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Abstract
To assess clinical impact and perform cost-consequence analysis of the broadest multiplex PCR panels available for the 
rapid diagnosis of bloodstream infections (BSI). Single-center, randomized controlled trial conducted from June 2019 to 
February 2021 at a French University hospital with an institutional antimicrobial stewardship program. Primary endpoint 
was the percentage of patients with optimized antimicrobial treatment 12 h after transmission of positivity and Gram 
stain results from the first positive BC. This percentage was significantly higher in the multiplex PCR (mPCR) group 
(90/105 = 85.7% %, CI95% [77.5 ; 91.8] vs. 68/107 = 63.6%, CI95% [53.7 ; 72.6]; p < 10− 3) at interim analysis, resulting 
in the early termination of the study after the inclusion of 309 patients. For patients not optimized at baseline, the median 
time to obtain an optimized therapy was much shorter in the mPCR group than in the control group (6.9 h, IQR [2.9; 17.8] 
vs. 26.4 h, IQR [3.4; 47.5]; p = 0.001). Early optimization of antibiotic therapy resulted in a non-statistically significant 
decrease in mortality from 12.4 to 8.8% (p = 0.306), with a trend towards a shorter median length of stay (18 vs. 20 days; 
p = 0.064) and a non-significant reduction in the average cost per patient of €3,065 (p = 0.15). mPCR identified all the 
bacteria present in 88% of the samples. Despite its higher laboratory cost, the use of multiplex PCR for BSI diagnosis 
leads to early-optimised therapy, seems cost-effective and could reduce mortality and length of stay. Their impact could 
probably be improved if implemented 24/7.
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Introduction

Despite impressive technological revolutions in clinical 
microbiology over the last two decades, bloodstream infec-
tions (BSI) remain severe and have high mortality rates. In 
2017, there were 11 million deaths due to BSI, accounting 
for 19.7% of global mortality [1]. Moreover, antimicrobial 
resistance (AMR) resulted in an estimated 1.27 million 
attributable deaths in 2019 and was responsible for 47.9 mil-
lion disability-adjusted life-years, with BSI being the sec-
ond infectious syndrome responsible for these high numbers 
[2]. The administration of antimicrobials within one hour of 
sepsis recognition is recommended by the Surviving Sepsis 
Campaign, as the prognosis of patients relies on the prompt 
initiation of effective antibiotic treatment [3]. Any delay in 
appropriate antibiotic therapy has recently been confirmed 
to gradually increase mortality between 12 h and 72 h after 
blood culture (BC) collection [4, 5]. However, the diversity 
of pathogens and increase in AMR reduce the efficacy of 
empirical antimicrobial treatment, which is neither effective 
nor optimal in 5 to 20% of BSI when evaluated at 48 h after 
BC collection [5, 6].

Several rapid molecular or MALDI-TOF-based tech-
niques and rapid antimicrobial susceptibility testing (AST) 
methods have been developed for BSI. They shorten the 
time to identify the pathogen(s) and report initial data on 
their sensitivity to antibiotic treatment (i.e., the presence 
or absence of important antibiotic resistance genes or rapid 
antibiotic susceptibility testing results) [7–13]. However, 
many laboratories face difficulties in implementing these 
new methods on a 24/7 basis because of methodological 
hands-on time, limited service time, or high costs [8, 9, 14–
17]. A survey of 209 laboratories from 25 European coun-
tries in 2017 showed that only 13% of laboratories started 
immediate processing of positive BC bottles 24/7, and that 
only 43.5% of laboratories performed both rapid identifica-
tion and direct AST from positive BC [14].

While first-generation molecular panels only identified a 
limited number of microorganisms and resistance mecha-
nisms, further developments have led to broader molecular 
panels that can detect more than 60 pathogens and resis-
tance markers [7, 8, 10]. Their clinical and economic ben-
efits have not been assessed in randomized controlled trials 
(RCTs) since the evaluation of the first generation FilmAr-
ray® Blood Culture Identification (BCID) panel, which 
identified only 24 bacterial or fungal species/genera and 
three resistance mechanisms [8]. In this study, we performed 
a single-center RCT to evaluate the clinical and economic 
impact of the broadest multiplex PCR panels available for 
BSI diagnosis in a French University hospital with an insti-
tutional antimicrobial stewardship program (ASP) and low 
resistance rates.

