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The identification of pathogens directly from blood cultures by matrix-assisted laser desorption ionization—time of flight mass
spectrometry (MALDI-TOF MS) can be a valuable tool for improving the treatment of patients with sepsis and bacteremia. How-
ever, the increasing incidence of multidrug-resistant Gram-negative bacteria makes it difficult to predict resistance patterns
based only on pathogen identification. Most therapy regimens for sepsis caused by Gram-negative rods consist of at least one
[3-lactam antibiotic. Thus, it would be of great benefit to have an early marker of resistance against these drugs. In the current
study, we tested 100 consecutive blood cultures containing Enterobacteriaceae for resistance against 3rd-generation cephalospo-
rins in a MALDI-TOF MS B-lactamase assay. Escherichia coli was also tested for resistance against aminopenicillins. The results
of the 3-lactamase assay were compared with those of conventional methods. The assay permitted discrimination between E.
coli strains that were resistant or susceptible to aminopenicillins with a sensitivity and a specificity of 100%. The same was true
for resistance to 3rd-generation cephalosporins in Enterobacteriaceae that constitutively produced class C 3-lactamases. Dis-
crimination was more difficult in species expressing class A B-lactamases, as these enzymes can generate false-positive results.
Thus, the sensitivity and specificity for this group were 100% and 91.5%, respectively. The test permitted the prediction of resis-

tance within 2.5 h after the blood culture was flagged as positive.

epsis, severe sepsis, and septic shock are among the most com-

mon conditions resulting in admission to intensive care units,
and mortality rates of up to 54% for septic shock have been de-
scribed (1). To improve the outcomes of these patients, early ini-
tiation of appropriate antibiotic therapy is the single most impor-
tant parameter (2—4). Empirical treatment must be administered
at the time sepsis is recognized and should be adjusted if necessary
based on the antibiogram upon its availability (5-8). B-Lactam
antibiotics are among the most potent compounds for the treat-
ment of sepsis, and the majority of therapy regimens consist either
of a B-lactam antibiotic alone or a 3-lactam antibiotic in combi-
nation with other antimicrobials. The application of matrix-as-
sisted laser desorption ionization—time of flight mass spectrome-
try (MALDI-TOF MS) technology for the identification of
microorganisms in clinical diagnostics has significantly improved
the time it takes to obtain results. This is especially true for the use
of MALDI-TOF MS in identifying pathogens in blood cultures
(BCs), a procedure that has been well evaluated (9-11). However,
with the emergence of multiresistant Gram-negative bacteria,
valid prediction of susceptibility based on the species alone is no
longer possible (12, 13). Thus, methods that allow early prediction
of antibiotic susceptibility are of great interest. Recently, it has
been shown that MALDI-TOF MS can be used to detect resistance
against B-lactam antibiotics (14-17). The mass spectrometric
B-lactamase assay is based on a short coincubation of the Gram-
negative bacterium with the antibiotic in question. If the bacte-
rium produces a B-lactamase that is effective against the drug,
hydrolysis of the B-lactam ring occurs. Hydrolyzed and nonhy-
drolyzed substances differ in their molecular weights, and these
differences can be detected by MALDI-TOF MS.

In the present study, we evaluated this technique in patients
with Gram-negative bacteremia. One hundred consecutive BCs
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containing Enterobacteriaceae were tested. Immediately after the
results of the Gram staining were available, bacterial pellets were
extracted from the blood culture flasks for identification and for
detection of resistance against aminopenicillins and 3rd-genera-
tion cephalosporins.

MATERIALS AND METHODS

Sample preparation. BD Bactec Plus Aerobic/F and Anaerobic flasks were
used to process all BCs. BCs were incubated in a Bactec FX blood culture
system (Becton, Dickinson, Heidelberg, Germany). Incubation started
within 6 h after blood was taken from the patient. Gram staining was
performed for all positive BCs. If Gram-negative rods were found,
MALDI-TOF MS identification was performed using the MALDI Sepsi-
typer kit (Bruker Daltonik, Bremen, Germany), according to the manu-
facturer’s instructions. In parallel, the same kit was used to isolate an
additional bacterial pellet for each B-lactamase assay. Briefly, 1 ml of BC
fluid was mixed with 200 .l of lysis buffer. After vortexing, the sample was
centrifuged at 14,000 rpm for 2 min, the supernatant was discarded, and
the pellet was washed with 1 ml of deionized water. The water was thor-
oughly removed, and the bacteria (pellets contained 107 to 10° CFU) were
resuspended in 10 wl of antibiotic solution (0.5 mg/ml cefotaxime [CTX])
(Serva Electrophoresis GmbH, Heidelberg, Germany) in water supple-
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Isolates susceptible to ampicillin in
conventional testing

