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Despite the current reliance on blood cultures (BCs), the diagnosis of bloodstream infections (BSIs) can be sped up using new
technologies performed directly on positive BC bottles. Two methods (the MALDI BioTyper system and FilmArray blood culture
identification [BCID] panel) are potentially applicable. In this study, we performed a large-scale clinical evaluation (1,585 micro-
organisms from 1,394 BSI episodes) on the combined use of the MALDI BioTyper and FilmArray BCID panel compared to a ref-
erence (culture-based) method. As a result, the causative organisms of 97.7% (1,362/1,394) of the BSIs were correctly identified
by our MALDI BioTyper and FilmArray BCID-based algorithm. Specifically, 65 (5.3%) out of 1,223 monomicrobial BCs that
provided incorrect or invalid identifications with the MALDI BioTyper were accurately detected by the FilmArray BCID panel;
additionally, 153 (89.5%) out of 171 polymicrobial BCs achieved complete identification with the FilmArray BCID panel. Con-
versely, full use of the MALDI BioTyper would have resulted in the identification of only 1 causative organism in 97/171 (56.7%)
of the polymicrobial cultures. By applying our diagnostic algorithm, the median time to identification was shortened (19.5 h ver-
sus 41.7 h with the reference method; P < 0.001), and the minimized use of the FilmArray BCID panel led to a significant cost
savings. Twenty-six out of 31 microorganisms that could not be identified were species/genera not designed to be detected with
the FilmArray BCID panel, indicating that subculture was not dispensable for a few of our BSI episodes. In summary, the fast
and effective testing of BC bottles is realistically adoptable in the clinical microbiology laboratory workflow, although the useful-

ness of this testing for the management of BSIs remains to be established.

he rapid detection and/or identification (ID) of the microbial

pathogens responsible for bloodstream infections (BSIs) is
pivotal for reducing infection-related mortality and costs (1), par-
ticularly for severely ill patients (2, 3). Although blood culture
(BC) continues to be essential for BSI diagnosis, the turnaround
time for ID can be accelerated using new technologies that are
directly applied to positive BC bottles/broths (4).

Matrix-assisted laser desorption ionization—time of flight mass
spectrometry (MALDI-TOF MS) was recently demonstrated to
improve the clinical management of BSIs (5, 6) and allow patients
to receive appropriate antimicrobial therapy earlier (i.e., 24 h
from the first positive BC) (7). However, despite its well-docu-
mented good performance (8—17), this method often fails to iden-
tify polymicrobial BCs in their entirety.

Another method is the multiplex PCR-based FilmArray blood
culture ID (BCID) panel (bioMérieux, Marcy I'Etoile, France),
which is equally as fast as the MALDI-TOF MS (e.g., MALDI Bio-
Typer system [Bruker Daltonics, Bremen, Germany]). This tech-
nique was developed for the simultaneous identification of 24 mi-
crobial pathogens, including 19 bacterial genera/species and 5
Candida species (and 3 antibiotic resistance determinants). In ad-
dition to its high sensitivity and specificity, the FilmArray BCID
panel has proven to be accurate for identifying not only monomi-
crobial but also polymicrobial BCs (18-23). Notably, successful
results were obtained with BC broths tested before the bottles
became positive or even before the bottles were incubated in the
BC instrument as usual (24). To date, the extensive use of the
FilmArray BCID panel in routine clinical laboratory practice has
been hampered by the high cost of reagents/consumables.

In this study, we developed a BSI diagnostic algorithm that

576 jcm.asm.org

Journal of Clinical Microbiology

relied on the direct analysis of positive BC bottles/broths using the
MALDI BioTyper system supplemented with the FilmArray BCID
panel. We evaluated this algorithm in terms of ID accuracy and
turnaround time by comparing the results with a reference cul-
ture-based procedure.

(This work has been presented in part as a poster at the 24th
European Congress of Clinical Microbiology and Infectious Dis-
eases, 10 to 13 May 2014, Barcelona, Spain).

MATERIALS AND METHODS

Setting, design, and samples. The study was conducted prospectively be-
tween December 2013 and April 2015 at the Catholic University of the
Sacred Heart Medical Center, which is a large tertiary-care hospital in
Rome, Italy. The hospital is entirely served by our clinical microbiology
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Bloodstream Infections Diagnosed by Combined Methods
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FIG 1 Bloodstream infection diagnostic workflow using direct (MALDI-TOF MS [MALDI BioTyper system] and/or FilmArray BCID panel) or culture-based
(reference) microbial identification methods on positive blood culture (BC) broths. According to the developed algorithm, the FilmArray BCID panel assays were
performed on BC broths that revealed multiple morphologies by Gram staining and in all cases for which MALDI BioTyper analysis failed to provide reliable
results (i.e., identifications with scores of <1.8, multiple hits in the top 10 matches list with scores ranging from >1.7 to <1.8 that were suggestive of the presence
of >1 microbial species, and identifications of organisms, such as S. pneumoniae). MALDI-TOF MS, matrix-assisted laser desorption ionization—time of flight

mass spectrometry; BCID, blood culture identification.

