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ABSTRACT Accurate and reproducible antimicrobial susceptibility testing (AST) of poly-
myxin antibiotics is critical, as these drugs are last-line therapeutic options for the treat-
ment of multidrug-resistant Gram-negative bacterial infections. However, polymyxin AST
in the routine laboratory remains challenging. In this study, we evaluated the performance
of an automated broth microdilution (BMD) system (Sensititre, ThermoFisher) compared
to that of agar dilution (AD) for colistin and polymyxin B AST of 129 Enterobacterales,
Pseudomonas aeruginosa, and Acinetobacter baumannii complex clinical isolates. MICs
derived from the Sensititre instrument based on two operator comparisons demonstrated
overall categorical agreement (CA) of 86% and 89% compared to AD for colistin and 89%
and 92% compared to AD for polymyxin B. However, error rates were higher than recom-
mended by CLSI. Manual inspection of microdilution wells revealed microbial growth and
skip wells which were erroneously interpreted by the Aris 2X instrument. Using manually
interpreted BMD MICs read by two operators increased the overall categorical agreements
to 88% and 95% compared to AD for colistin and 92% and 96% compared to AD for
polymyxin B. Laboratories choosing to use the Sensititre platform for polymyxin AST
should consider manual evaluation of wells as part of their algorithm.
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For more than 2 decades, the polymyxins have been part of the armamentarium for the
treatment of multidrug-resistant Gram-negative infections (1). The recent availability of

newer combination agents that exhibit more favorable pharmacological profiles has eased
reliance on polymyxins as a last line of intervention. Some studies have highlighted poor
outcomes and/or high nephrotoxicity associated with colistin monotherapy or colistin
combination therapy compared to those associated with alternative agents (2–5).
However, polymyxins are still used for the treatment of serious infections caused by bacte-
ria resistant to ceftazidime-avibactam, ceftolozane-tazobactam, meropenem-vaborbactam,
imipenem-relebactam, or cefiderocol, multidrug-resistant Acinetobacter baumannii, and
metallo-beta-lactamase-producing organisms, highlighting the important role of these
drugs (6). The clinical significance of the differences in pharmacologic properties and toxic-
ity of colistin versus those of polymyxin B has been discussed, and both polymyxins
remain options for therapy, so antimicrobial susceptibility testing (AST) for both agents is
relevant to current treatment strategies (7–11).

As contemporary use of polymyxins continues, the need for a reliable AST method
for these compounds is obvious. Unfortunately, polymyxin AST is fraught with technical
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challenges that have prevented establishment of a unified testing modality. Poor diffu-
sion of polymyxins into agar causes unacceptably variable results when Kirby-Bauer disk
diffusion is used for AST (12). This has resulted in the removal of zone diameter interpre-
tive criteria from AST guidance documents (12–14). Etests exhibit similar problems, dem-
onstrating high error rates and an inability to reliably detect resistant isolates (15–17).

CLSI and EUCAST currently endorse the ISO 20776-1 manual broth microdilution
(BMD) method as the reference method for colistin and polymyxin B AST (18–20), while
broth disk elution and agar dilution methods are additional acceptable MIC methods for
colistin for Enterobacterales and Pseudomonas aeruginosa (18). Despite this designation,
colistin BMD remains prone to several technical challenges. Adsorption of the polymyx-
ins to laboratory plastics used commonly in BMD assays (21), variability in AST media cat-
ion concentration (12), lack of consistency in the composition of commercial polymyxin
powders (22, 23), and the presence of “skip wells” resulting in uninterpretable results
(24) have all been reported as technical complications of polymyxin BMD. Additionally,
manual BMD is labor intensive, requiring not only specialized reagents and procedures
but also specialized training for individuals performing and interpreting the results of
such assays. As such, polymyxin AST often necessitates reference laboratory utilization,
which can result in longer turnaround times or empirical treatment of critically ill
patients.

Agar dilution MIC methods are listed as acceptable alternatives to BMD for colistin,
but not for polymyxin B, in the 2020 CLSI M100 (18). Investigations have revealed that
AD MICs exhibit a high level of agreement with those derived from manual BMD for
both colistin (15, 23, 25) and polymyxin B (25), and studies have demonstrated repro-
ducible results with agar dilution (26). Similar to manual BMD, AD is highly laborious
and requires significant technical skill, rendering it not easily adaptable into routine
workflow of most clinical microbiology laboratories.

