes
have high binding to plastic and other materials,
especially the lipoglycopeptides such as dalba-
vancin [20], and oritavancin [21]. Binding can be
reduced or even eliminated by the addition of a
non-ionic surfactant such as polysorbate 80 (P80,
often known by one of its brand names, Tween®
80).

A number of experiments have been con-
ducted at MicroScan Microbiology Systems,

Beckman Coulter Inc. to determine the efficacy
of P80 in reducing binding of colistin, the most
recent of which examined this in the plates used
to develop quality control ranges. P80 was
included in the broth at 0.002% but not in drug
dilutions. The most important features of this
study were the demonstration that binding to
plastic is concentration-dependent and saturable
(Fig. 9.2), and influenced by brands/lots of
Mueller-Hinton broth. They showed that P80 at
0.002% reduces binding but does not eliminate it.

Hindler and Humphries [22] have published a
comparison of BMD MICs conducted using
Evergreen brand microtiter trays with and with-
out P80 at a concentration of 0.002%. They
clearly demonstrated that the addition of P80
lowered the MICs of the 50 strains they tested, an
expected effect if P80 increased free active drug
in the well. They also demonstrated that the effect
was dependent on the MIC in the absence of P80,
with smaller differences between the MICs mea-
sured with and without P80 for less susceptible
strains.

Sader et al. [23] have recently also shown the
same phenomenon of reduced MICs in the pres-
ence of P80 at 0.002% for both colistin (Fig. 9.3a)
and polymyxin B (Fig. 9.3b) against 124 strains
of Enterobacteriaceae, 60 strains of Acinetobacter
spp. and 63 strains of P. aeruginosa. Again, a
concentration-dependent effect was shown.

Unpublished data have kindly been provided
to the Joint EUCAST-CLSI Working Group on
Polymyxins by IHMA (http://www.ihmainc.
com/), the US-based company heavily involved
in international surveillance programs such as the
“SMART” study. They have conducted some in-
house work comparing MICs generated with and
without the presence of 0.002% P-80. Because of
the truncation of MIC values at the lower end,
most pertinent to Enterobacteriaceae, it is only
possible to make general observations about their
data (Table 9.3).

A recent experiment conducted at MicroScan
Microbiology Systems, Beckman Coulter Inc.,
has thrown a cloud over all previous P80 find-
ings, showing in fact that if anything the addition
of P80 made colistin MICs higher. The only nota-
ble difference from previous experiments con-
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Fig. 9.2 Effect of polysorbate 80 on binding of colistin to polystyrene trays using three lots of Mueller-Hinton media

Fig.9.3a Colistin

MICs in the presence 1 1
and absence of 1 2 2
polysorbate 80 [23] 5
(2)
REAN ==
27 42 74
59 3

47

Fig.9.3b Polymyxin B
MICs in the presence
and absence of
polysorbate 80 [23]
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Table 9.3 Distribution of MICs with and without polysorbate 80

Species P-80 MIC (mg/L)
<0.125 0.25 0.5 1 2 4 >4
Selected Enterobacteriaceae® Without 8 65 324 61 5 4 20
With 454 2 3 4 1 18
P. aeruginosa Without 1 5 52 98 16
With 54 38 39 41
A. baumanniit Without 44 34 8 5 4
With 75 11 4 3 1 1

2E. coli, K. pneumoniae, E. cloacae, E. aerogenes, C. freundii, C. koseri. All other Enterobacteriaceae species had

MICs >4 mg/L

Table 9.4 Effects of corona treatment and polysorbate 80 on colistin MICs determined against a range of gram-

negative bacteria

Group Geometric Mean MIC (mg/L)
Corona-treated without | Corona-treated with | Untreated without | Untreated with
P80 P80 P80 P8O

Enterobacteriaceae 1.54 2.10 0.12 0.40

(n=29)

A. baumannii (n = 10) 2.46 3.48 0.23 0.47

P. aeruginosa (n=11) 1.66 2.00 0.16 0.18

Other non-fermenters 5.28 5.28 1.74 1.74

(n=5)

ducted there was that the drug dilutions were
dispensed into their own brand microtiter trays
using stainless steel equipment and Teflon™-
coated tubing, rather than Silastic® tubing.
Subsequent testing suggested significant loss of
colistin when run through Silastic® tubing. The
effect of corona treatment was again confirmed
(Table 9.4).