Methods

Study design

The HEMOFAST study (NCT03876990) was a single-
blinded, single-center RCT conducted at Grenoble Uni-
versity Hospital (2,100 beds, including 64 ICU beds; 
approximately 100 000 inpatients per year). Eligible 
patients were adults suspected of sepsis with a detectable 
organism(s) growing in a positive BC confirmed by Gram 
stain (T0). Patients were enrolled by infectious diseases 
physicians from the ASP team only Monday to Friday dur-
ing the laboratory opening hours (8:00 AM to 6:00 PM). 
After obtaining written consent, patients were randomized 
by the clinical microbiologist using the eCRF into two par-
allel groups (1:1 ratio, random bloc size 6,8,10 generated 
by the Data Stat team): the standard of care (SoC) group 
or the intervention group (mPCR), with the latter benefit-
ing from multiplex PCR (mPCR) in addition to SoC (see 
supplementary material). Patients meeting at least one of 
the following criteria were not included: patients hospital-
ized in a palliative care unit or with an estimated survival 
before sepsis of less than one month, and persons referred 
to in articles L1121-5 to L1121-8 of the French Public 
Health Code (pregnant women, person deprived of liberty 
or unable to consent and children). This study was approved 
by the French ethics committee (IDRCB 2018-A02026). We 
used the CONSORT reporting guidelines [18].

Laboratory testing

All positive BC were processed according to SoC proce-
dures, including subculture, identification by MALDI-TOF 
mass spectrometry after overnight incubation (first digital 
imaging of the plates after 14 h of incubation) and AST (disk-
diffusion method directly from positive BC with reading 
after 16–24 h incubation or broth microdilution from colo-
nies) according to a previously described method with minor 
modifications [15]. In brief, blood cultures (BD Bactec Plus 
Aerobic/F, Lytic/10 Anaerobic/F, or Peds Plus/F; Becton 
Dickinson, Pont de Claix, France) were incubated in a BD 
Bactec™ Fx incubator. Overnight-positive BCs after 11 PM 
were handled the next morning during laboratory service 
time from 8:00 AM to 6:00 PM (Monday to Friday). BCs 
detected positive were confirmed by microscopic examina-
tion after Gram staining. An aliquot of positive blood culture 
was transferred into a dry tube (BD Vacutainer) and diluted 
to 1/50 (if the Gram stain showed Gram-positive cocci in 
clusters [GPCC] or Gram-negative rods) or to 1/5 (if the 
Gram stain showed Gram-positive cocci in pairs or chains 
[GPCP]) with saline solution according to the recommen-
dations of CASFM-EUCAST for the direct disk-diffusion 
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method from positive BC [19]. Then, bacterial suspension 
in saline solution were automatically subcultured by streak-
ing nonselective and selective media using the automated 
BD Kiestra™ Work Cell Automation (WCA). Inoculated 
agar media were based on the Gram stain result (two 5% 
sheep blood Columbia or Polyvitex agar [one for aerobic 
and one for anaerobic incubation]) and, if required, based on 
the Gram stain (Drigalski medium, 5% sheep blood Colum-
bia CNA agar or CAN2 medium for fungus [BioMérieux, 
Marcy l’Etoile, France]). Aerobic agar media were auto-
matically incubated in connected incubators of the WCA 
(Drigalski and CAN2 under ambient atmosphere; Columbia 
blood agar and Polyvitex agar under a 5% CO2 enriched 
atmosphere). The anaerobic media were incubated in anaer-
obic jars using a gas pack (AnaeroGen, Oxoid). Digital 
imaging and reading of the agar plates at 14 h of incuba-
tion were performed using BD Kiestra™ WCA (extended to 
24–48 h of incubation if required). Colonies were identified 
after a minimum of 14 h of growth using MALDI-TOF mass 
spectrometry (Microflex LT, Bruker Daltonics, Bremen, 
Germany). Antibiotic and antifungal susceptibility testing 
from colonies were performed using BD Phoenix™ pan-
els PMIC-96 for Staphylococcus and Enterococcus strains 
and if required using NMIC-417 for GN bacilli. If required, 
discrimination between ESBL production and hyperexpres-
sion of the ampC gene was performed phenotypically using 
double disc synergy test and cloxacillin-containing Mueller-
Hinton media, according to CASFM-EUCAST (Comité de 
l’Antibiogramme de la Société Française de Microbiolo-
gie – European Committee on Antimicrobial Susceptibility 
Testing) guidelines [19].

