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]ustificacié de la unitat tematica de la tesi

La seépsia és un procés molt complex en el que es produeixen un conjunt
de canvis humorals i cellulars com a resposta a la invasié de microorga-
nismes, desencadenant-se una resposta inflamatoria sistémica. En l'evo-
lucié clinica del pacient intervindran diferents factors com les
caracteristiques del microorganisme (inocul, viruléncia), la immuno-
competéncia de hostatger (patologia de base, factors genetics, etc.) i la
rapidesa diagnostica que ha de permetre establir de manera precog el
tractament antibiotic i de suport apropiats. Sha demostrat que la mor-
talitat relacionada amb la sépsia augmenta fins a cinc vegades en els pa-
cients que reben un tractament antibiotic inadequat.

Per tant, en els casos de sépsia i xoc séptic, la supervivéncia del pacient
depén d’un diagnostic etiologic precog¢ que permetra instaurar el tracta-
ment correcte en les etapes inicials del procés. El baix rendiment de les
técniques microbiologiques convencionals, especialment en malalts sot-
mesos a tractament antibidtic, fa que en moltes ocasions no s’arribi al
diagnostic etiologic i per tant es desconegui la sensibilitat del microor-
ganisme. La incorporacié progressiva de les técniques de biologia mo-
lecular, basades en la deteccié dels acids nucleics microbians ha suposat
un aveng a I'hora d’obtenir un diagnostic rapid, sensible i especific. De
tota manera, tot i que s’han desenvolupat diferents métodes per al diag-
nostic molecular de la sépsia, aquests no han arribat a implementar-se a
la rutina assistencial del laboratori de microbiologia degut a diverses li-
mitacions.

Per al desenvolupament de nous assaigs de diagnostic in vitro és molt
interessant I'establiment de collaboracions entre les empreses que els
produeixen i els centres de recerca associats als centres sanitaris. Els be-
neficis que obté I'empresa sén diversos, ja que li permet aconseguir
mostres cliniques reals per al desenvolupament i la validaci6 analitica de
I"assaig, aixi com poder realitzar una validacié externa del mateix. A més,
el fet de tenir una relaci6 directa amb els destinataris finals de Iassaig es
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tradueix en la generacié d’un producte més competitiu comercialment.
Per altra banda, per als centres de recerca també resulta beneficids, ja
que aquestes col-laboracions li permeten participar en l‘avaluacié i mi-
llora de nous assajos i I‘'oportunitat d’incorporar tecnologies pioneres.

Durant el desenvolupament d’aquesta tesi doctoral, s’ha col-laborat de
forma molt estreta amb diverses empreses per al disseny i desenvolupa-
ment de noves eines diagnostiques i també en la avaluacié prévia a la
seva comercialitzacié. Malauradament, alguns dels prototips no s’han
acabat comercialitzant, per la qual cosa, degut a contractes de confiden-
cialitat, aquest estudis no s’han pogut publicar. Per tant, aquesta tesi es
basa en la tecnologia més prometedora que s’ha avaluat, la PCR/ESI-MS
(consta d’una PCR d’ampli espectre seguida d’espectrometria de masses
tipus electrospray), desenvolupada per Ibis Biosciences-Abbott Mole-
cular. Aquesta tecnologia és molt versatil, ja que permet la identificacié
de qualsevol tipus de patogen a partir de sang directa. La col-laboracié
amb aquesta empresa es va iniciar any 2008. Al 2009 es va realitzar una
primera avaluacié pilot de la técnica, on es van obtenir resultats prome-
tedors i on es van identificar punts critics a millorar. Una segona avalu-
acié de la técnica utilitzant la versi6 PLEX-ID va donar lloc a la
publicacié del primer article utilitzant aquesta tecnologia per al diag-
nostic de la sépsia a partir de sang total (Article 1). Cal destacar que la
sensibilitat d’aquesta primera versié de la tecnologia va ser moderada.
Per aquest motiu, 'empresa va voler redissenyar-la per tal d’augmentar
la sensibilitat. Una tercera avaluacié utilitzant la versié IRIDICA de la
tecnologia (Article 11) avala aquest augment de sensibilitat i explora la
seva utilitat per al diagnostic molecular de la sépsia en diferents grups de
pacients (provinents d’Urgencies i ingressats a la Unitat de Cures In-
tensives). La nostra aportacié s’ha basat en la validacié externa d’aquesta
técnica abans i després de la seva comercialitzaci6, contribuint al seu
desenvolupament.
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Objectiu general

Avaluar la tecnologia PCR/ESI-MS per al diagnostic molecu-
lar de la sépsia i la seva aplicacié en la rutina clinica (Articles 1
im).

Objectius secundaris

1.

Determinar la capacitat de la técnica PCR/ESI-MS per a
identificar un ampli ventall de patdgens (Articles 11 1).
Determinar la capacitat de la versio PLEX-ID per a detectar i
identificar diferents patogens a partir d’hemocultius positius
(Article 1).

Determinar la capacitat de la técnica PCR/ESI-MS per a de-
tectar i identificar diferents patdgens a partir de sang total
(Article 11 11).

Avaluar de la versié IRIDICA per al diagnostic de la sépsia en
malalts critics (Article 1)

Implementacié tedrica del sistema IRIDICA per al diagnostic
rutinari de la sépsia.
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Justification of the thematic unit of the thesis

Sepsis is a complex process in which humoral and cellular immune res-
ponses lead to a systemic inflammatory response against invader micro-
organisms. The outcome of this situation depends on the specific
microorganism (virulence factors, inoculum), the immune status of the
patient (underlying pathology, genetic factors...), and the time needed
to achieve a microbiological diagnosis, which will allow the establish-
ment of a prompt antibiotic therapy as well as support measures.

Therefore, in cases of sepsis and septic shock, the patient survival de-
pends on the early etiological diagnosis that will allow the establishment
of the correct treatment in the initial stages of the process. However,
conventional microbiologic methods have a low yield, especially in pa-
tients under antibiotic treatment; thus, in numerous cases the etiologic
diagnosis is not achieved and the susceptibility to antibiotics is not
known.

The progressive incorporation of molecular methods based on the de-
tection of microbial nucleic acids has enhanced the chances of obtaining
a rapid, sensitive and specific diagnostic. However, although several
methods for the molecular diagnosis of sepsis have been developed,
none of them have been implemented in the routine of a clinical mi-
crobiology laboratory due to several limitations.

For the development of new in vitro diagnostic tools, the co-operation
between companies and research centers in hospitals is remarkably in-
teresting. The company obtains several benefits, such as acquiring real
clinical samples for the development and the analytical validation of the
assay as well as performing an external validation of the assay. In addi-
tion, having a direct relationship with the final users of the assay may
result in the generation of a more commercially competitive product.
On the other hand, for the hospital research centers this relationship is
also beneficial because it allows participating in the evaluation and im-
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provement of new assays and having the opportunity to incorporate
pioneer methods.

During the development of this doctoral thesis, our group has closely
collaborated with several diagnostics companies in the design, develop-
ment and premarket evaluation of new molecular assays for the detecti-
on of microorganisms directly from the patient’s blood. Some of these
diagnostic assays have not ended up being commercialized, and due to
confidentiality agreements, those studies have not been published. Thus,
this dissertation focuses on the most promising technology, the
PCR/ESI-MS (broad range PCR coupled with electrospray ionization
mass spectrometry), developed by Ibis Biosciences-Abbott Molecular.

This technology allows the identification of any pathogen directly from
blood.

The co-operation with this company started in 2008. In 2009, our
group performed a pilot evaluation of the technology obtaining pro-
mising results and identifying some critical points to be improved. A
second evaluation of the technique using the version PLEX-ID led to
the publication of the first paper using this technology for the molecular
diagnosis of bloodstream infections from whole blood (Article 1). Given
that the sensitivity of this first version of the technology was moderate,
the company decided to refurbish it in order to increase the sensitivity.
A third evaluation using the IRIDICA version of the technology (Arti-
cle 1) was performed in order to validate the new version. This paper
endorses the increase in sensitivity and explores the usefulness if this
technology for the molecular diagnosis of bloodstream infection in dif-
ferent patient groups (admitted to the Emergency room and the Inten-
sive Care Unit). Our contribution has been based on an external
validation of these techniques before and after their commercialization,
contributing to their development.
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Objectives

General objective

To evaluate the PCR/ESI-MS technology for the molecular
diagnosis of sepsis and its implementation on the clinical rou-
tine (Articles 1 and ).

Secondary objectives

1.

To determine the system capability for the detection and
identification of a wide range of pathogens (Articles 1 and 1)
To determine the capability of the PLEX-ID version for the
detection and identification of pathogens from positive blood
cultures (Article 1).

To determine the capability of the PCR/ESI-MS technology
for the detection and identification of pathogens from whole
blood (Article 1 and n).

To evaluate of the usefulness of the IRIDICA version for the
diagnosis of sepsis in the critically ill patient.

Theoretical implementation of the IRIDICA system in the
routine of a clinical laboratory for the molecular diagnosis of
sepsis.
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Abstract

Achieving a rapid microbiological diagnosis is crucial for decreasing morbidity and mortality of patients with a bloodstream
infection, as it leads to the administration of an appropriate empiric antimicrobial therapy. Molecular methods may offer
a rapid alternative to conventional microbiological diagnosis invelving blood culture. In this study, the performance of a new
technology that uses broad-spectrum PCR coupled with mass spectrometry (PCR/ESI-MS) was evaluated for the detection of
microorganisms directly from whole blood. A total of 247 whole blood samples and paired blood cultures were
prospectively obtained from 175 patients with a suspicion of sepsis. Both sample types were analyzed using the PCR/ESI-MS
technology, and the results were compared with those obtained by conventional identification methods. The overall
agreement between conventional methods and PCR/ESI-MS performed in blood culture aliquots was 94.2% with 96.8%
sensitivity and 98.5% specificity for the molecular method. When comparing conventional methods with PCR/ESI-MS
performed in whole blood specimens, the overall agreement was 77.1% with 50% sensitivity and 93.8% specificity for the
molecular method. Interestingly, the PCR/ESI-MS technology led to the additional identification of 13 pathogens that were
not found by conventional methods. Using the PCR/ESI-MS technology the microbiological diagnosis of bloodstream
infections could be anticipated in about half of the patients in our setting, including a small but significant proportion of
patients newly diagnosed. Thus, this promising technology could be very useful for the rapid diagnosis of sepsis in
combination with traditional methods.
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Introduction

The administration of an empiric antibiotic therapy within the
first hour of recognition of clinical symptoms of bloodstream
infections is strongly recommended [1]. However, a rapid
microbiological diagnosis is of paramount importance for the best
outcome of the patient, since it allows for the administration of an
appropriate empiric treatment on the basis of the clinician’s
knowledge of the antimicrobial susceptibility status of each
bacterial species that is prevalent in that area. Once the
identification is achieved, the initial therapy can be changed, if
necessary, to assure an adequate antibiotic activity against the
etiologic agent, or its spectrum reduced to prevent antimicrobial
resistance development [2]. While susceptibility testing results are
usually delayed 42-72 h, every hour gained to initiate proper
antimicrobial therapy significantly increases the probability of
patient survival [3].

PLOS ONE | www.plosone.org

The reference method used for the detection of pathogens in
blood of septic patients is the blood culture (BC) followed by
conventional identification methods. This methodology, while
being necessary for the assessment of antimicrobial susceptibility,
implies a delay of up to 48-72 h in the identification of the
etiologic agent. Furthermore, despite being the reference di-
agnostic method, the BC has several limitatons regarding
sensitivity, especially in the case of previous antimicrobial therapy,
and fastidious, slow-growing or uncultivable pathogens, often
leading to a low diagnostic yield [4].