These findings are difficult to explain.
Communications with other investigators who
have generated data described above has shown
that the use of Silastic® tubing for dispensing
drug solutions would not explain colistin ‘bind-
ing’. For instance, Hindler and Humphries [22]
only added P80 to the inoculum added to the
wells in the trays and not to the drug solutions.

9.1.5.1 Optimum Polysorbate 80
Concentration

There are no data on the effect of different con-

centrations of P80 on binding of polymyxins.

However, it has been shown for dalbavancin that

the optimum range of P80 concentrations, as

measured by the greatest effect on lowering
MICs for S. aureus, was 0.002-0.02% [20]. For
such antimicrobials a concentration of 0.002%
is the most widely used in susceptibility
testing.

9.1.5.2 Micelle Formation
with Polysorbate 80

P80 is known to form micelles above the critical
concentration of 0.0014% [24]. Thus the typical
0.002% concentration (=20 mg/L) used in sus-
ceptibility testing is above the critical micelle
concentration. How this affects drug activity is
not known. Its potential importance is that
micelles may sequester drug and reduce the con-
centration of free drug in the test system.

9.1.5.3 Quality Control Range Studies

and the Influence

of Polysorbate 80
At the January 2013 meeting of the CLSI
Antimicrobial Susceptibility Testing
Subcommittee, the results of a formal 8-laboratory
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CLSI study designed to establish QC ranges for
colistin and polymyxin B in BMD testing were
presented [25]. The study included MIC testing
in the absence and presence of P80. The impor-
tant components of the study were (i) source of
drug, Sigma-Aldrich; (ii) source of trays, Sarstedt
brand polystyrene; (iii) source of polysorbate 80,
Spectrum Chemical; (iv) addition of P80 to
media, but not to drug dilutions performed before
dispensing into trays; (v) dissolution and dilution
of stock drugs in glass tubes, followed by filter
sterilization, and dispensing into trays through
Silastic® and/or rubber tubes. The inclusion of
P80 resulted in ~5.5-fold reduction in MICs for
E. coli and ~fourfold for P. aeruginosa (Tables
9.5 and 9.6).

The study was the first clear demonstration
that Mueller-Hinton medium brand/lot could also
have an impact on MICs. In 4 of 8 instances, one
of the three medium lots gave significantly lower
MICs than those observed with the other two
medium lots (as tested by Analysis of Variance).
Importantly, this was only observed with P. aeru-
ginosa ATCC 27853.

Disappointingly, the addition of P80 did not
reduce the overall assay variance observed in the
QC study for either colistin or polymyxin B, so in
this respect did not offer an advantage over per-
forming MIC testing in the absence of P80
(Table 9.6). The QC study was performed with a
single set of plastic trays of unknown surface
charge.

Table 9.5 Effect of polysorbate 80 (P80) on MIC distributions from the CLSI quality control study of colistin and

polymyxin B [25]

Quality control strain Additive | MIC (mg/L)
Agent 0.03 |0.06 |0.13 025 |05 1 2 4
Colistin E coli ATCC 25922 P80 14 134 |82 13 2
None 2 62 152 |23 7
P. aeruginosa ATCC 27853 | P8O 12 53 155 23
None 1 9 93 129 |11
Polymyxin B | E coli ATCC 25922 P80 2 109 103 |22 7
None 61 102 |71 8 1
P. aeruginosa ATCC 27853 | P80 12 52 139 |36 7
None 4 44 159 |33 6

Table 9.6 Assay variance (SD) for QC strains from the CLSI QC study

Agent Strain Polysorbate 80 | Geometric mean MIC (log,) | Geometric SD (log,)
Colistin E. coli 25922 Present —4.089 0.716
Absent —-1.618 0.693
Fold difference 5.54
P. aeruginosa 27853 | Present —2.722 0.680
Absent -0.924 0.660
Fold difference 347
Polymyxin B | E. coli 25922 Present —3.817 0.768
Absent —1.381 0.837
Fold difference 5.41
P. aeruginosa 27853 | Present —2.606 0.811
Absent —0.528 0.690
Fold difference 4.22
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9.1.6 Adherence to Plastic or
Synergy?