Automated methods would make polymyxin AST less cumbersome and facilitate
integration into a routine workflow. Approved colistin breakpoints have been pub-
lished (18); however, the lack of FDA-recognized polymyxin breakpoints for Gram-neg-
ative bacteria, except Pseudomonas aeruginosa, complicates manufacturer validation of
automated device performance (27). Thus, some manufacturers have included poly-
myxins as part of specialized panels for research use only.

In this work, we investigated the performance of the Sensititre (ThermoFisher, Waltham,
MA) automated BMD system for polymyxin AST testing of both Enterobacterales and non-
Enterobacterales compared to that of manual AD, the method utilized by our reference lab-
oratory. Recent evaluations of polymyxin AST using the Sensititre system reported good
correlation with results obtained from BMD for members of the Enterobacterales; however,
many of these studies examined only colistin (17, 28–33). The Sensititre platform allows for
fully automated readings as well as manual plate viewing. There is no specific guideline for
manual versus automated reads for polymyxins, so either method is acceptable per the
manufacturer. This work expands on previous studies (17, 28–33) by performing Sensititre
polymyxin B and colistin BMD in parallel via both fully automated and manual readings
against a retrospective collection of clinical isolates representing multiple species and resist-
ance phenotypes. The newly approved use of colistin breakpoints for the prediction of poly-
myxin B susceptibility by CLSI is also considered.

MATERIALS ANDMETHODS
Clinical isolates. A total of 129 unique clinical isolates were used for this study. Species were re-

stricted to those with either CLSI/EUCAST-established colistin breakpoints or epidemiologic cutoff values
(ECVs). Isolates originated from patient specimens at the National Institutes of Health Clinical Center or
were obtained from either the CDC/FDA Antibiotic Resistance Isolate Bank (34) or IHMA Inc. (IHMA Inc.,
Schaumburg, IL). Escherichia coli ATCC 25922 and Pseudomonas aeruginosa 27853 were obtained from
ATCC for the quality control of Sensititre panels and AD test plates.

Organism identification. Prior to AST, bacterial identifications were confirmed by matrix-assisted
laser desorption time of flight mass spectrometry (MALDI-TOF MS). Briefly, banked isolates frozen at
270°C in Microbank cryovials (Pro-Lab Diagnostics, Round Rock, TX) were passaged twice on sheep
blood agar (Remel, Lenexa, KS) prior to MALDI-TOF MS. Proteins for MALDI-TOF MS were extracted as
described previously (35). MALDI-TOF MS spectra were analyzed using Bruker BioTyper software v.3.1
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(Bruker Daltonics, Billerica, MA). Acceptable scores used to confirm organism identification were those of
$2.0, with database entries for no other species within 10% of the obtained score.

Interpretive criteria for antimicrobial susceptibility testing. 2020 CLSI colistin and polymyxin B
breakpoints were applied for all organisms: Enterobacterales ($4mg/ml resistant, #2mg/ml intermedi-
ate), Acinetobacter baumannii complex ($4mg/ml resistant, #2mg/ml intermediate), and Pseudomonas
aeruginosa ($4mg/ml resistant,#2mg/ml intermediate) (18).

Sensititre broth microdilution testing. Frozen isolates were passaged twice on sheep blood agar
(Remel) prior to AST. All isolates were tested using Sensititre GNX2F panels (ThermoFisher) containing
wells for colistin and polymyxin B at concentrations of 0.25mg/ml, 0.5mg/ml, 1mg/ml, 2mg/ml, and
4mg/ml. Sensititre cation-adjusted Mueller-Hinton broth (ThermoFisher) used for automated BMD stud-
ies did not contain Tween 80 in accordance with CLSI recommendations. All isolates were incubated on
the Sensititre ARIS 2X instrument at 35°C. Susceptibility was determined after 18 h for all species with
the exception of A. baumannii complex isolates, for which susceptibility was determined following 24 h
of incubation per the manufacturer’s instructions. Automated reads were performed using the ARIS 2X
system. Manual reads were performed by operator A or B, aided by Sensititre VIZION digital MIC viewing
system. All isolates were tested using Sensititre GNX2F panels twice, by independent operators.