In the mPCR group, the appropriate GenMark Dx 
ePlex® BCID Panel (GenMark Diagnostics, a member of 
the Roche Group) was performed according to the Gram 
stain results of the first positive BC for each patient ran-
domized in the mPCR group. mPCR was run as soon as 
possible and always within 12 h of positivity, as recom-
mended by the manufacturer, by adding 50 µL of positive 
BC into the appropriate cartridge. The ePlex® BCID Panels 
identify 56 species or genera of bacteria and fungi, 3 Pan 
Targets (Pan Gram-Negative, Pan Gram-Positive, and Pan 
Candida) and 10 resistance genes in approximately 90 min 
(Figure S1). If a combination of GP and GN bacteria or a 
combination of bacteria and micromycetes was observed 
on the same or different blood culture bottles (or in case 
a Pan Gram-Negative, Pan Gram-Positive, or Pan Candida 
target was detected, although unsuspected), the complemen-
tary ePlex® BCID Panel(s) was tested. mPCR testing was 
performed only during working hours. PCR results were 
provided by phone to the ASP team and transmitted elec-
tronically to medical units.

Antimicrobial stewardship program (ASP)

The ASP consists of a mobile infectious disease team that 
reviews all positive BC results in real time, moving through 
medical units to see patients if necessary, providing audits 
and feedback on management, treatment, and infection 
control to the medical units until the final microbiological 
results are obtained. Institutional ASP remained unchanged 
throughout the study period. The ASP team provided his 
advice daily as usual. However, final decision of treatment 
choice always remained to the physician in charge of the 
corresponding patient.

Outcomes

The primary endpoint was the percentage of patients with 
optimized antimicrobial treatment 12 h (T12h) after trans-
mission of positivity and Gram stain results from the first 
positive BC (T0). The T12h time point was relevant because 
it allowed for informed consent, randomization, mPCR test-
ing, and antibiotic modification based on the mPCR results 
but not on any other SoC microbiological results that were 
obtained after at least 14 h of incubation. As investigators 
could not be blind, effective and optimal antibiotic ther-
apy, source of infection or blood culture positivity due to 
contaminants were assessed during the weekly multidis-
ciplinary meeting that is part of local ASP for bacteremia. 
These meetings included at least one infectious disease phy-
sician member of the ASP team, one clinical microbiologist 
and one infection control specialist but more may have been 
present at each meeting. The main outcome was assessed 
once, when all microbiological data were available (iden-
tification and AST results using standard of care method).

We defined effective and optimized treatment and con-
taminants as follows:

Effective treatment was defined as the first line of antibi-
otic treatment received by the patient which had an effective 
antibacterial activity against the pathogen(s) causing the 
BSI episode according to its AST profile. It could be the 
empiric antibiotic treatment started after suspicion of sepsis 
or after transmission of blood culture positivity and Gram 
stain result, if it was effective. Otherwise it was the first 
effective treatment after escalation of the treatment. How-
ever it could be not optimal according to best practice once 
AST data were available and source of infection identified 
because: 1/antibacterial spectrum was too large according 
to AST results and the source of infection identified (e.g. 
piperacillin/tazobactam for a pyelonephritis due to a 3GC-
susceptible E. coli); 2/the treatment was associated to risk of 
selection of resistance (e.g. group-3 Enterobacterales such 
as E. cloacae complex treated with 3GC); 3/the treatment 
could be more toxic or associated to more side effects (e.g. 
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In this study, the economic evaluation compared the costs 
and clinical consequences for patients in both groups (initial 
stay with a 30-day endpoint) from the hospital’s perspective. 
Hospitalizations were evaluated using their corresponding 
case-mix costs from the latest available French National 
Cost Study (ENC, 2019). The cost of the intervention was 
estimated at €150 per patient. This cost includes the acquisi-
tion of the testing machine, labor cost, and reagent costs. We 
did not adjust the cost according to the competing effect of 
mortality in order to minimize the effect observed (conserva-
tive approach). The studied clinical consequences included 
delay in effective and optimized antibiotic therapy after T0, 
30-day all-cause mortality, length of stay (LOS), and dura-
tion of treatment with the main broad-spectrum antibiotics. 
Post-hoc analyses described the percentage of effective and 
optimized treatments since T0, the time to results of micro-
biological data, and duration of broad-spectrum antibiotics 
restricted to four days after results of Gram stain.

