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Abstract

The aim of this study was to compare the performances of four colistin susceptibility testing methods 
against 200 multidrug-resistant Gram-negative bacteria.  The study was conducted against clinical isolates 
of Klebsiella pneumoniae (97 isolates), Escherichia coli (41), Enterobacter cloacae complex (13), Pseu-
domonas aeruginosa (21), and Acinetobacter baumannii complex (28). Results, obtained from the broth 
microdilution method (BMD), performed according to ISO standard 20776-1, the commercially available 
broth microdilution kit - MIKROLATEST MIC Colistin (MLTCol, ErbaLachema), colistin pre-diffusion 
method kit (PDCol, ROSCO Diagnostica A/S), the rapid Polymixin NP test (RPNP) and the Superpolymyx-
in medium (SPM) were compared to BMD as a referent method. According to the BMD method, 16.5% of 
tested isolates were colistin-resistant. The essential agreement (EA) between MLTCol and the BMD was 
90.5% (134/148), categorical agreement (CA) was 98.5% (197/200), major discrepancies (MD) were 3 
(1.8%), and there were no very major discrepancies (VMD). The CA between RPNP and BMD was 98.7% 
(149/151), with no MD and VMD at 6.7%. Compared with the BMD, the specificity, and sensitivity of 
RPNP were 100% and 93.3%, respectively. The PDCol had CA of 95.5 % (191/200) with the BMD, with 
VMD at 3.0%, and MD at 4.8%. CA between the SPM and BMD was observed in 94% (188/200), and there 
were no VMD and MD in 7.2%, nonetheless, the SPM detected 12 heteroresistant isolates of K. pneumoni-
ae, categorized as susceptible by the referent BMD. In conclusion, the agar-based methods better detected 
some heteroresistant isolates and could be used in addition to BMD to improve their recognition. 
Keywords: colistin, broth microdilution, superpolymyxin medium, rapid polymyxin NP test, pre-diffusion
Резюме

Цел на това проучване e да се сравни ефективността на четири метода за определяне на чувст-
вителността към колистин чрез изследване на 200 мултирезистентни Грам-отрицателни бактерии. За 
реализиране на изследванията са използвани клинични изолати - Klebsiella pneumoniae (97 изолата), 
Escherichia coli (41), Enterobacter cloacae complex (13), Pseudomonas aeruginosa (21) and Acinetobacter 
baumannii complex (28). Резултатите, получени чрез метода на микроразреждане в бульон (BMD), 
изпълнен съгласно ISO 20776-1, търговски кит за микроразреждане в бульон - MIKROLATEST MIC 
Colistin (ErbaLachema) (MLTCol), кит за определяне на чувствителността към colistin чрез метода на 
предифузия (ROSCO Diagnostica A/S) (PDCol), бързия Polymixin NP test (RPNP) и чрез суперполи-
миксиновата среда (SPM) са сравнени с BMD референтен метод. Според BMD, 16.5% от изследвани-
те изолати са колистин резистентни. Резултатите показват 90.5% (134/148) съществено съответствие 
(СС) между MLTCol и BMD. Съответствието по категория (СК) е 98.5% (197/200). Едновременно с 
това се отчитат 3 съществени несъответствия (СНС) (1.8%), но няма много големи несъответствия 
(МГНС). Съответствието по категория между RPNP и BMD е 98.7% (149/151), няма СНС, а МГНС 
са 6.7%. В сравнение с BMD, специфичността и чувствителността на RPNP са съответно 100% и 
93.3%. PDCol имаше СК с BMD 95.5 % (191/200), МГНС (3.0%) и СНС 4.8%. СК между SPM и BMD 
е 94% (188/200), не са установени МГНС, СНС са 7.2%, но чрез SPM открихме 12 хетерорезистентни 
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Introduction
Еmergence and rapid spread of multidrug-re-