[

FIG 1 Results of the ampicillin hydrolysis assay. The logRQ values for ampici

Isolates resistant to ampicillin in
conventional testing

E. coli ATCC 25922 ]
ampicillin only control =

llin are displayed in a box plot diagram. For comparison with conventional

susceptibility testing, boxes that represent E. coli strains with MIC values of >8 p.g/ml are colored in red. Boxes representing E. coli strains with MIC values of =8
prg/ml (susceptible breakpoint according to CLSI and EUCAST) are colored in green. Blood culture flask 92 contained one susceptible and one resistant E. coli

strain.

mented with 0.01% sodium dodecyl sulfate (SDS) (Sigma-Aldrich,
Taufkirchen, Germany) or 10 mg/ml ampicillin (Sigma-Aldrich) in water
without SDS (14, 15). The suspensions were incubated in an Eppendorf
Thermomixer comfort (Eppendorf, Hamburg, Germany) at 37°C with
agitation (950 rpm) for 90 min. After centrifugation at 14,000 rpm for 2
min, the cell-free supernatants were analyzed by MALDI-TOF MS.

For the B-lactamase assays from subcultures, strains were grown on
Columbia blood agar, MacConkey agar, and Mueller-Hinton agar (bio-
Meérieux, Niirtingen, Germany) for 24 h. The bacterial colonies were dis-
solved in water, and the suspension was adjusted to an optical density at
600 nm (ODg,) of 0.75. A pellet derived from 1 ml of this suspension was
resuspended in 10 pl of the antibiotic solution and processed as described
above. For the negative controls and the comparison of the different types
of media, BD Bactec Plus Aerobic blood culture flasks were inoculated
with 8 ml of fresh human blood spiked with 10* CFU of the respective
bacterium. The flasks were incubated as described above. The reference
strain, Escherichia coli ATCC 92112 (TEM and SHV negative), was used as
anegative control and was included in every run (18). For quality control
of the antibiotic solution and for detecting spontaneous hydrolysis, a con-
trol without bacteria (B-lactam only) was processed in the same manner
as the samples.

MALDI-TOF MS analysis. The samples were measured in quadrupli-
cate. One microliter of supernatant was applied to each spot. The dried
spots were overlaid with 1 wl of matrix (10 mg/ml a-cyano-4-hydroxy-
cinnamic acid [HCAA] in 50% acetonitrile-2.5% trifluoroacetic acid)
(Bruker Daltonik, Bremen, Germany). The dried spots were measured
using a microflex LT benchtop mass spectrometer (Bruker Daltonik). The
spectra were acquired in the linear positive mode at a laser frequency of 60
Hz. A method optimized for the low mass range was set up using the
following parameters: acquisition range, 100 to 1,000 Da with maximum
laser frequency; acceleration voltage, 18.98 kV; IS2 voltage, 17.09 kV; and
extraction delay time, 30 ns. For instrument calibration, an external stan-
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dard consisting of bradykinin 1-5 (M + H™, 573.31 Da) (Sigma-Aldrich,
Germany), bradykinin 1-7 (M + H¥, 757.40 Da) (Sigma-Aldrich), and 2
HCCA peaks (M + H*, 190.05 Da; and 2M + H*, 379.02 Da) was used.

Data analysis. For automated data analysis, an in-house program was
written in R, a freely available software tool (19). Automated peak picking
and calculation of the intensities of the hydrolyzed and nonhydrolyzed
peaks were performed using the MALDIquant package with the parame-
ters chosen as described before (14, 20). For calibration, the 2HCCA peak
at 379.02 Da was used. Peaks were automatically picked with a tolerance of
0.5 Da as follows: ampicillin nonhydrolyzed, 350.4, 372.4, and 394.4 Da;
ampicillin hydrolyzed, 368.4, 390.4, 412.4, and 324.4 Da; cefotaxime non-
hydrolyzed, 456.5, 478.5, 500, and 396 Da; and cefotaxime hydrolyzed,
370 and 414 Da (14). Peak intensities were further processed using the
formula logRQ = log(sum[hydrolyzed peak intensities])/(sum[nonhy-
drolyzed peak intensities]).

The results of the four measurements are displayed with a box plot
diagram with the median indicated by a bold line, the 25th and 75th
percentiles indicated by abox, and the minimum and maximum indicated
by whiskers (for a sample calculation, see Fig. S1 in the supplemental
material).