In order to speed the diagnostic process, it would be desirable to
detect and identify the microorganisms directly from the patient’s
blood avoiding culture. Currently, molecular methods offer a rapid
and reliable alternative to conventional culture, reducing the time
to detection and increasing the sensitivity in the identification of
certain microorganisms. As N. Mancini e/ al. recently reviewed [4],
several assays are commercially available for the detection and
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identification of microorganisms related to bloodstream infections
directly from whole blood (WB). Among them, only SeptiFast
(Roche, Mannheim, Germany) has been evaluated in several
studies in the hospital setting leading to heterogeneous results [5
10]. Besides, this assay is limited to the 25 pathogens most
commonly involved in sepsis; however, this syndrome can be
caused by a broad range of pathogens and, thus, the diagnostic
value is limited to the detection of the microorganisms included in
the assay.

Recently, a new and promising technology has been described
that uses a broad-spectrum PCR coupled with eclectrospray
ionization mass spectrometry (PCR/ESI-MS; Ibis Biosciences,
an Abbott company, Carlsbad, CA, USA) to potentially identify
any microorganism present in a clinical specimen [11-13]. Using
mass spectrometry, the mass of each PCR amplicon is determined
and the nucleotide base composition is unambiguously calculated
and compared to a database, achieving the identification. This
technology has shown promising results in the accurate detection
of microorganisms directly from clinical specimens, including the
detection of respiratory pathogens [14-16]. The goal of the
present study was to test in a clinical setting the performance of
this new technology for the identification of sepsis-related
pathogens directly from WB. However, given the low concentra-
tion of microorganisms in this specimen type, a first evaluation was
carried out on BC to confirm the ability of the PCR/ESI-MS
technology to identify a variety of sepsis-related pathogens, and
then its performance was assessed on WB.

Materials and Methods

Ethics Statement

Written informed consent was obtained from all patients or
their guardians. This study was approved by the Clinical Research
Ethics Committee at our institution (“Comité Etico de Investiga-
cién Clinica”, CEIC).

Patients and Specimens

This was an observational study where a total of 175 patients
with a suspicion of sepsis according to the American College of
Chest Physicians/Society of Critical Care Medicine (ACCP/
SCCM) criteria [17] were prospectively included between April
2010 and May 2011 (median age 60 years, range 1-94; 70 male
and 102 female).

For each patient, a WB specimen was collected in an EDTA
tube under aseptic conditions at the onset of fever or other clinical
signs of sepsis, when the BC was inoculated for routine
microbiological testing; for 42 patients, serial specimens were
included, either from the same or different sepsis episodes, adding
to a total of 247 WB specimens tested. For a subset of 206 WB
specimens, an aliquot of the paired BC bottle/s was also obtained
after incubation in order to compare the performance of the
molecular method in the two specimen types. WB specimens were
classified depending on their paired BC result as WB with a paired
positive BC (n=75) or WB with a paired negative BC (n=172].
WB specimens were frozen at —20°C for up to nine months untl
DNA extraction. Long term stability of WB samples under these
storage conditions had previously been demonstrated by the
manufacturer on spiked samples.

Conventional Microbiological Methods

For each adult patient, a set of two BC, ncluding two aerobic
and one anaerobic BC bottles, were inoculated with up to 10 mL
of blood whereas the pediatric BC were filled with up to 2-5 mL
depending on the child’s age. The BC bottles were incubated in

PLOS ONE | www.plosone.org

126

Rapid Sepsis Diagnosis with PCR-Mass Spectrometry

the Bactec 9240 BC system (Becton Dickinson, Franklin Lakes, NJ,
USA) for up to 5 days before being called negative. The
identification and susceptibility testing of the microorganism/s
present in the positive BC bottles was achieved using the Vitek-2
Compact system (BioMérieux, Marseille-L'Etoile, France) after
performing a Gram stain and a concentration protocol [18,19].
Conventional cultures were also performed following standard
microbiological methods for identification and antibiotic suscep-
tibility testing (disc diffusion and minimum mbhibitory concentra-
tion methods as required).

DNA Extraction

For each patient DNA was extracted from 1.250 mL of WB and
from 1.1 mL of the BC aliquot, according to the manufacturer’s
instructions. After a mechanical lysis step with the Precellys
instrument  (Bertin  Technologies, Montigny-le-Bretonneux,
France), the DNA was extracted using the magnetic-bead based
cxtractor KingFisher Flex (ThermoScientific, Waltham, MA,
USA) following the manufacturer’s protocols. The cluted DNA
(200 pL) was blind-coded regarding both the patient’s identity and
the BC result and frozen at —80°C for further analysis at Ibis
Biosciences (Carlsbad, CA, USA).

DNA Amplification and Analysis

Two investigational assays were used to amplify DNA extracts
from WB and BC specimens, respectively, according to the
manufacturer’s protocols. The assays were designed to detect
a broad range of bacteria and Candida spp. as well as four antibiotic
resistance genes: meed (resistance to methicillin), zand and vanB
(resistance to vancomycin) and Ape (resistance to carbapenems) in
a 96-well plate. After DNA amplification in a Mastercycler® ep 8
Thermal Cycler (Eppendorf, Eppendorf AG. Hamburg, Ger-
many), according to the manufacturer’s protocol, the plates were
transferred to the ESI-MS instrument (Ibis Biosciences). The PCR
products were analyzed using electrospray ionization time of flight
mass spectrometry (ESI-TOF) to determine the mass of each
amplicon strand. Using a built-in software analysis package, the
base count of each amplicon was deduced from the measured
masses and compared with the reference database. The combi-
nation of the results obtained from each primer pair was used to
identify the microorganism/s present in the sample. Furthermore,
the genetic material was quantified by using an internal calibrant
added at a known concentration to each PCR well. Identification
can be obtained from clinical specimens in 6-8 hours including
DNA extraction, PCR amplification and ESI-TOF analysis.

Data Interpretation and Statistical Analysis

For each patient the results obtained with the PCR/ESI-MS
technology on WB and its paired BC were compared with those
obtained using conventional methods (BC was considered the gold
standard). As discrepancies between both methods were found, to
assess whether the microorganisms identified only by the PCR/
ESI-MS corresponded to the true etiological agents of the sepsis
episode and, thus, had clinical significance, the results were
compared to a constructed “clinical infection criterion”; this new
gold standard was based on clinical records review in order to
identify the diagnosed focus of infection, as well as on the results of
cultures from other specimens (i.e. microorganisms detected only
by PCR/ESI-MS were considered true positives when the same
microorganism had been isolated from a culture from another
specimen type reflecting the focus of infection or supported by the
nature of the underlying infection).

Since more than one microorganism could be detected per
specimen, the methods were compared at two levels against the

April 2013 | Volume 8 | Issue 4 | 62108



two aforementioned gold standards: 1) the Cohen’s Kappa
cocfficient of agreement was calculated (OpenEpi software) [20]
between both methods considering all microorganisms identified (a
direct comparison for each microorganism isolated by conven-
tional methods vs. the same microorganism detected by the
molecular method); and 2) positive and negative results by each
method were computed in order to calculate the parameters of
analytical performance of the molecular method (sensitivity,
specificity, positive and negative predictive values), excluding
specimens with polymicrobial detections, since they could not be
properly classified (i.e. both methods agreed in some but not all
microorganisms identified).

Results

1. Microbial Identification from Blood Culture Specimens

The performance of the PCR/ESI-MS at identifying a variety
of sepsisrelated microorganisms was firstly assessed on BC
aliquots in comparison with conventional methods.

Agreement between isolated/detected
microorganisms. When the PCR/ESI-MS was compared
to the conventional methods using the BC as the gold standard,
the same microorganism was identified in 78 out of a total of
96 identifications by either or both methods, while 128
specimens were negative by both methods. Thus, the overall
agreement at the microorganism level was 92.0% (k= 0.830)
(Table 1A). Polymicrobial infections involving two or three
microorganisms were detected by either or both methods in 14
(18.7%) cases among the 75 specimens with a positive BC
(Table 2). Six of the seven microorganisms detected by BC that
were missed by PCR/ESI-MS corresponded to polymicrobial
specimens. However, the PCR/ESI-MS technology detected an
additional five microorganisms not detected by BC that were
clinically significant {Table 3). Thus, when a clinical infection
criterion was used as the gold standard, the agreement rose to
94.2% (x=0.879) (Table 1A).

In one case of two closely related microorganisms, the PCR/
ESI-MS  software misidentified the microorganism (Klebszella
preumoniae as Citrobacter spp.), and in a few cases, the identification
was only achieved at the genus level (9.6% of the 83 pathogens
detected with clinical significance: Streptococcus spp., Citrobacter spp.,
Fusobacterium spp., Clostrdium spp. and Salmonella spp.). In the case
of conventional methods, 3.5% of the 85 microorganisms were
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also identified at the genus level (Seratia spp., Fusobacterium spp. and
Bacteroides spp.).

Parameters of analytical performance. The sensitivity,
specificity, the PPV and the NPV of the PCR/ESI-MS were
96.7%, 97.7%, 95.2% and 98.5%, respectively, using the BC as
the gold standard (Table 4A). Given that the molecular method
detected a microorganism with clinical value in a negative BC
(Table 5), these values were 96.8%, 98.5%, 96.8% and 98.5%,
respectively when the clinical criterion gold standard was used

(Table 4A).

2. Microbial Identification from Whole Blood Specimens

Given that the PCR/ESI-MS technology demonstrated a good
performance on BC aliquots, we proceeded with the evaluation in
the WB specimens obtained from the same patients.

Agreement b isolated/detected
microorganisms. From a total of 110 microorganisms
identified by ecither or both methods, 37 were identified both
by BC and the PCR-ESI/MS technique, while no identfication
was achieved in 152 specimens by either method. Thus the
overall agreement berween methods was 72.1% (k=0.316)
(Table 1B). The PCR/ESI-MS identified a total of 25
microorganisms that were not detected by BC (commented in
Table 6), and the presence of 13 of them was supported by
clinical facts. On the contrary, in four cases the presence of
those microorganisms could not be supported by clinical
evidence, and another eight microorganisms were considered
contaminants from the skin flora that were found in the BC due
to inadequate antisepsis before venipuncture (ie. coagulase-
negative staphylococci, Propionibacterium  acnes, etc.). When the
results were reanalyzed taking this clinical information into
consideration, the agreement between the PCR/ESI-MS and
the conventional methods increased to 77.1% (k=0.472)
(Table 1B). A list of the microorganisms identified by either
or both methods is depicted in Table 3.

Parameters of analytical performance. Polymicrobial
infections were detected by cither or both methods in 11
(14.7%) out of the 75 cases with a positive paired BC (Table 2).
As described above for BC samples, only those specimens with
a single pathogen were considered for analysis. When the BC was
regarded as the gold standard, the sensitivity, specificity, the PPV
and the NPV were 43.8%, 88.4%, 58.3% and 80.9%, respectively.
However, taking into account the 10 cases with clinical

Table 1. Agreement between microorganisms isolated by conventional microbiological methods and detected by the PCR/ESI-MS
method according to the gold standard used and the specimen type.

Blood culture gold standard

Clinical infection criterion

Conventional methods

Conventional methods

Positive Negative Total Positive Negative Total
A) PCR/ESI-MS in blood culture  Positive 78 1 89 83 6 89
Negative 7 128 135 7 128 135
Total a5 139 224 90 134 224
B) PCR/ESI-MS in whole blood Positive 37 25 62 50* 12 62
Negative 48 152 200 48 152 200
Total 85 177 262 98 164 262

doi:10.1371/journal.pone.0062108.t001

PLOS ONE | www.plosone.org

A) Overall agreement, blood culture gold standard: [(78+128)/224] =92.0%, and clinical infection criterion: [(83+128)/224] =94.2%.
B) Overall agreement, blood culture gold standard: [(37+152)/262] =72.1%, and clinical infection criterion: [(50+152)/262] =77.1%.
*Two detections correspond to different specimens from the same patient and sepsis episode.
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Table 2. Polymicrobial infections/detections by conventional methods or PCR/ESI-MS according to specimen type.