Manual Sensititre BMD readings. Operator A repeated Sensititre AST for manual resulting on a sub-
set (n=17) of isolates. Operator B manually interpreted panels of all 129 isolates at initial AST, blinded
from fully automated results. All panels were evaluated manually using CLSI interpretive standards (36).
Isolates exhibiting skip wells to either polymyxin B or colistin were manually assigned an MIC of$4mg/ml.
Isolates for which growth was visible by eye in test wells that were not detected by the automated read
were labeled as undetected microbial growth. All isolates had appropriate growth in control wells lacking
antimicrobial agents.

Agar dilution. Manual colistin and polymyxin B AD were performed for all isolates. A stock 1mg/ml
solution of polymyxin B sulfate (Sigma-Aldrich, Saint Louis, MO) was prepared in sterile water containing
0.002% Tween 80. No additional surfactant was added to further dilutions of the antibiotic or to the cul-
ture medium prior to pouring test plates. To verify that the small quantity of Tween 80 present in these
plates did not affect the results, a subset of test isolates spanning all resistance phenotypes were inocu-
lated to polymyxin B AD plates made from the antibiotic stock containing 0.002% Tween 80 or as second
stock reconstituted in sterile water alone (Fig. S1). A 1mg/ml stock solution of colistin (Sigma-Aldrich)
was prepared in sterile water without Tween 80, and agar dilution assays were performed as follow-up
experiments in accordance with CLSI guidelines. Mueller-Hinton AD test plates were prepared within
48 h of AST. Plates were poured at concentrations of 0mg/ml, 0.5mg/ml, 1mg/ml, 2mg/ml, 4mg/ml, and
8mg/ml polymyxin B or colistin by adding defined amounts of stock solution to molten agar prior to sol-
idification. Test isolates were passaged twice from frozen stocks on sheep blood agar, resuspended to a
concentration of 0.5 McFarland in sterile saline, and subsequently diluted 1:10. A 2-ml aliquot of this dilu-
tion was spotted to AD test plates, resulting in a final count of 1� 104 CFU applied to the surface of AD
plates (36). Spots were allowed to dry at room temperature, and the inoculated test plates were incu-
bated at 35°C for 18 to 24 h prior to interpretation.

Data analysis. Sensititre BMD was used as a comparative method in all analyses, with AD serving as
a reference method. For the most comprehensive analysis of all data, MIC values and interpretations of
two agar dilution (AD) reference sets were generated. AD references were determined by the mode
value of the MIC when three or more replicates were available, and the modes are the same in both ref-
erence sets. When only two MIC values were available, and no mode could be determined, each MIC
value was included in either reference set 1 or reference set 2. Breakpoint interpretations are identical
between the two AD reference sets; see Table S2. Data from Sensititre were compared independently to
each reference set, and then all comparison data were summarized. Percent categorical agreement (CA),
essential agreement (EA), and minor Error (mE) were calculated according to established methods (37).
The errors were then categorized into false resistance and false intermediate based on the direction the
error occurred. False resistance is defined as an AD MIC of intermediate and a Sensititre BMD MIC of re-
sistant. False intermediate is defined as an AD MIC of resistant and a Sensititre BMD MIC of intermediate.
CA, EA, and mE were calculated using both automated and manual MIC calls for each independent oper-
ator. Percent EA was additionally calculated for each AD reference. Significance between changes in cat-
egorical agreement (CA) values for automated and manually interpretated reads was calculated by
unpaired t test. P values of,0.05 were considered significant.

Data availability. All primary data used in the analyses in this work are included in the supplemen-
tal material files: Table S2 (agar dilution reference data sets 1 and 2), Table S3 (polymyxin B agreements
and error calculations between ThermoFisher Sensititre and AD reference 1), Table S4 (polymyxin B
agreements and error calculations between ThermoFisher Sensititre and AD reference 2), Table S5 (coli-
stin agreements and error calculations between ThermoFisher Sensititre and AD reference 1), and Table
S6 (colistin agreements and error calculations between ThermoFisher Sensititre and AD reference 2).