Statistical analysis

Assuming 40% and 55% of the optimized antibiotic ther-
apy at T12h for patients in the SoC and mPCR groups, 
respectively [16], 173 subjects were required per group 
for a statistical power of 80% and a 5% two-sided alpha 
risk. Assuming 15% missing data or withdrawal of consent, 
200 patients were to be included in each group. An interim 
analysis was scheduled after prolonging the study period 
owing to the COVID-19 pandemic, without changing the 
initial assumptions, in order to detect earlier a benefit of the 
innovative diagnostic approach and avoid a loss of chance 
for future patients in the standard arm. The interim analysis 
significance threshold was 0,003 for the primary outcome 
(O’Brien and Fleming method). In the context of the limited 
risk of the study, enrolment was pursued during the time 
required for interim analysis to enable the further use of 
innovation.

Quantitative variables are presented as mean and stan-
dard deviation (SD) or median and interquartile range [IQR] 
depending on the distribution of the data. Categorical vari-
ables were presented as numbers and percentages with 95% 
confidence intervals, if necessary. Missing data were not 
considered in the expression of percentages. Variables were 
compared using Student’s t-test or Mann-Whitney U test 
for continuous variables. Categorical variables and primary 
endpoints were compared using Chi squared test, after veri-
fication of the Cochran criteria, or Fisher’s exact test alter-
natively. The threshold for significance of the results was set 
at 0.05. For PCR performance compared to the SoC proce-
dure, we calculated the positive and negative percent agree-
ments (PPA and NPA) for each target using the numbers 
of true positives, false positives, true negatives, and false 

S. agalactiae or methicillin-susceptible staphylococci bac-
teremia treated with vancomycin), 4/ the treatment had an 
suboptimal clinical efficacy because of limited diffusion in 
the primary site of infection….

Optimized antimicrobial treatment was defined as opti-
mal intravenous antimicrobial treatment according to the 
species identified, final AST profile, and current French 
treatment guidelines depending on the source of infection 
(considering optimal clinical efficacy, potential side effects 
and selection of bacterial resistance but not dosing) (see sup-
plementary material and Tables S1-S4 for extensive details 
about optimized treatment categorization in both groups 
and about reasons for suboptimal treatment at T12h). Opti-
mized treatment corresponded to T0 treatment if already 
optimized, escalation of the antibiotic treatment, switching 
to a more effective compound or de-escalation (see supple-
mentary material for definitions of antibiotic escalation, 
de-escalation and optimization). Most of the time, the anti-
biotic treatment considered as optimized treatment was the 
definitive intravenous treatment received by the patient for 
the bacteremia or fungemia episode, after adjustments of 
the antibiotic therapy based on the recommendation of the 
antibiotic stewardship team (Table S1), AST data and the 
primary source of infection identified. When intravenous 
treatment was not effective or not optimal but the first oral 
treatment was, the first oral treatment was considered opti-
mized treatment. If the empirical treatment before T0 was 
considered optimized, the delay for the optimized treatment 
was considered to be 0. The assessors of primary endpoint 
were not blind of study group but participants to the multi-
disciplinary meeting had no information about the delays in 
setting up the different antibiotic treatments for each patient 
used for the calculation of the primary endpoint. Reasons 
for suboptimal treatment and categorization of patients with 
suboptimal treatment at T12h by the experts are described 
in Table S2.