P80 is thought to have antibacterial properties at
certain high concentrations, although concentra-
tions of 0.05% have been shown to have no effect
on the short-term viability of P. aeruginosa [26].
Results from the same study suggested that P8O
is synergistic with polymyxin B at concentrations
of P80 as low as 0.001%. However, these studies
were conducted at a time when the binding to
plastic and other surfaces was not appreciated,
and the effect was ignored.

Recently, investigators at  Microscan
Microbiology Systems, Beckman Coulter Inc.
undertook a novel experiment by conducting
broth dilution testing in Teflon™-coated trays
(mini-muffin pans for kitchen use). After con-
firming that there was minimal adherence of
colistin to the Teflon™ surface of these trays, the
investigators showed a fourfold drop in MIC in
the ATCC control strains of E. coli and P. aerugi-
nosa with the addition of 0.002% P80. This
experiment was repeated and expanded in
Australia using similar kitchen-use Teflon™-
coated mini-muffin pans [Bell, Li and Nation,
unpublished observations]. While this brand of
tray did bind colistin to a small extent, about
20-30% in the presence or absence of bacteria,
this amount of binding did not account for the 2-
to 128-fold reduction in MICs observed with
addition of 0.002% P80 to 5 of 6 strains of bacte-
ria, the P. aeruginosa control strain and 2 each of
clinical isolates of K. pneumoniae and A. bau-
mannii complex.

These MIC studies confirmed that the domi-
nant effect on MIC measurements of colistin is
due to a synergistic activity of this surfactant on
thatantimicrobial agent. MicroScan Microbiology
Systems, Beckman Coulter Inc., have shown the
same effect with another non-ionic surfactant,
Pluronic® P-104 [Sei, unpublished observations].
We hypothesise that the synergy of non-ionic sur-
factants with polymyxins is due to a direct action
of the surfactants on the bacterial outer
membrane.

9.1.7 Summary of Issues Relating
to Broth Microdilution Testing

Colistin and polymyxin B bind to the plastics and
probably other materials used in reference BMD
susceptibility tests and commercial systems. The
binding is dependent on surface charge, type of
plastic, brand of plate, and the tubing and pipette
materials used for plate preparation. The effect is
concentration dependent and saturable from little
binding at concentrations of 4 mg/L and higher,
and up to 90% binding after 24 h at the lowest
test concentrations (0.03—0.06 mg/L).

Of these factors, the most important by far
appears to be surface charge, particularly the
plastic in microtiter trays. The addition of P80
surfactant appears to reduce the binding of colis-
tin and polymyxin B in most instances, but does
not completely eliminate it, nor does it appear to
offer a great advantage or disadvantage from the
assay point of view, as it does not reduce the
assay variance.

More important is the evidence that P80 syn-
ergises with colistin and polymyxin B. The effect
is more potent than that of reducing binding, and
called into question the value of adding P80 to
MIC test systems. As a consequence, both
EUCAST and CLSI have agreed that reference
MIC testing of polymyxins should not include
the addition of P80 or other non-ionic
surfactants.

9.1.8 Disc Diffusion Testing

Soon after the introduction of polymyxins into
clinical practice disc diffusion susceptibility test-
ing was introduced because of the great popular-
ity with the method at the time. Although still
used in many laboratories, the major change over
time has been that MIC microdilution testing has
become the standard of susceptibility testing. The
immediate consequence is that any susceptibility
testing method should be referenced to the stan-
dard, including automated methods, gradient
tests and disk diffusion. With respect to disk sus-



126

J. Turnidge et al.

ceptibility testing of polymyxins, results have
been disappointing, probably because the size
and charge of the molecules results in poor diffu-
sion through agar. Very soon after introduction of
the BMD MIC method, it was shown by Matsen
et al. that there was very poor correlation between
disk zone size and BMD MIC [27].

In more recent years, in an extensive study
involving 200 bloodstream isolates, Gales and
colleagues [28] documented clearly that there is a
serious problem with very major errors associ-
ated with disk diffusion testing of both colistin
and polymyxin B. They concluded that clinical
laboratories should exclusively use MIC methods
to assist the therapeutic application of colistin or
polymyxin B. These observations were later
again confirmed in comparative studies by Tan
and Ng [29], Lo-Ten-Foe et al. [30], Moskowitz
et al. [31] and Maalej et al. [32] who all observed
significant rates of false susceptibility with disc
diffusion. In addition, in a recent study with 10,
25 or 50 pg colistin disks, resistant and suscepti-
ble isolates could not be reliably separated
[Kahlmeter and Matuschek, personal communi-
cation]. The current view is that disk susceptibil-
ity testing is unreliable and should not be used for
susceptibility testing in the clinical laboratory.