Strain characterization. For all isolates, a complete antibiogram was
created using the BD Phoenix automated system (Becton, Dickinson,
Heidelberg, Germany). For more detailed information on the MIC, Epsi-
lometer tests (Etests) were used. In brief, Mueller-Hinton agar plates (bio-
Mérieux, Niirtingen, Germany) were inoculated with 0.5 McFarland stan-
dard suspensions of the bacteria. Etest strips (Liofilchem, Roseto degli
Abruzzi, Italy) were placed within 15 min after inoculation. Plates were
incubated at 35°C and 5% CO, for 18 h. The MIC values were determined
at the intersection of the elliptical growth margin with the Etest strip and
interpreted according to CLSI regulations (21). For phenotypic extended-
spectrum {3-lactamase (ESBL) determination, double-disk synergy testing
with cefotaxime, ceftazidime, and cefpodoxime with or without clavu-
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lanate was performed. Genotypic characterization of isolates suspicious
for AmpC production was performed using Check-MDR CT 101 and
Check-MDR CT 102 microarray kits (Check-Points, Wageningen, Neth-
erlands) according to the manufacturer’s protocol. These tests detect the
following genes and mutations: CTX-M ESBLs (CTX-M-1, -2, -3, -8, -25,
-9, -15, and -32), TEM ESBLs (E104K, R164S, R164H, and G238S), SHV
ESBLs (SHV G238S, SHV G238A, SHV G238S, and SHV E240K), AmpCs
(CMY I/MOX, ACC, DHA, ACT/MIR, and CMY II), and carbapenemases
(KPC,NDM, VIM, IMP, and OXA-48). For genotypic characterization in
all E. coli strains, PCRs for the detection of SHV and TEM genes were
performed using the following primers: blaSHV-F, ATCGGCCCTCACT
CAAGG; blaSHV-R, TTAGCGTTGCCAGTGCTC; TEM-F, TCGGGGA
AATGTGCCG; and TEM-R, TGCTTAATCAGTGAGGCACC. The iso-
lates with an ESBL phenotype were also checked for CTX-M positivity by
PCR using the following primers: CTX-M-F, TTTGCGATGTGCAGTAC
CAGTAA; and CTX-M-R, CGATATCGTTGGTGGTGCCATA. Amplifi-
cation products were sequenced for further subgrouping.

RESULTS

Reproducibility of the B-lactamase assay performed on blood
cultures. To assess the reproducibility of the quantitative MALDI-
TOF MS measurement itself, each setup was measured in quadru-
plicate, and the results are displayed in box plot diagrams. Com-
parisons of the box plots from blood cultures and subcultured
bacteria showed similar spreads of the logRQ values in both sys-
tems (Fig. 1 to 4). For evaluation of the variability of the complete
test procedure, when performed directly on blood culture fluid,
we tested 10 BC flasks for cefotaxime resistance in four indepen-
dent sets side by side. Measurements from the blood culture flasks
showed slightly higher variations compared with measurements
from subcultured bacteria, but the results were still robust (see Fig.
S2 in the supplemental material).

Ampicillin susceptibility of E. coli from blood cultures. Sus-
ceptibility testing for ampicillin as a surrogate marker for amino-
penicillins was performed on all blood culture flasks containing E.
coli. The isolates other than E. coli were not tested for ampicillin
resistance, as this antibiotic is not a therapeutic option for most
Gram-negative rods. E. coli was the most common pathogen
among those found in the blood cultures. In total, 48 E. coli iso-
lates were identified, and the hydrolysis of ampicillin was detected
by MALDI-TOF MS. Spectra were analyzed according to the al-
gorithm described above and are displayed in a box plot diagram
(Fig. 1). With the exception of one sample (BC 92), clear separa-
tion of the E. coli isolates into 2 groups could be observed. A
comparison of these results with the MIC values obtained from
the Etest showed that all susceptible isolates had a mean logRQ
value of <0, whereas all resistant isolates had logRQ values of
>0.5. A cutoff value for logRQ of 0.25 was set to distinguish be-
tween susceptible and nonsusceptible strains. The B-lactamase as-
say performed with BC flask 92 showed an ambiguous result. Sub-
cultivation of this flask revealed that it contained two E. coli
biotypes. The more prominent biotype had an MIC of 4 pg/ml,
whereas the other had an MIC of >256 pg/ml.

Cefotaxime resistance of Enterobacteriaceae from blood cul-
tures. Next, we explored the value of the B-lactamase assay for
detecting resistance against 3rd-generation cephalosporins di-
rectly from blood cultures. One hundred consecutive BCs that
were identified by MALDI-TOF MS to contain Enterobacteriaceae
were tested for cefotaxime resistance with the B-lactamase assay
(Table 1). The results of the test were compared with those of the
conventional antibiogram, which was available the next day. To
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FIG 2 B-Lactamase assay with cefotaxime. Results for isolates that constitu-
tively produce AmpC enzymes. All isolates with logRQ values of less than —0.5
were susceptible to 3rd-generation cephalosporins. Isolates with stable hyper-
production of AmpC B-lactamase had a moderately elevated hydrolysis rate.
One isolate with an additional plasmid-encoded CTX-M-type B-lactamase
exhibited logRQ values comparable to those of the other ESBL producers.