sistant/extremely drug-resistant (MDR/XDR) 
Gram-negative bacteria, resistant to almost all an-
tibiotics available have led to the renewal of colis-
tin use in human medicine, and WHO has included 
this antibiotic in its list of critically important anti-
biotics (Schwarz and Johnson, 2016). The accurate 
determination of colistin susceptibility is of high 
importance since infections with colistin-resistant 
Gram-negative bacteria have been associated with 
high mortality (Capone et al., 2013). However, 
although polymyxins were discovered more than 
60 years ago, the optimal method for susceptibil-
ity testing for these agents still remains undefined 
(Poirel et al., 2017). The use of traditional suscepti-
bility testing methods can show technical challeng-
es (Humphries, 2015). The widely used automated 
systems Vitek-2 and Phoenix can give unreliable 
results with a high number of errors in colistin sus-
ceptibility testing (Chew et al., 2017; Poirel et al., 
2017; Jayol et al., 2018b; Girardello et al., 2018). 
According to the current joint CLSI-EUCAST 
working group recommendations, the reference 
method for polymyxins testing is the ISO-20776-1 
standard broth microdilution (BMD) (www.eucast.
org). However, the standard BMD method is dif-
ficult to perform in routine diagnostic laboratories 
(Poirel et al., 2017; Chew et al., 2017; Jayol et al., 
2018a).  The method requires manual preparation 
of antibiotic solutions, which may lead to signifi-
cant errors (Poirel et al., 2017). There are a num-
ber of commercial products for colistin BMD, and 
some of them evaluated in several studies (Rich-
ter et al., 2017; Chew et al., 2017; Matuschek et 
al., 2018; Jayol et al., 2018b). Disk diffusion, agar 
diffusion, and gradient diffusion are not currently 
recommended (Poirel et al., 2017). A pre-diffusion 
technique was developed by Danish microbiolo-
gist Frølund-Thomsen several decades ago (Insert 
for Kit for detection of colistin resistance, ROSCO 
Diagnostica A/S). The method was used by Rosco 
diagnostic A/S, Denmark, for creating kits for sus-
ceptibility testing of high-molecular-weight drugs 
such as vancomycin, teicoplanin, daptomycin, 
and colistin. Lately, new methods for detection of 
polymyxin resistance have been developed such as 
the Rapid Polymyxin NP (RPNP) test that allows 
detection of resistant isolates within 2 to 4 hours 
(Nordmann et al., 2016b), SuperPolymyxin medi-

um is a screening medium to detect any polymyxin 
resistant bacteria regardless of the type and the level 
of expression of the resistance mechanism (Nord-
mann et al., 2016a). In 2020, the colistin broth disk 
elution method (CBDE) and the colistin agar test 
(CAT), were approved by CLSI as acceptable meth-
ods for colistin susceptibility testing of Enterobac-
terales and P. aeruginosa, in addition to the BMD 
method (CLSI, 2020).

The aim of this study was to compare the 
performances of four colistin susceptibility testing 
methods with the reference BMD, using a collec-
tion of 200 clinical isolates. The susceptibility of 
these isolates to colistin and other antibiotics was 
assessed in our previous studies (Marteva-Proevs-
ka, 2018; Marteva-Proevska et al., 2021).
Materials and Methods
Bacterial isolates

A total of 200 non-repetitive, clinically im-
portant Gram-negative bacteria, isolated from pa-
tients of Alexandrovska University Hospital in So-
fia, Bulgaria in the period 01/2017 - 05/2018 were 
investigated. The collection included Klebsiella 
pneumoniae (97 isolates), Escherichia coli (41), 
Enterobacter cloacae complex (13), Pseudomonas 
aeruginosa (21), and Acinetobacter baumannii 
complex (28). They were highly resistant to most 
antibiotics tested, including carbapenems. Carbap-
enem non-susceptibility was found in 76 Entero-
bacterales isolates, including 69 K. pneumoniae, 
six E. coli, and one E. cloacae complex isolates, 
and in all P. aeruginosa and A. baumannii complex 
isolates tested (Marteva-Proevska, 2018 (PhD The-
sis), Marteva-Proevska et al., 2021). Colistin resist-
ance was detected in 33 isolates (16.5%, 33/200), 
including K. pneumoniae (29 isolates), P. aerugi-
nosa (3), and E. coli (1), (Marteva-Proevska, 2018; 
Marteva-Proevska et al., 2021).
Colistin susceptibility testing
Reference BMD method

