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Introduction: Bloodstream infections (BSIs) represent a significant public health
concern, characterized by the presence of pathogens in the bloodstream, leading to
serious conditions. Between 30 and 40% of BSls evolve in sepsis, characterized by a
life-threatening organ dysfunction and accompanied by a strong or dysregulated
systemic immune or inflammatory response. A timely and accurate diagnosis of BSIs
is crucial for ensuring effective management and treatment of critically ill patients.
The diagnosis of BSIs can be initiated either from positive blood culture (BC) or
directly from blood specimens using advanced diagnostic methods, these
approaches are increasingly integrated into traditional diagnostic workflows.

Methods: In the context of emerging molecular methods, Alifax introduced the
Molecular Mouse (MM) Sepsis Panel in 2022. This study aims to evaluate the
performance of MM cartridges in detecting Gram-positive bacteria and Gram-
negative bacteria, as well as their associated resistance genes, using clinical
leftover positive BCs and contrived samples for low-prevalence targets. Positive
BCs were collected at the Unit of Microbiology, The Great Romagna Hub
Laboratory, Pievesestina, FC, Italy.

Results: Overall, MM Sepsis Panel showed excellent sensitivity (98.62%) and
specificity (99.81%), confirming the system'’s reliability and accuracy.

Discussion: The high diagnostic accuracy demonstrated by these tests supports
their potential application as rapid diagnostic tools for blood cultures, facilitating
prompt identification of pathogens and antimicrobial resistance determinants in
clinical microbiology settings.
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1 Introduction

Bloodstream infections (BSIs) are a significant healthcare
challenge, defined by the presence of pathogenic
microorganisms in the bloodstream. These infections require
prompt and accurate diagnosis to ensure effective treatment and
improved patient outcomes (Kang et al., 2024). The clinical
importance of BSIs stems from their rapid progression and the
potential for systemic complications, necessitating prompt
diagnosis and treatment (Arora et al, 2023). The incidence of
BSIs has increased over time and reported BSI rates range from
122 to 220 cases/100,000 population. Rising incidence is probably
related to an aging population and an increasing prevalence of
underlying conditions and invasive procedures (Kontula et al,
2021). Infections that can cause sepsis are due to Gram-positive
and Gram-negative bacteria, as well as fungal pathogens
(Minasyan, 2017). In healthcare settings, multidrug-resistant
organisms such as methicillin-resistant Staphylococcus aureus
(MRSA) and carbapenem-resistant Enterobacteriaceae (CRE) are
increasingly prevalent and pose significant therapeutic challenges
(van Duin and Paterson, 2016; European Centre for Disease
Prevention and Control, 2023). An estimated 47-50 million
cases of sepsis occur worldwide each year, 80% of them are
community-based, with children under the age of 5 involved in
40% of the cases (The 2030 World Sepsis Declaration, 2020).
Worldwide, 1 in 5 deaths is associated with sepsis, accounting for
at least 11 million deaths each year. In Europe, there are
approximately 700,000 cases of sepsis annually. In Italy, the
sepsis mortality rate has increased from 3% to 8% of all deaths
in recent years (The 2030 World Sepsis Declaration, 2020). BCs
are essential for detecting microorganisms in the bloodstream and
for the timely diagnosis of bloodstream infections. Traditionally,
the process involves incubation, Gram staining, and pathogen
identification using MALDI-TOF MS (Idelevich et al, 2014).
Automated antibiotic susceptibility tests typically provide results
within 8 to 18 hours (Vandepitte et al., 2003; Lamy et al., 2020). In
recent years, new technologies—encompassing both phenotypic
and genotypic tests—have emerged that significantly reduce
turnaround times (Peker et al., 2018; Antibiotic Use in the
United States, 2021). Rapid diagnostic tools are pivotal in
mitigating the overuse of broad-spectrum antibiotics and in
addressing the escalating threat of antibiotic resistance on a
global scale (Vandepitte et al., 2003). These tools enhance
diagnostic efficiency and support faster, more targeted treatment
of severe infections (Cherkaoui et al., 2021; Tibbetts et al., 2022;
Esse et al., 2023). Innovative phenotypic systems such Radian® by
Copan Diagnostics (Italy), VITEK® REVEAL™ by bioMérieux
(France), and ASTar® by Q-linea AB (Sweden) offer semi-
automated tests for early detection of antibiotic resistance in
positive blood cultures. Among genotypic tests, the FilmArray®
Blood Culture Identification (BCID) Panel (bioMeérieux), Xpert®
MRSA/SA BC (Cepheid) enable rapid identification of pathogens
and antibiotic resistance genes from positive blood cultures. while
the T2Bacteria® Panel (T2 Biosystems) detects pathogens directly
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from whole blood specimens. In this context, Alifax has developed
the Molecular Mouse (MM) platform and 5 sepsis panels, each
with different specificities (Mauri et al., 2024). The 5 Sepsis Panel
cartridges allow the identification of various pathogens, gram-
negative and gram-positive bacteria as well as candida species and
their associated resistance genes. This study aimed to evaluate the
performances of the bacterial MM sepsis panel cartridges
compared to standard methods used in routine practice at the
Unit of Microbiology, The Great Romagna Hub Laboratory,
Pievesestina, FC, Italy.