RESULTS
Characterization of polymyxin resistance among the clinical isolates within this

collection. Of the 129 isolates selected for testing, 74 (57%) were Enterobacterales and
55 (43%) were non-Enterobacterales, comprised of 27 Pseudomonas aeruginosa and 28
Acinetobacter baumannii complex isolates. The number of organisms intermediate to
colistin (n=83) was similar to the number intermediate to polymyxin B (n=82) as
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determined by AD, consistent with clinical isolates usually exhibiting overlapping re-
sistance phenotypes to both polymyxins (Table 1).

Comparison of Sensititre BMD and AD for polymyxin AST. Comparison of BMD
MICs from Sensititre automated polymyxin B MIC calls to AD MICs revealed overall CA of
89% (n=115) and 92% (n=119) for operators A and B, respectively. CA of 81% (n=60) and
88% (n=65) were observed when analysis was restricted to Enterobacterales (Table 2). Up
to 19% (n=14) mEs were identified, the majority of which were false intermediate (Table 2).
Evaluation of non-Enterobacterales isolates using the same parameters resulted in 100%
(n=55) and 98% (n=54) CA, with only one mE (Table 2).

Colistin Sensititre automated MIC calls and AD-derived MICs were also compared
(Table 3). The overall CA of 89% (n=115) and 86% (n=111), for operators A and B, were
similar to the agreement values obtained for polymyxin B. Among the Enterobacterales, CA
of 81% and 82% were observed, with up to 14% (n=18) mEs, with both false resistance
and false intermediate errors observed. In contrast, the non-Enterobacterales exhibited CA
of 100% and 91% and a 9% mE rate consisting of only false resistance (Table 3).

Repeat Sensititre BMD testing with manual MIC call of categorically discrepant
isolates. A technical advantage of the Sensititre system is that operators can manually
evaluate growth present in test wells following incubation of BMD panels. As polymyxin
BMD is prone to technical issues, manual inspection of the colistin and polymyxin B test

TABLE 1 Characterization of resistance to polymyxin antibiotics among Enterobacterales and
non-Enterobacterales as determined by agar dilution

Isolate n (%)

n (%) of organisms
intermediate to:

Polymyxin B Colistin
Enterobacter cloacae complex 19 (26) 5 (26) 4 (21)
Escherichia coli 20 (27) 17 (85) 18 (90)
Klebsiella aerogenes 4 (5) 4 (100) 4 (100)
Klebsiella pneumoniae 30 (41) 6 (20) 7 (23)
Raoultella ornithinolytica 1 (1) 0 0
Total Enterobacterales 74 (57) 32 (43) 33 (45)

Acinetobacter baumannii complex 28 (51) 23 (82) 23 (82)
Pseudomonas aeruginosa 27 (49) 27 (100) 27 (100)
Total non-Enterobacterales 55 (43) 50 (91) 50 (91)

Total isolates 129 82 (64) 83 (64)

TABLE 2 Evaluation of agreement between Sensititre-derived polymyxin B MICs via ARIS automated reads and MICs from agar dilutiona

Isolate n

Results for operator A Results for operator B

n CA (%)

nmE (%)

n CA (%)

nmE (%)

False R False I False R False I
Enterobacter cloacae complex 19 14 (74) 0 5 (26) 13 (68) 0 6 (32)
Escherichia coli 20 18 (90) 0 2 (2) 19 (95) 0 1 (5)
Klebsiella aerogenes 4 4 (100) 0 0 3 (75) 1 (25) 0
Klebsiella pneumoniae 30 24 (80) 0 6 (20) 29 (97) 1 (3) 0
Raoultella ornithinolytica 1 0 0 1 (100) 1 (100) 0 0
Total Enterobacterales 74 60 (81) 0 14 (19) 65 (88) 2 (3) 7 (9)

Acinetobacter baumannii complex 28 28 (100) 0 0 28 (100) 0 0
Pseudomonas aeruginosa 27 27 (100) 0 0 26 (96) 1 (4) 0
Total non-Enterobacterales 55 55 (100) 0 0 54 (98) 1 (2) 0

Total isolates 129 115 (89) 0 14 (11) 119 (92) 3 (2) 7 (5)
aCA, categorical agreement; mE, minor error; false R, false resistance, AD MIC intermediate and Sensititre BMD MIC resistant; false I, false intermediate, AD MIC resistant and
Sensititre BMD MIC intermediate.
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wells to derive polymyxin MICs of 17 categorically discrepant Enterobacterales isolates
was undertaken during repeat testing by operator A.