Reference colistin MICs were determined in 
accordance with EUCAST/CLSI recommendations 
(CLSI-EUCAST Polymyxin Breakpoints Work-
ing Group, 2016) and ISO standard 20776-1 (ISO 
20776-1) on frozen, in-house prepared BMD pan-
els. Briefly, BMD panels were prepared in sterile 
96-wells of round bottom polystyrene microtiter 
plates (Dinatech S.A.) with two-fold dilutions of 
colistin sulfate (Sigma-Aldrich, USA) in CA-MHB 

щама K. pneumoniae, категоризирани като чувствителни от рефрентния BMD. В заключение, агар-
базираните методи по-добре откриха някои хетерорезистентни на колистин изолати и могат да се 
използват в допълнение към BMD, за да се подобри откриването на тези щамове.
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(Biolab Zrt., Hungary), ranging from 0.125 to 128 
µg/mL. For each isolate tested, a growth control was 
included in the first well of the plate row. On each 
plate, colistin-susceptible (E. coli ATCC 25922) 
and colistin-resistant (E. coli NCTC 13846) iso-
lates were included as quality controls. The results 
were considered reliable if there was acceptable 
growth in the growth-control wells and the MICs 
of the control isolates were in the acceptable range. 

MIKROLATEST MIC Colistin (Erba 
Group-ErbaLachema, Czech Republic) (MLTCol) 
is a BMD product with freeze-dried antibiotics, con-
sisting of a plastic device with 8 flat-bottom wells 
allowing single-isolate testing with two-fold dilu-
tions from 0.25 to 16 µg/mL (with a growth-control 
well included). All tests were performed according 
to the manufacturer’s instructions (Instruction man-
ual for cat. №: MLT00057). As for the reference 
BMD, colistin susceptible (E. coli ATCC 25922) 
and colistin-resistant (E. coli NCTC 13846) iso-
lates were used as quality controls.

The results, obtained from the reference 
BMD and the commercial kit were interpreted ac-
cording to EUCAST breakpoints for susceptibility 
(MIC ≤ 2 µg/mL) and resistance (MIC> 2 µg/mL), 
(www.eucast.org).

Detection of colistin resistance in Enterobac-
terales, P. aeruginosa, and A.baumannii complex 
isolates with the Pre-diffusion method (ROSCO 
Diagnostica A/S, Denmark) (PDCol). All isolates 
were tested according to the manufacturer’s instruc-
tions. Briefly, Colistin Pre-diffusion Neo-Sensitabs 
were placed on in-house prepared cation-adjusted 
Mueller-Hinton agar plates (CA-MHA, (HiMedia 
Laboratories, India). After two-hour incubation at 
35±1°C, the tablets were removed and the plates 
were incubated at room temperature for 18 - 22 
hours. The next day, the plates were inoculated for 
the disk diffusion method using suspensions of the 
isolates adjusted to 0.5 McFarland turbidity stand-
ard. The plates were incubated overnight at 35±1°C 
in ambient air. Inhibitory zone diameters were 
measured and interpreted according to the manu-
facturer’s instructions (Insert for Kit for detection 
of colistin resistance, ROSCO Diagnostica A/S). E. 
coli ATCC 25922, P. aeruginosa ATCC 27853, and 
E. coli NCTC 13846 were used as quality control 
isolates.

Rapid Polymyxin NP test (RPNP) - the test 
was performed as described by Nordmann et al. 
(2016b). Briefly, the rapid polymyxin NP solution 
was prepared according to the original test proto-
col and stored at -20°C (Nordmann et al., 2016b). 