Contaminants were defined as a single positive blood 
culture (or several from a single blood culture draw) for 
a given patient, showing one or several bacterial species 
that belong to potential skin commensals (e.g. coagulase-
negative Staphylococci, Corynebacterium sp…) or known 
environmental contaminants (e.g.: Micrococcus sp), in the 
absence of any other site of infection with the same isolated 
organism and/or in the absence of local signs of infections 
if the blood culture was sampled from a catheter or a central 
line.

The secondary objective was a cost-consequence anal-
ysis (CCA) which is one of the tools used to carry out a 
cost-effectiveness evaluation. It analyses both the costs and 
health outcomes of one or more interventions from a broad 
perspective and reports them separately, to present to deci-
sion makers a summary of the different costs and effects. 
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Cost-consequence analysis and secondary clinical 
outcomes

Main secondary outcomes are presented in Table 2. The 
30-day mortality rate was lower in the mPCR group (8.8 
vs. 12.4%); however, this difference was not statistically 
significant (p = 0.306). A trend towards a shorter median 
LOS was observed in the mPCR group (18 days vs. 20 
days; p = 0.064). The rates of effective or optimized treat-
ment at T0 did not differ between the mPCR and SoC 
groups (58.8% vs. 56.2% [p = 0.651] and 33.8% vs. 32% 
[p = 0.746], respectively) (Fig. 2). The median time to effec-
tive treatment did not differ between the groups, even for 
patients who did not receive any effective antibiotic therapy 
at baseline. The rates of effective treatment at T12h were 
94.6 vs. 90.8% (p = 0.21) in the mPCR and SoC groups, 
respectively. However, in patients who did not receive opti-
mized therapy at T0, the median time to obtain an optimized 
therapy was much shorter in the mPCR group than in the 
control group (6.9 h, IQR [2.9; 17.8] vs. 26.4 h, IQR [3.4; 
47.5]; p = 0.001).

The difference in the average cost per patient was €3,065, 
SD [-1,159 €, 7 289 €], but this trend was not significant 
(p = 0.15) (Table 2). The consumption of broad-spectrum 
antibiotics did not significantly differ between the two 
groups when limited to 96 h after Gram stain and was there-
fore not valued (Table S5).

negatives (TP, FP, TN, and FN) as follows: PPA (%) = 100 × 
TP/(TP + FN) and NPA = 100 × TN/ (TN + FP).The analysis 
was performed using the STATA software (StataCorp. 2017. 
Stata Statistical Software: Release 15. College Station, TX: 
StataCorp LLC).

Results

Patients

From June 2019 to February 2021, 309 patients could be 
enrolled, randomized and followed up for 30 days or until 
death (Fig. 1). The demographic and clinical characteristics 
are reported in Table 1.

Primary outcome

In the interim analysis, the percentage of patients with an 
optimized treatment 12 h after validation of first BC posi-
tivity and Gram stain result was significantly superior in 
the mPCR group (90/105 = 85.7%, CI95% [77.5 ; 91.8] vs. 
68/107 = 63.6%, CI95% [53.7 ; 72.6]; p < 10− 3), resulting in 
the early termination of the study when the outcomes were 
delivered. The final analysis confirmed previous results: 
122/148 (82.4%, CI95% [75.3% ; 88.2%]) vs. 93/153 
(60.8%, CI95% [52.6% ; 68.6], p < 10− 3).

Fig. 1 Flow diagram of the study
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Microbiological data and performance of mPCR

Microbial diversity and prevalence of resistance markers 
were comparable between the two groups (Tables S6-S8). 
Among the positive BCs in the mPCR group (Tables S9-
S12), 132/148 (89.2%) were monomicrobial (58 GP, 71GN, 
and 3 yeast) and 16 /148 (10.8%) polymicrobial. In the 
SoC group, 136 BSI were monomicrobial (55 GP, 76GN, 
and 5 yeast) and 17 (11.1%) were polymicrobial. Gram 
stain detected less than 5% of the samples with yeast or 
polymicrobial morphologies (Table S6). A correct identifi-
cation at the genus or species level, compared with SoC, 
was obtained for 119/132 (90.2%) of monomicrobial BC, 
increasing to 119/126 (94.4%) after exclusion of off-panel 
targets (Supplementary material Table S9-S11). All bacteria 
were detected in 11/16 (69%) polymicrobial samples, and 