Of the 17 isolates responsible for errors for either antibiotic compared to AD, 11
exhibited overlapping errors in both polymyxin B and colistin AST. All errors associated
with polymyxin B AST were false intermediate, while both false resistance and false in-
termediate were encountered during colistin AST (Tables 2 and 3). In order to further
examine these issues, repeat testing for manual interpretation of the MICs was under-
taken for these categorically discrepant isolates. Manual MIC interpretations resolved
11 discrepancies. Of these, 5 isolates exhibited skip wells and 2 isolates had visible
growth in BMD wells at concentrations of polymyxin that were not detected by the
ARIS 2X instrument (Tables S3 to S6).

Evaluation of the impact of manual inspection of Sensititre BMD wells. Due to
discrepancies between automated reads and growth patterns observed upon manual
inspection of BMD wells, the accuracy of manually interpreted Sensititre BMD MICs was
determined. Percent CA and percent mE were calculated by comparing manually called
BMD MICs to AD MICs (Tables 4 and 5), allowing for direct comparison of the accuracy of
Sensititre automated MICs (Fig. 1). Two independent operators performed the manual
calls. For operator A, the manual MICs for the 17 isolates from the previously described

TABLE 3 Evaluation of agreement between Sensititre-derived colistin MICs via ARIS automated reads and MICs from agar dilutiona

Isolate n

Results for operator A Results for operator B

n CA (%)

nmE (%)

n CA (%)

nmE (%)

False R False I False R False I
Enterobacter cloacae complex 19 12 (63) 0 7 (37) 11 (58) 0 8 (42)
Escherichia coli 20 18 (90) 1 (5) 1 (5) 18 (90) 1 (5) 1 (5)
Klebsiella aerogenes 4 3 (75) 1 (25) 0 3 (75) 1 (25) 0
Klebsiella pneumoniae 30 27 (90) 2 (7) 1 (3) 28 (93) 2 (7) 0
Raoultella ornithinolytica 1 0 0 1 (100) 1 (100) 0 0
Total Enterobacterales 74 60 (81) 4 (5) 10 (14) 61 (82) 4 (5) 9 (12)

Acinetobacter baumannii complex 28 28 (100) 0 0 24 (86) 4 (14) 0
Pseudomonas aeruginosa 27 27 (100) 0 0 26 (96) 1 (4) 0
Total non-Enterobacterales 55 55 (100) 0 0 50 (91) 5 (9) 0

Total isolates 129 115 (89) 4 (3) 10 (8) 111 (86) 9 (7) 9 (7)
aCA, categorical agreement; mE, minor error; false R, false resistance, AD MIC intermediate and Sensititre BMD MIC resistant; false I, false intermediate, AD MIC resistant and
Sensititre BMD MIC intermediate.

TABLE 4 Evaluation of agreement between Sensititre-derived polymyxin B MICs via manual reads and MICs from agar dilutiona

Isolate n

Results for operator A (manual n=17) Results for operator B (manual n=129)

n CA (%)

nmE (%)

n CA (%)

nmE (%)

False R False I False R False I
Enterobacter cloacae complex 19 18 (95) 0 1 (5) 16 (84) 0 3 (16)
Escherichia coli 20 19 (95) 0 1 (5) 20 (100) 0 0
Klebsiella aerogenes 4 3 (75) 1 (25) 0 3 (75) 1 (25) 0
Klebsiella pneumoniae 30 28 (93) 1 (3) 1 (3) 29 (97) 1 (3) 0
Raoultella ornithinolytica 1 1 (100) 0 0 1 (100) 0 0
Total Enterobacterales 74 69 (93) 2 (3) 3 (4) 69 (93) 2 (3) 3 (4)

Acinetobacter baumannii complex 28 28 (100) 0 0 24 (86) 4 (14) 0
Pseudomonas aeruginosa 27 27 (100) 0 0 26 (96) 1 (4) 0
Total non-Enterobacterales 55 55 (100) 0 0 50 (91) 5 (9) 0

Total isolates 129 124 (96) 2 (2) 3 (2) 119 (92) 7 (5) 3 (2)
aCA, categorical agreement; mE, minor error; false R, false resistance, AD MIC intermediate and Sensititre BMD MIC resistant; false I, false intermediate, AD MIC resistant and
Sensititre BMD MIC intermediate. Operator A, manual reads for 17 isolates were used as MIC calls and the automated MIC calls were used for the remaining 112 isolates.
Operator B, manual reads for all 129 isolates in this collection of clinical isolates were used as MIC calls for this data set.
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repeat testing were used in the analysis, whereas automated reads were used for isolates
that did not have discrepant results between automated read and AD. For operator B,
the isolates were tested subsequently and manual MICs were performed for all 129 iso-
lates tested at time of initial Sensititre BMD AST so that we could better assess the
impact of manual readings.