The solution was pre-warmed at 37°C before use. 
A stock solution of colistin sulfate (Sigma-Aldrich, 
USA) was diluted in CA-MHB (Biolab Zrt, Hunga-
ry) to obtain a 0.2 mg/mL concentration and stored 
in a glass vial at -20°C. Before testing each batch 
of isolates, the stock solution of colistin sulfate was 
added to a portion of RPNP to obtain final concen-
trations of 3.75 µg/mL colistin sulfate per well. The 
preparation of bacterial suspensions and the inoc-
ulation of the trays were done according to RPNP 
test protocol (Nordmann et al., 2016b). E. coli 
ATCC 25922 and E.coli NCTC 13846 were used as 
quality control isolates. The inoculated trays were 
incubated uncovered in ambient air at 35±1°C. The 
results were read after 1, 2, 3, and 4-hour incuba-
tion and interpreted according to the original proto-
col (Nordmann et al., 2016b).

SuperPolymyxin Medium (SPM). We used 
the Superpolymyxin Medium, developed by Nord-
mann et al. (2016a) with small modifications as a 
screening agar for colistin resistance (SA Col). The 
medium was prepared according to the methodolo-
gy, described by Nordmann et al. (2016a) but with-
out adding daptomycin and amphotericin B. The 
screen agar plates were inoculated with bacterial 
inocula, and adjusted to 0.5 McFarland standard.  
After removing the excess liquid from the swab, as 
for the disk diffusion test, an area of about 15 (20) 
mm/15 (20) mm was inoculated. On each plate, E. 
coli ATCC 25922 (colistin susceptible) and E. coli 
NCTC 13846 (colistin-resistant) were used as qual-
ity control. The plates were incubated overnight at 
35±1°C in ambient air. The result was considered 
valid if the quality control isolates demonstrat-
ed the expected lack of growth for E. coli ATCC 
25922 and the presence of confluent growth for E. 
coli NCTC 13846. The presence of growth (either 
confluent or as isolated colonies) in the inoculated 
area was considered a positive result. 
Analysis of data

Essential agreement (EA) was calculated as 
the percentage of isolates that had MIC values with-
in ± 1 twofold dilution of the reference BMD, con-
sidering all isolates tested as the denominator (ISO 
20776-2). The number of tests used to calculate the 
EA for the commercial BMD product was lower 
than the total number of isolates tested because of 
the differences in the MIC’s panel ranges. 

Categorical agreement (CA) was calculated as 
the percentage of isolates with results in the same 
category (susceptible S, intermediate I, or resistant 
R) according to the reference method, considering 
all isolates tested as the denominator (ISO 20776-2). 
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A very major discrepancy (VMD) was de-
fined when isolates were categorized as susceptible 
by the method evaluated, but resistant by the refer-
ence BMD, while a major discrepancy (MD) was 
defined when isolates were found resistant by the 
evaluated method but were susceptible by the ref-
erence BMD. The numbers of resistant and suscep-
tible isolates were used as denominators for VMD 
and MD calculations, respectively (ISO 20776-2). 
Results 
Reference BMD method

MIC distribution of colistin to all 200 tested 
isolates, obtained by the reference BMD is present-

ed in Тable 1. Based on the referent BMD method 
16.5% of the tested isolates were colistin-resistant. 
The highest rates of resistance were observed in K. 
pneumoniae (29.9%), followed by P. aeruginosa 
(14.3%) and E. coli (2.4%) (Table 1). 
MIKROLATEST MIC Colistin (ErbaLachema) 
(MLTCol) 

A total of 200 isolates were tested. The essen-
tial agreement (EA) between the reference BMD 
and MLTCol was calculated upon 148 test results 
using colistin MICs between 0.25 - 16 µg/mL (52 
were excluded because of the differences in the 
panel ranges of the two tests). EA was observed 

Table 1. Colistin MIC’s distribution to 200 isolates of Gram-negative bacteria, determined by the reference 
BMD