9.1.9 Gradient Diffusion Methods

Two commercial strips for gradient diffusion
testing are available, those of bioMérieux (Etest®)
and Liofilchem (MTS®). The Etest in particular
has been compared to other testing methods by
several authors and has shown conflicting results
[30, 32-34], but when compared to reference
BMD MIC testing, always showed significant
proportions of very major errors [30, 33]. Both
brands were recently compared to the standard
method and both showed significant major errors
in a recent comparison by the EUCAST
Development Laboratory [35]. The EUCAST has
placed a warning on their website in 2016 against
using the gradient methods (http://www.eucast.
org/ast_of_bacteria/warnings/) until such time as
the manufacturers are able to address the prob-

lems (at the time of writing, one brand was still
commercially available).

9.1.10 MIC Distributions and ECOFFs

Current methods to determine the susceptibility
of micro-organisms are not very reproducible
when compared with other clinical tests. This is
due to both the inherent biological variation of
micro-organisms and assay variation. MICs are
normally determined using a twofold dilution
series of the antimicrobial agent and the MIC dis-
tribution of the wild-type strains tested is log-
normally distributed. Moreover, repeated
measurement of the same strain will provide
MICs that show at least a 50—100% coefficient of
variation. MICs of strain collections therefore
always show a log-normal distribution in the wild
type, and the variation within that distribution is
due to both intra- and inter-laboratory variation.
MIC distributions are specific to each combina-
tion of species and antimicrobial agent. MIC dis-
tributions for a very broad range of species/
antimicrobial combinations can be found at the
website of EUCAST (http://mic.eucast.org/
Eucast2/).

Methods have been sought to describe MIC
distributions statistically, and in particular to
determine whether strains are wild type or non-
wildtype. This has led to the introduction of the
concept of epidemiological cutoff values
(ECOFFs) which are MIC values that mark the
high end of the wild-type distribution.

9.1.10.1 Colistin MIC Distributions

BMD MIC distribution data and ECOFFs for
colistin are on the EUCAST website: http://mic.
eucast.org/Eucast2/, and were updated (February,
2016) using more stringent rules of data accep-
tance that are under development by EUCAST.

9.1.10.2 Polymyxin B MIC

Distributions
There are few published data on MIC distribu-
tions of polymyxin B, and none currently listed
in the EUCAST website. Only three publications
currently provide on-scale MIC distribution data
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for polymyxin B by species [33, 36, 37]. The data
from two of these studies, as well as data obtained
from the SENTRY surveillance program [Sader,
personal communication, 2015], where BMD
was used, are shown in Table 9.7. Sader et al. [38]
have shown that polymyxin BMD MICs tend to
be higher for polymyxin B when compared
directly with colistin for the wild-types of three

species, E. coli, K. pneumoniae and P
aeruginosa.
9.2  Breakpoint Setting

Since 2000, the methods for selecting interpretive
criteria (breakpoints) for susceptibility tests have
undergone profound change. Prior to that time,
much weight was applied to MIC distribution
data, although pharmacokinetic and some phar-
macodynamic data were taken into account in
some European committees but not elsewhere
[39]. Clinical data were used where available,
although clinical trial design improved
considerably after 2000. Since that time, the
science of antimicrobial pharmacokinetic-
pharmacodynamics (PK-PD) has come to provide
a suite of tools to integrate susceptibility data with
pharmacokinetics, based on knowledge of PK-PD
indices (fT>MIC, fAUC,/MIC and fC,,/MIC)
and their respective target values associated with
efficacy. PK-PD is now an integral part of the
breakpoint setting standards applied by EUCAST
and CLSI committees.

Table 9.7 Distributions of polymyxin B (sulfate) MIC

The process of setting clinical breakpoints
involves several steps and procedures, both pre-
clinical and clinical, as described Mouton, et al.
[39]. Ideally, each step is known and taken into
account when setting the clinical breakpoint, and
for new drugs this information is generally avail-
able, or becomes available during the develop-
ment of the drug. However, for polymyxins a
substantial amount of this information is not
available. At the time of registration of the poly-
myxins, the PK-PD of antimicrobial agents as a
science did not exist and there was no reference
method for susceptibility testing.