For polymyxin B, overall CA of 96% (n=124) and 92% (n=119) were observed for
operators A and B, respectively. Additionally, the percent mE decreased to 4% (n=5)
and 7% (n= 10) (Table 4), indicating that the automatic reads incorrectly reported the
MIC of a subset of isolates. While the number of false intermediate errors decreased,
there was an increase in the percent false resistance. Specifically, a subset of
Acinetobacter baumannii complex species were designated resistant when interpreted
manually, disagreeing with the automatic MIC call.

Similar changes for colistin comparisons were observed (Table 5). Overall CA of 96%
(n=124) and 88% (n=114) were observed for operators A and B, respectively. The lower
CA percentage observed by operator B is due to an increase in the percentage of false
resistant mEs in the Acinetobacter baumannii complex species (7%). If restricted to
Enterobacterales, the overall CA is 91% for operator B, an increase from 82%. The percent
false intermediate mEs observed was 1% and 2%, a decrease of more than half when
error rates based on manual versus automated MIC calls are compared. These error rates
are still higher than recommended by CLSI guidelines, so reference laboratory utilization
is recommended in the discussion as the most conservative approach for adjudicating
isolates with any automated/manual read discrepancy. Although the difference in CA
between automated and manual reads did not reach statistical significance for this data
set, it is important to note that automated readings repeatedly missed skipped wells,
and statistical significance might be reached if a larger collection of isolates were tested.

Most changes between the automated and manually interpreted BMD MICs were due
to undetected microbial growth and skip wells. For isolates where the automated and
manual polymyxin B MICs did not agree, half of the manual interpretations had visible
undetected growth and the remaining half had observed skipped wells. For colistin, the
majority of isolates had observed skipped wells, while only one had visible undetected
growth. Out of 21 isolates that had disagreements between the automated and manual
MICs, either for polymyxin B or for colistin, 6 isolates were observed to be discrepant for
both polymyxins (Fig. 2). The manual MIC interpretation of these isolates resulted in the re-
solution of most discrepancies compared to AD MICs, as discussed above.

Use of resistance to either polymyxin antibiotic as a predictor of polymyxin B
or colistin susceptibility. Interpretive guidance in the 2020 CLSI M100 document per-
mits the use of colistin MICs to predict polymyxin B susceptibility (18). As both colistin

TABLE 5 Evaluation of agreement between Sensititre-derived colistin MICs via manual reads and MICs from agar dilutiona

Isolate n

Results for operator A (manual n=17) Results for operator B (manual n=129)

n CA (%)

nmE (%)

n CA (%)

nmE (%)

False R False I False R False I
Enterobacter cloacae complex 19 18 (95) 0 1 (5) 16 (84) 0 3 (16)
Escherichia coli 20 19 (95) 1 (5) 0 19 (95) 1 (5) 0
Klebsiella aerogenes 4 3 (75) 1 (25) 0 3 (75) 1 (25) 0
Klebsiella pneumoniae 30 28 (93) 2 (7) 0 28 (93) 2 (7) 0
Raoultella ornithinolytica 1 1 (100) 0 0 1 (100) 0 0
Total Enterobacterales 74 69 (93) 4 (5) 1 (1) 67 (91) 4 (5) 3 (4)

Acinetobacter baumannii complex 28 28 (100) 0 0 21 (75) 7 (7) 0
Pseudomonas aeruginosa 27 27 (100) 0 0 26 (96) 1 (4) 0
Total non-Enterobacterales 55 55 (100) 0 0 47 (85) 8 (15) 0

