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ABSTRACT The polymyxins are important agents for carbapenem-resistant Gram-
negative bacilli. The United States Committee on Antimicrobial Susceptibility Testing
breakpoint recommendations for colistin and polymyxin B are that isolates of Pseu-
domonas aeruginosa, Acinetobacter baumannii, and Enterobacteriaceae are considered
susceptible at MIC values of =2 mg/liter. These recommendations are contingent
upon dosing and testing strategies that are described in this commentary. Impor-
tantly, these recommendations are not applicable to lower respiratory tract infec-
tions, for which we recommend no breakpoints. Furthermore, there is no breakpoint
recommendation for polymyxin B for lower urinary tract infections.
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olymyxin antimicrobial agents (i.e., polymyxin E [colistin] and polymyxin B) have

been critical agents for the treatment of serious infections caused by multidrug-
resistant (MDR) organisms, including carbapenem-resistant Gram-negative bacilli. De-
termining susceptibility test interpretive criteria (i.e., susceptibility breakpoints) is par-
ticularly challenging for agents in the polymyxin class. These challenges arise from (i)
technical limitations in susceptibility testing methodologies, (ii) limited activity in in
vivo infection models, (iii) an inability to reliably and safely achieve target serum
exposures, and (iv) an absence of clinical efficacy data equating dose, MICs, and clinical
outcome.

Recently, a joint EUCAST/CLSI task force recommended polymyxin susceptibility test
interpretive criteria for Acinetobacter baumannii, Pseudomonas aeruginosa, and Entero-
bacteriaceae; however, the published breakpoints for these organizations have not
been completely harmonized (1, 2). The interpretive criteria recommended were
based largely on MIC population distributions and the results of pharmacokinetic-
pharmacodynamic (PK-PD) target attainment analyses. While these recommendations
are welcome improvements and modernizations of previous attempts, there are sig-
nificant limitations to these breakpoints that warrant further consideration. The pur-
pose of this United States Committee on Antimicrobial Susceptibility Testing (USCAST)
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review is to assess the evidence supporting susceptibility breakpoints for the polymyx-
ins, to highlight the limitations surrounding variables that normally support breakpoint
recommendations, and ultimately to provide breakpoint recommendations for the
polymyxins.

POLYMYXIN BREAKPOINTS: A HISTORICAL PERSPECTIVE

Breakpoint criteria and technical details for susceptibility testing methods for the
polymyxin class have been challenging from the beginning of standardization pro-
cesses. The National Committee for Clinical Laboratory Standards (NCCLS; later to
become CLSI) placed interpretive breakpoint criteria in their early documents between
1980 and 1982 (3-5). These publications provided susceptibility breakpoint criteria,
driven primarily by MIC distribution data, for both agar disk diffusion and broth dilution
methods (=2 mg/liter) (3), and the M2-S2 disk diffusion document only suggested a
resistance breakpoint at =4 mg/liter4 or =50 U/ml (=8 mm) (4). The latter criteria were
proposed due to the poor predictive value of disk diffusion methods with unacceptable
intermethod correlations with the reference broth microdilution MIC (see Fig. S1 in the
supplemental material, example scattergram) (6, 7). This led to the following comment
cautioning the use of polymyxin disk test results (4): “Colistin and polymyxin B diffuse
poorly in agar, and the diffusion method is thus, less accurate. Resistance is always
significant, but when treatment of infections caused by a susceptible strain is being
considered, results of a diffusion test should be confirmed with a dilution method. MIC
correlates cannot be calculated reliably from regression analysis.”

Polymyxin interpretive criteria were subsequently removed from standards docu-
ments in the late 1980s, only to have these agents return as needed therapies for MDR
Gram-negative pathogens. In vitro AST methods were reevaluated at that time and
confirmed (i) unacceptable disk diffusion method results (7, 8), (ii) that agar dilution
reference tests were also unacceptable and cumbersome to perform (7, 9), and (iii) that
medium supplements such as polysorbate 80 did not improve reference MIC test
performance (10). As modern-day PK-PD and clinical evidence was not available at this
time, susceptibility breakpoints continued to be predominately driven by epidemio-
logical cutoff values (ECOFF). This remained the situation until the recent joint task
force from the CLSI/EUCAST reassessed breakpoints, although quality control guidances
were added in 2005 (10). As previously described, these recent recommendations were
based largely on ECOFF, microbiological, and PK-PD considerations. The remainder of
this commentary highlights concerns with this strategy.