Table 1 Demographic and clinical characteristics of patients
Characteristic SoC group

(n = 153)
mPCR 
group
(n = 148)

Age, med [IQR] 68 [53 ; 75] 65 [55 ; 
78.5]

Male sex 97 (63.4) 100 (67.6)
BMI, med [IQR] 23.9 [21.3 

; 28]
24.9 [21.9 
; 28.7]

Comorbidities:
 Cancer 74 (48.4) 51 (34.5)
 Chronic cardiac disease 32 (20.9) 38 (25.7)
 Chronic renal disease 24 (15.7) 25 (16.9)
 Chronic pulmonary disease 18 (11.8) 17 (11.5)
 Chronic liver disease 17 (11.1) 16 (10.8)
 Solid organ transplant 5 (3.3) 6 (4.1)
 Bone marrow transplant 13 (8.5) 12 (8.1)
 HIV 0 (0) 3 (2)
 Immunodeficiency: 60 (39.2) 42(28.4)
  Chemotherapy within 90 days
  Immunosuppressive treatment
  Long-term corticosteroids

46 (76.7)
11 (18.3)
5 (8.3)

27 (64.3)
14 (33.3)
6 (14.3)

Creatinine (µmol/l)
- med [IQR]

n = 147
73 [53 ; 
116]

n = 143
85 [59 ; 
116]

Leucocytes (G/l)
- med [IQR]

n = 146
9.9 [4.7 ; 
14.4]

n = 142
9.9 [5.5 ; 
14.7]

CRP
- med [IQR]

n = 117
98 [40 ; 
208]

n = 115
100 [3 ; 
168]

Medical ward at the time of BC collection
- Emergency department 31 (20.3) 37 (25)
- Intensive care unit 29 (19) 21 (14.2)
- Hematology 21 (13.7) 21 (14.2)
- Other clinical ward 72 (47) 69 (46.6)
Medical ward at the time of 1st positive 
BC
- Intensive care unit
- Emergency department
- Other clinical ward

42 (27.5)
21 (13.7)
90 (58.8)

30 (20.3)
24 (16.2)
94 (63.5)

Final diagnosis
- Bacteremia/Fungemia
- Contaminant

136 (88.9)
17 (11.1)

133 (89.9)
15 (10.1)

Source of BSI (Bacteremia/Fungemia)
- Urinary
- Digestive
- Catheter
- Pulmonary
- Other

33 (24.3)
32 (23.5)
33 (24.3)
9 (6.6)
29 (21.3)

34 (25.6)
30 (22.6)
25 (18.8)
3 (2.3)
41 (30.8)

Abbreviations SoC, standard of care; mPCR: multiplex polymerase 
chain reaction; IQR, interquartile range
Data are presented as Numbers (%) unless otherwise specified
9 and 10 missing values of BMI were observed in the SoC and mPCR 
groups, respectively

Table 2 Cost-consequence comparison
SoC group 
(n = 153)

mPCR 
group 
(n = 148)

p-value

Health Outcomes
 30-day all-cause mortality, 
n (%)

19 (12.4%) 13 (8.8%) 0.306

 Median length of stay# 20 days 
[10;36]

18 days 
[7;29]

0.064

 Median time to effective 
treatment#

  -For all patients 0 h [0;2.8] 0 h [0;2.2] 0.536
  -For patients not receiv-
ing effective treatment at T0

(n = 67)
3.5 h 
[1.4;9.4]

(n = 61)
3.4 h 
[1.3;7.9]

0.537

 Median time to optimized 
treatment#

  -For all patients 3.7 h 
[0;31.3]

2.2 h 
[0;8.6]

0.026

  -For patients not opti-
mized at T0

(n = 104)
26.4 h [3.4 ; 
47.5]

(n = 98)
6.9 h [2.9 ; 
17.8]

0.001

Costs
 Mean cost of the initial 
hospital stay (SD)*

19,973€ 
(19,785€)

16,758€ 
(17,351 €)

 mPCR costs** 150€
 TOTAL costs 19,973€ 

(19,785€)
16,908€ 
(17,351 €)

