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A B S T R A C T

Delays in appropriate antimicrobial treatment contribute to increased mortality of septic patients. We
aimed to develop a methodology for detection of carbapenem resistance in Gram-negative bacteria di-
rectly from positive blood cultures (BCs). Initially, meropenem-resistant Enterobacteriaceae (n = 13) and
Pseudomonas aeruginosa (n = 32) isolates as well as the same numbers of meropenem-susceptible iso-
lates were used to establish the detection of carbapenem resistance from agar cultures. Growth-based
phenotypic detection of meropenem resistance was performed by a laser scattering (LS) method using
a BacterioScan™216R instrument. A subset of the strain collection consisting of meropenem-susceptible
and -resistant isolates (each comprising seven P. aeruginosa and three Klebsiella pneumoniae) was used
for determination of carbapenem resistance directly from positive BCs. Lysis/centrifugation and filtration/
dilution methods were investigated for processing of positive BCs. Four different statistical approaches
to discriminate between susceptible and resistant bacteria in real-time were applied and were com-
pared regarding their sensitivity and specificity. After 3 h and 4 h of incubation, respectively, detection
of carbapenem resistance in Enterobacteriaceae (sensitivity, 100%; specificity, 100%) and P. aeruginosa (sen-
sitivity, 100%; specificity, ≥90%) agar cultures was attainable. Detection of carbapenem resistance directly
from positive BCs was achievable with 100% sensitivity and 100% specificity after 4 h and 5 h, respec-
tively, applying lysis/centrifugation and filtration/dilution methods. In conclusion, LS technology combined
with lysis/centrifugation and appropriate statistical real-time analyses represents a promising option for
rapid detection of carbapenem resistance in Gram-negative rods directly from positive BCs.

© 2017 Elsevier B.V. and International Society of Chemotherapy. All rights reserved.

1. Introduction

Sepsis is a life-threatening condition, the prevalence of which
is currently increasing [1]. Timely administration of appropriate an-
timicrobial treatment is essential for survival of sepsis patients [2].
In particular, the alarming increase of carbapenem resistance in
Gram-negative bacteria in many countries [3,4] necessitates early
knowledge regarding the susceptibility of the pathogen to enable
early initiation of adequate antimicrobial therapy. Several studies
of bacteraemia caused by carbapenem-resistant Enterobacteriaceae

and Pseudomonas aeruginosa have documented that inadequate em-
pirical antimicrobial therapy is associated with increased mortality
[5–7]. A very recent study has identified that 30-day-mortality in
patients with bacteraemia caused by carbapenem-resistant Entero-
bacteriaceae was as high as 49% [8]. In the same study, the median
time from bacteraemia onset until active antimicrobial therapy was
47 h [8]. Such delays in appropriate treatment highlight the need
for rapid diagnostics, as rapid detection of carbapenem resistance
is critical for early initiation of appropriate antimicrobial treatment.

The classical approach for determination of carbapenem resis-
tance from positive blood cultures (BCs) includes overnight
subcultivation of isolates on agar followed by overnight antimicro-
bial susceptibility testing. Hence, this approach takes ca. 2 days from
the positivity of a BC bottle, or ca. 3 days from blood sampling [9].
Molecular systems have recently been developed that detect some
carbapenemase genes directly from positive BCs within 1–2 h [10,11].
Whilst the PCR approach may be useful for bacteria with im-
paired growth, the clinical benefit of this information is unfortunately
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limited because only selected resistance targets are included.
Furthermore, in the absence of a resistance gene, other resistance
mechanisms can still lead to failure of carbapenem treatment [12,13].
Particularly in P. aeruginosa it is hardly possible to predict suscep-
tibility of an isolate to carbapenems by molecular tests because
carbapenem resistance is commonly caused by other mechanisms
than carbapenemase production [14,15]. Therefore, there is an urgent
need for the development of novel rapid tests for phenotypic de-
tection of carbapenem resistance. Direct resistance detection from
relevant clinical samples without a subcultivation step is of par-
ticular importance.