IS THE ECOFF A GOOD CHOICE FOR A CLINICAL BREAKPOINT?

A large amount of weight has been placed on ECOFF in the determination of
EUCAST/CLSI/NCCLS susceptibility test interpretive criteria. An ECOFF is the antimicro-
bial MIC that discriminates between bacterial subpopulations by the presence or
absence (so-called wild type [WT]) of resistance determinants. This approach led to a
colistin EUCAST-based susceptibility test interpretive criterion of =2 mg/liter (susceptible)
for Enterobacteriaceae, A. baumannii, and P. aeruginosa (despite an ECOFF of =4 mg/liter for
this pathogen) (http://www.eucast.org/mic_distributions_and_ecoffs/). Unfortunately, the
ECOFF alone without robust PK-PD information at clinically relevant doses may not be
able to discriminate patients more likely to respond to therapy from those less likely.
This is problematic since this is the very reason that clinicians rely on susceptibility
breakpoints.

Furthermore, it is worrisome that isolates with values below the ECOFF may contain
mcr-1, a recently recognized plasmid-mediated polymyxin resistance determinant (11,
12). Thus, the “drug susceptible WT population” contains isolates harboring resistance
determinants. While most mcr-T1-positive isolates are categorized as polymyxin resistant
(MIC > 2 mg/liter) (13-23), there have been multiple reports of mcr-1-positive Entero-
bacteriaceae with MIC values of =2 mg/liter (24-27), including those with MIC values
of =<0.25 mg/liter (25). Moreover, there is recent in vitro evidence suggesting that mcr-1
can be induced in colistin-susceptible isolates at clinically relevant colistin exposures,
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TABLE 1 Colistin reference broth microdilution MIC distributions for U.S. isolates (128,573;
SENTRY Program, 2011 to 2017)

% at indicated MIC (mg/liter)

Organism(s)

(no. tested) =0.5 1 2 4 =8 MIC;,/MIC,,

Enterobacteriaceae (96,847) 749 3.90 0.6 0.4 203 =0.5/>4
WT group (79,474)¢ 91.5 4,56 0.6 0.3 3.1 =0.5/=0.5
IR group (17,373)4 0.8 0.8 0.3 0.1 98.0 >4/>4

P. aeruginosa (23,685) 20.0 50.8 28.6° 0.5 0.1 1/2

Acinetobacter spp. (6,796) 445 37.9 12.1® 2.2 34 1/2

9The vertical line indicates the proposed breakpoint (=2 mg/liter) for susceptibility.

bPerceived limit of WT population (ECOFF).

“WT, wild-type strain MICs, generally without resistance mechanisms (E. coli, Klebsiella spp., Enterobacter spp.,
Citrobacter spp.).

9IR, intrinsic resistance in genera/species (Proteus mirabilis, indole-positive Proteae, and Serratia marcescens).

with subsequent selection of drug resistance (26). These findings further call into
question the overreliance on ECOFF in the setting of polymyxin breakpoints. Addition-
ally, Table 1 shows the MIC distributions for colistin when tested by reference broth
microdilution panels for 127,328 isolates in the United States (2011 to 2017), supple-
menting earlier reference result surveillance (28-30). Colistin MIC results for Enterobac-
teriaceae at 2 mg/liter are very uncommon (0.6% overall; 0.2% among Escherichia coli
organisms), suggesting that even if an ECOFF were applied to Enterobacteriaceae, this
value would be 1 mg/liter.

SUSCEPTIBILITY TESTING ISSUES WITH POLYMYXINS

Given that mcr-1 is currently rare in the United States (31), perhaps the more
important susceptibility testing issue relates to accuracy of commonly utilized poly-
myxin commercial test systems or products. A recent joint statement by the EUCAST/
CLSI stated that “Reference testing of Enterobacteriaceae, P. aeruginosa and Acineto-
bacter spp. is by the 1SO-standard broth microdilution method” and that “susceptibility
testing by other methods, including agar dilution, disk diffusion, and gradient diffusion,
cannot be recommended until historical data have been reviewed or new study data
have been generated” (http://www.eucast.org/fileadmin/src/media/PDFs/EUCAST _files/
General_documents/Recommendations_for_MIC_determination_of_colistin_March
_2016.pdf). As previously discussed, this recommendation was based on two observa-
tions. First, disk diffusion test results remain unreliable due to poor and slow polymyxin
diffusion out of the disk and through agar media, leading to unreliable results and a
significant issue with false susceptibility. Second, nearly one-third of polymyxin-
resistant isolates test susceptible when the Etest gradient diffusion test is utilized (24).