achieve clarity, the different resistance mechanisms are discussed
separately as follows. First, the results from BCs containing bacte-
ria that constitutively express AmpC {-lactamase genes (e.g.,
Enterobacter cloacae and Citrobacter freundii) are described.
Strains with phenotypic susceptibility to cefotaxime showed al-
most no hydrolysis of cefotaxime. The logRQ values were within
the same range as those observed in the E. coli ATCC 92112 refer-
ence strain (3-lactamase negative) and in the 3-lactam only con-
trol, in which only spontaneous hydrolysis occurs (Fig. 2). In con-
trast, in isolates resistant to cefotaxime due to overexpression of
the chromosomally encoded AmpC enzyme, logRQ values were
more than —0.5 after 90 min of incubation (Fig. 2). One isolate in
this group of AmpC producers (isolate no. 19) also produced a
CTX-M ESBL enzyme; this isolate exhibited the highest logRQ
values (Table 2). Based on these observations, we set the cutoff
value at a logRQ value of —0.5. All strains with logRQ values
greater than this cutoff were defined as resistant to 3rd-generation
cephalosporins. Isolates with logRQ values of less than —0.5 were
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cutoff value of 0 was set.

defined as susceptible to cefotaxime. By applying these criteria,
complete accordance with phenotypic susceptibility testing could
be achieved.

Second, blood cultures containing bacteria that typically ex-
hibit either chromosomally- encoded or plasmid-encoded class A
B-lactamases (primarily Klebsiella pneumoniae and E. coli) are de-
scribed. Strains that were negative for SHV and TEM in the geno-
typic testing exhibited consistently low logRQ values that were
comparable to those of isolates with low-level AmpC production
(Fig. 3). The results were more heterogeneous in cefotaxime-sus-
ceptible but TEM- or SHV-positive isolates, as these strains
showed a wider range in their logRQ values, which did not corre-
late with higher MIC values in the phenotypic testing (Fig. 3).
Isolates that were phenotypically resistant to cefotaxime due to
ESBL production or a plasmid-encoded AmpC enzyme exhibited
logRQ values of >0. Therefore, for data interpretation, we set a
cutoff value at a logRQ value of 0 for these species. Following this
cutoff value for class A B-lactamase producers, the B-lactamase
assay had a sensitivity of 100% and a specificity of 91.5% com-
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pared with those of conventional methods. Most discrepancies
with the phenotypic testing occurred for Klebsiella oxytoca strains.
Of the 5 isolates tested, 3 showed logRQ values greater than the
cutoff, but only 1 isolate exhibited hyperproduction of the OXY
enzyme (resistance to aztreonam and tazobactam in the conven-
tional antibiogram), which could potentially be identified as a
reason for this phenomenon. Overall sensitivity and specificity of
the B-lactamase assay from all tested culture flasks were 100% and
92%, respectively, when cutoff values of logRQ of 0 and —0.5 were
applied. Of note, testing of the patient-derived blood cultures was
performed from the first blood culture flask that was flagged as
positive. This led to testing of the aerobic flask in 72 patients and to
testing of the anaerobic flask in 18 patients. We did not observe a
negative impact on the test results when anaerobic flasks were
used for the B-lactamase assays.

For comparison between the B-lactamase assay when per-
formed on bacteria grown on solid media and on bacteria ex-
tracted from BC fluid, all isolates were subcultured on Columbia
blood agar, and the B-lactamase assay was repeated (Fig. 4). Under
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these conditions, two notable effects occurred. First, more hydro- ~ TABLE 2 MICs and underlying resistance mechanism of isolates

resistant to cefotaxime

lyzed drug was detected in both the susceptible and resistant iso-
lates. This effect was enhanced in the AmpC hyperproducers. As a

Mechanism(s) of

consequence, a universal cutoff value at a logRQ of 0 for all resis-  Patient no. Species MIC (j/ml) resistance
3 K. pneumoniae >256 ESBL, CTX-M 15
10 E. coli 32 ESBL, CTX-M 1
TABLE 1 Distribution of species and 3-lactamase enzymes among 100 12 K. pneumoniae 32 ESBL, CTX-M 1
BC flasks tested 19 E. aerogenes >256 ESBL, CTX-M 15
No. of BCs containing: 26 E. cloacae >256 AmpC, ACT/MIR
- - 33 K. oxytoca 0.5 K1 hyperproducer
Total TEM SHV Increasein 43 K. pneumoniae >256 ESBL, CTX-M 15
Isolate no.  wt® wt CTX-M AmpC AmpC 49 E. cloacae >256 AmpC, ACT/MIR
Aeromonas caviae 1 1 51 E. coli 64 ESBL, CTX-M 1
Citrobacter freundii 1 1 52 E. coli 192 ESBL, CTX-M 1
Citrobacter koseri 3 54 E. coli 24 ESBL, CTX-M 15
Enterobacter aerogenes 2 1 57 E. coli >256 ESBL, CTX-M 15
Enterobacter cloacae 9 6 3 58 P. mirabilis >256 AmpC, CMY II
Escherichia coli 48 27 1 9 59 C. freundii >256 AmpC, CMY II
Klebsiella oxytoca 5 60 E. coli >256 ESBL, CTX-M 15
Klebsiella pneumoniae 26 26 4 70 E. cloacae >256 AmpC, ACT/MIR
Proteus mirabilis 2 1 76 E. coli >256 ESBL, CTX-M 15
Proteus vulgaris 1 77 K. pneumoniae 64 ESBL, CTX-M 15
Serratia marcescens 2 81 E. coli 16 ESBL, CTX-M 1
94 E. coli >256 ESBL, CTX-M 15