In a previous study, we developed the testing procedure and four
different statistical approaches for rapid phenotypic detection of im-
portant resistance phenotypes in Gram-positive bacteria by laser
scattering (LS) technology [16]. In the present proof-of-principle
study, we focused on the development of a procedure for resis-
tance detection directly from positive BCs. The aim of this study was
to determine the optimal preparation procedure for positive BCs and
to investigate the accuracy and rapidity of the LS method for
carbapenem resistance detection directly from positive BCs in En-
terobacteriaceae and P. aeruginosa.

2. Materials and methods

2.1. Bacterial strains

Enterobacterial and P. aeruginosa isolates collected within routine
diagnostics at the Institute of Medical Microbiology, University Hos-
pital Münster (Münster, Germany) were used for this study.
Consecutive meropenem-susceptible and meropenem-resistant iso-
lates were chosen based on the results of routine antimicrobial
susceptibility testing using a VITEK®2 instrument (bioMérieux,
Marcy-l’Étoile, France). Only one isolate per patient was included.
In the framework of the study, meropenem susceptibility was con-
firmed by determination of minimum inhibitory concentrations
(MICs) as described below. A total of 45 isolates of meropenem-
resistant Gram-negative rods were included in the study, consisting
of 13 Enterobacteriaceae (7 Klebsiella pneumoniae, 5 Enterobacter
cloacae and 1 Serratia marcescens) and 32 P. aeruginosa isolates.
Exactly the same numbers of meropenem-susceptible isolates for
each species were included as a control group. Identification of iso-
lates was confirmed by matrix-assisted laser desorption/ionisation
time-of-flight mass spectrometry (MALDI-TOF/MS). Meropenem-
resistant Enterobacteriaceae isolates were tested for carbapenemase
genes by isothermal amplification using a commercial assay
(eazyplex® SuperBug; Amplex BioSystems GmbH, Giessen, Germany).
Pseudomonas aeruginosa isolates were not investigated for the pres-
ence of carbapenemase genes because carbapenem resistance in this
species is known to be commonly caused by other mechanisms
[14,15].

A subset of this strain collection was used for the determina-
tion of carbapenem resistance directly from positive BCs. This subset
consisted of 10 meropenem-susceptible and 10 meropenem-
resistant isolates, each comprising 7 P. aeruginosa and 3 K.
pneumoniae isolates.

2.2. Reference antimicrobial susceptibility testing

MICs of meropenem were determined by the broth microdilution
method using cation-adjusted Mueller–Hinton broth (CA-MHB) (BD
Diagnostics, Heidelberg, Germany) in accordance with Clinical and
Laboratory Standards Institute (CLSI) [17] and International Orga-
nization for Standardization (ISO) [18] guidelines. Briefly, the final
inoculum size was ca. 5 × 105 CFU/mL, confirmed by vital cell count-
ing of serial dilutions. The range of meropenem concentrations tested
was 0.008–256 mg/L in double dilution steps. Meropenem powder

was purchased from TCI Deutschland GmbH (Eschborn, Germany).
The results were read after 18 ± 2 h of incubation at 35 ± 1 °C. All
tests were performed in triplicate and the median MIC was taken
for analysis. MIC50, MIC90 and MIC ranges were calculated for the
groups of organisms. Reference strains Escherichia coli ATCC 25922
and P. aeruginosa ATCC 27853 were used as quality control strains.

2.3. Rapid determination of carbapenem resistance from cultures
grown on agar

Growth-based detection of meropenem resistance was per-
formed by the LS method using a BacterioScan™216R device
(BacterioScan Inc., St Louis, MO) for real-time monitoring of mi-
crobial growth. BacterioScan quantifies microbial concentrations in
liquid samples by applying proprietary mathematical algorithms to
optical measurements. The instrument allows simultaneous mea-
surements of 16 samples containing 2 mL of fluid. The duration and
temperature of incubation are adjustable [16].