Unfortunately, limited laboratory resources to test isolates by the reference method
and the lack of availability of colistin on most automated susceptibility systems (source
of >90% of U.S. test results) severely compromise the ability of clinical laboratories to
obtain a “reliable” MIC. Furthermore, very major error (false-susceptible) rates of 36%
with Vitek 2 colistin panels have been described (24), leading the manufacturer
(bioMérieux) to advise clinical microbiology laboratories to utilize an alternative
method of testing in accordance with the current recommendations. Similarly, Vourli
and colleagues documented false-susceptible colistin results among A. baumannii
when this organism was tested by the BD Phoenix 100 and Vitek 2 products (32). A
rapid polymyxin NP (Nordman-Poirel) test has been developed (33). This colorimetric
test has achieved some favorable results, including 99.3% and 95.4% sensitivity and
specificity, respectively (33, 34). Another commercial broth microdilution test (TREK
Diagnostic systems, Cleveland, OH) is also available (35). While these data are encour-
aging for more reliable tests to differentiate susceptibility in the future, the ability of
most clinical laboratories to utilize these technologies is currently limited.

The failure of clinical laboratories to be able to provide clinicians with reliable
colistin susceptibility information was demonstrated by the results of a recent survey
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(36). Of the 59 U.S. institutions that responded to a question asking what methodology
their laboratory utilized for determining colistin susceptibility, 66% responded that they
used the Etest, 22% reported that they utilized automated broth microdilution, and
10% utilized the agar disk diffusion (Kirby-Bauer) test. This is obviously problematic
since none of these methodologies reliably detects resistant isolates (assuming a
breakpoint of =2 mg/liter). Therefore, any susceptibility breakpoint needs to be part-
nered with a test that can reliably detect that MIC value.

ARE PHARMACOKINETICS AND PHARMACODYNAMICS BEING APPROPRIATELY
APPLIED TO POLYMYXIN BREAKPOINTS?

As mentioned above, the EUCAST/CLSI task force also utilized PK-PD target attain-
ment analyses (described below) as decision support for polymyxin susceptibility test
interpretive criteria. The PK-PD target attainment analyses utilized colistin exposure
thresholds of the ratio of free-drug area under the plasma concentration-time curve
from 0 to 24 h (AUC,_,,) to MIC (AUC/MIC) derived from a neutropenic murine thigh
infection model involving A. baumannii and P. aeruginosa (37). For A. baumannii,
free-drug AUC/MIC ratios of 3.5 to 13.9 and 7.4 to 17.6 were associated with 1- and
2-log,, CFU reductions from baseline, respectively. Similar results were identified for P.
aeruginosa, for which free-drug AUC/MIC ratios of 6.6 to 10.9 and 7.4 to 13.7 were
associated with 1- and 2-log,, CFU reductions from baseline. Once the protein binding
of colistin (~50%) is taken into consideration, a total AUC/MIC ratio of ~24 is needed
to ensure 1- to 2-log,, CFU reductions in the thighs of neutropenic mice. Given that
most current human colistin dosing strategies were recently derived to achieve a
steady-state average total-drug AUC,_,, of 48 mg-h/liter, this would support a suscep-
tibility breakpoint of 2 mg/liter, which is employed by both organizations (AUC,_,, of
48/MIC breakpoint of 2 = AUC/MIC ratio = 24).

Unfortunately, in contrast to the thigh infection model, data from a neutropenic
murine pneumonia infection model do not support a susceptibility breakpoint of
2 mg/liter (37). In the murine pneumonia model, the free-drug AUC/MIC ratio
targets are much higher than in the murine thigh model. For P. aeruginosa,
free-drug AUC/MIC ratios of 43.3 to 57.9 and 51.8 to 105 were associated with 1-
and 2-log,, CFU reductions, respectively. Even more troubling, net bacterial stasis
was not attained for 2 of the 3 A. baumannii challenge isolates despite the
administration of maximal tolerated doses in mice. Poor efficacy in murine pneu-
monia models has also been demonstrated with polymyxin B, for which net
bacterial stasis was not demonstrated against any of three challenge Enterobacte-
riaceae isolates at the highest dose tolerable (38).