Colistin  
MIC‘s

(µg/mL)

Organism
Total

(n=200)K. pneumoniae
(n=97)

E. coli
(n=41)

E. cloacae 
complex
(n=13)

A. baumanii 
complex
(n=28)

P. aeruginosa
(n=21)

≤0.125 3 24 2 2 - 31
0.25 14 6 6 4 - 30
0.5 31 4 2 14 8 59
1 16 6 2 8 5 37
2 4 - 1 - 5 10
4 1 - - - - 1
8 3 - - - 1 4

16 6 1 - - - 7
32 6 - - - 1 7
64 9 - - - - 9

128 2 - - - - 2
> 128 2 - - - 1 3

Fig. 1. Correlation between colistin MICs, determined with MLTCol and the Reference BMD
The number of MICs with exact EA is highlighted in dark gray, and the number of MICs with EA of ± 1 dilution is highlighted 
in light gray. The MDs are marked with a circle. The lines represent the EUCAST breakpoints (susceptible ≤ 2 µg/mL and  
resistant >2 µg/mL)
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in 90.5% (134/148) (Fig. 1). CA was observed in 
98.5% (197/200), MD - 3 (1.8%), VMD - 0. 

The number of MICs with exact EA is high-
lighted in dark gray, and the number of MICs with 
EA of ± 1 dilution is highlighted in light gray. The 
MDs are marked with a circle. The lines represent 
the EUCAST breakpoints (susceptible ≤ 2 µg/mL 
and resistant >2 µg/mL)
Colistin pre-diffusion test Rosco Diagnostica A/S 
(PDCol)

A total of 200 isolates were tested. Three 
types of results were observed - no zone of inhibi-
tion (A), a large, well-defined inhibition zone (B), 
and a large zone of inhibition with a different num-
ber of colonies inside (C) (Fig. 2). The manufactur-
er does not exactly state how a type C result should 
be interpreted. Colonies inside the inhibitory zones 
were sub-cultured and MICs of the subpopulations 
were determined with BMD - in all cases, they were 
from 8 to 128 µg/mL. For better differentiation, the 
isolates, for which was observed a type C result, 
may be designated in the analysis/discussion as 
heteroresistant. CA was observed in 95.5% of the 
tested isolates (191/200). The heteroresistant (type 
C) was observed for 18 isolates of K. pneumoniae 
in our study and 55.6 % of them (10/18) were clas-
sified as resistant by the reference BMD, while the 
other eight isolates were categorized as susceptible 
(MD, 4.8%). One P. aeruginosa isolates with MIC 
8 µg/mL was identified by the pre-diffusion test as 
susceptible and was categorized as VMD - 3.0% 
(Table 2).
Rapid polymyxin NP test (RPNP)

Total, 151 isolates of K. pneumoniae (97 iso-
lates), E. coli (41), and E. cloacae complex (13) 

were tested, and 30 of them were colistin-resistant 
by the referent BMD. CA was observed in 98.7% 
of the isolates tested (149/151). A positive result 
was observed for 28 (27 K. pneumoniae and one E. 
coli) of these isolates. Two of the colistin-resistant 
(by the referent BMD) K. pneumoniae isolates gave 
false-negative results with the RPNP test (VMD, 
6.7%). In most cases (85.7%, 24/28) the test was 
positive after two hours of incubation. For four 
K. pneumoniae isolates, a positive result was ob-
served after four hours of incubation. Two of these 
isolates had MICs of 8 µg/mL, MICs of the other 
two isolates were 16 µg/mL and all of them were 

Table 2. Comparison of the results obtained from the reference BMD and the pre-diffusion test of Rosco-di-
agnostica A/S for 200 isolates of Gram-negative bacteria