A total of 45 meropenem-resistant and the same number of
meropenem-susceptible clinical isolates of Gram-negative rods were
used as described above. A volume of 1 mL of meropenem solu-
tion in CA-MHB was added to 1 mL of bacterial suspension in CA-
MHB to produce a final inoculum of 5 × 105 CFU/mL and a final
meropenem concentration of 2 mg/L in a 2 mL sample. This break-
point divides susceptible (≤2 mg/L) and intermediate (4–8 mg/L) or
resistant (≥16 mg/L) isolates according to the European Commit-
tee on Antimicrobial Susceptibility Testing (EUCAST) [19].
Intermediate and resistant categories were combined and were des-
ignated as resistant for the aim of this study. Growth control samples
consisted of 2 mL of bacterial suspension in CA-MHB with a final
inoculum of 5 × 105 CFU/mL without meropenem. All samples were
incubated in the BacterioScan instrument for 6 h at 35 °C as de-
scribed previously [16]. Each sample was automatically measured
approximately every 3 min.

2.4. Rapid determination of carbapenem resistance directly from
positive blood cultures

Ten meropenem-susceptible and ten meropenem-resistant iso-
lates, each comprising seven P. aeruginosa and three K. pneumoniae,
were mixed with 10 mL of human whole blood at a final concen-
tration of ca. 10 CFU/mL. The real bacterial concentration in spiked
blood samples was controlled by vital cell counting after plating and
incubation of serial dilutions of inoculum onto tryptic soy agar (TSA).
Inoculated blood was introduced into BD BACTEC™ Plus Aerobic/F
bottles (BD Diagnostics) and was incubated in a BD BACTEC™ 9240
automated BC system (BD Diagnostics) until positivity signal. Pos-
itive BC broth was further processed to prepare samples for
measurement by the LS method. Two different processing methods
of positive BC bottles were investigated and compared, namely lysis/
centrifugation and filtration/dilution methods. Similar to resistance
detection from cultures grown on agar, the inoculum was mixed with
meropenem solution to produce final concentrations of 2 mg/L
meropenem and ca. 5 × 105 CFU/mL. Measurement was performed
for 20 h at 35 °C.

2.4.1. Lysis/centrifugation method
For the lysis/centrifugation method, 1 mL of positive BC broth

was mixed with 200 μL of lysis buffer (Sepsityper™ Kit; Bruker,
Bremen, Germany), followed by centrifugation. After the superna-
tant was discarded, 1 mL of washing buffer was added and was again
centrifuged as described elsewhere [20]. The pellet was dissolved
in CA-MHB, was standardised to a 0.5 McFarland turbidity using a
nephelometer (Densimat; bioMérieux) and was diluted 1:100 in CA-
MHB. Then, 1 mL of this suspension was mixed with 1 mL of
meropenem solution to produce samples with a final inoculum of
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ca. 5 × 105 CFU/mL and a final meropenem concentration of 2 mg/L.
The real microbial concentration of 0.5 McFarland suspensions pro-
duced from the pellet was controlled by plating of serial dilutions
on TSA and calculation of CFU following overnight incubation. The
samples, as well as the growth control samples containing the same
bacterial concentration without antibiotic, were measured in
BacterioScan cuvettes approximately every 3 min for 20 h at 35 °C.

2.4.2. Filtration/dilution method
In a preliminary experiment, the effect of filtration of a posi-

tive BC broth on bacterial concentration was investigated. Four K.
pneumoniae and three P. aeruginosa strains were used. This prelim-
inary experiment was performed using defibrinated sheep blood.
Briefly, 10 mL of blood samples spiked with bacteria at a final con-
centration of 10 CFU/mL were inoculated into BACTEC™ Plus
Aerobic/F bottles and were incubated in the BACTEC™ 9240 auto-
mated BC system. Within 5 min after positivity signal, 1 mL of
positive BC broth was removed with a syringe and was filtered
through a 5 μm syringe filter (Sartorius, Göttingen, Germany). Vital
cell count was performed in unfiltered and filtered samples by
plating and incubation of serial dilutions on TSA plates to deter-
mine the microbial concentration in positive BC broth and the
recovery rate of bacteria after filtration.