laboratory, which diagnoses an average of 90 BSI episodes per month.
Blood samples were inoculated in aerobic and anaerobic Bactec bottles
(Becton Dickinson Instrument Systems, Sparks, MD, USA) and incu-
bated at 35°C until they yielded a positive signal or for up to 5 days in a BD
Bactec FX automated instrument. Positive BC bottles were submitted for
conventional (i.e., Gram stain analysis and culture-based ID) and direct
(i.e., MALDI BioTyper system and/or FilmArray BCID panel) tests, ac-
cording to the BSI diagnostic algorithm described in this study (Fig. 1).
Direct MALDI BioTyper testing was performed on BC broths following
Gram stain analysis and the report of the results to the treating physician
when a single morphology was noted. Conversely, FilmArray BCID test-
ing was performed on BC broths when multiple morphologies were noted
and when the MALDI BioTyper analysis failed to provide reliable results
(i.e., identifications with scores of <1.8, multiple hits in the top 10
matches list with scores of >1.7 and <1.8 that were suggestive of the
presence of >1 microbial species, or the identification of organisms, such
as Streptococcus pneumoniae). Only one positive (aerobic) BC bottle per
patient episode was used for the direct assays. The direct assays were
performed several times daily on weekdays (from 7:30 a.m. to 7:00 p.m.,
Monday through Saturday). Blood cultures that arrived when the labora-
tory was closed were stored at room temperature, as previously described
(15). All consecutive positive BC bottles representing clinically significant
BSI episodes (defined a posteriori as the isolation of bacteria and/or yeasts
from the blood in the presence of signs and/or symptoms of infection
and/or the isolation of at least one organism that was considered clinically
relevant by the treating physician with the support of an infectious disease
consultant [25, 26]) were included in the final evaluation of our MALDI
BioTyper/FilmArray BCID panel-based diagnostic algorithm. Cultures
growing commensal organisms, such as coagulase-negative staphylococ-
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cus (CoNS) and viridans streptococcus, were judged to be clinically rele-
vant when these organisms were recovered from >2 BCs in patients with
clinical manifestations of infection that were not explained by other
causes (15). BSI episodes separated by >1 week were considered to rep-
resent different episodes per patient.

Culture-based reference ID and susceptibility testing. Aliquots from
each positive BC bottle/broth were subjected to routine Gram staining
microscopy and solid-medium subcultures. After isolation from the cul-
tures, bacteria and yeasts were identified by MALDI BioTyper analysis; in
cases in which the isolate could not be identified (i.e., ID score was <2.0),
conventional phenotypical tests and/or sequencing of the 16S rRNA gene
or the rpoB gene (for bacterial isolates) and the internal transcribed spacer
1 (ITS1)-5.8S-ITS2 rRNA gene region (for fungal isolates) were per-
formed as previously described (11, 15, 27). Antimicrobial susceptibility
testing of the bacterial isolates was performed as part of the routine BC
analyses with the Vitek 2 (bioMérieux) and/or Etest (bioMérieux), and
interpreted according to EUCAST guidelines. Additionally, PCR amplifi-
cation and sequencing analyses were performed to confirm the presence
of the blayp (for Klebsiella pneumoniae), mecA (for staphylococci), or
vanA or vanB (for enterococci) genes obtained with the FilmArray BCID
panel assays (see below).

MALDI BioTyper system ID. MALDI-TOF MS assays were per-
formed starting from 8-ml BC aliquots, as previously described (11, 15).
Briefly, pellets containing bacterial or yeast cells were washed and then
suspended in distilled water plus absolute ethanol. After centrifugation,
each microbial pellet was extracted by adding 70% formic acid plus pure
acetonitrile, and 1 pl of the final supernatant was spotted in duplicate
onto a polished steel MALDI target plate (Bruker Daltonics). The spots
from each sample were overlaid with 1 pl of matrix solution (a-cyano-4-
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hydroxycinnamic acid in 50% acetonitrile-2.5% trifluoroacetic acid) and
allowed to dry. MALDI-TOF mass spectra were acquired using a Micro-
flex LT benchtop mass spectrometer (Bruker Daltonics). The MALDI
BioTyper 3.1 software (Bruker Daltonics) was used for spectra analysis
and comparison with the reference database (updated with 6,270 species).
Each database query returned the top 10 identification matches along with
scores ranging from 0.0 to 3.0; the match with highest score was used for
species identification. Scores of =1.8 were considered valid for species-
level ID (14, 28), and samples with a score ranging of >1.7 and <1.8 were
repeated once. Scores of <1.7 were considered an unreliable ID, accord-
ing to the manufacturer’s recommendations.