Taken together, these data suggest that for pneumonia a more appropriate P.
aeruginosa susceptibility breakpoint would be at least 4-fold lower, at 0.5 mg/liter,
which would represent only 20% of P. aeruginosa isolates (Table 1). Furthermore, these
data also suggest that no A. baumannii or Enterobacteriaceae susceptibility breakpoint
should be put forward for this disease state. Finally, as invasive infections due to
extensively drug-resistant (XDR) P. aeruginosa and A. baumannii are most commonly
observed in the lung (39), there are significant concerns with the current breakpoint
selections for these pathogens being routinely applied given that the data do not
appear to support these recommendations.

CAN WE RELIABLY ATTAIN THESE TARGETS WITH CURRENT DOSING
STRATEGIES IN THE UNITED STATES?

As previously stated, most experts suggest a target average AUC, _,, of 48 mg-h/liter
(an average steady-state concentration of 2 mg/liter over 24 h) (40). This target is based
on the PK-PD data described above and the extremely narrow colistin therapeutic
index. With regard to toxicity, Sorli and colleagues identified a day 3 trough concen-
tration of greater than 2.4 mg/liter to be an independent predictor of acute kidney
injury (AKI) (41). These data are supported by those of Forrest and colleagues, who
identified average steady-state concentrations greater than 1.9 mg/liter and 2.3 mg/
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liter (equivalent to AUC,_,, of 46 to 55 mg:-h/liter), depending on baseline renal
function, to be predictive of an increase in both incidence and severity of AKI (42).
Therefore, it is important to note that although the target average steady-state con-
centration of 2 mg/liter is far from perfect for efficacy, there is a concern with our ability
to safely target higher concentrations.

Attaining a target concentration with colistin is further complicated by significant
interpatient variability. Pharmacokinetic data have demonstrated that at a given dose
and creatinine clearance value, colistin serum concentrations attained in a patient
population can vary up to 10-fold. This is due to complex interactions between the
prodrug of colistimethate sodium and the active moiety colistin (43). Therefore, even if
a target AUC,_,, of 48 mg-h/liter is used, there is little guarantee that these exposures
will be attained in a given patient. While such a clinical scenario would present an
opportunity for therapeutic drug monitoring, assays for measuring serum colistin levels
are not readily available to clinicians. This wide interpatient variability and the unpre-
dictable drug concentrations for colistin are among the reasons for the emerging
preference of polymyxin B over colistin.

Colistin dosing (and subsequent appropriateness of susceptibility breakpoints) is
further complicated by the existence of three different recommended dosing regimens,
which vary in the ability to reliably achieve the target exposure (AUC,_,, of 48 mg-h/
liter). The EUCAST breakpoints of 2 mg/liter were based on the current dosing in the
EMA package insert for colistin (44). The EMA package insert describes a base mainte-
nance dose of 9 million international units (MIU) (300 mg of colistin base activity
[CBA])/day, with subsequent renal-function-based dosing recommendations. These
dosing recommendations are largely in line with the final dosing recommendations
from Nation and colleagues published in 2017, which were based on a pharmacokinetic
study in critically ill patients (40). The U.S. product package insert is unique in that it
offers a weight-based dosing recommendation, although current pharmacokinetic
evidence does not support an association between patient weight, clearance, and
subsequent dose requirements (45). The doses provided by the U.S. package insert
(assuming a patient weight of 70 kg) are in the realm of those from the EMA and the
dosing algorithm by Nation and colleagues for creatinine clearance values greater than
50 ml/min. However, due to dose reduction recommendations beyond what are nec-
essary, patients with creatinine clearance values less than 50 ml/min will not reliably
achieve target concentrations (46). This is most evident for patients with creatinine
clearances less than 30 ml/min, of whom only 5 to 35% would be expected to achieve
an AUC,_,, target of 48 mg-h/liter (46). Furthermore, due to rapid clearance of the
colistimethate prior to conversion to the active moiety, none of the available dosing
algorithms predict therapeutic exposures in over 40% of patients with creatinine
clearances greater than 80 ml/min (46).

ARE WE SURE THAT THESE ARE THE BEST TARGET EXPOSURES?

Importantly, it warrants mentioning that it is not clear if any of the above-described
dosing strategies are optimized. On one hand, there is a desire to achieve an average
steady-state exposure target of =2 mg/liter (total drug AUC,_,, = 48 mg-h/liter) in
order to attain PK-PD targets at a proposed breakpoint of 2 mg/liter; on the other hand,
these dose recommendations lead to median average steady-state concentrations of
approximately 3 mg/liter (total drug AUC,_,, of 72 mg-h/liter) (40), which is an expo-
sure above the aforementioned toxicity thresholds (41, 42). Furthermore, it is critical to
remember that the free-drug AUC that is targeted by these dosing strategies is not
associated with efficacy in perhaps the most relevant animal model: the murine
pneumonia infection model.