Enterococcus faecium
2 Enterococcus faecalis
Pseudomonas aeruginosa

Klebsiella pneumoniae

3 Citrobacter koseri
Hafnia alvei
4 Enterobacter cloacae

Enterococcus faecalis

CoNs'
5 Streptococcus parasanguinis
Staphylococcus epidermidis
6 Escherichia coli

Staphylococcus aureus
Z Serratia marcescens

Enterococcus faecium

8 Escherichia col
Staphylococcus epidermidis

9 Klebsiella pneumoniae
Not detected
Not detected

10 Fusobacteriumn spp.
Not detected

n Staphylococcus epidermidis
Not detected

12 Enterococcus faecalis
Not detected

13 Bacteroides spp.
Not detected

14 Serratia spp.
Not detected

15 Enterococcus faecium
Not detected

16 Pseudomonas aeruginosa
Not detected

17 Escherichia colf
Not detected

Enterococcus faecium
Enterococcus faecalis
Not detected

Not detected

Citrobacter spp.

Not detected
Enterobacter cloacae complex
Not detected

CoNS

Streptococcus spp.

CoNS

Escherichia coli
Staphylococcus aureus
Serratia marcescens

Not detected

Escherichia coli

CoNS

Klebsiella pneumoniae
Citrobacter spp.

Not detected
Fusobacterium spp.
Clostridium spp.

CoNS

Enterobacter doacae complex
Enterococcus faecalis
Enterobacter cloacae complex
Bacteroides fragilis
Clostridium spp.

Serratia spp.

Bacillus spp.
Enterococcus faecium
Not detected
Pseudomonas aeruginosa
Not detected

Escherichia coli

Not detected

PCR/ESI-MS
[« i hod Blood culture Whole blood
1 Klebsiella pneumoniae Klebsiella pneumoniae Klebsiella pneumoniae

Klebsiella oxytoca

Not detected
Pseudomonas aeruginosa
Not detected

Citrobacter koseri

Not detected
Enterobacter intermedius
Not detected

Not detected
Streptococcus thermophylus
Not detected

Not detected

Not detected

Not detected

Not detected

Escherichia coli
Staphylococcus epidermidis
Not detected

Not detected
Staphylococcus warneri
Not detected

Not detected

Not detected

Not detected

Not detected

Not detected
Bacteroides fragilis

Not detected

Not detected

Not detected
Enterococcus faecium
Candida albicans
Pseudomonas aeruginosa
Corynebacterium spp.
Escherichia coli
Enterobacter cloacae

doi:10.1371/journal.pone.0062108.t002

significance detected by the PCR/ESI-MS only (Table 6), the
values rose to 50%, 93.8%, 78.7% and 80.4% when the clinical
infection criterion was used (Table 4B).

Variables such as the time to positivity of the BC, total DNA
concentration and leukocyte count were compared between those
specimens with a paired positive BC that had a positive detection
and those with no detection by PCR/ESI-MS and no statistically
significant differences were found (data not shown).
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'Staphylococcus epidermidis and other coagulase-negative species (CONS).

3. Detection of Antibiotic Resistances
Among all Staphylococcus  aurens isolates (N=11), two were

reported to be methicillin-resistant Staphylococcus auwrens (MRSA)

by conventional methods. Both of them were correctly identified
by the PCR/ESI-MS technology both in WB and paired BC
specimens.  Additionally, the presence of the meed gene was
reported by the molecular method in two other strains (one from

WB and one from BC specimens) that were methicillin-susceptible
Staphylococcus aurens (MSSA) according to the reference methods.
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Table 3. Pathogens with clinical significance isolated by conventional microbiclogical methods and detected by the PCR/ESI-MS
method.

N° of microorganisms detected

Blood culture specimens Whole blood specimens
BC PCR/ESI-MS PCR/ESI-MS BC PCR/ESI-MS PCR/ESI-MS
Group Microorganism only and BC only only and BC only
Gramnegatives Bacteroides spp. 0 1 (1] 0 1 0
Citrobacter koseri 4] 1 0 0 1 ]
Enterobacter cloacae 0 7l 1 (] 2 1
Escherichia coli 0 16 0 8 8 3
Fusobacterium spp. 0 1 0 1 0 0
Hafnia alvei 1 0 0 1 0 0
Kiebsiella oxytoca 0 1 0 1 (1] 1
Klebsiella pneumonige 1 6 0 2 5 2
Pseudomaenas aeruginasa i 4 (1] 1 4 0
Salmonella enterica 0 1 0 1 0 0
Serratia marcescens 0 2 0 ] 0 0
ith Clostridium spp. 0 0 2 0 0 0
Enterococcus faecalis 1 7 0 8 0 0
Enterococcus faecium 3 5 0 5 3 0
Staphylococcus aureus 0 9 [1] 3 6 2
Methicillin-resistant 0 2 0 0 2 0
Staphylococcus aureus
Coagulase-negative staphylococci 0 1 1] 10 1 Q
Streptococcus spp.” 0 2 0 0 2 0
Streptococcus agalactiae (4] 1 0 0 1 0
Streptococcus pneumoniae 0 5 2 3 2 3
Yeasts Candida albicans 0 1 0 1 0 1
Total 7 78 5 47 38 13

'Streptococcus mitis and S. parasanguinis.
BC, blood culture.
doi:10.1371/journal.pone.0062108.t003

Table 4. Agreement of unique isolation/detection specimens depending on the gold standard used and the specimen type.

Blood culture gold standard Clinical infection criterion
Conventional methods Conventional methods
Positive Negative Total Positive Negative Total
A) PCR/ESI-MS in blood culture  Positive 59 3 64 60 2 64
Negative 2 128 128 2 128 128
Total 61 131 192 62 130 192
B) PCR/ESI-MS in whole blood Positive 28° 20 a8 37 10 a7
Negative 36 152 188 37 152 189
Total 64 172 236 74 162 238

A) Blood culture gold standard: 96.7% sensitivity, 97.71% specificity, 95.2% PPV, 98.5% NPV. Clinical infection criterion: 96.8% sensitivity, 98.5% specificity, 96.8% PPV,
98.5% NPV.

In one specimen an Enterococcus faecium was isolated by blood culture whereas PCR/ESI-MS detected a coagulase-negative staphylococci.

"In another specimen a Klebsiella pneumoniae was isolated by blood culture and it was identified as Citrobacter spp. by PCR/ESI-MS.

B) Blood culture gold standard: 43.8% sensitivity, 88.4% specificity, 58.3% PPV, 80.9% NPV. Clinical infection criterion: 50.0% sensitivity, 93.8% specificity, 78.7% PPV,
80.4% NPV.

“The PCR/ESI-MS detected a coagulase-negative staphylococci while a Klebsiella pneumoniae was isolated by blood culture. In 10 specimens with a negative paired
blood culture (two of them from the same patient and sepsis episode) the PCR/ESI-MS detected clinically significant microorganisms.
doi:10.1371/journal.pone.0062108.t004
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Table 5. Discrepancies found between the PCR/ESI-MS in blood cultures and conventional methods.

PCR/ESI-MS results

C i Ce

Clinical evidence supporting CoNS', Enterobacter cloacae

PCR/ESI-MS results

Streptococcus pneumoniae

Bacteroides fragilis, Clostridium spp.

Streptococcus spp., Streptococcus
pneumoniae, CoNS

Fusobacterium spp.,
Clostridium spp.

No clinical evidence supporting Staphylococcus aureus

PCR/ESI-MS results
Staphylococcus aureus
Enterococcus faecalis, Enterobacter spp.

Kiebsiella pneumoniae,
Citrebacter spp.
Misidentification Citrobacter spp.
Skin or ambient contaminant CoNs.

Serratia marcescens, Bacillus spp.

Staphylococcus epidermidis Bronchial aspirate culture positive for E. cloacae 3

days later. Respiratory superinfection.

Negative Pneumonia antecedents. Previous splenectomy.
PCR/ESI-MS detected S. pneumoniae in the paired
whole blood specimen.

Bacteroides spp. Abdominal infaction. Possible presence of

different anaerobic micreorganisms.

Streptococcus mitis, Pneumonia.

Staphylococcus epidermidis

Fusobacterium spp. Soft tissue infection, possible presence of

anaerobic microorganisms.

Negative

Negative Pneumonia,

Enterococcus faecalis Communitarian sepsis. Unknown focus.

Klebsiella pi i (¢ sepsis. Unknown focus. Possible
misidentification.

Klebsiella pneumoniae
Enterococcus faecium

Serratia spp.

1Staphylococcus epidermidis and other coagulase-negative species.
doi:10.1371/journal.pone.0062108.t005

The other resistance-related genes (vand, vanB or kpc) were not
detected in any of the isolates included in this study by any
method.

Discussion

Sepsis is a major cause of morbidity and mortality in hospitals
around the world [21]. Since the rapid administration of an
effective antimicrobial therapy is decisive for the best outcome of
the patient, a prompt identification of the causal agent is highly
desirable to readdress the initial empirical treatment if necessary
[3]. This is the first study that clinically evaluated a new
technology based on PCR and mass spectrometry for the detection
of pathogens directly from WB.

Since sepsis may be caused by a wide diversity of pathogens,
mainly bacteria and fungi, the identification of all of them may be
challenging for diagnostic assays. Given the low concentration of
bacteria/yeast in WB, the ability of the PCR/ESI-MS technology
to detect a variety of sepsis-related pathogens was best assessed in
BC. Being based on several broad-range PCR reactions, the
investigational assay used for the identification of pathogens from
BC showed a very good overall agreement (94.2%) with the
conventional microbiological methods, with 21 different species
identified. These results are in agreement with previous data [22];
93 (90.3%) of the 103 microorganisms identified by conventional
methods were also detected by PCR/ESI-MS (45 different species
identified).

Recently, another mass spectrometry-based technology has
been adapted to microbiological diagnosis; in this case, a Matrix-
Asgisted Laser Desorption/lonization (MALDI-TOF) approach is
used to obtain the protein spectrum of microbial pathogens from
BC [23-25]. E. J. Kaleta # al. [26] compared the PCR/ESI-MS
technology with the MALDI-TOF approach in BC specimens and
a highly accurate identification at species level was achieved with
both methodologies (95.2% and 94.3%, respectively). The main
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advantage of the MALDI-TOF approach is that the identification
of pathogens can be achieved within minutes, but a previously
grown culture is required, whereas the identification can be
directly obtained from uncultured WB in 6-8 hours with the
PCR/ESI-MS technology.

As opposed to working with BC aliquots, starting from the
patient’s blood would provide microbiologists with the possibility
of anticipating the diagnosis up to 40 hours. However, the
concentration of bacteria in WB may be as low as 1-10 CFU/mL
[27]. Although the PCR/ESI-MS technology was able to detect
very low levels of bacteria (1-5 genomes/well) in some cases, its
performance was more limited in this specimen type than in BC,
as expected. One inherent limitation in comparing molecular
methods to culture is that current molecular methods use a smaller
volume of blood than BC. This is because an excess of human
DNA may hamper the detection of minor bacterial DNA or even
inhibit the PCR reaction. Methods to overcome these problems
and test larger blood volumes are being developed by the
manufacturer as well as other groups [28-30]. Even so, our
results show that using the PCR/ESI-MS technology, a microbi-
ological diagnosis of sepsis could be achieved directly from the
patient’s blood with 50% sensitivity and 93.8% specificity when
compared with conventional methods.

Other molecular methods for the diagnosis of sepsis directly
from WB have been clinically evaluated. The SeptiFast test is
based on a multiplex real-time PCR targeting the 25 most frequent
pathogens involved in bloodstream infections. However, the results
obtained with this assay are not very consistent across different
studies, with sensitivity ranging between 61 and 90.9%, and
specificity between 70 and 100% [5-10]. The overall agreement
between microorganisms isolated by BC and identified with the
PCR/ESI-MS in WB in our study was 77.5%, which is
comparable to results published using the SeptiFast (69 to
77.8%) [5,31,32]. However, microorganisms not included in the
mentioned assay were identified in seven cases in our study
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Table 6. Discrepancies found between the PCR/ESI-MS in whole blood and conventional methads.