FilmArray BCID panel ID. The FilmArray BCID panel assays were
performed to potentially identify 24 microbial targets (Enterococcus spp.,
Listeria monocytogenes, Staphylococcus spp., Staphylococcus aureus, Strep-
tococcus spp., Streptococcus agalactiae, S. pneumoniae, Streptococcus pyo-
genes, Acinetobacter baumannii, Haemophilus influenzae, Neisseria menin-
gitidis, Pseudomonas aeruginosa, Enterobacteriaceae spp., Enterobacter
cloacae complex, Escherichia coli, Klebsiella oxytoca, K. pneumoniae, Pro-
teus spp., Serratia spp., Candida albicans, Candida glabrata, Candida kru-
sei, Candida parapsilosis, and Candida tropicalis) and the 3 previously
mentioned antibacterial resistance determinants, according to the manu-
facturer’s instructions. Briefly, a 100-ul BC aliquot was diluted in the
FilmArray dilution buffer. The diluted sample (300 1) was injected into
the prehydrated FilmArray pouch before loading it into the FilmArray
system for the automated analysis steps (i.e., DNA isolation, amplifica-
tion, and detection/identification). Two internal run controls were in-
cluded for both the amplification and detection steps. The results were
automatically provided by the software based on the post-PCR DNA melt-
ing curve data if the quality control reaction mixtures were appropriately
detected. When either of the two controls failed, the result was listed as
invalid. All samples with invalid or negative results were repeated once.

Data analysis. Overall, the ID results were assessed at the following
levels of comparison: (i) combined use of the MALDI BioTyper system
and FilmArray BCID panel versus the reference method, (ii) the MALDI
BioTyper system versus the reference method, and (iii) the FilmArray
BCID panel versus the reference method. For each comparison, the results
were classified as follows: correct, both (test and reference) methods pro-
vided the same ID at the species level; incorrect, both methods provided
an organism ID that did not match at the species level; and no result, the
MALDI BioTyper system and/or FilmArray BCID panel did not provide a
reliable or valid ID result. The results of the FilmArray BCID panel were
considered correct if the species identified with the reference method was
included in the genus/species group that the BCID assay was designed to
detect. For each method, concordance with the reference ID results was
calculated as the number of correct organism IDs divided by the total
number of organisms identified.

For samples in which more than one pathogen was detected, the re-
sults were classified as follows: complete identification, the MALDI Bio-
Typer system or FilmArray BCID panel detected all pathogens identified
by the reference method; and incomplete identification, at least one of the
pathogens identified by the reference method was not detected by the
MALDI BioTyper system or FilmArray BCID panel.

For both of the tests and the reference methods, time to final ID
(TFI) was defined (measured in hours) as the interval between incu-
bation in the automated instrument and positive signaling of the BC
bottle (time to positivity [TTP]) plus the interval between positive BC
bottle signaling and organism ID (time to ID [TTI]), according to the
equation TFI = TTP + TTL

The data are presented as numbers (%) or medians (interquartile
range [IQR]), as appropriate. To assess the differences between the study
methods, the median TFIs were compared using the Wilcoxon matched-
pairs signed-rank test. A P value of =0.05 was considered statistically
significant. The statistical analyses were performed with Stata version 11.1
(StataCorp, College Station, TX, USA).
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RESULTS

During the study period, we evaluated 1,394 consecutive BSI epi-
sodes, of which 1,223 (87.7%) were monomicrobial infections and
171 (12.3%) were polymicrobial infections. Of the polymicrobial
episodes, 154 episodes were caused by two organisms, and 17 ep-
isodes were caused by at least three organisms (only 3 grew 4
organisms). Among all of the BSIs, 658 (47.2%) BSIs were due to
Gram-negative bacteria only, 511 (36.7%) BSIs were due to Gram-
positive bacteria only, 116 (8.3%) BSIs were due to yeasts, 80
(5.7%) BSIs were due to both Gram-negative and Gram-positive
bacteria, and 29 (2.1%) BSIs were due to both Gram-negative or
Gram-positive bacteria and yeasts. A total of 1,585 organisms were
isolated, of which 788 (49.7%, 164 from polymicrobial BCs) or-
ganisms were Gram-negative bacteria, 651 (41.1%, 168 from poly-
microbial BCs) organisms were Gram-positive bacteria, and 146
(9.2%, 30 from polymicrobial BCs) organisms were yeasts.

Results of combined MALDI BioTyper and FilmArray BCID
panel. (i) Overall results. Of the 1,394 BSI episodes studied, the
causative organisms of 97.7% (1,362 BSIs, including 153 polymi-
crobial episodes) were correctly identified by our MALDI Bio-
Typer and FilmArray BCID-based algorithm (Fig. 1), with
accuracy rates ranging from 88.8% for mixed Gram-negative/
Gram-positive bacterial episodes to 98.5% for Gram-negative
bacterial episodes. Specifically, the MALDI BioTyper system al-
lowed for the identification of the causative organisms of 82.1% of
the BSIs (1,144/1,394 of all monomicrobial episodes), and the
FilmArray BCID panel allowed for the identification of the caus-
ative organisms of another 15.6% of the BSIs (218/1,394, includ-
ing 65 mono- and 153 polymicrobial episodes). Of the 32 remain-
ing BSIs (2.3%), 17 (all polymicrobial episodes) did not yield a
complete ID result, and 15 (14 mono- and 1 polymicrobial epi-
sodes) did not yield a correct or valid ID result compared to the
reference culture-based method.