Another preliminary experiment investigated the effect of fil-
trate dilution on the quality of LS measurements. Briefly, 10 mL of
sterile human blood was introduced into a BACTEC™ Plus Aerobic/F
bottle, followed by manual shaking of the bottle. Then, 2 mL of broth
was drawn into a syringe, followed by filtration through a 5 μm
syringe filter (Sartorius). The filtrate was diluted with CA-MHB at
1:1, 1:10, 1:20, 1:100, 1:200 and 1:1000. Then, 2 mL samples of each
dilution, as well as a control CA-MHB sample without blood, were
filled into BacterioScan cuvettes and were measured for 10 h at 35 °C.

In the main experiment, two 2 mL samples were drawn with a
syringe from each positive BC bottle. One sample was filtered through
a 5 μm syringe filter (Sartorius), whilst the other sample was left
unfiltered. Similar to the preliminary experiments, vital cell count
was performed in unfiltered and filtered samples by plating and in-
cubation of serial dilutions on TSA plates to determine the microbial
concentration in positive BC broth and the recovery rate of bacte-
ria after filtration. Based on results from the preliminary experiment,
ca. 1–5 × 108 CFU/mL was expected in the filtrate of a positive BC
broth. Hence, the filtrate samples were diluted 1:100 with CA-
MHB prior to inoculation of cuvettes.

2.5. Statistical analysis

Testing from cultures grown on agar as well as testing directly
from positive BCs was accomplished by determining a series of cut-
offs (i.e. one cut-off for each minute of measurement) to discriminate
between susceptible and resistant bacteria. Cut-off determination
was done by receiver operator curve (ROC) analysis. As previously
suggested [16], four different statistical approaches (a–d) were
applied to obtain the data for the ROC analyses. In approach (a), only

concentrations from samples with antibiotics were used for ROC
analyses. In approach (b), ROC analyses were done using the ratio
of concentrations with and without antibiotics. Approach (c) was
similar to (a), but here the concentrations were replaced by slopes
of bacterial growth. These slopes were estimated by real-time re-
gression [21] and could therefore also be derived during LS. In
approach (d), the ratio of slopes was used.

The accuracy of these approaches to discriminate between re-
sistance and susceptibility was assessed by sensitivity (the probability
to correctly determine resistance) and specificity (the probability
to correctly determine susceptibility) with respective 95% confi-
dence intervals (CIs) at each minute of measurement. Data from
broth microdilution were used as the reference method for deter-
mining sensitivities and specificities. In addition, the categorical
agreement (CA) of each approach was calculated as recommended
by ISO 20776-2 guideline [22] as well as the incubation time needed
to achieve a CA of ≥90%. Since determination of cut-offs and esti-
mation of sensitivity and specificity were performed using the same
data, probably leading to biased estimates, leave-one-out cross-
validation was also used to estimate sensitivities and specificities
(with 95% CIs). All analyses were carried out using R 3.3.2. [23].

3. Results

MIC50, MIC90 and MIC ranges of meropenem-resistant and
meropenem-susceptible Enterobacteriaceae and P. aeruginosa iso-
lates used in this study, as determined by the broth microdilution
reference method, are shown in Table 1. Among meropenem-
resistant Enterobacteriaceae isolates, seven were OXA-48-positive
(all K. pneumoniae) and in six isolates (five E. cloacae and one S.
marcescens) no carbapenemase genes were detected.

Whilst the growth characteristics of three species within the En-
terobacteriaceae group (K. pneumoniae, E. cloacae and S. marcescens)
were quite homogeneous, growth rates were obviously different
between Enterobacteriaceae and P. aeruginosa. Therefore, these two
groups of bacteria were evaluated separately for testing from grown
colonies. However, for testing directly from positive BCs, all species
were analysed in a pooled evaluation owing to the limited number
of isolates in this subset.