Enterococcus faecium,
Candida aibicans

Enterococcus faecium

PCR/ESI-MS results C hod: G
Clinical evidence supporting Klebsiella Hepatocellular carcinoma and biliar obstruction.
PCR/ESI-MS results Klebsiella oxytoca Enterococcus faecalis

Intravascular catheter-related sepsis in patient with leukemia and
neutropenia treated with caspofungin. C. albicans confirmed by

sequencing.
Escherichia coli, Escherichia coli Sepsis of abdominal origin.
Enterobacter cloacae
Escherichia coli Negative Urine culture positive for E. coli.
Streptococcus pneumoniae Negative Pneumonia in a splectomized patient. Confirmed by sequencing.
Staphylococcus aureus Negative Pneumonia due to S. aureus.
Escherichia coli Negative Urine culture positive for E. coli.
Streptococcus pneumuniue' Negative Bilateral pneumonia in an immunocompromised patient with
a bronchial aspirate culture positive for S. pneumoniae.
Klebsiell gati Previous sepsis due to K. pneumoniae. Polycystic kidney disease.
Staphylococcus aureus Negative Skin origin of sepsis. Culture positive for S. aureus.
Klebsiell i gati Bilateral pneumonia. Previous urine culture positive for K.
pneumoniae.
Escherichia coli Negative Acute lymphoblastic leukemia. Primary origin of sepsis.
Distended abdomen, possible translocation.
No clinical evidence Escherichia coli Negative Pneumonia due to MRSA.2
supporting PCR/ESI-MS results
Staphylococcus aureus Negative Pneumonia due to S. pneumoniae.
Escherichia coli Negative Chrenic respiratory disease.
Escherichia coli Negative
Skin contaminants Staphylococcus warneri Klebsiella pneumoniae
i i Pseudomonas aeruginosa
Corynebacterium spp.
Staphylococcus h lyticus g
Staphylococcus hominis Negative
Staphyl U fe i gati S. epidermidis was detected and considered as contaminant in
two specimens, one of them confirmed by sequencing.
Propionibacterium acnes ls} P. acnes was detected and considered as contaminant in two

specimens.

Methicillin-resistant Staphylococcus aureus.
doi:10.1371/journal.pone.0062108.t006

(Salmonella enterica, Bacteroides spp., Citrobacter koseri, Fusobactertum
spp., Hafuia alvei, and two cases of Clostridium spp.). The VYOO®
test (SIRS-Lab, Jena, Germany) is based on a multiplex PCR
followed by microarray detection that includes 34 bacterial
pathogens, seven fungi and five antibiotic resistance genes, and
showed a 46.2% concordance with conventional methods [29].
The SepsiTest (Molzym, Bremen, Germany) uses a universal 168
rRNA PCR followed by sequencing and a concordance of 86%
with BC was reported for this assay [30].

While the PCR/ESI-MS offers a quantitative result and it
detected from 1 to 399 genomes per PCR well, a lower detection
limit is set for the final interpretation of results (3 genomes/ well for
most pathogens and at 5 genomes/well for the Candida spp.).
However, this detection limit was risen up to 10 genomes/well by
the manufacturer for the coagulase-negative staphylococci (CoNS)
and other pathogens likely to be contaminants from the skin flora.
While this strategy was designed to improve the specificity of the
assay for the diagnosis of sepsis, it could also lead to a low
percentage of false-negative results, given that the amount of
genomes/well observed for microorganisms with clinical signifi-
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'Streptococcus pneumoniae was detected in two whole blood specimens with negative blood culture from the same patient during the same sepsis episode.

cance and those considered contaminants cannot be easily
distinguished. In fact, in nine WB specimens with a positive
paired BC the PCR/ESI-MS achieved the correct identifications
but they were not reported as they were under the mentioned
threshold, being three of them CoNS. On the other hand, eight
cases corresponding to skin contaminants were above the limit of
detection and, thus, reported as positive. In fact, the detection of
such microorganisms is also an issue to be considered when
interpreting the results of BC; in our center, in up to 5% of all
positive blood cultures a skin contaminant is isolated due to poor
aseptic practices at the time of inoculation, Those patients in
which a skin contaminant had been identified by BC were
excluded from this study.

Several factors may limit the interpretation of the results
obtained in our study. Firstly, 42 patients were sampled at several
time-points during the same sepsis episode; serial blood cultures
are often obtained in the clinical practice for patients that are not
evolving favorably. Given that the PCR/ESI-MS resulis are
quantitative, future studies should explore the wvalue of this
technique for monitoring antibiotic efficacy and predict clinical
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outcome of patients with sepsis. Secondly, in some cases the
samples were drawn when patients were already under antibiotic
treatment. The latter could lead to positive findings by PCR/ESI-
MS in sepsis episodes with a negative BC. In the absence of
a highly sensitive gold standard, reviewing clinical facts as well as
other positive cultures is necessary in these cases. In this study, the
clinical relevance of 12 out of 25 such cases was clinically
supported by additional positive cultures or by the nature of the
underlying infection, and 9 of those 12 patients were on antibiotic
treatment. This data supports the fact that molecular technologies
may be useful in those cases where the value of traditional culture
is limited; the identification of the etiological pathogen in treated
patients could have a clinical impact in patient outcome through
the adjustment of the initially administered antimicrobial therapy.
It also has to be taken into account that molecular methods are
able to detect the DNA either from living or dead bacteria, as well
as DNA released to the bloodstream by translocation [33], while
bloed culture and identification by the Vitek-2 system only detects
viable microorganisms. Some of the PCR/ESI-MS findings could
not be supported by clinical facts and, consequently, the results
obtained should always be reviewed and interpreted by a clinical
microbiologist considering all the available clinical data.

Despite molecular methods are more expensive than conven-
tional ones, the overall benefits for the patient have to be
considered. A rapid identification of the pathogen may lead to the
optimization of the administered therapy and, thus, to a prompter
recovery of the patient and a shorter stay at the ICU department.
Cost/benefit studies regarding the use of molecular assays in
combination with conventional methods have been performed
using the SeptiFast assay and significant economic savings were
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reported due to the shortening of the ICU stay and a more rational
use of antibiotics [34,33].

In conclusion, the PCR/ESI-MS technology could be a useful
tool to achieve a rapid diagnosis in patients with clinical suspicion
of sepsis. Qur results show that a significant proportion of patients
would beneficiate from an early diagnosis, and its use in
combination with traditional methods could increase the number
of microbiologically confirmed sepsis cases. Although more studies
are necessary to asses the real clinical impact of this technology in
the detection of pathogens in whole blood, this early identification
of the pathogen could affect the antibiotic treatment and,
therefore, the patient management and outcome, In addition,
given its capability of detecting any pathogen, this technology
offers a high versatility for the diagnosis of infectious diseases.
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Abstract

Background

Rapid identification of the etiological agent in bloodstream infections is of vital importance
for the early administration of the most appropriate antibiotic therapy. Molecular methods
may offer an advantage to current culture-based microbioclogical diagnosis. The goal of this
study was to evaluate the performance of IRIDICA, a platform based on universal genetic
amplification followed by mass spectrometry (PCR/ESI-MS) for the molecular diagnosis of
sepsis-related pathogens directly from the patient's blood.

Methods

A total of 410 whole blood specimens from patients admitted to Emergency Room (ER) and
Intensive Care Unit (ICU) with clinical suspicion of sepsis were tested with the IRIDICA BAC
BSI Assay (broad identification of bacteria and Candida spp.). Microorganisms grown in cul-
ture and detected by IRIDICA were compared considering blood culture as gold standard.
When discrepancies were found, clinical records and results from other cultures were taken
into consideration (clinical infection criterion).

Results

The overall positive and negative agreement of IRIDICA with blood culture in the analysis
by specimen was 74.8% and 78.6%, respectively, rising to 76.9% and 87.2% respectively,
when compared with the clinical infection criterion. Interestingly, IRIDICA detected 41 clini-
cally significant microorganisms missed by culture, most of them from patients under antimi-
crobial treatment. Of special interest were the detections of one Mycoplasma hominis and
two Mycobacterium simiae in immunocompromised patients. When ICU patients were
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analyzed separately, sensitivity, specificity, positive and negative predictive values com-
pared with blood culture were 83.3%, 78.6%, 33.9% and 97.3% respectively, and 90.5%,
87.2%, 64.4% and 97.3% respectively, in comparison with the clinical infection criterion.

Conclusions

IRIDICA is a promising technology that offers an early and reliable identification of a wide
variety of pathogens directly from the patient’s blood within 6h, which brings the opportunity
to improve management of septic patients, especially for those critically ill admitted to the
ICU.

Introduction

Bloodstream infection is a life-threatening illness due to the presence of microorganisms or
their toxins in the blood [1]. The systemic deleterious host response to this infection can lead
to severe sepsis and septic shock, which affect millions of people around the world with an
increasing incidence [2]. Once the symptoms are recognized, the administration of antibiotic
therapy during the first hour is strongly recommended [2], as every hour gained in initiating
proper antimicrobial therapy significantly increases the probability of patient survival [3].
However, the current gold standard still relies on culture, which may take up to 3 days before
obtaining the identification and performing the antimicrobial susceptibility testing. Thus,
rapid identification of the causal agent directly from the patient’s blood would be desirable, as
it would allow clinicians to readdress the initial antibiotic therapy if necessary, before culture-
based identification and susceptibility testing results are available.

A few years ago, an innovative technology based on universal PCR amplification coupled
with mass spectrometry was described (PCR/ESI-MS) [4,5]. The first version of this technol-
ogy, although promising, showed a moderate sensitivity ranging from 50% to 68% for the diag-
nosis of bloodstream infections (in comparison with blood culture results plus other
microbiological findings) [6,7]. A newer version of this technology called IRIDICA (Ibis Biosci-
ences, Carlsbad, CA) is in development. Its main improvement is an enhanced sensitivity, up
10 83-91%, due to an increase in the volume of blood tested (5 mL instead of 1.25 mL in the
former version), the optimization of PCR conditions and reagents to be tolerant of high loads
of human DNA, and an improved downstream processing and analysis step to ensure high sen-
sitivity [8]. The goal of this study was to analyze the clinical performance of this new platform
for the diagnosis of bloodstream infections as well as its ability for identifying a wide range of

pathogens.

Materials and Methods
Ethics statement

Written informed consent was obtained from all patients or their guardians. This study was
approved by the Clinical Research Ethics Committee at Germans Trias i Pujol University Hos-
pital (“Comité Etico de Investigacién Clinica”, CEIC).

Patients and specimens

This was an observational prospective study including a total of 405 patients admitted to the
ICU or ER (median age 66 years, range 16-101; 246 male and 161 female) with a suspicion of
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sepsis according to the American College of Chest Physicians/Society of Critical Care Medicine
(ACCP/SCCM) criteria [9], and enrolled between September 2012 and March 2013 at a tertiary
care center in Spain (Fig 1). For each patient, one extra whole blood specimen was collected in
an EDTA tube under aseptic conditions at the same time as the inoculation of the blood culture
for routine microbiological testing (at the onset of fever or other clinical signs of sepsis). For
five patients, a blood specimen from two different sepsis episodes was included adding up to
410 specimens. The result of the paired blood culture for each specimen was recorded. Over
the study period, a blood specimen was obtained for 222 ICU patients (median age 57.7 years,
range 16-83; 138 male, 82 female), which were all tested by IRIDICA. These corresponded to
32 specimens with a paired positive blood culture and 190 with a paired negative blood culture.
In order to further assess the ability of the technology for identifying a wider range of patho-
gens, we also included 188 specimens with paired positive blood culture from ER patients
(median 71.5 years, range 20-101; 110 male, 80 female), as this clinical unit is the source of
60% of blood cultures sent to the Microbiology laboratory. Those patients in which skin con-
taminants were identified by blood culture were excluded from this study (n = 56 cases with 59
microorganisms isolated from a single positive culture bottle with coagulase-negative staphylo-
cocci (n = 46), Streptococcus spp. (n = 5), Micrococcus spp. (n = 3), Corynebacterium spp.