“ wt, wild type.
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tance mechanisms was defined. The second effect was that the
logRQ values were more homogeneous, particularly among the
cefotaxime-susceptible isolates with class A B-lactamase activity.
False-positive results were obtained only in the 2 K. oxytoca iso-
lates that also exhibited elevated logRQ values in the blood culture
assay. Thus, sensitivities were 100% for both subcultures on Co-
lumbia blood agar and blood cultures. Specificities were 97% for
subcultures versus 92% for blood cultures. Furthermore, to inves-
tigate the influence of growth conditions on our results, a sub-
group of isolates was used to compare logRQ values obtained from
Columbia blood agar with either Mueller-Hinton agar, Mac-
Conkey agar, or blood culture fluid supplemented with human
blood. The lowest logRQ values were observed in bacteria grown
on MacConkey agar or in blood culture flasks. The highest logRQ
values were detected in bacteria grown on Columbia blood agar
and Mueller-Hinton agar (see Fig. S3 and S4 in the supplemental
material).

DISCUSSION

In the present study, we evaluated the applicability of the mass
spectrometric (3-lactamase assay performed directly on blood cul-
ture flasks. A total of 100 Enterobacteriaceae cultures were ana-
lyzed following direct identification by MALDI-TOF MS, which is
routinely performed on Gram-negative rods in our laboratory.
Samples in which MALDI-TOF MS identified nonfermentative
bacteria were excluded a priori from our study, as permeability- or
efflux-based resistance mechanisms play an important role in the
drug resistance of nonfermentative Gram-negative bacteria (22,
23). Consequently, testing for B-lactamase activity would not lead
to valid therapeutic information. Gram-positive bacteria were not
included in this study, as the main focus was to detect B-lactam
resistance in patients with Gram-negative sepsis.

Testing for resistance against 3rd-generation cephalosporins
was performed with cefotaxime as the indicator drug. Our prelim-
inary studies with ceftazidime and cefpodoxime, which are both
widely recommended for phenotypic ESBL screening, indicated
that these drugs gave false-negative results with ceftazidime in
ESBL producers and AmpC hyperproducers and cefpodoxime
mainly in AmpC hyperproducers (21, 24, 25). The B-lactamase
assay was able to distinguish between resistant and susceptible
strains. However, the method did not permit good correlation
between the detected B-lactamase activity and MIC values. One
reason for this may be the inability of the B-lactamase assay to
detect resistance mechanisms, such as alterations in outer mem-
brane proteins or efflux pumps. Nevertheless, in our study of
Enterobacteriaceae, these effects were not strong enough to gener-
ate false susceptibility results either with ampicillin or cefotaxime
(26-28).

For all of the blood culture flasks, the B-lactamase assay was
repeated on subcultures on Columbia blood agar. In general, re-
sistant strains showed higher logRQ values when they were tested
from subcultures. This effect was much more prominent in strains
with derepressed AmpC enzymes, which, under these conditions,
gave logRQ values within the same range as those for the ESBL
strains. Hence, a species-independent cutoff could be applied
here. The lower logRQ values obtained from the direct testing may
be due, at least in part, to the extraction process, which is needed
for isolation of bacteria from the blood. However, lower logRQ
values were also observed in AmpC-producing bacteria when
these bacteria were grown on MacConkey agar instead of Colum-
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bia blood agar. These findings suggest that the growth medium
has a significant impact on the activity of the AmpC enzyme.

For the 100 BCs tested, no false-negative results were obtained.
This is relevant, as the aim of the test is to provide rapid informa-
tion that leads to an effective antibiotic treatment. For patient
safety, the sensitivity of the test is more important than the spec-
ificity. Moreover, high sensitivity can also help in terms of antibi-
otic stewardship, as better sensitivity can permit a higher level of
confidence in the administration of narrow-spectrum antibiotics
in cases of susceptible results. Of the six false-positive results that
were obtained, two were given by K. oxytoca. These two false-
positive results were reproducible with the subcultured isolates,
but they did not correlate with elevated Etest MICs for cefotaxime,
tazobactam, or aztreonam. Whether these findings reflect reduced
effectiveness of cefotaxime in vivo might be an area of further
investigation. Of the four false-positive results that were not re-
producible in subcultures, two patients had received piperacillin-
tazobactam before the blood sample was taken. Overall, the rate of
patients who had been treated with antibiotics prior to the acqui-
sition of the blood samples was approximately 30% (for some
patients, this information was not available). These data are not
sufficient to make any assumptions about whether substances
present in the patient’s blood (e.g., empirical antibiotics) influ-
ence the outcome of the test.