3.1. Detection of carbapenem resistance from agar cultures

The accuracy of the LS method for detection of carbapenem re-
sistance in Enterobacteriaceae from agar cultures was best in
combination with statistical approach (b) (Fig. 1). CA ≥ 90% (rec-
ommended accuracy acceptance limit [22]) was achieved after
99 min with this approach and the estimated sensitivity and speci-
ficity were both 100% (95% CI 75–100%) after 180 min. However, it
should be noted that approach (b) was only slightly better than ap-
proach (d), as can be seen in Supplementary Table S1, which lists
the sensitivity and specificity estimates of all four statistical
approaches.

Table 1
Meropenem MIC50, MIC90 and MIC range of meropenem-resistant and meropenem-susceptible Enterobacteriaceae and Pseudomonas aeruginosa isolates used in the study as
determined by broth microdilution reference method.

MIC (mg/L) Isolates for testing from cultures grown on agar Isolates for testing directly from
positive blood cultures

Enterobacteriaceae P. aeruginosa

Resistant (n = 13) Susceptible (n = 13) Resistant (n = 32) Susceptible (n = 32) Resistant (n = 9) Susceptible (n = 10)

MIC50 8 0.016 16 0.25 16 0.25
MIC90 16 0.12 64 1 16 0.5
Range 8–16 0.016–0.12 4–64 0.03–2 8–64 0.016–1

MIC, minimum inhibitory concentration; MIC50/90, MIC required to inhibit 50% and 90% of the isolates, respectively.
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For P. aeruginosa cultures grown on agar, statistical approach (b)
was best again (Fig. 1). After 207 min the CA was ≥90% and after
240 min the estimated sensitivity was 100% (95% CI 89–100%) and
the estimated specificity was ≥90% (95% CI ≥75% to ≥98%). However,
the sensitivity and specificity estimates of approach (b) were very
similar to that of approach (d) after 240 min (Supplementary
Table S2).

3.2. Detection of carbapenem resistance directly from positive blood
cultures

One resistant P. aeruginosa isolate was excluded from the ex-
periments on resistance detection directly from positive BCs because
it signalled positive only after 55.6 h of incubation in BACTEC.

3.2.1. Lysis/centrifugation method
The mean real concentration of bacteria in spiked blood samples

prior to incubation in BACTEC was 17.5 CFU/mL (range 9–27 CFU/
mL), as confirmed by the vital counts in this series of experiments.
The real final bacterial concentration in the test, resulting from a
0.5 McFarland suspension produced from the pellet after treat-
ment by lysis/centrifugation method, was 2.3 × 106 CFU/mL on
average (range 1.3 × 106–3.7 × 106 CFU/mL).

Detection of carbapenem resistance directly from positive BCs
using the lysis/centrifugation procedure worked best in combina-
tion with statistical approach (d) (Fig. 1). CA ≥ 90% was achieved after
147 min and the sensitivity and specificity were estimated to be 100%
(95% CI ≥66–100%) after 240 min. However, the accuracy of ap-
proach (d) was very similar to that of approach (c) (Supplementary
Table S3) and was only slightly better than that of approaches (a)
and (b).

3.2.2. Filtration/dilution method
Whilst the bacterial concentration in positive BC broth amounted

on average to 1.54 × 108 CFU/mL in the preliminary experiment, the
concentration of bacteria after filtration through a 5 μm filter was
1.56 × 108 CFU/mL. Thus, no cell loss due to filtration was shown.

It was demonstrated in another preliminary experiment that
blood components have a detrimental effect on the quality of LS mea-
surements. Sterile samples containing blood showed falsely high
values of bacterial concentrations (Supplementary Fig. S1). This neg-
ative effect of interference with optical measurements gradually
decreased with serial dilution of blood samples. However, even after
1:200 and 1:1000 dilutions the calculated concentration values were
still higher than for CA-MHB control without blood (Supplementary
Fig. S1). The falsely elevated cell concentrations decreased over time
of incubation owing to sedimentation of blood components. There-
fore, the differentiation between resistant and susceptible isolates
would still be possible.