(n = 2), Bacillus spp. (n = 1), Propionibacterium spp. (n = 1), and Stenotrophomonas maltophi-
lia (n = 1)). Whole blood specimens were stored at -20°C until testing at Ibis Biosciences.

Conventional microbiological methods

For each adult patient, a set of two blood cultures, including two aerobic and one anaerobic
blood culture bottles, were inoculated with up to 10 mL of blood each. The blood culture bot-
tles were incubated in the Bactec 9240 blood culture system (Becton Dickinson, Franklin
Lakes, NJ, USA) for up to 5 days. The identification and susceptibility testing of the microor-
ganisms were achieved using the Vitek-2 Compact system (BioMérieux, Marseille-1'Etoile,
France) directly from positive blood culture bottles after performing a Gram stain and a con-
centration procedure [10,11]. Conventional cultures were also performed, following standard
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microbiological methods for identification and antibiotic susceptibility testing (disc diffusion
and minimum inhibitory concentration methods) as required.

Specimen processing with IRIDICA

Specimen testing with IRIDICA (Ibis Biosciences) was performed according to the manufac-
turer’s instructions using the IRIDICA BAC BSI Assay (Ibis Biosciences-Abbott Molecular
(Des Plaines, IL). The work presented here was done using IRIDICA system under develop-
ment. IRIDICA (CE-IVD) is now commercially available (http://iridica.abbott.com/). As previ-
ously described [8], this process includes automated DNA extraction, PCR set-up, PCR
amplification, amplicon purification, and electrospray ionization time-of-flight mass spec-
trometry (PCR/ESI-MS), leading to microbial identification from whole blood in 6h. Computa-
tional matching of observed amplicon base compositions to a signature database provides
broad-spectrum microbial identification. Briefly, 5 mL whole blood samples were chemically
and mechanically lysed and an extraction control was added to each specimen for process
monitoring purposes. DNA extraction and PCR set-up was automatically performed by a sin-
gle instrument using pre-filled individual disposable sample preparation cartridges and pre-
filled 16-well PCR reaction strips. The BAC BSI Assay utilizes several conserved-site primer
pairs designed to amplify variable (and thereby discriminable) products from a broad range of
bacteria and Candida spp., as well as primer pairs targeted to common antibiotic resistance loci
conferring resistance to methicillin (mecA), vancomycin (vanA and vanB) and carbapenems
(KPC). PCR products were then desalted and concentrated relative to human genomic DNA in
an automated system and analyzed through ESI-MS. The base compositions of detected ampli-
con strands were deduced from the measured masses and compared with a reference database,
leading to the identification of the microorganisms present in clinical samples. Internal cali-
brants present in each reaction allowed for relative (qualitative) approximation of target con-
centrations (expressed as levels), which in turn were used to limit noise- and contamination-

derived background detections through thresholding of positive signals.

Data interpretation and statistical analysis

For each specimen, the results obtained with IRIDICA were compared with those obtained
using conventional methods (blood culture was considered the gold standard). When discrep-
ancies between these methods were found, the clinical significance of the discrepant results was
determined by comparison with a constructed “clinical infection criterion™; for this purpose, a
clinical microbiologist together with a clinician were asked to retrospectively evaluate the dis-
crepant results obtained by IRIDICA and to interpret them in the same way as the blood cul-
ture results are evaluated: the clinical records of the patients were reviewed in order to identify
the diagnosed focus of infection, as well as the results of cultures from other specimens (i.e.
microorganisms detected only by IRIDICA were considered true positives when the same
microorganism had been isolated from a culture from another specimen type reflecting the
focus of infection or supported by the nature of the underlying infection).

Since polymicrobial detections are not uncommon in bloodstream infections, the results
obtained by IRIDICA and blood culture were compared at two levels using the two aforemen-
tioned gold standards: 1) by microorganism: a direct comparison for each microorganism iso-
lated by conventional methods vs. the same microorganism detected by the molecular method,
taking into consideration all microorganisms identified; and 2) by specimen: for each specimen
with a single detection, matched positive or negative results by each method were recorded. In
the latter case, specimens with polymicrobial detections were excluded, as they could not be
properly classified (i.e. both methods agreed in some but not all microorganisms identified). In
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those terms, the Cohen’s Kappa coefficient of agreement by microorganism, and the positive
and negative agreement by microorganism and by specimen were calculated with OpenEpi
software [12]. In the ICU setting positive and negative agreements were equivalent to sensitiv-
ity and specificity, as all blood specimens consecutively obtained during the study period were
tested (including specimens with both positive and negative paired blood culture). The positive
and negative predictive values were also calculated both by microorganism and by specimen in
this subgroup of patients. IRIDICA performance was compared between ICU and ER sub-
groups using the Pearson's chi-squared test (x2). Clinical and molecular quantitative variables
of interest were compared between groups using the Mann-Whitney U test (non-Normal dis-
tribution), and data was expressed as median and range. P-values <0.05 were considered sig-
nificant. Statistical analyses were performed using the statistical software package SPSS v15.0.

Results

Data analysis was performed on 408 specimens (220 from ICU and 188 from ER), as an invalid
IRIDICA result was obtained in two cases due to the lack of detection of the extraction control.

Overall agreement between both methods by microorganism

In comparison with blood culture, IRIDICA showed 73.3% positive concordance (detection of
the same microorganism by the two methods) and 64.1% negative concordance (negative by
the two methods) (Table 1). IRIDICA detected 80 microorganisms that did not grow in blood
culture; 41 (51.2%) of these were supported by clinical facts (S1 Table). On the contrary, the
presence of 7 (8.8%) microorganisms could not be supported by clinical evidence (S1 Table),
and another 32 (40%) microorganisms were considered clinically irrelevant contaminants
from the skin flora (i.e. coagulase-negative staphylococci, Propionibacterium acnes, etc.) or
from the environment (i.e. Methylobacterium spp., Pseudomonas putida, etc.) (S2 Table).
When the results were reanalyzed taking clinical information into consideration, the positive
and negative agreement were, respectively, 77.2% and 78.6% (Table 1). All microorganisms
with clinical significance were identified by IRIDICA at species level except for five (one Acine-
tobacter baumannii identified as Acinetobacter spp., one each Streptococcus pneumoniae and

Table 1. Agreement between methods according to the two gold standards used by microorganisms isolated by conventional microbiological
methods and detected by IRIDICA.

Global Emergency Room Intensive Care Unit
BC gold Clinical infection BC gold Clinical infection BC gold standard Clinical infection
standard criterion standard criterion criterion
Matched positives (n) 176 217 147 152% 29 65°
Matched negatives (n) 143 143 n.a. na. 143 143
IRIDICA avercalls (n) 80 3g 21 16 59 23
IRIDICA misses (n) 64 64 56 56 8 8
Overall agreement (%) 68.9 77.8 na. na. 72.0 87.0
Positive agreement (%) 73.3 77.2 72.4 731 78.4° 89.0"
Negative agreement (%) 64.1 78.6 na. na. 70.8° 86.1°

# |RIDICA overcalls with clinical significance were classified as matched positives according the clinical infection criterion.

b Positive and negative agreement correspond to sensiiivity and specificity, as all blood specimens consecutively obtained during the study period were
tested (including specimens with both positive and negative paired blood culture).

n.a., not applicable.

doi:10.1371/journal.pone.0140865.t001
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Table 2. Microorganisms with clinical significance identified by either or both methods.

Blood culture and IRIDICA

Blood culture only

IRIDICA only

Gram-positive bacteria

Gram-negative bacteria

Anaerobic bacteria
Fungi

TOTAL
doi:10.1371fjoumal pone.0140865.1002

Staphylococcus aureus
Coagulase-negative staphylococci
Streptococecus pneumoniae
Viridans streptococci
Granulicatella spp.

B-hemolytic Streptococcus
Enterococcus spp.
Streptococcus gallolyticus
Listeria monocytogenes
Clostridium spp.

Bacillus spp.

Lactobacillus spp.
Mycobacterium simiae

Subtotal

Escherichia coli

Kiebsiella pneumoniaeloxytoca
Enterobacter cloacae/aerogenes
Proteus mirabilis

Salmonella enterica sv. Enteritidis
Serratia marcescens
Pseudomonas aeruginosa
Pseudomonas spp.
Stenotrophomonas maltophilia
Acinetobacter baumannii
Elisabethkingia meningoseptica
Haemaophilus influenzae
Mycoplasma hominis

Subtotal

Candida albicans

Candida tropicalis

Candida parapsilosis

Candida glabrata

Candida lusitanie

Candida famata

Fungus detected, no ID provided
Subtotal
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Streptococcus viridans group as Streptococcus spp., and two potential Aspergillus spp. as “Fun-
gus detected, no identification can be provided”). The microorganisms with clinical signifi-
cance isolated by culture or detected by IRIDICA are listed in Table 2.

Overall agreement between both methods by specimen

Polymicrobial infections with clinical significance were detected by either or both methods in
28 out of 245 specimens (11.4%) (S3 Table). Given that both methods agreed in some but not
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Table 3. Agreement between methods according to the two gold standards used on specimens with a unique isolation/detection.

Global Emergency Room Intensive Care Unit

BC gold Clinical infection BC gold Clinical infection BC gold standard Clinical infection

standard criterion standard criterion criterion
Matched positives (n) 148 166° 128 128 20 38
Matched negatives (n) 143 143 n.a. n.a. 143 143
IRIDICA overcalls (n) 39 21 0 0 39 21
IRIDICA misses (n) 50 50 46 46 4 4
Overall agreement (%) 76.6 81.3 n.a. n.a. 79.1 87.9
Positive agreement (%) 74.8 76.9 73.6 73.6 83.3" 905°
Negative ag (%) 78.6 87.2 n.a. na. 78.6° 87.2°

? |RIDICA overcalls with clinical significance were classified as matched positives according the Clinical infection Criterion.
® Positive and negative agreement correspond to sensitivity and specificity, as all blood specimens consecutively obtained during the study period were
tested (including specimens with both paositive and negative paired blood culture).

n.a., not applicable.

doi:10.1371/journal.pone.0140865.t003

all the microorganisms identified, these apparent polymicrobial samples were excluded from
this analysis. Among the rest of specimens (1 = 380), when blood culture was taken as the gold
standard the positive and negative agreement of IRIDICA were 74.8% and 78.6% respectively,
and those values rose to 76.9% and 87.2% when re-analyzed with the clinical infection criterion
(Table 3).

IRIDICA performance in ICU patients

In the analysis by microorganism, the overall agreement between methods was 72.0% (i = 0.315)
and the sensitivity, specificity and positive and negative predictive values of IRIDICA in compar-
ison with blood culture were 78.4%, 70.8%, 33% and 95%, respectively (Table 1). When discrep-
ancies found were evaluated using the clinical infection criterion (S1 Table), the overall
agreement was 87% (i = 0.711) and the values of analytical performance rose to 89%, 86.1%,
73.9% and 95%, respectively. Fourteen polymicrobial infections by either or both methods were
excluded in order to perform the analysis by specimen (S3 Table). In those terms, the sensitivity,
specificity and positive and negative predictive values in comparison with blood culture were
83.3%, 78.6%, 33.9% and 97.3% respectively, and rose to 90.5%, 87.2%, 64.4% and 97.3% respec-
tively when considering the clinical infection criterion (Table 3).

IRIDICA performance in ER patients

For this subgroup, we only included patients with a positive blood culture. According to the
blood culture positivity rate in our center (8.2-12.2%), about 1860 patients with a negative cul-
ture would have had to be included in order to reach the 188 positive blood cultures tested,
which was not feasible. From the 203 microorganisms isolated by culture, 147 were correctly
detected by IRIDICA. Thus, the positive agreement by microorganism in comparison with
blood culture was 72.4% (Table 1). A total of five microorganisms with clinical significance
were detected by IRIDICA only, giving a positive agreement of 73.1% when the clinical infec-
tion criterion was used. When analyzed by specimen, the positive agreement was 73.6% either
comparing with blood culture or clinical infection criterion (128 matched detections out of 174
monomicrobial infections) (Table 3).
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Table 4. Description of the antibiotic resistance markers detected in this study.