With the protocol presently used, a prediction regarding the
effectiveness of B-lactam therapy is available within 2 to 2.5 h after
the blood culture is flagged positive. Elevated logRQ values indi-
cate that ESBL or AmpC overproduction is likely, and therapy
should be switched to a carbapenem or, if already given, should be
continued. For laboratories performing MALDI-TOF MS identi-
fication from blood cultures, the additional hands-on time is
moderate because the extraction processes from the BC flask are
largely the same for identification and resistance testing and thus
can be done in parallel. In this study, measurements were per-
formed in quadruplicate to assess whether potential residues of
the blood culture fluid interfere with the reproducibility of the
quantitative measurement. Such interference was not observed.
Thus, in routine clinical practice, we consider a measurement in
triplicate to be sufficient. In terms of the measurement, it is pos-
sible to set up a method specific for the B-lactamase assay. This
enables the user to switch between the optimized methods for
identification and B-lactamase detection in one click.

In conclusion, our study is the first to evaluate the use of the
B-lactamase assay on blood cultures derived directly from pa-
tients. The method was able to detect resistance against B-lactam
antibiotics with a high sensitivity 24 to 48 h earlier than conven-
tional methods. This can make the test a valuable tool for early
therapeutic guidance in critically ill patients. However, prospec-
tive studies are needed to test a larger variety of ESBL- and AmpC-
producing isolates and to validate our post hoc-defined cutoffs.
Furthermore, in a patient collective with a higher prevalence of
infections with carbapenemase-producing bacteria, it would be of
interested to test also for carbapenem resistance.

ACKNOWLEDGMENTS

This study was supported by a grant from the Bayerische Forschungsstif-
tung (Forschungsverbund “ForBIMed—Biomarker in der Infektionsme-
dizin”) to S.S. and M.K.

Katrin Sparbier, Christoph Lange, and Markus Kostrzewa are em-

jcm.asm.org 929


http://jcm.asm.org

Jung et al.

ployed at the mass spectrometry company Bruker Daltonik GmbH. The
other authors declare no conflicts of interest.

REFERENCES

1.

10.

11.

12.

13.

Vincent JL, Sakr Y, Sprung CL, Ranieri VM, Reinhart K, Gerlach H,
Moreno R, Carlet J, Le Gall JR, Payen D. 2006. Sepsis in European
intensive care units: results of the SOAP study. Crit. Care. Med. 34:344—
353. http://dx.doi.org/10.1097/01.CCM.0000194725.48928.3A.

. Schwaber MJ, Carmeli Y. 2007. Mortality and delay in effective therapy

associated with extended-spectrum 3-lactamase production in Enterobac-
teriaceae bacteraemia: a systematic review and meta-analysis. J. Antimi-
crob. Chemother. 60:913-920. http://dx.doi.org/10.1093/jac/dkm318.

. Kumar A, Ellis P, Arabi Y, Roberts D, Light B, Parrillo JE, Dodek P,

Wood G, Simon D, Peters C, Ahsan M, Chateau D. 2009. Initiation of
inappropriate antimicrobial therapy results in a fivefold reduction of sur-
vival in human septic shock. Chest 136:1237-1248. http://dx.doi.org/doi:
10.1378/chest.09-0087.

. Beekmann SE, Diekema D], Chapin KC, Doern GV. 2003. Effects of

rapid detection of bloodstream infections on length of hospitalization and
hospital charges. J. Clin. Microbiol. 41:3119-3125. http://dx.doi.org/10
.1128/JCM.41.7.3119-3125.2003.

. Kang CI, Kim SH, Park WB, Lee KD, Kim HB, Kim EC, Oh MD, Choe

KW. 2005. Bloodstream infections caused by antibiotic-resistant gram-
negative bacilli: risk factors for mortality and impact of inappropriate
initial antimicrobial therapy on outcome. Antimicrob. Agents Che-
mother. 49:760-766. http://dx.doi.org/10.1128/AAC.49.2.760-766.2005.

. Kumar A. 2011. Optimizing antimicrobial therapy in sepsis and septic

shock. Crit. Care Nurs. Clin. North. Am. 23:79-97. http://dx.doi.org/10
.1016/j.ccell.2010.12.005.

. Dellinger RP, Levy MM, Carlet JM, Bion ], Parker MM, Jaeschke R,

Reinhart K, Angus DC, Brun-Buisson C, Beale R, Calandra T, Dhainaut
JE, Gerlach H, Harvey M, Marini JJ, Marshall J, Ranieri M, Ramsay G,
Sevransky J, Thompson BT, Townsend S, Vender JS, Zimmerman JL,
Vincent JL. 2008. Surviving Sepsis Campaign: international guidelines for
management of severe sepsis and septic shock: 2008. Crit. Care Med. 36:
296-327. http://dx.doi.org/10.1097/01.CCM.0000298158.12101.41.

. Leone M, Martin C. 2008. How to break the vicious circle of antibiotic

resistances? Curr. Opin. Crit. Care. 14:587-592. http://dx.doi.org/10.1097
/MCC.0b013e32830f1deb.