Of the total BSI organisms, 97.9% (1,552/1,585) were correctly
identified by our MALDI BioTyper and FilmArray BCID panel-
based algorithm (Tables 1 and 2), with ID rates of 97.4% (634/
651) for Gram-positive bacteria, 98.2% (774/788) for Gram-neg-
ative bacteria, and 98.6% (144/146) for yeasts. Of the 33
remaining microorganisms (2.1%, 19 were from polymicrobial
cultures), 31 microorganisms failed to be detected, and 2 micro-
organisms were not correctly identified (1 Enterococcus faecium as
Enterococcus faecalis and 1 Staphylococcus capitis as Staphylococcus
epidermidis). Twenty-six of the 31 microorganisms were species/
genera that the FilmArray BCID panel was not designed to detect
(Tables 1 and 2). Four additional organisms were detected by the
FilmArray BCID panel but not by the BCs; of them, 2 (1 Entero-
coccus sp.and 1 C. albicans) were detected in 2 BCs that grew E. coli
and S. epidermidis (not shown), and 2 (both CoNS organisms)
were detected in 2 BCs with otherwise-detected polymicrobial
growth (see Table S1 in the supplemental material).

(ii) Monomicrobial cultures. The MALDI BioTyper system
identified 1,144 (93.5%) out of 1,223 isolates recovered from mo-
nomicrobial cultures, including 605 (96.9%) out of 624 Gram-
negative bacteria, 105 (90.5%) out of 116 yeasts, and 434 (89.9%)
out of 483 Gram-positive bacteria (Table 1). Additionally, the
FilmArray BCID panel identified 65 (5.3%) isolates that were ini-
tially tested but not identified with the MALDI BioTyper system.
As shown, all 10 isolates of S. pneumoniae (9 of which were iden-
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TABLE 1 Overall results for direct identification of pathogens from 1,223 monomicrobial BCs using the MALDI-TOF MS (BioTyper) system and

FilmArray BCID panel methods”

No. of isolates by method type

Pathogen identified by the reference MALDI BioTyper FilmArray BCID pancl Total no. (%) of isolates
method” Tested Identified Tested Identified identified”
Gram-negative bacteria 624 605 19 14 619 (99.2)
A. baumannii 21 20 1 1 21 (100)
Achromobacter xylosoxidans 2 1 1 0° 1
Aeromonas caviae 1 0 1 0 0
Aeromonas veronii 1 1 0 ND 1
Bacteroides fragilis 7 7 0 ND 7 (100)
Bacteroides thetaiotaomicron 2 2 0 ND 2
Bacteroides uniformis 1 0 1 0°¢ 0
B. cepacia 1 1 0 ND 1
Campylobacter jejuni 2 2 0 ND 2
Citrobacter freundii 6 6 0 ND 6 (100)
Citrobacter koseri 4 4 0 ND 4
Enterobacter aerogenes 9 8 1 1 9 (100)
E. cloacae 27 26 1 1 27 (100)
E. coli 236 233 3 3 236 (100)
H. influenzae 1 1 0 ND 1
Haemophilus parainfluenzae 1 1 0 ND 1
K. oxytoca 11 11 0 ND 11 (100)
K. pneumoniae 147 143 4 4 147 (100)
Morganella morganii 10 10 0 ND 10 (100)
Proteus mirabilis 21 20 1 1 21 (100)
Providencia stuartii 2 1 1 0° 1
P. aeruginosa 76 74 2 2 76 (100)
Ralstonia pickettii 1 1 0 ND 1
Salmonella spp. 9 9 0 ND 9 (100)
Serratia marcescens 19 18 1 1 19 (100)
S. maltophilia 6 5 1 0° 5(83.3)
Gram-positive bacteria 483 434 49 42 476 (98.5)
Abiotrophia defectiva 2 2 0 ND 2
Aerococcus urinae 1 1 0 ND 1
Brevibacterium casei 2 1 1 0° 1
Clostridium perfringens 3 3 0 ND 3
C. septicum 1 0 1 0°¢ 0
Corynebacterium striatum 1 0 1 0° 0
E. faecalis 68 65 3 3 68 (100)
E. faecium 36 34 2 1 35(97.2)
Enterococcus gallinarum 4 3 1 1 4
Leuconostoc mesenteroides 2 2 0 ND 2
L. monocytogenes 7 7 0 ND 7 (100)
Nocardia farcinica 1 0 1 0° 0
Rothia mucilaginosa 2 1 1 0° 1
S. aureus 133 129 4 4 133 (100)
S. capitis 15 11 4 3 14 (93.3)
Staphylococcus caprae 1 1 0 ND 1
S. epidermidis 102 91 11 11 102 (100)
S. haemolyticus 19 16 3 3 19 (100)
S. hominis 24 19 5 5 24 (100)
Staphylococcus lugdunensis 1 1 0 ND 1
Staphylococcus warneri 1 1 0 ND 1
S. agalactiae 6 6 0 ND 6 (100)
S. anginosus 13 10 3 3 13 (100)
Streptococcus constellatus 2 2 0 ND 2
Streptococcus dysgalactiae 2 2 0 ND 2
Streptococcus gallolyticus 7 7 0 ND 7 (100)
Streptococcus gordonii 4 2 2 2 4
Streptococcus lutetiensis 1 1 0 ND 1
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TABLE 1 (Continued)

No. of isolates by method type

Total no. (%) of

Pathogen identified by the reference MALDI BioTyper FilmArray BCID panel isolates
method” Tested Identified Tested Identified identified”
S. mitis 7 3 4 4 7 (100)