Antibiotic Identification and AST by conventional methods Identification and resistance markers by IRIDICA
Methicillin Coagulase-negative staphylococci, resistant Staphylococcus haemolyticus, Stahphylococcus epidermidis, mecA
S. epidermidis, resistant S. epidermidis, mecA
Staphylococcus aureus resistant S. aureus, mecA
Negative S. aureus, mecA (clinically significant)
Negative S. epidermidis, mecA (contaminant)
Negative S. hominis, mecA (contaminant)
Negative S. aureus, mecA (no clinical explanation was found for this detection)
Vancomycin/ Teicoplanin Enterococcus faecium, susceptible E. faecium, vanA
E. faecium, susceptible E. faecium, vanB

Carbapenems =
AST, antibiotic susceptibility testing.

doi:10.1371/journal pone.0140865.1004

Assessment of factors potentially influencing performance of the
molecular method

In those sepsis cases with a positive blood culture, several variables regarding both the culture
(time to positivity) and the paired whole blood specimen (leukocyte count, storage time at
-20°C) were compared between IRIDICA-negative and -positive specimens in order to find out
if they were related to positivity by the molecular method. No statistically significant associa-
tions were found in the median white cell count between IRIDICA-negative and -positive speci-
mens (11.9x10° vs. 11.6x10° cells/mL). Whole blood specimens had been stored for variable
periods of time (range, 5-23 months; median, 13 months), but the median storage time was
comparable between the two groups of specimens (12 months in IRIDICA negative vs. 13
months in IRIDICA positive). The difference in the time to positivity of the blood culture was
marginally significant; specimens with an IRIDICA -positive result, tended to have a paired
blood culture that was called positive earlier (the time to positivity of the blood culture was
shorter: 14.5 vs. 15.5 h, p = 0.87). When comparing ICU vs. ER patients, the median of genomes
per well by IRIDICA was significantly higher (p = 0.011) in the ICU group (median, 97
genomes/well; range, 15-229) than in the ER group (median, 24.5 genomes/well; range, 3-370).

Detection of antibiotic resistance genes

The resistance markers detected by the molecular method in this study are depicted in Table 4.
The resistance marker mecA was detected by IRIDICA in eight whole blood specimens, being
four of them concordant with the result obtained with the conventional methods. From the
other four detections, only one (Staphylococcus aureus, mecA) was supported by other microbi-
ological findings, as the patient also had a bronchial aspirate positive for methicillin-resistant S.
aureus. While none of the enterococci isolated and identified by conventional methods in this
study were resistant to vancomycin or teicoplanin, IRIDICA detected the resistance markers
vanA and vanB in two different specimens with an Enterococcus faecium.

Discussion

Sepsis is a severe syndrome where time is crucial to the optimal patient management. There is
a clear need to administer the appropriate antimicrobial therapy as soon as possible, as it will
have a positive impact on patient’s survival [2,3]. However, the identification of the etiological
agent from positive blood cultures may take 24-48h. Being able to detect and identify the
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causal pathogen directly from blood would speed the diagnosis and, therefore, improve the
management of septic patients. Although several molecular methods designed for this purpose
have been commercially available for several years, reported sensitivities are moderate in most
cases and are not consistent across studies [13-17]. Given that in bloodstream infections
microorganisms are present at low levels, working directly from small volumes of whole blood
is an inherent limitation of molecular methods [17,18]. In order to overcome this issue, the
new version of the PCR/ESI-MS technology, named IRIDICA, features improvements in the
methodology and instruments, such as an increase in the volume of blood analyzed (5 mL),
and the enrichment of microbial DNA during the purification process [8].

The overall agreement between IRIDICA and conventional methods was 68.9% when ana-
lyzing by microorganism and 76.6% when analyzing by specimen. Overall, 64 microorganisms
isolated by conventional methods were not detected by IRIDICA (8 from ICU patients and 56
from ER patients). It should be borne in mind that molecular diagnostic assays typically use
smaller volumes of blood (5 mL in this case) than blood culture (up to 30 mL), as the high
amounts of human DNA found in whole blood (mostly in white blood cells) may hamper the
detection of pathogen DNA. This fact could lead to the suboptimal sensitivities commonly
reported for molecular methods in comparison with blood culture [15]. In this sense, Bacconi
et al. [8] demonstrated that IRIDICA performance was not hampered by the presence of up to
4.0x107 white blood cells/mL. In our study no significant difference in white blood cell count
was found between IRIDICA-negative and -positive specimens. However, the two obtained
invalid results corresponded to specimens from ICU patients with a high white blood cell
count (4.5x107 and 7.2x10 cells/mL). It should also be considered that the IRIDICA software
has specific thresholds for reporting different microorganisms and those detections below the
threshold are not reported in order to increase the specificity (3-10 genomes/well for most
pathogenic bacteria, and 10 genomes/well for those microorganisms that can also be found as
skin contaminants). However, this could lead to false negative results in certain cases. In our
study, four microorganisms that were considered the etiological agent of the sepsis episode
were detected but not reported as they were below those levels (data not shown).

The use of blood culture as gold standard when evaluating molecular methods has limita-
tions, given its low positivity rate (only about 10% of all blood cultures are positive) [19,20]. In
this regard, IRIDICA was able to identify an extra 80 microorganisms that did not grow in
blood culture. The detection of 41 (51.2%) of them was supported by the clinical condition of
the patient or other positive cultures (five microorganisms from four ER patients and 36 micro-
organisms from 30 ICU patients), and 39 (40%) were easily identified as contaminants (skin or
environmental). Finally, there were seven microorganisms (8.8%) that are not commonly
found as contaminants and could not be explained by the review of clinical records. These
results reinforce the idea that, like the results of the blood culture, the results obtained with
molecular methods should be interpreted by the clinician in light of clinical signs and symp-
toms, Skin or ambient environmental contaminants can also be found in a small percentage of
blood cultures due to insufficient aseptic practices during extraction (up to 5% of blood cul-
tures in our setting, which is similar to the 5.4% contamination rate found by IRIDICA). When
all the available clinical information was taken into account, IRIDICA showed a positive con-
cordance of 77.2% with respect to clinically diagnosed sepsis. Furthermore, our results are
comparable to those recently published by Bacconi et al.[8], who described a sensitivity ranging
from 83 to 91% in comparison with conventional methods. These results evidence how using a
higher volume of whole blood results in an increased detection rate in comparison with the
previous version of the technology (50% positive agreement) [6].

The IRIDICA platform has been conceived for the rapid diagnosis of infections in critically
ill patients. It should be noticed that this molecular method performed particularly well in the
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subgroup of ICU patients when compared with the clinical infection criterion gold standard;
the sensitivity was 89.0% in the analysis by microorganism vs. 73.1% in the ER (p = 0.005) and
90.5% in the analysis by specimen vs. 73.6% in the ER (p = 0.02). The different performance of
IRIDICA in the ICU and ER settings could be explained, at least in part, by the inherent char-
acteristics of the patients admitted to the ICU. These patients are severely ill and suffering from
underlying pathologies that may increase the risk of developing sepsis. They also have a major
risk of suffering from nosocomial infections due to the use of several intravascular devices,
such as catheters. Besides, patients staying at the ICU setting for a long period of time may suf-
fer from immunological impairment. All these factors may be related to the presence of higher
bacterial loads (a significantly higher number of genomes per well was observed in ICU
patients in comparison with those from the ER). Interestingly, the agreement between IRI-
DICA and the clinical infection criterion was higher than with the blood culture (k= 0.711 vs.
x = 0.315), which points to the presence of clinically relevant microorganisms detected only by
the molecular method (73.3% of these patients were under antimicrobial therapy). Finally, IRI-
DICA showed a negative predictive value of 95% in patients admitted to the ICU, indicating
that this technology could be useful for ruling out infection in this setting when the clinical sus-
picion of sepsis is low.

The ability of detecting a broad range of pathogens was demonstrated in this study, as IRI-
DICA was able to detect 43 different species of bacteria and Candida spp. Interestingly, this
technology also detected certain microorganisms that are not commonly recovered from blood
culture, such as Mycoplasma hominis and Mycobacterium simiae. There were six cases reported
by the software as bacteria or fungus “detected but not identified” (three of each, respectively).
Those detections may indicate the presence of a microorganism that is not usually pathogenic
(in the case of bacteria), or that the software does not have enough information to assign an
identification (for instance, filamentous fungi are not specifically targeted by the assay but can
be amplified by the primers directed to conserved ribosomal genes used for the detection of
Candida spp.). While most of these cases (three bacteria and one fungus) were considered con-
taminants, in two cases the detection could have been due to the presence of Aspergillus fumi-
gatus in blood, as both patients had respiratory cultures positive for this fungus and also had a
positive galactomannan antigen detection. Given that aspergillosis can be a serious complica-
tion in immunocompromised patients, obtaining this information (fungus detected but not
identified) may be useful in order to run additional confirmatory tests and guide treatment.

This study has several limitations. First, only the specimens from patients admitted to the
ICU were consecutively included; while we obtained a dedicated blood specimen from most of
the patients admitted to the ER, only those with a paired positive blood culture were included,
in order to make the study feasible. Thus, the specimen set did not reflect the usual blood cul-
ture positivity rate in the clinical setting (around 10% in our hospital). Nevertheless, the ICU
subanalysis does reflect the positivity rate in this department (7.5-13.7%), and no other studies
have tested as many patients with a positive blood culture using this technology. Secondly, the
specimens were analyzed retrospectively. Thus, we were not able to perform any further testing
when discrepancies were found, especially in those involving resistance markers. Although it
was surprising that the resistance markers vanA and vanB were detected in susceptible Entero-
coccus faecium isolates, this phenomenon has already been described when point mutations or
deletions affect the regulatory genes van$ and vanR [21,22]. Thirdly, the specimens were stored
for varying periods of time at -20°C until tested at IBIS Biosciences. However, long-term stabil-
ity of whole blood samples under these storage conditions had previously been demonstrated
by the manufacturer on spiked samples (unpublished data), and statistical analysis ruled out
any significant association between the storage time and the IRIDICA positivity rate. Finally,
in some cases blood samples were drawn when the patients were already under antibiotic
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treatment, which could have led to the detection of clinically relevant microorganisms by the
molecular method in patients with a negative BC.

When implementing molecular methods in the clinical microbiology laboratory, cost-
effectiveness studies are necessary given that molecular methods are more expensive than con-
ventional ones. However, a rapid identification of the pathogen may lead to the optimization of
the administered therapy and, thus, to a prompter recovery of the patient and a shorter stay at
the ICU department. Although prospective cost/benefit studies are needed to assess the real
impact of this technology in the management of septic patients, significant economic savings
have been reported for the molecular SeptiFast assay (Roche, Manheim, Germany) due to the
shortening of the ICU stay and a more rational use of antibiotics [23,24].

In conclusion, the IRIDICA technology offers a rapid and reliable identification of patho-
gens for the diagnosis of sepsis directly from the patient’s blood, with a better performance in
ICU patients. When used in combination with conventional methods it could lead to an
increase in the number of microbiologically confirmed sepsis cases. More importantly, a signif-
icant proportion of septic patients would benefit from an early identification of the pathogen
leading to a prompter appropriate antibiotic treatment, which relates to patient survival rates.

Supporting Information

$1 Table. Clinical review of the discrepancies between IRIDICA and blood culture.
(DOC)

S2 Table. Microorganisms detected by IRIDICA considered as skin or ambient contami-
nants.
(DOCX)

§3 Table. Polymicrobial infections by either conventional or molecular methods (n = 28).
(DOCX)

Acknowledgments

The authors want to thank the disinterested collaboration of the staff from the ICU and ER
Departments of the Germans Trias i Pujol University Hospital for blood drawing, obtaining
informed consents and clinical advice. Also, we would like to thank Rangarajan Sampath,
David J. Ecker, Larry B. Blyn, David L. Metzgar, Mark Frinder and Heather Carolan from Ibis
Biosciences, Carlsbad, CA, for their support with data analysis, and for critically reviewing this
manuscript (LB, DLM and RS).