Furthermore, although SENTRY Antimicrobial Surveillance Program data (derived
from the reference broth microdilution MIC method, 2011 to 2017 [Table 1]) show that
for P. aeruginosa (~30%) and A. baumannii (~10%) a substantial proportion of WT
isolates have an MIC of 2 mg/liter, it is worth noting that for Enterobacteriaceae, <1%
of isolates have MIC values of 2 mg/liter. Given that clinical laboratories cannot obtain
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reliable MIC values, the limitations of the PK-PD targets, the safety concerns with the
targeted exposures, and the fact that other than for P. aeruginosa, and to a lesser extent
A. baumannii, a very small fraction of WT MIC values fall at or above an MIC of
2 mg/liter, it remains to be determined if a breakpoint of 2 mg/liter is the appropriate
balance between safety and efficacy. For all of these reasons, a rational argument could
be made for a lower target colistin AUC,_,,, coupled with a lower susceptibility
breakpoint allowing the target AUC/MIC ratio to be more safely met and still covering
a similar proportion of infecting isolates. This is particularly true if the polymyxins are
accepted to be used as part of a combination regimen. This might allow safer usage of
colistin without compromising clinical efficacy.

DO CLINICAL DATA SUPPORT THESE DOSING RECOMMENDATIONS?

The other important consideration that hinders the ability to confidently select
polymyxin clinical breakpoints is the absence of any patient outcome data to demon-
strate exposure-response relationships for efficacy. Additionally, data on the impact of
differing dosing regimens are conflicting. This is perhaps not unexpected given (i) the large
interpatient variability observed with colistin exposures even with the same dose; (i) the
complexity of the patient population and lack of clarity on the optimal endpoint to assess
efficacy; (iii) the significant delays in time to appropriate therapy in patients with
carbapenem-resistant organisms; (iv) the frequent use of poorly defined combination
therapeutic regimens; (v) the unclear renal dosing adjustments performed in the studies;
(vi) the differing sites of infection treated in these analyses, which confound the ability to
assess efficacy; and (vii) the failure of most studies to report MIC values of the infecting
pathogens.

In fact, the most robust study that assessed dose and outcome compared a dose similar
to the current EMA package insert dosing regimen to “all other regimens.” The other
regimens largely consisted of historic package insert dosing that entailed a median daily
dose of 4 MIU (interquartile range [IQR], 3 to 6 MIU) or 133 mg of CBA (IQR, 100 to 200 mg
of CBA). While the results of the study demonstrated no benefit for “high-dose” colistin with
respect to mortality, the authors did demonstrate an increase in AKI with the more
aggressive dose (47). Recently, data from a randomized controlled trial comparing colistin
monotherapy to combination therapy for infections due to carbapenem-resistant Gram-
negative bacilli demonstrated unacceptably high failure rates (~75%) despite the use of
“high-dose” colistin that included a loading dose of 9 MIU (300 mg of CBA) X 1 followed
by 4.5 MIU (150 mg of CBA) every 12 h (48). Interestingly, data presented from this study
suggested that this high failure rate occurred in spite of achieving higher-than-expected
colistin average steady-state serum concentrations in the majority of patients (49).

Unfortunately, as it relates to the polymyxins, there is an absence of data suggesting
that increased doses and/or exposures improve outcomes, nor are there data equating
dose, MIC, and outcome. In fact, a subanalysis of the aforementioned randomized
controlled trial found no difference in outcomes in patients who received colistin for
“susceptible” isolates of A. baumannii (MIC = 2 mg/liter) and those who had resistant
ones (MICs of >2 mg/liter, where the majority were >8 mg/liter) (74). Conversely, there
is direct evidence that this aggressive dosing strategy leads to increased toxicity.

CAN COMBINATION THERAPY RESCUE THE POLYMYXINS?

Breakpoint setting for the polymyxins is complicated with the currently available
evidence. When one considers both the lack of predictability of response based on
reported MIC values for polymyxin therapy and the synergistic mechanism of action
that these agents display when combined with other classes of antimicrobials, combi-
nation therapy is a pragmatic therapeutic strategy.