. Clerc O, Prod’hom G, Vogne C, Bizzini A, Calandra T, Greub G. 2013.

Impact of matrix-assisted laser desorption ionization time-of-flight mass
spectrometry on the clinical management of patients with Gram-negative
bacteremia: a prospective observational study. Clin. Infect. Dis. 56:1101—
1107. http://dx.doi.org/10.1093/cid/cis1204.

Schubert S, Weinert K, Wagner C, Gunzl B, Wieser A, Maier T,
Kostrzewa M. 2011. Novel, improved sample preparation for rapid, direct
identification from positive blood cultures using matrix-assisted laser de-
sorption/ionization time-of-flight (MALDI-TOF) mass spectrometry. J.
Mol. Diagn. 13:701-706. http://dx.doi.org/10.1016/j.jmoldx.2011.07.004.
Wiippenhorst N, Consoir C, Lorch D, Schneider C. 2012. Direct iden-
tification of bacteria from charcoal-containing blood culture bottles using
matrix-assisted laser desorption/ionisation time-of-flight mass spectrom-
etry. Eur. J. Clin. Microbiol. Infect. Dis. 31:2843-2850. http://dx.doi.org
/10.1007/s10096-012-1638-2.

Livermore DM. 2012. Current epidemiology and growing resistance of
gram-negative pathogens. Korean J. Intern. Med. 27:128-142. http://dx
.doi.org/10.3904/kjim.2012.27.2.128.

Paterson DL. 2006. Resistance in gram-negative bacteria: Enterobacteria-

930 jcm.asm.org

20.

21.

22.

23.

24.

25.

26.

27.

28.

ceae. Am. J. Infect. Control 34:520-528; discussion S64—S73. http://dx.doi
.org/10.1016/j.ajic.2006.05.238.

. Sparbier K, Schubert S, Weller U, Boogen C, Kostrzewa M. 2012.

Matrix-assisted laser desorption ionization-time of flight mass spectrom-
etry-based functional assay for rapid detection of resistance against beta-
lactam antibiotics. J. Clin. Microbiol. 50:927-937. http://dx.doi.org/10
.1128/JCM.05737-11.

. Hrabak J, Studentova V, Walkovda R, Zemli¢kova H, Jakubu V,

Chudactkova E, Gniadkowski M, Pfeifer Y, Perry JD, Wilkinson K,
Bergerova T. 2012. Detection of NDM-1, VIM-1, KPC, OXA-48, and
OXA-162 carbapenemases by matrix-assisted laser desorption ionization-
time of flight mass spectrometry. J. Clin. Microbiol. 50:2441-2443. http:
//dx.doi.org/10.1128/JCM.01002-12.

. Hrabék J, Walkova R, Studentovéa V, Chudatkova E, Bergerova T. 2011.

Carbapenemase activity detection by matrix-assisted laser desorption ion-
ization—time of flight mass spectrometry. J. Clin. Microbiol. 49:3222—
3227. http://dx.doi.org/10.1128/JCM.00984-11.

. Burckhardt I, Zimmermann S. 2011. Using matrix-assisted laser desorp-

tion ionization-time of flight mass spectrometry to detect carbapenem
resistance within 1 to 2.5 hours. J. Clin. Microbiol. 49:3321-3324. http:
//dx.doi.org/10.1128/JCM.00287-11.

. Bonnedahl J, Drobni P, Johansson A, Hernandez J, Melhus A, Stedt J,

Olsen B, Drobni M. 2010. Characterization, and comparison, of human
clinical and black-headed gull (Larus ridibundus) extended-spectrum be-
ta-lactamase-producing bacterial isolates from Kalmar, on the southeast
coast of Sweden. J. Antimicrob. Chemother. 65:1939-1944. http://dx.doi
.org/10.1093/jac/dkq222.

. R Core Team. 2013. R: A language and environment for statistical com-

puting. R Foundation for Statistical Computing, Vienna, Austria.

Gibb S, Strimmer K. 2012. MALDIquant: a versatile R package for the
analysis of mass spectrometry data. Bioinformatics 28:2270-2271. http:
//dx.doi.org/10.1093/bioinformatics/bts447.

Clinical and Laboratory Standards Institute. 2013. Performance stan-
dards for antimicrobial susceptibility testing; 23rd informational supple-
mental. CLSI M100-S23. Clinical and Laboratory Standards Institute,
Wayne, PA.

Kumar A, Schweizer H. 2005. Bacterial resistance to antibiotics: active
efflux and reduced uptake. Adv. Drug Deliv. Rev. 57:1486—-1513. http://dx
.doi.org/10.1016/j.addr.2005.04.004.