Author Contributions

Conceived and designed the experiments: E] EM MG MDQ MJD FA VA. Performed the exper-
iments: E] BR CM. Analyzed the data: E] EM MG MDQ BR CM. Contributed reagents/materi-
als/analysis tools: VA. Wrote the paper: E] EM MG. Collected specimens and informed
consents: MJD FA. Interpretation of the clinical data of the manuscript: MJD FA MG MDQ
BR CM VA. Final approval of the manuscript: E] EM MG MDQ BR CM MJD FA VA.

References
1. O'Brien JMJr, Ali NA, Aberegg SK, Abraham E. Sepsis. Am J Med. 2007; 120: 1012-1022. PMID:
18060918

2. Dellinger RP, Levy MM, Rhodes A, Annane D, Gerlach H, Opal SM, et al. Surviving Sepsis Campaign:
International Guidelines for Management of Severe Sepsis and Septic Shock: 2012. Crit Care Med.
2013; 41: 580-637. doi: 10.1097/CCM.0b013e31827e83af PMID: 23353941

PLOS ONE | DOI:10.1371/journal.pone.0140865 October 16, 2015 11/13

147



@PLOS | ONE

Early Diagnosis of Bloodstream Infections

20.

21.

22,

Kumar A, Ellis P, Arabi Y, Roberts D, Light B, Parrillo JE, et al. Initiation of inappropriate antimicrobial
therapy results in a fivefold reduction of survival in human septic shock. Chest. 2009; 136: 1237-1248.
doi: 10.1378/chest.09-0087 PMID: 19696123

Ecker DJ, Sampath R, Massire C, Blyn LB, Hall TA, Eshoo MW, et al. Ibis T5000: a universal biosensor
approach for microbiology. Nat Rev. 2008; 6: 553-558.

Ecker DJ, Sampath R, Li H, Massire C, Matthews HE, Toleno D, et al. New technology for rapid molecu-
lar diagnosis of bloodstream infections. Expert Rev Mol Diagn. 2010; 10: 399—-415. doi: 10.1586/erm.
10.24 PMID: 20465496

Jordana-Lluch E, Carolan HE, Giménez M, Sampath R, Ecker DJ, Quesada MD, et al. Rapid diagnosis
of bloodstream infections with PCR followed by mass spectrometry. PLoS One. 2013; 8: €62108. doi:
10.1371/journal.pone.0062108 PMID: 23626775

Laffler TG, Cummins LL, McClain CM, Quinn CD, Toro MA, Carclan HE, et al. Enhanced Diagnostic
Yields of Bacteremia and Candidemia in Blood Specimens by PCR-Electrospray lonization Mass Spec-
trometry. J Clin Microbiol. 2013; 51: 35356-3541. doi: 10.1128/JCM.00876-13 PMID: 23966503

Bacconi A, Richmond GS, Baroldi MA, Laffler TG, Blyn LB, Carolan HE, et al. Improved Sensitivity for
Molecular Detection of Bacteria and Candida in Blood. J Clin Microbiol. 2014; 52:3164-3174 doi: 10.
1128/JCM.00801-14 PMID: 24951806

Bone RC, Sibbald WJ, Sprung CL. The ACCP-SCCM consensus conference on sepsis and organ fail-
ure. Chest. 1992; 101: 1481-1483. PMID: 1600757

Quesada MD, Gimenez M, Molinos S, Fernandez G, Sanchez MD, Rivelo R, et al. Performance of
VITEK-2 Compact and ovemnight MicroScan panels for direct identification and susceptibility testing of
Gram-negative bacilli from positive FAN BacT/ALERT blood culture bottles. Clin Microbicl Infect. 2010;
16:137-140. doi: 10.1111/].1469-0691.2009.02907.x PMID: 19778301

Giménez M, Quesada M, Molinos S, Colomer M, Hidalgo J, Colomer M, et al. Performance of Vitek-2
compact for direct identificaction and susceptibility testing of Gram-positive coci from positive FAN
BacT/ALERT blood culture bottles. (poster number D-1538). 50th Interscience Conference on Antimi-
crobial Agents and Chematherapy (ICAAC), Boston; September 12-15.

Dean AG, Sullivan KM, Soe MM. OpenEpi: Open Source Epidemiologic Statistics for Public Health.
Available: www.OpenEpi.com, updated 2015/05/04, last accessed 2015/09/02.

Mancini N, Carletti S, Ghidoli N, Cichero P, Burioni R, Clementi M. The era of molecular and other non-
culture-based methods in diagnosis of sepsis. Clin Microbiol Rev. 2010; 23: 235-251. doi: 10.1128/
CMR.00043-09 PMID: 20065332

Paolucci M, Landini MP, Sambri V. Conventional and molecular techniques for the early diagnosis of
bacteraemia. Int J Antimicrob Agents. 2010; 36 Suppl 2: S6-16. doi: 10.1016/].ijantimicag.2010.11.010
PMID: 21129933

Jordana-Lluch E, Giménez M, Quesada MD, Ausina V, Martrd E. Improving the Diagnosis of Blood-
stream Infections: PCR Coupled with Mass Spectrometry. Biomed Res Int. 2014; 2014: 1-8.

Chang SS, Hsieh WH, Liu TS, Lee SH, Wang CH, Chou HC, et al. Multiplex PCR system for rapid
detection of pathogens in patients with presumed sepsis—a systemic review and meta-analysis. PLoS
One. 2013; 8: €62323. doi: 10.1371/journal.pone.0062323 PMID: 23734173

Afshari A, Schrenzel J, leven M, Harbarth S. Bench-to-bedside review: Rapid molecular diagnostics for
bloodstream infection—a new frontier? Crit Care. 2012; 16: 222. doi: 10.1186/cc11202 PMID:
22647543

Reimer LG, Wilson ML, Weinstein MP. Update on detection of bacteremia and fungemia. Clin Microbiol
Rev. 1997; 10: 444-465. PMID: 9227861

Rangel-Frausto MS, Pittet D, Costigan M, Hwang T, Davis CS, Wenzel RP. The natural history of the
systemic inflammatory response syndrome (SIRS). A prospective study. JAMA. 1995; 273: 117-23.
PMID: 7799491

Willems E, Smismans A, Cartuyvels R, Coppens G, Van Vaerenbergh K, Van den Abeele AM, et al.
The preanalytical optimization of blood cultures: a review and the clinical importance of benchmarking
in 5 Belgian hospitals. Diagn Microbiol Infect Dis. 2012; 73: 1-8. doi: 10.1016/].diagmicrobio.2012.01.
009 PMID: 22578933

Szakacs TA, Kalan L, McConnell MJ, Eshaghi A, Shahinas D, McGeer A, et al. Outbreak of vancomy-
cin-susceptible Enterococcus faecium containing the wild-type vanA gene. J Clin Microbiol. 2014; 52:
1682-6. doi: 10.1128/JCM.03563-13 PMID: 24523464

Klare I, Fleige C, Geringer U, Witte W, Wermner G. Performance of three chromogenic VRE screening
agars, two Etest(™) vancomycin protocals, and different microdilution methods in detecting vanB geno-
type Enterococcus faecium with varying vancomycin MICs. Diagn Microbial Infect Dis. 2012; 74: 171-6.
doi: 10.1016/.diagmicrobio.2012.06.020 PMID: 22901792

PLOS ONE | DOI:10.1371/journal.pone.0140865 October 16, 2015 12/13

148



o @
@ ) PLOS | ONE Early Diagnosis of Bloodstream Infections
1755

23. Lehmann L, Herpichboehm B, Kost G, Kallef M, Stuber F. Cost and mortality prediction using polymer-
ase chain reaction pathogen detection in sepsis: evidence from three observational trials. Crit Care.
2010; 14: R186. doi: 10.1186/cc9294 PMID: 20950442

24. Alvarez J, Mar J, Varela-Ledo E, Garea M, Matinez-Lamas L, Rodriguez J, et al. Cost analysis of real-
time polymerase chain reaction microbiological diagnosis in patients with septic shock. Anaesth Inten-
sive Care. 2012; 40: 958-63. PMID: 23194204

PLOS ONE | DOI:10.1371/journal.pone.0140865 Octaber 16, 2015 13/13

149



*JUSLIIEAT) DTIOIQNUE JOPU[] "UOTIJAJUI [EUOPQE-BIU] /9670 1103 PRYILYIST aAnESaN nor - T
uIUEaN ANOIqOUE JApU) n
apiuownaud *g 10J uszmcn— 2IMMa poo[q snoraald  607/86°0 avioumaud ._.Eueuammmhh u>ﬁqmuz no1
‘Kouarpmsur Azojendsar a19A2s o1
PUE SOI0S0IAUD 9INOY ‘eruadonnou pue eTWoeNT  £9/56°0 2DIUAS WNLIIIDGOISIY QATIE3aN o1
-uopendseoyouolq Aq pasnes eruownoud e gum Juaned  g1/L6°0 avzuanpfur snjydowanyy AnE3oN noI 6
“JUAWIRAN dNOIqRUR 8
Jopup) ‘sHa4np *§ 10§ 9ANIS0d 9INIMO Poo[q SNOIAdI  LT/66°0 sna4np sN22030) ydvig oAnedoN noI
“uaurean sporqnue sepup) ‘(uonemddns  op/p6e70 SNUPE0LIIUDI 42]IDGOLIIUT
punos ‘ourm ‘ajeirdse [eyouoiq) A1ofms 1w
220012 ‘7 103 aATsod SAUMIND [BI9ASS UM JUINE]  98/96°0 xajduwoo anInoga 42190qoL21ug aanedoN no1 L
T1/96°0 aviuoumaud snaooooydag
‘vopeaidseoyouoiq £q pasned ejuownaud € yim juaneq €/£6°0 xajdwioo apIno]d 12100qoL21UTg aanedoN noI 9
Juaunean [eSunjnue
Japuq) “sypadoas °) 10J aanisod 21N poo[q SNOIARI]  €T1/96°0 sypordesy vpipup?) EINI L RING not $
doye LE/LGTOD WINIDIINU WINLIZ]IDGOSH ]
sAep aamp 1j0a ~7 103 danisod pmbip oneose JoamIm)  €/96°0 1102 PIYILIPYIST
‘uifuo reurmopqe jo stsdas pue snruoizad yim Juaneg SID]J2ISU0D S1200203da.4g b icl v
C/88°0 poo1dxo vyaisqapy
-mi3mo  6I/L60 §2UDF04ID 42]IDGOLTUT S2UIT04ID 42 IDGOLITUT
[eUIWOpqe Jo sisdas pue wse[dodu PI[os B (Im JUANEd  LLT/66°0 sisojisdpavd ppipuny sisopsdpand vpipun) R 3
avuownaud v)ja15qa)y
-urfuo reunuopge jo sisdog £126°0 102 DIYILIBYIST 102 DIYILIBYIST il 4
PLI/66'0 avpuoumaud vj21SgaLy
snap, .QNV.BAGQ m.:UUQUQL.Nat_m
S2URB0.42D 1210DGOLRIUT
"urduo [eurwopqe jo sisdag  p1/76°0 o2 TIYSHeYRSH 1102 DIYIIYISH qq T
PAd[
/31008 ‘ON
SJUIUIUIO)) 20 NS VOIATIIL Jnsax 2ammd poorg judunaedsqg opdureg

S)MS?I YOTATHI Sun-ioddns 20uapraa [eamur)

*3INJND poojq pue V)IANRII U3an)aq sanuedatdsip 3y} Jo Maiaal [earur))) 'T djqe) Lrejuawdjddng : 1§