In the main experiments with the filtration/dilution method, the
average concentration of bacteria in inoculated blood samples was
8.8 CFU/mL (range 3.7–11.7 CFU/mL). The mean incubation time in
the BACTEC automated BC system until positive signal amounted
to 10.3 h and 14.9 h for K. pneumoniae and P. aeruginosa isolates,
respectively. The mean time between positivity signal and process-
ing of positive BC broth was 1.8 h.

The average concentration of K. pneumoniae cells in positive BC
broth before and after filtration through a 5 μm filter was
3.6 × 108 CFU/mL and 3.7 × 108 CFU/mL, respectively. For P. aeruginosa,
the concentrations amounted to 2.1 × 108 CFU/mL and 1.7 × 108 CFU/
mL before and after filtration, respectively. Thus, there was no
considerable cell loss due to filtration.

Because of the unfavourable optical effect of remaining blood
components, a reliable distinction between resistant and suscep-
tible isolates was possible at a later time point with the filtration/
dilution method compared with the lysis/centrifugation method. The
statistical approach (c) delivered the best results here (Fig. 1), with
estimated sensitivity and specificity of 100% (95% CI ≥66–100%) after
300 min (see Supplementary Table S4), and with a CA of ≥90% after
224 min.

It is important to note that all sensitivity and specificity values
from Supplementary Tables S1–S4 were estimated by four differ-
ent approaches using the training data set, i.e. the data set that was
also used to develop the statistical decision rules. Hence, these

Fig. 1. Estimated sensitivities and specificities to discriminate between resistant and susceptible bacteria (per hours of measurement). Each diagram shows the results of
the respective best working statistical discrimination approach; the estimated sensitivities and specificities of all approaches (a–d) are given in Supplementary Tables S1–S4.
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sensitivity and specificity estimates cannot be considered to be un-
biased. However, the sensitivity and specificity estimates obtained
by leave-one-out cross-validation (Supplementary Tables S5–S8)
were very similar to those presented in Supplementary Tables S1–S4,
therefore indicating their reliability.

4. Discussion

This study focused on methodology development for rapid de-
tection of carbapenem resistance in Enterobacteriaceae and
P. aeruginosa from positive BCs. Rapid diagnostics in this field are
urgently required to better address the high mortality of sepsis
patients aggravated by increasing multidrug resistance observed
in Gram-negative bacteria. Preparation of blood-containing samples
for antimicrobial susceptibility testing is challenging because of
the need for inoculum standardisation and the risk of measure-
ment disturbances, the latter particular hampering optical
methods.

Blood components remaining after the filtration/dilution pro-
cedure caused disturbance of optical measurements, which
considerably hindered evaluation. Further dilution may eliminate
the problem but provides inoculum counts that are lower than rec-
ommended for standard susceptibility testing. We therefore decided
to use a 1:100 dilution of positive BC broth (actual 1:200 dilution
of the positive broth after addition of antibiotic solution) and re-
jected further dilution because of the risk of an unfavourable effect
on antimicrobial susceptibility testing owing to low inoculum. Di-
lution is simple and it is generally possible to use this method despite
the disturbance effect on optical management. Whilst the concen-
tration curves of susceptible isolates with antibiotics or sterile
controls are descending in the course of time owing to sedimen-
tation of blood components, curves for samples containing resistant
bacteria or growth controls rise. At some time point, the growth of
uninhibited bacteria overgrowths the descending measurement noise
and the actual growth becomes detectable. Hence, the easy proce-
dure of filtration/dilution is still able to provide good estimation of
susceptibility or resistance (Supplementary Fig. S1). However, it
would extend the time to results because the growth of resistant
bacteria first needs to overcome the background measurement noise
in order to be detected.