Polymyxins, like other ‘old antibiotics’, there-
fore needed redevelopment using modern stan-
dards in order to determine breakpoints. Although
much information has become available in recent
years, there are still many gaps that need to be
filled. Below, we discuss the most important
issues: the pharmacodynamic target, pharmaco-
kinetics in patients and the modelling to deter-
mine the probability of target attainment (PTA).
These processes ultimately lead to the setting of
clinical breakpoints.

9.2.1 The Pharmacodynamic Target

of Polymyxins

The pharmacodynamic target (PT) of an antimi-
crobial involves two types of studies. In the first,
time-kill experiments are conducted to determine
whether the drug shows primarily time-dependent

Ref | Species 0.03 0.06 0.125 | 0.25 0.5 1 2 4 8 >16
a P. aeruginosa 26 26 4 1
Ref Species <0.5 1 4 8 16 32 64 >64
b E. coli 29 14 2 6 2
K. pneumoniae 39 9 1 0 4 6 1
P. aeruginosa 2 29 18 4 1 2 2 1 4
Ref | Species 0.125 | 0.25 0.5 1 2 4 8 >16
c E. coli 4 466 4463 1340 15 20 5
Klebsiella spp. 1 43 2368 1561 35 30 40 100
P. aeruginosa 3 12 95 1850 1854 4 0 3

a. van der Heijden et al. [33]
b. Vaara et al. [37]

c. Sader, personal communication, 2015
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or concentration-dependent killing. Maximum
kill at relatively low concentrations proceeding
over time is usually associated with time-
dependent effects, and efficacy thus primarily
correlated with the time the concentration of the
drug remains above the MIC, usually expressed
as %fT>MIC, where “f’ refers to the unbound
fraction of drug. In contrast, increased killing as
a result of increasing concentrations is usually
associated with area under the time-concentration
curve (AUC), most often taken over 24 h, divided
by the MIC of the target organism (fAUC,,/MIC).
Killing  curves for polymyxins  show
concentration-dependent killing [40], which gen-
erally predicts that bacterial killing in vivo is
associated with AUC.

As suggested above, protein binding of an anti-
microbial agent must be accounted for in determi-
nation of PK-PD indices. The initial experiments
with protein binding indicated that it might be
concentration-dependent [41]. This subsequently
proved to be an artefact of the assay systems used,
due to the adherence of colistin and polymyxin B
to laboratory plastics and surfaces. When this pro-
cess was controlled for, it was shown that protein
binding was not concentration-dependent, and
values were found for the percent binding in
human volunteers and in infected patients, both
approximately 50% [42].

Studies to determine the PK-PD indices that
predict killing have been undertaken so far for
colistin against P. aeruginosa and Acinetobacter
baumannii in murine thigh and lung infection
models [42] and against Klebsiella pneumoniae
in an in vitro PK-PD model [43]. There is a report
of a PK-PD study with polymyxin B against P.
aeruginosa in an in vitro model [44] and a report
of a study in murine thigh and lung infection
models [45]. All of the above-mentioned studies
indicated that the fAUC/MIC ratio is the PK-PD
index that is most predictive of efficacy. For poly-
myxin B, notwithstanding the qualitative similar-
ity in the nature of the PK-PD relationship
between the two studies, there was a substantial
quantitative difference. For example, over the
same range of fAUC/MIC (exposure) values, up
to six-log,, bacterial killing was achievable in the

in vitro model [43] but less than two-log;, bacte-
rial killing was possible in the murine thigh
infection model and no killing was observed in
the lung infection model [45]. In addition, in the
latter study, there was a relatively wide range in
the fAUC/MIC target values for stasis and one-
log o kill in the thigh model. Clearly, more PK-PD
data are required for K. pneumoniae and for poly-
myxin B.

The most recent of the colistin studies [42],
conducted in the neutropenic mouse thigh and
lung models of P. aeruginosa and A. baumannii
infection, established target values for fAUC,,/
MIC for stasis and one- and two-log,, killing at
the site of infection. For thigh infection, a mean
target fAUC,,/MIC ratio of ~9 for one-log,, kill
and ~12 for two-log,, kill was observed. For lung
infection, target fAUC,,/MIC ratios were much
higher, and were considered to be unachievable
in clinical practice based upon the finding that
there is a substantially increased risk of nephro-
toxicity in critically ill patients when the average
steady-state plasma colistin  concentration
exceeds ~2.5 mg/L [46, 47].