0.15431

Abbreviations SoC, standard of care; mPCR: multiplex polymerase 
chain reaction; IQR, interquartile range, SD, standard deviation. 
Median times are presented with [IQR]
#After T0 (transmission of BC and Gram stain result)
1T-test
*Hospital data were taken from the French 2019 national hospital 
common cost study. Only 147 patients in the mPCR group for cost 
analysis. One patient was excluded from the analysis due to lack of 
data on his initial hospitalization
**assumption taking into account the cost of mPCR cartridges and 
of the automaton (financial amortization over 7 years) and the cost of 
staff to run the analysis and report results
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to the SoC median time to identification of all pathogens 
(28 h, IQR [26.1–29.9]; p < 10− 3) and to obtain the first AST 
data (29.4 h, IQR [27.3; 48.8]; p < 10− 3).

Discussion

In this trial, the use of mPCR in addition to SoC diagnostic 
procedures and ASP showed a 22% increase of the percent-
age of patients with an optimized treatment 12 h after the 
transmission of the Gram stain result of the first positive 
BC: 82.4% vs. 60.8% (p < 10− 3). While Gram stain results 
allowed to increase effective antibiotic treatment from 56 
to 91%, 40% of antibiotic treatments were not optimal at 
that time. For those patients, the median time to obtain an 
optimized therapy was 19.5 h shorter in the mPCR group. 
Faster mPCR results were associated with a non-significant 
decrease in mortality, with a trend towards a shorter median 
LOS of two days and a reduced but non-significant average 
cost per patient of €3,065.

Over the last decade, several rapid phenotypic and geno-
typic methods for BSI diagnosis have been shown to reduce 
mortality and the time to effective or optimal therapy when 
an ASP is associated with the transmission of results [7–10, 
12, 13, 20–24]. However, conclusions regarding mortality, 
time to discharge, and time to appropriate antibiotic treat-
ment were not significant in a recent meta-analysis [25]. Few 
studies have been prospective trials, and none have evalu-
ated the clinical impact of recent versions of broad mPCR 
panels (ePlex® BCID, Verigene® BCID, or FilmArray® 

this number increased to 11/13 (85%) after the exclusion 
of samples with off-panel bacteria (Table S12). No false-
positive results were observed for any target but five false-
negative results were obtained (Table S13). S. epidermidis 
was not detected in three samples (two polymicrobial), and 
one each of E. coli and C. freundii were not detected but 
have all been considered as contaminants when SoC results 
were available.

Regarding resistance targets, the mecA gene was detected 
in 16/17 (94%) samples with methicillin-resistant Staphy-
lococci (15/24 samples with CoNS and in 1/14 S. aureus 
strains) and the blaCTX−M gene was detected in 4/6 (67%) 
samples with extended spectrum beta-lactamase (ESBL)-
producing Gram-negative bacteria (GNB) (one invalid car-
tridge; one undetected target). No false-positive results were 
observed for any target. One ESBL-producing E. cloacae 
strain was not detected because of an invalid cartridge, the 
blaCTX−M gene was not detected in an E. coli strain, and a 
mecA-positive S. epidermidis strain could not be detected in 
one sample because the S. epidermidis target was also not 
detected. Overall, the rate of invalid cartridges was 19/155 
(12.2%) after the first run (10 consumable error, 5 instru-
ment errors, 3 possible technical error with overloading 
sample into the consumable, 1 unknown) and 4/155 (2.6%) 
after retesting. Seven discrepancies (4.7%) were identified 
(Table S13).