Processing of positive BCs with lysis/centrifugation prior to testing
by the LS method resulted in clean samples, as was previously shown
in a study investigating antimicrobial susceptibly testing of yeasts
directly from positive BCs [20]. Colony counting of the standard-
ised 0.5 McFarland suspensions produced by lysis/centrifugation
revealed that microbial concentrations after the lysis/centrifugation
procedure were high enough to enable preparation of a standard-
ised 0.5 McFarland suspension and that bacteria remained viable
during the selective lysis of blood cells, which is a requirement for
antimicrobial susceptibly testing. An additional advantage of the lysis/
centrifugation method is that the time from positivity of a BC bottle
until BC processing as well as the variations of microbial concen-
tration in positive BC bottles at the time point of processing do not
relevantly affect the final inoculum size. This is due to the fact that
the inoculum for antimicrobial susceptibly testing is adjusted by
preparation of a standardised 0.5 McFarland suspension and sub-
sequent dilution. Thus, lysis/centrifugation represents, in our opinion,
a preferable processing method for positive BCs even though it is
more time consuming. The benefit of the filtration/dilution method
is its easiness, but the reliable results of testing are available some-
what later. Interestingly, filtration of positive BCs did not have the
desired effect itself, since the optical measurements were still dis-
turbed after filtration. It was dilution that gradually improved the
measurement quality at higher titres.

The accuracy of differentiation between susceptible and resis-
tant isolates directly from positive BCs and the time needed for

such differentiation were comparable with the testing from grown
agar cultures. However, such a direct comparison is limited by the
fact that Enterobacteriaceae and P. aeruginosa isolates tested direct-
ly from positive BCs were analysed as one group. We expect the
results for BC experiments with Enterobacteriaceae to be
better if this group is evaluated separately. This is due to more
rapid growth of Enterobacteriaceae compared with non-fermenters
such as P. aeruginosa. Owing to the particularly early response of
susceptible K. pneumoniae isolates to meropenem, visual differen-
tiation between resistant and susceptible isolates was possible
already after ca. 1.5 h for this species (data not shown). However,
more isolates are needed to prove this assumption. It is notewor-
thy that not only resistant but also even intermediate isolates
(MIC 4–8 mg/L) were correctly detected as non-susceptible
during testing both grown cultures and positive BCs by the
LS method.

Rapid discrimination between resistance and susceptibility was
feasible by combining microbiological with statistical methods. Four
statistical approaches were applied and the results of the best
working method are presented in Fig. 1. However, the differences
between the four approaches were rather small and even the worst
working approaches still provided remarkably high sensitivities and
specificities (Supplementary Tables S1–S8). Since cross-validation
yielded similar sensitivities and specificities, we expect that our ap-
proaches would deliver as accurate and fast results for future
samples. Moreover, we assume that refining the statistical ap-
proaches can further improve the accuracy and rapidity of the
methodology.

The potential advantage of the presented technology for clini-
cal diagnostics includes the availability of cuvettes that can be
individually filled with an antibiotic of interest to accomplish on-
demand runs. Together with the compact and closed design of the
instrument, the technology is well suited for single tests that
ideally could take place as point-of-care diagnostics. Pre-filling of
antimicrobials by the manufacturer, e.g. in lyophilised form, would
contribute to the simplicity and convenience of application. Several
antibiotics concentrations, e.g. for determination of MICs or for
differentiation between intermediate and resistant categories, as
well as several different antibiotics can be tested simultaneously.
However, one limitation of the system in its current form is that
only 16 samples can be simultaneously tested, which precludes
the automated testing of multiple isolates to a large number of
antibiotics.

In conclusion, the LS method combined with lysis/centrifugation
is promising for rapid determination of carbapenem resistance in
Gram-negative rods directly from positive BCs. The time to result
is particularly short for Enterobacteriaceae. The performance of this
method warrants further investigation applying a wider geograph-
ic, genotypic and phenotypic diversity of isolates.
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