Total isolates 129 124 (96) 4 (3) 1 (1) 114 (88) 12 (9) 3 (2)
aCA, categorical agreement; mE, minor error; false R, false resistance, AD MIC intermediate and Sensititre BMD MIC resistant; false I, false intermediate, AD MIC resistant and
Sensititre BMD MIC intermediate. Operator A, manual reads for 17 isolates were used as MIC calls and the automated MIC calls were used for the remaining 112 isolates.
Operator B, manual reads for all 129 isolates in this collection of clinical isolates were used as MIC calls for this data set.
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and polymyxin B were tested in parallel on BMD panels, we sought to determine
whether resistance to colistin determined by Sensititre BMD accurately predicts resist-
ance to polymyxin B. Agreement between the two polymyxins within this isolate archive
was observed to be 96% (n=124) by AD and 98% and 95% by manual Sensititre BMD
for operators A and B, respectively. Colistin and polymyxin B susceptibility did not agree
for a total of 13 isolates across both methods, 9 of which were resistant to colistin and in-
termediate for polymyxin B. Only 3 of the 13 isolates in disagreement were within essen-
tial agreement. Additionally, a majority of isolates with disagreements via Sensititre BMD
had growth patterns including skip wells and undetected microbial growth. These data
indicate that although a high degree of agreement between the two polymyxins is
observed, any laboratory testing both colistin and polymyxin B simultaneously will face
potential discrepancies between the two results for specific isolates.

DISCUSSION

In this work, the performance of the Sensititre automated BMD platform was evaluated
for polymyxin B and colistin AST of a broad collection of Enterobacterales and non-
Enterobacterales clinical isolates. Previous investigations have reported that the Sensititre
system performs adequately compared to manual BMD for the determination of polymyxin

FIG 1 Comparison of categorical agreements between automated and manually interpreted Sensititre-derived MICs and MICs from
agar dilution. Values of and percent categorical agreement (CA) and minor error (mE) are shown for polymyxin B and colistin with
either automated (solid) or manual (striped) MICs compared to agar dilution. False resistance is defined as AD MIC intermediate and
Sensititre BMD MIC resistant. False intermediate is defined as AD MIC resistant and Sensititre BMD MIC intermediate. Proportions of
Enterobacterales (black) and non-Enterobacterales (gray) are shown.
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MICs (15, 17, 28–33). While a majority of these studies have focused on colistin AST, a pro-
portionately smaller number have evaluated the Sensititre platform for polymyxin B (15, 28,
32, 38). Importantly, these studies also restricted test isolates to a specific organism group
or species.

Automated MIC calls from the Sensititre ARIS 2X instrument exhibited rates of dis-
crepancy that were high compared to those of colistin and polymyxin B AD (Tables 2
and 3 and Fig. 1). While delineation of the resistance mechanism was beyond the
scope of this work, there were isolates for which the growth pattern was erroneously
interpreted by the automated reads for both drugs (Fig. 2). No previous study to date
has comprehensively evaluated bacterial growth within the wells used to derive auto-
mated MICs by the Sensititre ARIS 2X instrument against colistin and polymyxin B.

Skip wells are a technical challenge associated with polymyxin AST of Enterobacter
cloacae complex isolates by BMD (24). It has been hypothesized that skip wells may be
the result of heteroresistant subpopulations of bacterial cells which emerge in response
to polymyxin exposure (39). Heteroresistance to both colistin (40) and polymyxin B (24)
has been reported among members of the E. cloacae complex and recently has been
shown to be underreported by BMD (41).

In this work, 7 of 19 E. cloacae complex isolates (37%) exhibited skip wells during
colistin BMD, 4 of which also exhibited skip wells when tested against polymyxin B
(Fig. 2). The ARIS 2X instrument interpreted the polymyxin B MICs of 3 of these isolates
as intermediate over two independent assays. For one isolate with skip wells in both
colistin and polymyxin B wells, Eclo0293, the automated MIC for polymyxin B, was
interpreted as $4mg/ml despite exhibiting skip wells (Fig. 2). Further investigation to
examine more closely the mechanisms underlying the skip well phenomenon, its
impact on automated susceptibility testing, and its clinical significance is warranted. As
the ARIS 2X cannot consistently discern skip well patterns and CLSI directs noninterpre-
tation of BMD assays exhibiting multiple skip wells (36), incorporation of a manual
evaluation of BMD wells for polymyxin AST is critical.