Organism Number of 
isolates tested

Referent BMD Pre-diffusion test Rosco Diagnostica
Category S hR* R

K. pneumoniae 97
S (n=68) 60 8 (MD) -
R (n=29) - 10 19

E. coli 41
S (n=40) 40 - -
R (n=1) - - 1

E. cloacae complex 13
S (n=13) 13 - -
R (n=0) - - -

A. baumannii complex 28
S (n=28) 28 - -
R (n=0) - - -

P. aeruginosa 21
S (n=18) 18 - -
R (n=3) 1 (VMD) - 2

* hR= heteroresistant = Isolates for which was observed a large zone of inhibition with a different number of colonies in it.MD = 
major discrepancy, VMD = very major discrepancy; the MD and VMD are highlighted in gray

Fig. 2. Colistin pre-diffusion test of Rosco Diag-
nostica A/S. 
The figure demonstrates different types of results observed 
with the PDCol: A - no zone of inhibition in case of colis-
tin-resistant strains with high levels of resistance; B - large 
well-defined zone of inhibition (most often between 25 - 32 
mm) for colistin-susceptible strains; C - large zone of inhibi-
tion with a different number of colonies inside. Such strains 
were considered as heteroresistant (hR)
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heteroresistant by the PDCol. In the present study, 
we didn’t observe false-positive results (no MD). 
When compared with the reference BMD, the spec-
ificity and the sensitivity of RPNP were 100% and 
93.3%, respectively.
Superpolymyxin medium (SPM), used as screen 
agar colistin (SA Col) 

A total of 200 (167 colistin susceptible and 
33 colistin-resistant) isolates were tested. A cate-
gorical agreement was observed in 94% (188/200). 
The test was positive in all cases of colistin-resist-
ant isolates (either as confluent growth or as iso-
lated colonies) (no VMD). Twelve of the colistin 
susceptible (by the referent BMD) K. pneumoniae 
isolates provided positive results with the growth of 
isolated colonies on the SA Col (MD, 7.2%). These 
colonies were sub-cultured on MacConkey agar. 
The colistin MICs to these subpopulations ranged 
from 4 to 128 µg/mL (determined with the referent 
BMD) (Table 3).
Discussion

The constantly growing antibiotic resistance 
among clinically important Gram-negative bacteria 
led to the revival of the clinical use of polymyx-
ins (Falagas et al., 2005). According to the current 
joint CLSI-EUCAST working group recommenda-

tions, the reference method for polymyxins testing 
is the ISO-20776-1 standard broth microdilution 
(BMD) (www.eucast.org). However, the reference 
BMD method is very labor-intensive and difficult 
to perform in routine diagnostic laboratories (Poirel 
et al., 2017; Chew et al., 2017; Jayol et al., 2018a). 
In this study, we compared the performances of four 
colistin susceptibility methods against 200 multid-
rug-resistant, clinically important Gram-negative 
bacteria isolated from patients in our hospital.

The results, obtained from the MIKROLAT-
EST MIC Colistin (Erba Group - ErbaLachema, 
Czech Republic) in our study (EA 90.5%, CA 98.5%, 
MD - 3 (1.8%), VMD - 0), showed a good correla-
tion with the reference BMD and met the criteria 
of ISO 20776-2 for accuracy of the AST devices 
(EA and CA ≥ 90% and MD and VMD ≤ 3%) (ISO 
20776-2). These results are comparable to those ob-
tained with other commercial kits for colistin BMD 
in several studies (Matuschek et al., 2017; Chew et 
al., 2017; Richter et al., 2018; Jayol et al., 2018b; 
Caretto et al., 2018). Recently, another commer-
cial BMD product of Erba group was evaluated in 
a study upon 294 isolates (195 K. pneumoniae, 67 
E. coli, 23 Enterobacter, and 9 Citrobacter isolates) 
(Sarumathi et al., 2020). Categorical agreement of 
the MIKROLATEST MIC Erba Manheim kit with 

Table 3. Isolates with discrepant results obtained by different methods for detection of colistin resistance