S. pneumoniae 10 9 1 1 10 (100)
S. pyogenes 3 3 0 ND 3
Streptococcus sanguinis 2 1 1 1 2

Yeasts 116 105 11 9 114 (98.3)
C. albicans 60 56 4 4 60 (100)
C. glabrata 8 7 1 1 8 (100)
Candida guilliermondii 1 1 0 ND 1
C. krusei 3 2 1 1 3
Candida lusitaniae 1 1 0 ND 1
Candida orthopsilosis 3 3 0 ND 3
C. parapsilosis 27 25 2 2 27 (100)
Candida pelliculosa 1 0 1 0°¢ 0
C. tropicalis 11 10 1 1 11 (100)
R. mucilaginosa 1 0 1 0°¢ 0

Total 1,223 1,144 79 65 1,209 (98.8)

“ BC, blood culture; MALDI-TOF MS, matrix-assisted laser desorption ionization—time of flight mass spectrometry; BCID, blood culture identification.

b Isolates were identified using a reference method, which consisted of Gram stain microscopic examination and subcultures on routine medium, followed by MALDI-TOF MS
analysis of bacterial or yeast colonies. Additionally, conventional phenotypical tests and/or sequencing analyses of the 16S rRNA and rpoB genes (for bacterial isolates) and the
ITS1-5.8S-1TS2 rRNA gene regions (for yeast isolates) were performed whenever necessary. ND, not done.

¢ FilmArray BCID panel testing of the BCs was performed according to the diagnostic algorithm presented in the study, and also when MALDI BioTyper system testing failed to
provide a correct identification (i.e., which was concordant with the reference method identification) or any identification result. Furthermore, for all 9 isolates of S. pneumoniae,
direct identification results by the MALDI BioTyper system were confirmed by results obtained with the FilmArray BCID panel. According to the manufacturer’s product insert,
isolates identified as Enterococcus potentially belonged to Enterococcus species, such as E. casseliflavus, E. durans, E. faecalis, E. faecium, and E. gallinarums; isolates identified as
coagulase-negative staphylococci potentially belonged to Staphylococcus species, such as S. capitis, S. caprae, S. cohnii, S. epidermidis, S. haemolyticus, S. hominis, S. kloosii, S.
lugdunensis, S. microti, S. nepalensis, S. saccharolyticus, S. saprophyticus, S. simiae, S. warneri, and S. xylosus; and isolates identified as Streptococcus potentially belonged to
Streptococcus species, such as S. anginosus, S. equinus, S. gallolyticus, S. gordonii, S. mitis, S. mutans, S. oralis, S. parasanguinis, S. salivarius, S. sanguinis, and S. uberis.

9 Percentages for the species with <5 isolates were not calculated.
¢ Not identifiable by the method.

tified with MALDI BioTyper) were tested and identified as such by
the FilmArray BCID panel.

(iii) Polymicrobial cultures. The FilmArray BCID panel iden-
tified 343 (94.7%) of the 362 isolates recovered from polymicro-
bial cultures, including 155 (94.5%) out of 164 Gram-negative
bacteria, 158 (94.0%) out of 168 Gram-positive bacteria, and 30
(100%) out of 30 yeasts (Table 2). In 31 of the 171 polymicrobial
episodes, BCs were not directly processed with the FilmArray
BCID panel, because different Gram stain morphologies were not
observed (Fig. 1). However, the MALDI BioTyper results indi-
cated no reliable ID (15 episodes) or suggested the presence of
more than one species (16 episodes).

As detailed in Table S1 in the supplemental material, the
FilmArray BCID panel provided incomplete ID results for all of
the polymicrobial assortments of BCs tested, including Gram-
negative bacteria alone (n = 5; 34 BCs tested), Gram-positive
bacteria alone (n = 3; 28 BCs tested), Gram-negative and Gram-
positive bacteria (n = 8; 80 BCs tested), or bacteria (Gram-nega-
tive/Gram-positive) and yeasts (n = 1; 29 BCs tested). In the last
group, an incomplete ID was reported for only 1 BC that included
Staphylococcus  hominis (mecA positive), C. albicans, and
Stenotrophomonas maltophilia, with the last organism giving an
expected negative result (the species was not detectable by the
FilmArray BCID panel).

The 362 polymicrobial BC broths were also tested with the
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MALDI BioTyper (see Table S1 in the supplemental material). As
expected, the method correctly identified 84 (51.2%) out of 164
Gram-negative bacteria and 21 (12.5%) out of 168 Gram-positive
bacteria. Importantly, the MALDI BioTyper missed the identifi-
cation of all 30 Candida species; no ID was produced in 19 out of
29 mixed bacterial/yeast BSIs, and an incomplete ID result was
obtained for the remaining 10 BSIs. As previously mentioned, all
but 1 of the 29 BSIs gave a complete ID result with the FilmArray
BCID panel method.