Not surprisingly, clinical data to support combination therapy with polymyxins are often
derived from studies that suffer from poor methodology and have conflicting results. While
multiple studies have consistently demonstrated a survival advantage of combination
therapy with multiple antimicrobials that demonstrate in vitro activity against bloodstream
infections due to carbapenem-resistant Enterobacteriaceae (CRE) (50-54), the exact role of
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the polymyxins remains unclear in this setting, as combination regimens that excluded a
polymyxin were also associated with enhanced survival. Despite these conflicting pieces of
information, it remains prudent that if a polymyxin is being considered for an invasive CRE
infection, combination therapy with another active agent should be utilized.

The data for polymyxin combination therapy outside of CRE are less convincing.
Three open-label randomized trials comparing colistin monotherapy with colistin plus
a synergistic second drug (rifampin, fosfomycin, or meropenem) (48, 55, 56) for invasive
carbapeneme-resistant A. baumannii infections failed to show a decrease in mortality or
an improvement in clinical cure with the combination regimen. Importantly, no analysis
has evaluated a polymyxin in combination with a second active agent for carbapenem-
resistant A. baumannii, which, given the findings for CRE, might prove to be a more
effective strategy. Therefore, it may be most practical to combine a polymyxin with an
active second agent in these patients. Unfortunately, there are no data assessing
polymyxin monotherapy versus a combination for P. aeruginosa infections.

USCAST COLISTIN CLINICAL BREAKPOINT RECOMMENDATIONS

There is no simple answer to the problem of setting colistin clinical breakpoint
values. Given the aforementioned issues with each individual factor involved in break-
point determination, and especially since there is significant concern with the accuracy of
the MIC value reported from the microbiology laboratory, a very compelling case could be
made for not setting breakpoint values for this class. However, this is not a stance that
would be helpful for clinicians prescribing a U.S. FDA-approved antimicrobial drug, and
thus, a recommendation should be made with certain defined limitations.

It is important to note that there are two major assumptions that underlie the
breakpoint recommendations for colistin. These include MIC determination and drug
exposure expected from dosing regimens used in clinical practice. The first assumption
is that institutions with a high volume of colistin use must utilize a susceptibility testing
methodology to improve MIC testing functionality and have a more accurate way of
measuring MIC values than Etest, disk diffusion, or an automated system. In the
absence of a reliable method of testing, no breakpoint recommendation is valid, as the
MIC result cannot be guaranteed to be accurate, and false-susceptible isolates would be
expected. The second assumption is that the institution is using either the dosing
recommendations present in the EMA colistin package insert or those recommended
via the dosing algorithm published by Nation and colleagues (40). Please note that
USCAST is not recommending these doses as the appropriate balance between safety
and efficacy; however, we are assuming that they will be utilized based off of interna-
tional guideline recommendations (64). Both of these dosing methodologies should
result in average colistin steady-state concentrations of 2 mg/liter, which results in an
AUC,_,, of =48 mg-h/liter in =80% of patients. Although this is lower than the usual
90% target attainment goal, it is a reasonable compromise given increased safety
concerns at higher doses. As was previously addressed, U.S. FDA-labeled doses do not
meet these criteria for patients with creatinine clearances of =50 ml/min and therefore
are invalid for these breakpoint recommendations.

We recommend that there be no formal breakpoints recommended for polymyxins
when used for the treatment of respiratory tract infections. This stems from (i) the
preclinical data suggesting the absence of reliable activity in murine pneumonia
models, (ii) the high clinical failure rate when patients with pulmonary infections are
treated with polymyxin monotherapy, (iii) the failure of synergistic combination regi-
mens to improve clinical outcomes, and (iv) the impact of pulmonary surfactant on
colistin activity (57). To provide breakpoints for polymyxins in respiratory infections
would give the impression to clinicians that one could reasonably achieve a clinical/
microbiological response with the current dosing recommendation, and we do not feel
that this is supported by current evidence. Although the limitations of systemic
polymyxin therapy for pneumonia have led experts and guidelines (58) to recommend
inhaled polymyxins in this setting, insufficient evidence currently exists to support
breakpoints with this route of administration. With regard to respiratory tract infections,
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polymyxins should not be considered a treatment option if alternative agents are
available. If they are utilized, the polymyxin should not be relied upon as monotherapy.