Li XZ, Ma D, Livermore DM, Nikaido H. 1994. Role of efflux pump(s)
in intrinsic resistance of Pseudomonas aeruginosa: active efflux as a con-
tributing factor to beta-lactam resistance. Antimicrob. Agents Che-
mother. 38:1742-1752. http://dx.doi.org/10.1128/AAC.38.8.1742.
Stiirenburg E, Mack D. 2003. Extended-spectrum [-lactamases: implica-
tions for the clinical microbiology laboratory, therapy, and infection control.
J. Infect. 47:273-295. http://dx.doi.org/10.1016/S0163-4453(03)00096-3.
MacKenzie FM, Miller CA, Gould IM. 2002. Comparison of screening
methods for TEM- and SHV-derived extended-spectrum beta-lactamase
detection. Clin. Microbiol. Infect. 8:715-724. http://dx.doi.org/10.1046/j
.1469-0691.2002.00473.x.

Piddock LJ. 2006. Multidrug-resistance efflux pumps-not just for re-
sistance. Nat. Rev. Microbiol. 4:629-636. http://dx.doi.org/10.1038
/nrmicrol464.

Piddock LJ. 2006. Clinically relevant chromosomally encoded multidrug
resistance efflux pumps in bacteria. Clin. Microbiol. Rev. 19:382—402.
http://dx.doi.org/10.1128/CMR.19.2.382-402.2006.

Livermore DM. 1988. Permeation of beta-lactam antibiotics into Esche-
richia coli, Pseudomonas aeruginosa, and other gram-negative bacteria.
Rev. Infect. Dis. 10:691-698. http://dx.doi.org/10.1093/clinids/10.4.691.

Journal of Clinical Microbiology


http://dx.doi.org/10.1097/01.CCM.0000194725.48928.3A
http://dx.doi.org/10.1093/jac/dkm318
http://dx.doi.org/doi:%2010.1378/chest.09-0087
http://dx.doi.org/doi:%2010.1378/chest.09-0087
http://dx.doi.org/10.1128/JCM.41.7.3119-3125.2003
http://dx.doi.org/10.1128/JCM.41.7.3119-3125.2003
http://dx.doi.org/10.1128/AAC.49.2.760-766.2005
http://dx.doi.org/10.1016/j.ccell.2010.12.005
http://dx.doi.org/10.1016/j.ccell.2010.12.005
http://dx.doi.org/10.1097/01.CCM.0000298158.12101.41
http://dx.doi.org/10.1097/MCC.0b013e32830f1deb
http://dx.doi.org/10.1097/MCC.0b013e32830f1deb
http://dx.doi.org/10.1093/cid/cis1204
http://dx.doi.org/10.1016/j.jmoldx.2011.07.004
http://dx.doi.org/10.1007/s10096-012-1638-2
http://dx.doi.org/10.1007/s10096-012-1638-2
http://dx.doi.org/10.3904/kjim.2012.27.2.128
http://dx.doi.org/10.3904/kjim.2012.27.2.128
http://dx.doi.org/10.1016/j.ajic.2006.05.238
http://dx.doi.org/10.1016/j.ajic.2006.05.238
http://dx.doi.org/10.1128/JCM.05737-11
http://dx.doi.org/10.1128/JCM.05737-11
http://dx.doi.org/10.1128/JCM.01002-12
http://dx.doi.org/10.1128/JCM.01002-12
http://dx.doi.org/10.1128/JCM.00984-11
http://dx.doi.org/10.1128/JCM.00287-11
http://dx.doi.org/10.1128/JCM.00287-11
http://dx.doi.org/10.1093/jac/dkq222
http://dx.doi.org/10.1093/jac/dkq222
http://dx.doi.org/10.1093/bioinformatics/bts447
http://dx.doi.org/10.1093/bioinformatics/bts447
http://dx.doi.org/10.1016/j.addr.2005.04.004
http://dx.doi.org/10.1016/j.addr.2005.04.004
http://dx.doi.org/10.1128/AAC.38.8.1742
http://dx.doi.org/10.1016/S0163-4453(03)00096-3
http://dx.doi.org/10.1046/j.1469-0691.2002.00473.x
http://dx.doi.org/10.1046/j.1469-0691.2002.00473.x
http://dx.doi.org/10.1038/nrmicro1464
http://dx.doi.org/10.1038/nrmicro1464
http://dx.doi.org/10.1128/CMR.19.2.382-402.2006
http://dx.doi.org/10.1093/clinids/10.4.691
http://jcm.asm.org

	Evaluation of Matrix-Assisted Laser Desorption Ionization–Time of Flight Mass Spectrometry for Rapid Detection of -Lactam Resistance in Enterobacteriaceae Derived from Blood Cultures
	MATERIALS AND METHODS
	Sample preparation.
	MALDI-TOF MS analysis.
	Data analysis.
	Strain characterization.

	RESULTS
	Reproducibility of the -lactamase assay performed on blood cultures.
	Ampicillin susceptibility of E. coli from blood cultures.
	Cefotaxime resistance of Enterobacteriaceae from blood cultures.

	DISCUSSION
	ACKNOWLEDGMENTS
	REFERENCES