9.2.2 Human Pharmacokinetics

The next step in breakpoint setting, after PK-PD
targets have been established, is to choose appro-
priate human estimates of the pharmacokinetic
parameter of interest, in this case, fAUC,,. Most
commonly, this is done using population PK
studies, either from human volunteer studies, or
preferably PK studies in patients with infections.
A number of such studies have now been pub-
lished [48—52]. An important feature of colistin is
that the parenteral preparation is the methanesul-
fonate, an inactive prodrug which is cleared by
the kidney and slowly broken down in plasma
and tissue to the active colistin molecule. As a
consequence, colistin exposure is very strongly
influenced by the degree of renal function [52,
49, 51].

The most useful data for assisting in break-
point setting that are available is from a large
international multicenter trial of colistin treat-
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ment in infected intensive care patients [53, 52].
Due to the nature of the types of patients treated
with colistin, the study found patients with an
extremely broad range of creatinine clearances,
which meant that estimates of target attainment
had to be calculated across groups comprising
different degrees of renal function. In order to do
this, both the FDA [54] and the EMA [55] dosing
recommendations for patients with different lev-
els of renal function must be considered because
they differ somewhat in their recommendations,
but reflect the dosing regimens most widely used
internationally. The analyses have assumed that
there is 50% protein binding in humans, and that
the appropriate target value for fAUC,/MIC is
12, based on the mouse thigh infection model
study for at least two log,, of killing [42]. Note
that the parameter chosen by Nation et al. [53,
52], namely average steady-state plasma colistin
concentration of total drug, relates to fAUC,, as
follows. At 50% protein binding a fAUC,, of 12
is equivalent to a total drug AUC,, of 24, which in
turn is equal to an average steady-state plasma
colistin concentration of total drug of 1 mg/L (i.e.
24 mg*h/L divided by 24 h). In essence, this
means that the target average steady-state plasma
colistin concentration is equal to the MIC of the
infecting organism.

It is clear from these analyses that at a colistin
MIC of 0.5 mg/L adequate target attainment
(>90%) is likely to be achieved with both the
FDA and the EMA dosing recommendations
[53]. At a colistin MIC of 1 mg/L the attainment
percentages are more variable: using FDA dosing
recommendations there is low target attainment
(<30%) at the lowest and highest levels of renal
function, while with the EMA recommendations,
low target attainment is seen only with patients
having creatinine clearance >80 mL/min (<40%
target attainment). For a colistin MIC of 2 mg/L,
only the EMA dosing recommendations were
able to achieve satisfactory target attainment for
the three lowest renal function categories (i.e.
patients with creatinine clearance <80 mL/min).
As 2 mg/L is the epidemiological cut-off value

for A. baumannii, the Joint CLSI-EUCAST
Working Group on Polymyxins recommended a
colistin breakpoint for this species of 2 mg/L,
accompanied by the recommendation of using
maximum recommended dose. It also led
EUCAST to lower the P. aeruginosa breakpoint
from the previous value of <4 mg/L, even though
a small proportion of the wild-type population
has an MIC of 4 mg/L. In addition, because of the
less than optimum attainment for some degrees
of renal function, the Working Group also recom-
mended that there be no “Intermediate” category
for the interpretive susceptibility test criteria.

In making its breakpoint recommendations to
CLSI and EUCAST, the Joint Working Group
was aware that these recommendations were
based on murine thigh and lung infection models
only, and that validation of the PK-PD targets
will be required from prospective clinical studies.
Furthermore, the data from the murine models
would suggest that target attainment is subopti-
mal in pulmonary infections caused by these two
species, and thus the recommended breakpoints
may not apply in this setting.

9.2.3 Future Goals

There is further work to be done on breakpoint
setting. For example:

e Data on clinical response rates by colistin
MIC for P. aeruginosa and A. baumannii are

lacking.
¢ More information is awaited on the PK-PD
target JAUC/MIC ratios for

Enterobacteriaceae. In the meantime, both
EUCAST and CLSI will work with an epide-
miological cut-off value of 2 mg/L for this
group of micro-organisms.

e There are insufficient data in all the areas for
polymyxin B: MIC distributions, PK-PD tar-
get data, and human PK data.

These are all eagerly awaited.
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