For other systemic infections (e.g., primary bloodstream infections and complicated
urinary tract infections), a breakpoint of =<2 mg/liter appears to be reasonable. Current
dosing recommendations should achieve free-drug AUC/MIC ratio target values associated
with a 1- to 2-log,, CFU decrease from baseline for most patients. Although there is
concern that due to rapid elimination of the prodrug, target concentrations might not be
achieved if creatinine clearance values are >80 ml/min, recent evidence from the AIDA trial
somewhat refutes this (49). In 55 patients with creatinine clearance values of 80 to
120 ml/min, the average (5th and 95th percentiles) colistin steady-state concentration was
3.7 mg/liter (1.0 to 6.9). However, in patients with augmented renal clearance (creatinine
clearance values > 120 ml/min), the average (5th and 95th percentiles) steady-state con-
centration was 1.7 mg/liter (0.3 to 4.4). Furthermore, although mcr-1 might be present but
not expressed at MIC values of <2 mg/liter, there is currently no evidence that suggests
that patient outcomes would be worse in those treated with colistin than in those whose
pathogens lack mcr-1. Therefore, breakpoints of =2 mg/liter appear to be appropriate for
nonrespiratory tract infections at the current dosing regimens employed.

WHAT ABOUT POLYMYXIN B CLINICAL BREAKPOINTS AND SUSCEPTIBILITY
TESTING?

Increased interest in polymyxin B use has emerged over the past few years. This
has been driven by two main features. First, as polymyxin B is given as its active
moiety, many of the prodrug-related pharmacokinetic limitations for colistin can be
mitigated (59). In particular, this leads to more rapid achievement of therapeutic
concentrations, a decrease in interpatient variability, and achievable therapeutic
concentrations in patients with creatinine clearances of >80 ml/min. Second,
emerging evidence has suggested that polymyxin B might be less nephrotoxic than
colistin (60).

Unfortunately, very limited evidence exists regarding pharmacokinetic exposures with
common dosing regimens. However, pharmacokinetic data from 23 critically ill patients
that were used in a Monte Carlo simulation suggest that dosing at the upper end of the
package insert-recommended range produces polymyxin B exposures similar to those
obtained with EMA-based dosing of colistin (61). When simulating exposures with dosing
of 1.25 mg/kg of body weight every 12 h, the average polymyxin B AUC,_,, was 72.0 mg-h/
liter, with the 10th and 90th percentile of predicted exposures being 44.3 to 114 mg-h/liter.
Given that these are similar to the target concentrations for colistin, and that the PK-PD
targets, derived in Enterobacteriaceae, for polymyxin B appear to be similar to those of
colistin (38), it is reasonable that the same breakpoints as described for colistin could be
applied to polymyxin B. Of note, due to polymyxin B not being excreted in the urine (61),
it is not appropriate therapy for lower urinary tract infections, and thus, no breakpoint
should be recommended for that disease state. This is in contrast to the case with colistin,
for which renally eliminated colistimethate may hydrolyze to colistin in the urine, allowing
sufficient concentrations for the management of urinary tract infections (59). Importantly,
however, these recommendations should be regarded as interim. As more pharmacoki-
netic, safety, and clinical data become available for polymyxin B, a reassessment will be
warranted.

An important consideration for the setting of polymyxin B breakpoints is an under-
standing and appreciation that many clinical microbiology laboratories test only for
colistin susceptibility. Polymyxin B appears to suffer from the same limitations as
colistin when tested by Etest, with a recent publication demonstrating a very major
error rate of 88% (62). Therefore, any consideration for colistin serving as a surrogate for
polymyxin B susceptibility requires testing to be performed via the recommended
reference broth microdilution method (63).

In order to confirm prior high-level essential agreement between colistin and
polymyxin B MIC values (Fig. S2) (30) and to assess the ability of colistin to serve as a
surrogate for polymyxin B susceptibility, USCAST members reviewed data on 43,893 P.
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FIG 1 Cross-susceptibility analyses of utilizing colistin MIC results (y axis) at =2 mg/liter to predict polymyxin B at
the same MIC (x axis). Data are from reference broth microdilution testing of 43,893 isolates focusing on (A)
Enterobacteriaceae (32,928), (B) P. aeruginosa (7,852), (C) Acinetobacter spp. (2,253), and (D) S. maltophilia (832) from

the SENTRY Antimicrobial Surveillance Program.