Among test isolates, a strong correlation between polymyxin B and colistin MICs is
observed and no currently described resistance mechanism affects only colistin or poly-
myxin B individually. In the 2020 CLSI M100 document, colistin and polymyxin B are listed

FIG 2 Undetected microbial growth and skip wells observed via manual inspection of growth in
Sensititre BMD wells. Automated calls are indicated by a black arrowhead. Manual calls are indicated
with a black box.
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as equivalent agents for Enterobacterales, Pseudomonas aeruginosa, and Acinetobacter bau-
mannii complex (18, 42, 43). In this work, there is a strong agreement between colistin and
polymyxin B MICs for both AD and manually interpreted Sensititre BMD. However, the calls
are not identical, so there is still a risk of a false call of intermediate when testing only one
of the two drugs and referring the result. This is consistent with reported concerns about
underreporting of resistance (41). Furthermore, no interpretive guidance is provided for a sit-
uation where both polymyxin antibiotics are tested simultaneously (i.e., in the context of a
panel) and the results are discrepant. As CLSI directs that these drugs are equivalent, it may
be confusing to clinicians and not consistent with current recommendations to report one
as intermediate and one as resistant. Therefore, a laboratory might choose to call the attend-
ing physician to discuss the case and to ensure that the limitations of polymyxin AST are
very clear and/or that repeat testing by an alternative reference method is performed.

Differences in polymyxin B and colistin MICs have been attributed to technical vari-
ation between AST systems during routine testing (12). Therefore, recommendations
to perform multiple dilution tests when encountering skip wells have been made for
colistin AST and E. cloacae complex organisms (24). Likewise, laboratories using panels
that include both colistin and polymyxin B may detect more resistance or heteroresist-
ance because the number of polymyxin test wells would be increased.

In this work, the majority of categorically discrepant isolates were members of the
Enterobacterales. No non-Enterobacterales isolates exhibited false intermediate MICs
between Sensititre automated and manual MIC calls and manual AD for either poly-
myxin antibiotic. However, non-Enterobacterales isolates had a high rate of false resist-
ant mEs when MICs were determined by manual interpretation. This was due to a sub-
set of Acinetobacter baumannii complex isolates that exhibited undetected growth and
skipped wells. For clinical quality control purposes, 10 of these isolates were repeated
and growth patterns including skip wells and undetected growth were observed for
colistin and polymyxin B but not for other antibiotics on the panel (Table S7), indicat-
ing that there is high variability in the polymyxin resistance patterns of these
Acinetobacter baumannii complex isolates. While only a small number of resistant non-
Enterobacterales were included in the test battery, it is important to note how the
instrument performed for the available set of isolates. Testing additional resistant non-
Enterobacterales will provide important adjunctive information regarding the perform-
ance of the assay within this organism group.

There are still a number of unresolved questions surrounding optimal polymyxin
AST modality. Broth disk elution and agar screening methods have been added as
optional supplemental tests for determining colistin MICs for Enterobacterales and
Pseudomonas species in the most recent CLSI M100 (18). The development of these
assays was driven with the objective to identify AST methods with accuracy equal to
but not greater than that of the current reference broth microdilution method.
Recently, Humphries et al. tested these methods and reported that both exhibit strong
agreement with the reference method (44); however, it should be noted that the exclu-
sion criteria utilized by the authors for isolates which exhibit either inconsistent MICs
or repeated skip wells bias the composition of the challenge set by eliminating prob-
lematic strains which could be clinically encountered. The authors urged careful inter-
pretation of these assays for the presence of skipped dilutions over multiple replicates
and noninterpretation of such isolates.

In conclusion, we evaluated the accuracy of the Sensititre system for automated
polymyxin AST compared to that of AD for a varied collection of Enterobacterales and
non-Enterobacterales. Agreement between the two methods was enhanced through
the incorporation of a manual evaluation of bacterial growth within the polymyxin
BMD test wells. Despite the technical challenges and the development of new manual
assays, automated BMD is a viable option that is cost-effective, rapid, accessible, and
adaptable to routine laboratories already utilizing the requisite instrumentation.
Laboratories choosing to perform in-house polymyxin AST using the Sensititre system
should consider adopting manual evaluation of bacterial growth in polymyxin BMD
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wells to improve performance. For the most conservative approach, if automated and
manual reads do not agree, an alternative method or reference laboratory testing for
relevant isolates is suggested.
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