Isolate 
ID

Ref 
MIC

µg/mL

MIC MLTCol
µg/mL

Result 
from the 
PD Col

MICs of 
subpopulations, 

from the inh. 
zones, µg/mL

RPNP SA Col
Observed 
growth

MICs of 
subpopulations 
from SA Col,

µg/mL
12K 1 1 hR 32 N P (13 CFU) 32
15K 0.5 0.5 S NA N P (15 CFU) 32
19K 1 2 hR 128 N P (1 CFU) 128
20K 0.5 1 hR 8 N P (3 CFU) 8
25K 0.5 1 hR 128 N P (30 CFU) 128
30K 0.5 1 S NA N P (3 CFU) 32
53K 1 0.5 S NA N P (3 CFU) 16
74K 0.5 1 hR 32 N P (1 CFU) 64
86K 0.25 0.5 hR 8 N P (5 CFU) 4
97K 0.25 1 S NA N P (1 CFU) 128
101K 0.25 2 hR 64 N P (20 CFU) 64
110K 1 4 hR 8 N P (3 CFU) msw

MIC - minimum inhibitory concentration; Ref MIC - MIC, obtained from the referent BMD; MLTCol - MIKROLATEST MIC 
Colistin (ErbaLachema); PDCol - colistin pre-diffusion method kit (ROSCO Diagnostica A/S); RPNP - Rapid Polymyxin NP 
test; SPM  - the Superpolymyxin medium, used as screen agar, hR - heteroresistant type of result =big zone of inhibition with 
different number of colonies in it; N - negative; P - positive; CFU - colony-forming units; MSW - multiple skip well; NA=not 
applicable
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the reference BMD was found in 91.1%, very major 
errors (VME) in 2.7%, but the EA was 83.3% and 
the major errors (ME) were 6.1% (Sarumathi et al., 
2020).

The RPNP is a rapid test for the detection of 
resistance to colistin/polymyxin B among Entero-
bacterales isolates and can be performed directly 
with blood cultures (Jayol et al., 2016). This is very 
important for routine diagnostic work since the lab-
oratories are expected to give quick and reliable 
results. In our study, we didn’t observe false-posi-
tive results (100% specificity) and the isolates with 
high colistin MICs exhibited positive results within 
two hours. High specificity was found also in other 
studies (Simar et al., 2017; Poirel et al., 2018). The 
percentage of sensitivity varied among the studies 
- from 99.3% to 100% (Nordmann et al., 2016b; 
Poirel et al., 2018) to 25% (Simar et al., 2017). 
These differences may be due to the different num-
ber of heteroresistant isolates tested in these stud-
ies. The detection of heteroresistance is problemat-
ic and as pointed out by Nordmann et al. (2016b) 
one of the limitations of their study is that they did 
not assess the ability of RPNP test to detect heter-
oresistant isolates with low MICs for polymyxins 
(Nordmann et al., 2016b). Interestingly, four iso-
lates in our study became positive after 4 hours of 
incubation. It is worth to further investigating the 
extension of incubation in order to increase the de-
tection of colistin-resistant/heteroresistant isolates.

The kit for detection of colistin resistance in 
Enterobacterales, P. aeruginosa, and Acinetobac-
ter spp. with the pre-diffusion method (ROSCO 
Diagnostica A/S, Denmark), has been evaluated 
only in a few studies apart from those of the man-
ufacturer. The initial pre-diffusion allows a homo-
geneous diffusion of the high-molecular antibiotics 
in the culture medium, making it possible to dis-
criminate isolates with reduced susceptibility to the 
agents (Silveira et al., 2014). Boyen et al. (2010), 
testing 157 isolates of E. coli, isolated from pigs, 
found a good (96.8%) correlation with CA between 
agar dilution and the pre-diffusion method. Howev-
er, another study didn’t find a correlation between 
the pre-diffusion test and the MICs, determined by 
BMD among 75 isolates of A. baumannii (Herrera 
et al., 2011). In our study, the pre-diffusion meth-
od showed CA of 95.5% with the reference BMD. 
Discrepancies were observed in one isolate of P. 
aeruginosa with 8 µg/mL MIC, which was falsely 
identified as susceptible, and in eight of the heter-
oresistant K. pneumoniae isolates. The higher MICs 
to the isolates, isolated from the zones of inhibition 

confirmed the heteroresistance. Our results showed 
that the PDCol may better detect some of the het-
eroresistant isolates. These isolates were identified 
as susceptible by both the BMD method and RPNP. 
А disadvantage in the test protocol is the need for 
a long pre-diffusion (about 20h), which delays the 
obtaining of the final results (Boyen et al., 2010).