(iv) Time savings. The median TTP for all 1,394 BCs included
in this study was 12.2 h (IQR, 8.2 to 17.5h), with 10.4 h (IQR, 7 to
15.1 h) for BCs containing Gram-negative bacteria, 15.2 h (IQR,
10.3 to 18.5 h) for BCs containing Gram-positive bacteria, and
16.4 h (IQR, 10.3 to 28.0 h) for BCs containing yeasts. For poly-
microbial BCs, the median TTP was 10.5 h (IQR, 6 to 16.0 h). For
each BSI episode, the median TFI for the direct method (MALDI
BioTyper system and/or FilmArray BCID panel) was 19.5 h (IQR,
14.3 to 26.5 h), which was in contrast to the TFI of 41.7 h (IQR,
35.5 to 53.0 h) for the culture-based reference method (P <
0.001). Depending on whether Gram-negative or Gram-positive
bacteria (and/or yeasts) were present, TFIs were 17.2 to 21.5h and
40.6 to 49.5 h, respectively.

Detection of antibiotic resistance markers by FilmArray
BCID. Using the FilmArray BCID panel, the oxacillin resistance
determinant mecA was correctly identified for 103 out of 121
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TABLE 2 Overall results for direct identification of pathogens from 171
polymicrobial BCs using the FilmArray BCID panel method”

No. (%) of isolates identified
with FilmArray BCID panel

Pathogen identified by the reference
method (no. of isolates)”

Gram-negative bacteria (164) 155 (94.5)
A. baumannii (12) 12 (100)
Campylobacter rectus (1) o’

C. koseri (1) 1

C. freundii (2) 1

E. aerogenes (1) 1

E. cloacae (6) 6 (100)
E. coli (38) 38 (100)
K. oxytoca (2) 2

K. pneumoniae (36) 36 (100)
M. morganii (3) o4

P. mirabilis (20) 20 (100)
P. stuartii (1) o4

P. aeruginosa (33) 33 (100)
S. marcescens (5) 5(100)
S. maltophilia (3) o’

Gram-positive bacteria (168) 158 (94.0)
Bacillus cereus (2) o
C. perfringens (2) o’
Clostridium tertium (1) o
E. faecalis (43) 42 (97.7)
E. faecium (11) 11 (100)
E. gallinarum (3) 3
L. monocytogenes (1) 1
Parvimonas micra (1) o4
S. aureus (17) 17 (100)
S. capitis (3) 1
S. epidermidis (47) 47 (100)
S. haemolyticus (18) 18 (100)
S. hominis (10) 9 (90.0)
S. agalactiae (1) 1
S. anginosus (1) 1
S. gallolyticus (1) 1
S. mitis (3) 3
S. pneumoniae (2) 2
S. sanguinis (1) 1

Yeasts (30) 30 (100)
C. albicans (19) 19 (100)
C. glabrata (2) 2
C. krusei (1) 1
C. parapsilosis (6) 6 (100)
C. tropicalis (2) 2

Total (362) 343 (94.7)

“ BC, blood culture; BCID, blood culture identification.

b Isolates were identified using a reference method, which consisted of Gram stain
microscopic examination and subcultures on routine medium, followed by MALDI-
TOF MS analysis of bacterial or yeast colonies. Additionally, conventional phenotypical
tests and/or sequencing analyses of the 16S rRNA and rpoB genes (for bacterial isolates)
and the ITS1-5.8S-ITS2 rRNA gene regions (for yeast isolates) were performed
whenever necessary.

¢ FilmArray BCID panel testing of the polymicrobial BCs was performed according to
the diagnostic algorithm presented in the study. According to the manufacturer’s
product insert, isolates identified as Enteric potentially belonged to enteric species, such
as Cedecea davisae, Citrobacter spp., Cronobacter sakazakii, Enterobacter spp., Kluyvera
ascorbata, Leclercia adecarboxylata, Raoultella spp., Salmonella spp., Shigella spp., and
Yokenella regensburgei; isolates identified as Enterococcus potentially belonged to
Enterococcus species, such as E. casseliflavus, E. durans, E. faecalis, E. faecium, and E.
gallinarums; isolates identified as coagulase-negative staphylococci potentially belonged
to Staphylococcus species, such as S. capitis, S. caprae, S. cohnii, S. epidermidis, S.
haemolyticus, S. hominis, S. kloosii, S. lugdunensis, S. microti, S. nepalensis, S.
saccharolyticus, S. saprophyticus, S. simiae, S. warneri, and S. xylosus; isolates identified
as Streptococcus potentially belonged to Streptococcus species, such as S. anginosus, S.
equinus, S. gallolyticus, S. gordonii, S. mitis, S. mutans, S. oralis, S. parasanguinis, S.
salivarius, S. sanguinis, and S. uberis. Percentages for the species with <5 isolates were
not calculated.