aeruginosa, A. baumannii, Enterobacteriaceae, and Stenotrophomonas maltophilia iso-
lates and both colistin and polymyxin B via the reference broth microdilution method.
Cross-susceptibility analyses (Fig. 1) confirmed that colistin susceptibility results can
serve as a surrogate for polymyxin B susceptibility when testing P. aeruginosa, A.
baumannii, and Enterobacteriaceae. The accuracy rates of using colistin (=2 mg/liter as
susceptible) to infer polymyxin B activity (=2 mg/liter as susceptible) across the various
species are listed in Fig. 1. Cross-susceptibility rates range from 99.52% to 99.99% for
all species, whereas false-nonsusceptibility (colistin resistance in the setting of poly-
myxin B susceptibility) rates account for <1% of polymyxin B-susceptible isolates
outside of A. baumannii, where this occurred approximately 3.5% of the time. It is
noteworthy that of these 75 A. baumannii isolates, 65 (87%) (Fig. 1C) displayed essential
agreement (colistin MIC of 4 mg/liter [resistant] and polymyxin B MIC of 2 mg/liter
[susceptible]). Therefore, we have validated and recommend that colistin susceptibility
is an appropriate surrogate for polymyxin B susceptibility when testing these Gram-
negative pathogens. Although we are not recommending clinical breakpoints for S.
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TABLE 2 USCAST susceptibility breakpoint recommendations when testing the polymyxins
against P. aeruginosa, A. baumannii, and Enterobacteriaceae

Polymyxins MIC Disk Zone diameter | Notes
breakpoint | content breakpoint
(mg/liter) | (ng) (mm)
Ss R= Sz Rs
Colistin'? <2 | >4 [ 10pg | Note® | Note* | 1. Polymyxin MIC determinations should be performed
(No breakpoints for with broth microdilution method. Colistin susceptibility
respiratory tract results can infer susceptibility to polymyxin B at 2
infections) mg/liter or vice versa for listed species, but not for S.
Polymyxin B™ <2 | >4 | 300U | Note* | Note* @

2. Colistin dosing based on EMA package insert or dosing
algorithm provided by Nation and colleagues (40).

3. Polymyxin B dosing 2.5 mg/kg/day, with no renal
adjustments.

4. Polymyxin therapies should be combined with a second
active agent, whenever possible.

(No breakpoints for
respiratory tract or
lower urinary tract
infections)

A. Use only broth microdilution MIC methods, disk
diffusion cannot reliably determine susceptibility

maltophilia due to an absence of data, it is important to note that the superior potency
of polymyxin B over colistin against this pathogen (Fig. 1D) raises a unique pathogen-
specific issue. If we apply a hypothetical breakpoint of 2 mg/liter, while colistin cross-
susceptible surrogate accuracy is high (99.7% accuracy), the converse is not true, as the
false-nonsusceptible (resistant) rate for polymyxin B was very high (54.6%) if this was
assumed based on colistin nonsusceptibility.

CONCLUSIONS

The polymyxins are suboptimal and somewhat flawed antimicrobial agents that
have been used in clinical practice for over 6 decades. Antimicrobial stewardship programs
and infectious diseases clinicians should consider them last-line therapeutic options. We
recommend the use of newer, safer, and more effective antimicrobials with activity against
resistant Gram-negative pathogens when available (65-67). Ceftazidime-avibactam (68-70),
meropenem-vaborbactam (71), plazomicin (72), and ceftolozane-tazobactam (73) have all
demonstrated increased efficacy and decreased toxicity compared to the polymyxins and
therefore should be preferred in these clinical settings.

Based on the currently available data and commonly employed dosing strategies,
we recommend a susceptibility breakpoint of =2 mg/liter for both colistin and
polymyxin B (Table 2). Whether or not these are the optimal dosing strategies (and
subsequently the optimal breakpoints) remains to be determined. Additionally, as
more data become available for polymyxin B, a reassessment of these breakpoints
would be warranted.

It is critical for clinicians to recognize that these breakpoint recommendations do
not apply to respiratory tract infections, as systemic polymyxins do not have
appreciable activity in the lung and should not be relied upon alone for the
treatment of pulmonary infections. Also, since polymyxin B demonstrates extensive
renal tubular reabsorption following glomerular filtration and does not undergo
significant renal elimination, this drug should not be utilized for lower urinary tract
infections.

Lastly, while the use of combination therapy with polymyxins was not thor-
oughly reviewed, it appears to represent a necessary therapeutic option against
MDR Gram-negative pathogens. Given the current evidence, we would recommend
the addition of a second agent with documented in vitro activity whenever possible.
Further evidence is needed to optimize these current strategies for use in the
absence of a second active agent.

SUPPLEMENTAL MATERIAL
Supplemental material is available online only.
SUPPLEMENTAL FILE 1, PDF file, 0.2 MB.
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