The Superpolymyxin medium was devel-
oped for screening polymixin-resistant Gram-neg-
ative bacteria in stool samples (Nordmann et al., 
2016a). Its sensitivity and specificity were 100% 
(Nordmann et al., 2016a). Recently, Pasteran et al. 
(2020) validated the Colistin agar spot (Col-AS) 
test of 3 μg/mL colistin (final concentration), add-
ed to a Mueller-Hinton agar plate and subsequently 
swabbed with 0.5 McFarland standard suspension 
of the tested isolate within 1 cm2 spot. Compared 
to BMD, COL-AS yielded a CA of 95.5%, with no 
very major errors and major errors of 3.8% (Pas-
teran et al., 2021). They were mainly due to E. coli 
mcr-1 producers and Acinetobacter spp. (Pasteran 
et al., 2021). In our study, when the Superpoly-
myxin medium was used as a screening agar, we 
detected 12 heteroresistant K. pneumoniae isolates 
identified as susceptible by both the BMD method 
and RPNP. Four of these isolates were not detected 
by the PDCol. To the best of our knowledge, this is 
the first report for colistin heteroresistant isolates in 
Bulgaria. Although heteroresistance to polymyxins 
has been also reported in A. baumannii (Li et al., 
2006; Moffat et al., 2010; Barin et al., 2013) and 
Enterobacter spp. (Landman et al., 2013), we did 
not detect heteroresistant subpopulations among 
the isolates of these species, probably due to the 
small number of isolates tested.

Similar to our study, colistin heteroresistance 
may not be detected in some cases, when using 
only the recommended BMD (Meletis et al., 2011; 
Landman et al., 2013; Jayol et al., 2015; Band et 
al., 2018; Elias et al., 2021). In the present study, 
RPNP was also negative for some of the heterore-
sistant isolates, mostly for those with low colis-
tin MICs. Other authors also stressed the possible 
problems in the detection of similar isolates with 
the RPNP (Nordamann et al., 2016b; Jayol et al., 
2016). In order to improve the detection of colistin 
heteroresistant isolates in routine diagnostic work, 
it may be useful to use a combination of methods 
such as Suprepolymyxin medium as an addition to 
the BMD.

The clinical significance of heteroresistance 
is still unclear but it might play a role in the devel-
opment of resistance (Meletis et al., 2011; El-Hal-
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fawy and Valvano, 2015). When undetected, it 
may lead to treatment failure as demonstrated in 
a murine model of infection (Band et al., 2018). 
Unfortunately, there are no harmonized worldwide 
recommendations for heteroresistance detection 
(El-Halfawy and Valvano, 2015). The current and 
most widely used method, the population analysis 
profile, is time- and labor-consuming and is difficult 
to be implemented in diagnostic laboratories (Band 
et al., 2018). Our observations emphasize the ur-
gent need for a precise, reliable, and user-friendly 
method (or combination of methods) for detection 
not only of colistin resistance but also of heterore-
sistance in routine diagnostic work.
Conclusion

The determination of susceptibility to colistin 
is problematic and the recommended BMD meth-
od may miss some colistin heteroresistant isolates. 
According to the results of the present study, agar-
based methods such as the Surerpolymyxin medi-
um and pre-diffusion test can increase the detection 
of heteroresistant isolates when they are used in 
conjunction with the BMD method. Further stud-
ies are needed to evaluate the additional methods, 
which can be used in combination with the BMD 
to improve the detection of colistin heteroresistant 
isolates.
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