‘urduo reunwopqe jo s1sdas  08%/66°0 DSOUIENAID SPUOMIOPNIS ] 2aneSaN noI 8T
“juaurnean
onoqnue Japur) anuownaud g £q SNISUIUSIN  HT/L6°0  APMUoWnaud/siinio snad0201dalis aanesaN nor i
“JUAUIERI) NOIqIUE oz
19pup) “snuojuad JudnIng "ursuo reurwopqe Jo sisdog  €1/#6°0 DJOINUBP D]]2I0AR4J aAnE3aN nor
spwoysad amoe Sunueserd Juaned  6/L6°0 WHIDAINU WNLIZIIDGOSN ] aaneSaN nor ST
Juaurean
2MOIqIIUE JAPU() "STISOONW 21A3s Sunuasaxd 4
eruadonnau pue vwoydwA] profoAw anoe s uaned  +7/86°0 WD |INU WNLDIIDGOSN ] aanesaN noI
JUSUNER DNOIGNIUE Japu() 131e] SAep M3} ¢1/S6°0  papidosd qf ON pardaiap sniung
& aansod uaSnue veuuewoloees pue “dds snypsiadsy
J1oj aanisod uaurtoads Axoyendsay 2pioppSosdp g
10§ aansod amymo poojq snoradld ‘uISLo Arojerdsax £
Jo sisdog ‘erserde pue ewopafw ordnmuw Yim waned  LS1/66°0 ap1ovpEnsdp sn220001dag aameSaN noI
uauryean ([edunjnue ou) opoiqnue Japun  L§/66°0 SUnGIn vpIpun’)
"VOIATAI A9 pa1se) uswoads o1 19178 SABD 9 SuvoIgp
-2 10§ aanisod uswoads Arorendsay SnIos0IANUI i
owadonnap “ewoydwA] projakw amoe Yum Jwaned  TH/R6°0 wmIanf SNI2030421UF aameSaN noI
“JUSUIER) ONOIqIUR I
19puf) ‘snuojuad jusqning uIsuo puiuopge jo sisdag HIL6°0 03 DIILISYISTH aapesaN jile) ]
“JUSUIERI] NOIqHUE JIpU[) 0z
-uonendseoyouolq Aq pasned eruownsud B M Juaned  97/96°0 “dds pjja8iy§njoo piyoLIYIsT aAnE3aN noI
JUALIIEAT) DNOIGIIUR JOPU[] ‘SISOYLI J1[OYOdTY [ [/98°0 2DIULS WNLARIIDGOIST aAnEaN noI 61
6L/SG0 dds v1ja31yg/1100 PIILYIST
‘uonaNNsSqo [eayiom ¢ i siserpiorgdoN  89/96°0 1702 DIYILLPYOSTT aAne3aN noI 81
JUAWIIEBN dNOIGNUR JApU[) LT
UOTIR[TUSA [ROIURYDRA "UISLo A1ojenidsar jo sisdog  061/86°0 DSOUISNLZD SPUOUIOPNIS ] aameSoN nor
JUOWIIESI) JNOIqNIUER JOPU[) SHa4np *§ Aq SIIPIRIOpUT /160 snaanp sn220201 ydoig aanedaN nor 91
"JUSWIERT) OMOIqIIUE JAPU[) “PSOUITNIID o1
‘d 1oy 2anisod uownoads L101emdsor snotadl  RE/66°0 DSOUISILZD SPUOUOPNAS ] aameSoN no1
JUSUIIERN dNOIqRUE JIPU[)
‘(2o poopq pue pmbiy eanard) oo g 0] 2amsod ¥
S2INI[N SNOIARI "BWOJWI] PIO[AAW )NIE YIIm JuNed  88€/66°0 1700 DIYOLIIYIST aanedaN nol
JUANIIEAN) INOIqNUE Jopu) apiuownaud -y o
10§ aansod oo pmyy [eunuopqy ‘suneamued MOV 91/86°0 avuownaud v))21sqagy QATIESON noI




JIU[) 21eD dAISUAU] ()] ‘Wwooy KouaSrowy Yy

“Anreqnus onousd ySy o1 anp  §/S6°0 1pfoq vya8iyg
UONEBIYNUIPISI A[qIss0q ‘WIBH0 o13ojoan jo sisde§  7#/96°0 1102 PIYILIPYIST 1J00 DIYILPYIST uAq L
‘utduio s3ooan jo sisdag npuna.y 43100goa117) aanesoN ud 9
€S/L6°0 suadufiad wnprysol)
‘u1dio s3ofoan jo sisdog WHIDUIIDS SHIDOI0UIIUT bl S
1/06°0 x2}duiod 2poV0]I 4310DGOLIUT
‘uiduo a13opoan yo sisdog  €1/26°0 1702 DIYILPYIST 1102 MIYOLIPYIST uAq v
(g oseo uey) uswiads swes) uSLo Atojerdsal (VSHN)
Jo sisdag “erserde pue ewoadw sidnmur Yim juaned 1/16°0 SH4ND g TURISTSAI-UT[IIIRIN QATIESON aa £
08/96°0 WNID2)INU WINLI2]ODGOSH ]
‘snaanp g 0y onp sisdog sna.anp sn20000)Kydpig noI 4
udUIRAI) dNOIqLue
Jopur) smpjjaisued -5 Kq aanisod amimd Lxorendsay 1
‘wispeumen oreydoousomed B i Juaned  L1/L6°0 1102 PIYILIPYIST aATEION nor
synsad v Sunaoddns 20uapiAa (eIl oN
18/86°0 pao1lxo v)1sqaLy
.C_Mm&o HNQmEO@n_.N .HO mmmmuw Eu.h:k.—%ENU hEQEDENHﬁN GMQH&ME&NU H@-&QE@EWH&. DUM mm
“Juaunean snoiquue 1epup ‘(v SYA) snann L/96°0 Yoau snaanp snaodojlydpig
"§ JuBIsIsaI-uIonew £q aanisod aimma Aronendsay SUPIGID PPIPUL)) NI 143
“JuaUNEaN dN0IqRUE Japu 9anisod uadnue C/16'0  papitosd QI oN ‘pairaisp snSund
ueuuewoloeed pue dds suyj8aadsy 1oy oamsod
uawoads Arojendsoy ‘urfuo Arewnd jo sisdog 8671670 WA SHOD00042IUT N0 SHI2000421U noI €€
1€/46°0 “dds snoo01dang
My .nnt_ ..w. HO% u_)_ﬁ—.mnu@ QHH._:—._.U —UOOﬁm Nmr..h‘@.o ,m_.:w._.t .’,EU.UQUQNENLNM. h_v_mws EEQUDUQNQNLNM. DUM Nm
“0€ osed je Juaned
QUIEG “JUSUIIEAL) INOIIIUR IOPU[) *SSOIQR IBA[NA
-urfuo L1ewid jo sisdag eruadonnou yum waned  <o1/66°0 stuoy vusvjdorlpy aanesaN 1€
-aposide awes ay) woiy papnout susoads
omJ, .H_o&ﬁmg Aﬁmﬁﬁacc% om;ﬁu_wo_m_w:a .&ucD E/L60 SUBOLGID BPIPUE)
‘urSuo Arewnd jo sisdog eruodonnou yim uaned  66/L6°0  poudasoSuruaw mSuyy1aqosiyy vondasoSuuai MISUIIGDSI]T noI 0g
‘JudLEaI) ONOIqIUE Japup) ‘SN[ 0) onp sisdag  67/96°0 sauadodd snoovooida.ug AnE3oN noI 67



€ TVIOL
wnioAL N WnLia1opqoutyds
-dds smos0201da.a18
PUIDOPUILUL SDUOUWIOPRIS

Uﬁw!ﬁ%ﬁ:ﬁ?‘sﬁmtw m.ﬁ-r.musny-cz_mm.nm
WNAOIOADI WNRIIDGOIII]
HUDWIDZ WNLBIODGOJAYIa Y

Hunf 12120G01112Y

nuosuyol i219PGoIUIIY

SHaIN) SHID0IOLIYY

‘dds wnrarovgaulion

papiaoxd (] oN "Pa1o21ap sniung
papiaoid ([ ON "P19212p BLIRI0RY
10000014y delg aanesau-asendeo)

= N M O] o e e e

S3UID WiN1A3]10Dg1 E_Qmamaknﬁ

(=
—_

N WISTUESI00IITA]

*SJUBUIWEIUOD JUIIGUIE JO UYS
SE PAIIPISu0d VOIATHI Aq P313919p SWISINESI00.100N 7 J[qe) Areyuamdddng :7§



Introduccid

S3: Supplementary table 3. Polymicrobial infections by either conventional or
molecular methods (N=28).

Department Conventional methods
Blood culture and TRIDICA (concordant ID)

IRIDICA

1 ER Proteus mirabilis Proteus mirabilis
Enterococcus faecalis Enterococcus faecalis

2 ER Pseudomonas aeruginosa Pseudomonas aeruginosa
Streptococcus viridans Streptococus spp.

3 ER Escherichia coli Escherichia coli
Not isolated Escherichia coli/Shigella spp.

4 ER Enterobacter cloacae Enterobacter cloacae complex
Enterococcus faecium Enterococcus faecium

=1 ER Escherichia coli Escherichia coli
Not isolated Escherichia coli/Shigella spp.

6 ICU Stenotrophomonas maltophilia Stenotrophomonas maltophilia
Candida tropicalis Candida tropicalis

7 ICu Streptococcus mitis Viridans/mitis group
Not isolated Streproccus spp.

8 ICU Enterococcus faecium Enterococcus faecium

Coagulase-negative Staphylococci

Staphylococcus epidermidis
Staphylococciis haemolyticus

Blood culture detected more microorganisms than IRIDICA

1 ER Escherichia coli Escherichia coli
Proteus mirabilis Not detected

2 ER Escherichia coli Escherichia coli
Enterococcus faecalis Not detected
Enterobacter cloacae Not detected

3 ER Klebsiella pneumoniae Klebsiella pneumoniae
Escherichia coli Escherichia coli
Enterococcus gallinarum Not detected

4 ER Klebsiella pneumoniae Klebsiella pneumoniae
Enterococcus gallinarum Not detected

5 ER Escherichia coli Escherichia coli
Enterobacter aerogenes Not detected
Enterococcus casselifavus Not detected

Not isolated

Klebsiella pneumoniae

IRIDICA detected more microorganisms than blood culture

1 ER Candida parapsilosis Candida parapsilosis
Enterobacter aerogenes Enterobacter aerogenes
Not isolated Kiebsiella oxytoca
2 ER Escherichia coli Escherichia coli
Not isolated Klebsiella pneumoniae
3 ICU Enterococcus faecium Enterococcus faecium
Not isolated Fungus detected. No ID provided
4 ICU Pseudomonas aeruginosa Pseudomonas aeruginosa
Not isolated Klebsiella oxytoca
5 Icu Elisabethkingia goseptica Elisabethkingia meningoseptica

Not isolated

Candida albicans

Blood culture and IRIDICA detected different microorganisms

154

1 ER Streptococcus constellatus Not detected

Not isolated Escherichia coli

Not isolated Fusobacterium nucleatum
2 ICUu Candida albicans Not detected

Not isolated Staphylococcus aureus mecA
3 ICU Candida parapsilosis Not detected



Not isolated

Staphylococcus aureus

Only by blood culture
1 ER Escherichia coli Not detected
Streptococcus mitis Not detected
2 ICu Lactobacillus spp. Not detected
Candida glabrata Not detected
Only by IRIDICA
1 ICU Not isolated Enterobacter cloacae complex
Not isolated Enterbacter cancerogenus
2 ICU Not isolated Escherichia coli
Not isolated Escherichia coli/Shigella spp.
3 ICU Not isolated Enterococcus faecium
Not isolated Candida albicans
4 ICU Not isolated Streptococcus dysagalactiae
Not isolated Fungus detected. No ID provided
5 ICU Not isolated Enterobacter cloacae complex

Not isolated

Streptococcus pneumoniae

ER: Emergency Room, ICU: Intensive care Unit