4 Not identifiable by the method.
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Staphylococcus spp., including 8 methicillin-resistant S. aureus or-
ganisms, 5 methicillin-susceptible S. aureus organisms, 64 oxacil-
lin-resistant CoNS organisms, and 26 oxacillin-susceptible CoNS
organisms. In 8 BC broths with S. aureus plus CoNS, the Film-
Array panel detected mecA without being able to distinguish
which of the organisms was carrying the resistance gene. Subse-
quent molecular analysis revealed that the S. aureus isolate was
mecA positive and the CoNS was mecA negative in 2 cases, the S.
aureus isolate was mecA positive and the CoNS was mecA positive
in 2 cases, and the S. aureus isolate was mecA negative and the
CoNS was mecA positive in 4 cases. False-positive mecA detection
was observed in 2 polymicrobial BCs that grew only Gram-nega-
tive bacteria and 2 BCs that grew CoNS organisms that tested
mecA negative during the confirmatory molecular analysis. Addi-
tionally, the FilmArray BCID panel correctly reported 2 positive
and 60 negative vanA or vanB results for the enterococci and 19
positive blaypc results for the K. pneumoniae organisms.

DISCUSSION

To the best of our knowledge, this study represents the first large-
scale clinical evaluation of the use of the MALDI BioTyper system
coupled to the FilmArray BCID panel for the direct detection/
identification of the causative organism of BSIs from positive BCs.
Through integrated testing with both methods, our diagnostic
algorithm allowed the successful identification of ~98% of the
BSI-causing organisms studied and more importantly potentiated
the utility of each method individually. This approach resulted in
65/1,223 (5.3%) monomicrobial cultures whose organisms could
not be correctly detected or that failed to be identified with the
MALDI BioTyper system but were accurately identified with the
FilmArray BCID panel; a total of 9 of the 65 microorganisms were
Candida yeasts. Furthermore, 153/171 (89.5%) polymicrobial
cultures contained organisms that were identified in their com-
pleteness (although at least one of the microorganisms present in
these cultures was identified by the FilmArray BCID panel).

Conversely, the full use of the MALDI BioTyper system (i.e.,
use of the method not on the basis of the initial [Gram-stain
driven] discrimination between BCs with mono- or polymicrobial
growth) would have resulted in the identification of only 1 caus-
ative organism in 97/171 (56.7%) of the polymicrobial cultures.
Exceptionally, the second causative organism would have been
identified in 3/171 (1.7%) of the polymicrobial cultures (1 E. coli + 1
K. pneumoniae, 1 E. coli + 1 8. epidermidis, and 1 K. pneumoniae +
1 S. epidermidis); in 1 additional polymicrobial culture (1 E. coli +
1 E. faecalis + 1 E. faecium), only E. faecium would have been
identified out of the two enterococcal species present in the BC
broth (see Table S1 in the supplemental material).

In theory, MALDI-TOF MS is capable of identifying a wide
range of pathogens in broths from BC bottles. However, the
method requires manual processing, such as centrifugation or fil-
tration concentration, prior to analysis, and the MALDI-TOF MS
procedures for BC are still being standardized (13, 29, 30). Low
microbial loads, especially low fungal loads (<10* CFU/ml), can
be a relevant cause of ineffective direct ID using the MALDI Bio-
Typer system (11, 28). Taking advantage of our consolidated ex-
perience with this method (11, 15), we used a starting volume of 8
mlinstead of the 1.5 ml used elsewhere (28) for each of the positive
BC broths subjected to multiple preanalytical treatments (includ-
ing the centrifugation and washing steps). Therefore, we noted
that the direct MALDI BioTyper method had a high performance
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(=90%) in monomicrobial BCs that were positive for Gram-pos-
itive bacteria or yeasts. Both of these organisms may present more
difficulties for a species-level ID than with Gram-negative bacteria
(~97% identified in this study), because the formic acid and the
MALDI matrix solution cannot efficiently break down their thick
or robust cell walls. Specifically, the MALDI BioTyper generated a
correct species ID for 73.3% of S. capitis, 79.2% of S. hominis,
84.2% of Staphylococcus haemolyticus, 89.2% of S. epidermidis
(among staphylococci), and 76.9% of Streptococcus anginosus
(among streptococci) organisms; in contrast, 96.9% of S. aureus,
94.4% to 95.6% of E. faecium or E. faecalis, and 9 of the 10 S.
pneumoniae organisms isolated from monomicrobial BC broths
were correctly identified. Despite known limitations with this
streptococcal species due to its relatedness to Streptococcus mitis
group members, MALDI BioTyper showed high accuracy for the
identification of S. pneumoniae organisms, which was confirmed
by the FilmArray BCID results obtained with the same isolates.

The FilmArray BCID panel is one of the newly developed rapid
diagnostic methods for BSIs. Recent studies reported the perfor-
mance of this assay with BCs collected primarily from adult pa-
tients (18-22, 24). Two of these studies compared the FilmArray
BCID panel with MALDI-TOF MS (22, 24); most recently, Bhatti
et al. (20) evaluated the FilmArray BCID panel in comparison
with the (other FDA-cleared) Verigene BC system (Nanosphere,
Northbrook, IL, USA) (20). In that study, both platforms cor-
rectly identified Gram-positive and Gram-negative bacteria in
92% of the monomicrobial cultures tested; this ID rate was almost
identical to the rate obtained by Blaschke et al. (18) and Altun et al.
(19) in clinical performance evaluations of the FilmArray BCID
panel. Zheng et al. (21) evaluated the FilmArray BCID panel by
specifically testing BCs collected from pediatric patients. In the
study by Rand et al. (22), the slight superiority of the FilmArray
BCID panel over the MALDI-TOF MS system (Vitek MS; bio-
Mérieux) was demonstrated for 151 monomicrobial BC bottles,
although the authors excluded 18 monomicrobial organisms that
were not identified, as expected from the manufacturer’s database.
Interestingly, the FilmArray BCID panel identified 20/21 (95.2%)
organisms, in contrast to the 1 organism identified with the Vitek
MS system from 7/10 (70.0%) polymicrobial cultures analyzed in
that study (22).