Time to results (TTR) of different laboratory tests in both 
groups is shown in Fig. 3. Median TTR for mPCR after 
Gram stain result was 4.6 h, IQR [3.7–6.2] corresponding 
to a median TTR of 24.1 h, IQR [20.2–30.2] from the sam-
pling of the first BC. It was significantly reduced compared 

Fig. 2 Cumulative percentage of 
effective (A) and optimized (B) anti-
biotic therapy rates after transmission 
of results of the Gram stain from the 
first positive BC (T0). p < 10− 3for 
the primary outcome (percentage of 
patients with an optimized treatment 
12 h after validation of first BC posi-
tivity and Gram stain result in both 
groups) (chi-square test)
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Overall, the ePlex® BCID mPCR was able to identify 
all bacteria present in 88% of the BC samples, including 
69% of the polymicrobial samples for which MALDI-TOF-
based rapid techniques are not reliable [15, 26–31]. In com-
parison, respectively 78% and 77% were identified in RCTs 
testing FilmArray® BCID or Accelerate PhenoTest® BC 
kit, and 89% in a prospective controlled clinical trial using 
rapid MALDI-TOF identification on bacterial pellets [8, 9, 
21]. The median time to mPCR results from the sampling 
of the first BC for suspicion of sepsis was 24.1 h, which is 
lower than the mean time of 33 h observed in the latter trial 
using rapid MALDI-TOF identification of bacterial pellets 
that are usually performed in batches during opening hours 
[9]. Moreover, the Pan targets allowed the detection of three 
cases of polymicrobial bacteremia undetected by Gram 
stain: a Bacteroides fragilis strain associated with a Strepto-
coccus anginosus group that was missed, an S. mitis strain 
associated with E. coli, and the presence of staphylococci 
in a sample positive for E. cloacae. Concordance between 
the resistance markers and SoC was observed in 98% of 
the samples. Quick detection of the presence or absence of 
resistance genes is of primary importance for early adapta-
tion of antibiotic treatment, especially for methicillin-resis-
tant staphylococci [20]. In contrast, though other resistance 
mechanisms to 3GC may be present in the absence of 
blaCTX−M gene, mPCR helped in antibiotic escalation for 
Gram-negative BSI rather than de-escalation. The three epi-
sodes of fungemia were also correctly identified in line with 
previous studies [27, 32] The high mortality of fungemia 
reinforces the need for a rapid diagnostic technique. The 

BCID2 panels), especially in countries with low prevalence 
of AMR [8–10, 20].

Our data confirm the medical benefit that mPCR has on 
accelerating the time to results and improving antibiotic 
stewardship for a large number of patients, even in hospi-
tals with long-standing ASP and low resistance rates. These 
data are in agreement with previous results which showed 
acceleration of time to identification and/or faster changes 
in antibiotic therapy using mPCR, MALDI-TOF, or auto-
mated fluorescence in situ hybridization technology assays 
[8, 9, 21–23]. Twelve hours after the transmission of BC 
positivity, the first antibiotic adaptation based on Gram stain 
results allowed an increase in the percentage of patients with 
effective antibiotic treatment from 56 to 91%, but only 60% 
of antibiotic treatments were optimized at that time. mPCR 
stewarded more than 94% effective treatment at T12h and 
more than 82% optimized treatment.

Our data point towards a global trend in the clinical and 
economic benefits of the mPCR strategy, even though sev-
eral secondary outcomes were not significant. This may be 
due to the fact that this trial was not powered to detect differ-
ences, as previously experienced, and because of the early 
termination of the study [8, 9, 21]. We observed a trend for 
the reduction of the use of some broad-spectrum antibiotics 
(piperacillin/tazobactam and daptomycin), while the use of 
third-generation cephalosporins (3GC) was increased, but 
these trends were not significant (Table S5) compared to 
previous studies using mPCR assays for rapid diagnosis of 
BSI [8].

Fig. 3 Median time to results of microbiological data in the mPCR and 
SoC groups. Abbreviations SoC: standard of care; mPCR: multiplex 
polymerase chain reaction; BC : blood culture; AST: antimicrobial 
susceptibility testing; TS: time of sampling of first BC for the sep-
sis episode; T0: transmission of 1st positive BC positivity and Gram 
stain results. All data are expressed as median [IQR]. 1st AST data 
corresponds to the first transmission of antibiotic susceptibility results. 

Final AST data corresponded to the final validation of full antibiotic 
susceptibility testing data that could require automated AST from iso-
lated colonies in case of polymicrobial samples, if growth was insuf-
ficient using disk diffusion from positive blood culture or if a Staphy-
lococcus species was identified in particular to have AST results for 
glycopeptides and daptomycin that could not be obtained by disk dif-
fusion method
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