One strength of our study is that the cultures with polymicro-
bial growth accounted for a relatively large percentage of BCs
(171/1,394 BCs [12.3%]). Testing these cultures (which were ~7-
to 17-fold higher in number than those tested elsewhere [19, 22])
allowed us not only to confirm and strengthen the usefulness of
the FilmArray BCID panel for the diagnosis of BSI but also to
establish the validity of a clinical laboratory diagnostic strategy
that applied the FilmArray BCID assay to selected clinical speci-
mens/situations. The method has several advantages; for instance,
it contains antibiotic resistance determinants that make the Film-
Array BCID panel particularly useful in cases of BSI due to organ-
isms, such as S. aureus and Enterococcus spp., for which the rapid
detection of the mecA and vanA or vanB genes might impact ther-
apeutic decisions. Nonetheless, based on our diagnostic algo-
rithm, we did not triage all of the BCs with monomicrobial growth
for S. aureus or Enterococcus identified by the MALDI BioTyper
for antimicrobial resistance testing. However, clinical microbiol-
ogy laboratories, such as ours, are equipped with molecular assay
alternatives to the FilmArray BCID panel that allow rapid (and
more inexpensive) testing at least for methicillin resistance in S.
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aureus organisms. After the initial investment, excessive costs
(pricing for the FilmArray is in the range of €150 to 159/test)
might arise through integral (not circumstantiated) use of the
FilmArray BCID panel. The estimated cost savings with our diag-
nostic strategy, which minimizes the use of FilmArray BCID panel
(218 BCs tested versus 1,394 testable BCs) is €176,480. In contrast,
full use of the MALDI BioTyper (1,394 BCs tested) would have
resulted in an overall reagent/consumable expenditure of €4,042.6
(€2.9/sample). However, this difference is not so remarkable if we
consider the technologist time/labor involved with the MALDI
BioTyper processing, which is considerably higher than that of the
FilmArray BCID panel, because this assay requires only 3 min of
hands-on processing and approximately 1 h of instrument time
for an individual test.

Despite differing hands-on time requirements, as expected,
both methods (alone or in combination) led to a significantly
shortened TFI by 22.2 h compared with routine (conventional)
methods. Due to the design of our study, we did not include an
analysis of patient outcomes. However, it is plausible that a rapid
and precise ID to the species level and a rapid differentiation be-
tween more virulent organisms (S. aureus versus L. monocyto-
genes) or between organisms with predictable antimicrobial resis-
tance (Enterobacter spp. versus K. pneumoniae) may have helped
our physicians in the clinical and/or therapeutic management of
BSI patients. Additional studies will be necessary to clearly estab-
lish the clinical impact of our diagnostic strategy, particularly in
light of the evidence that performing rapid ID for patients with
positive BCs does not affect antimicrobial therapies without resis-
tance genotyping and/or clinical intervention (31). However, the
implementation of such an algorithm would imply that some pos-
itive BCs are unnecessarily subjected to the MALDI BioTyper/
FilmArray BCID panel testing in daily clinical laboratory practice
because they would be judged to be clinically significant only a
posteriori.

One limitation of our study is the lack of or insufficient testing
of certain pathogens. For example, both methods can detect N.
meningitidis, but no culture grew this microorganism; other
pathogens, such as H. influenzae, Burkholderia cepacia, Clostrid-
ium septicum, and Rhodotorula mucilaginosa, were tested only
once. The list of microorganisms included in the FilmArray BCID
panel may encompass almost 95% of the organisms commonly
found in positive BCs; however, 26/31 (83.9%) ID failures in our
study were due to organisms that were undetectable by the
method. Future improvements might allow the spectrum of mi-
crobial targets detected by the FilmArray BCID panel to be en-
larged. However, at the time of this writing, subculture was indis-
pensable for a small number of BSI episodes, and the growth of
colonies was needed to perform susceptibility testing for all BSI
episodes. Another drawback of the FilmArray BCID panel is the
rate of false-positive results (especially false-positive Enterococcus
species results) that occurs despite a product recently optimized
by the manufacturer to improve sample specificity. This optimi-
zation was designed to mitigate the cross-reactivity of the Entero-
coccus assay with Staphylococcus organisms (heavy growth of
CoNS was noted to cause this effect [31]) and was shown to have
a positive impact on the FilmArray BCID panel performance (32).

In conclusion, we demonstrated the reliability of a rapid, accu-
rate, and cost-effective approach for the direct ID of the microor-
ganisms most commonly isolated from BCs. We used two inno-
vative methods (the FilmArray BCID panel and MALDI BioTyper
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system) with differing but excellent performances to achieve fast
and efficient BC testing for the clinical microbiology laboratory.
Whether this approach can be an important and useful tool for the
management of BSI remains to be established in the future.
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