2 Materials and methods
2.1 Sample description and identification

A total of 1583 positive BC specimens were analyzed in this
study including both clinical leftover specimens and contrived
specimens. Given the presence of polymicrobial specimens
containing more than one pathogen, the resulting number of
microbial isolates tested in this study was 1675. From December
2021 to May 2022, a total of 1458 leftover positive BC were collected
at the Unit of Microbiology, The Great Romagna Hub Laboratory,
Pievesestina, FC, Italy. All samples were anonymized before being
included in the study (protocol code AVR-PPC P09, rev. 2, based on
(Burnett et al., 2007), in line with the regulations issued by the
Romagna Local Health Authority Ethical Board. Clinical leftover
specimens were characterized as part of routine laboratory analysis
for species identification via MALDI-TOF mass spectrometry
(Vitek MS, bioMérieux) and Antimicrobial Susceptibility Test
(AST), via VITEK 2 system (bioMérieux). The Vitek MS
(bioMérieux) based on spectrometry MALDI-TOF use the colony
picked and smeared on a disposable target slide (VITEK MS-DS
TARGET SLIDE, (bioMeérieux) and covered directly with 1ul of the
matrix solution (VITEK MS-CHCA MATRIX, bioMerieux). The
Antimicrobial Susceptibility Test (AST) was performed using
VITEK 2 instrument (bioMeérieux) using the following VITEK 2
cards: ST-N659 for Staphylococci spp., VITEK 2 AST-N658 for
Enterococci spp., for VITEK 2 AST-ST03 for Streptococci spp.,
VITEK 2 AST-N376 for gram negative species and VITEK 2
AST-N397 for non-fermenting bacteria and multidrug resistant
bacteria. The results were interpreted by the Advanced Expert
SystemTM (bioMérieux), according to the EUCAST breakpoints
and following the EUCAST recommendations versions 11.0 and
12.0, valid from 1 January 2021 to 31 December 2022. In routine
diagnostics, in cases of phenotypic resistance or intermediate
susceptibility to carbapenems in Enterobacterales, to methicillin
in Staphylococcus aureus, and to vancomycin in Enterococcus spp.,
molecular analyses were additionally performed using GeneXpert®
panels (Cepheid, Sunnyvale, California, USA) to determine the
resistance gene profile: Xpert® Carba-R for the detection of KPC,
NDM, VIM, IMP, and OXA-48; Xpert® MRSA/SA for the detection
of Staphylococcus aureus and methicillin resistance; and Xpert®
vanA/vanB for the detection of vancomycin resistance genes in
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Enterococcus spp (Table 1). Contrived specimens were employed to
assess low-prevalence pathogens and resistance genes. A total of 125
BCs were prepared by inoculating well-characterized or reference
strains from different culture collections (ATCC, American Type
Culture Collection; NCTC, National Collection of Type Cultures;
DSMZ, German Collection of Microorganisms and Cell Cultures
GmbH; CCUG, Culture Collection University of Gothenburg) as
follows: a volume of 2 mL of microbial suspension at a
concentration of 100-200 CFU/mL were inoculated into a BACT/
ALERT® PLUS aerobic/anaerobic blood culture bottles
(bioMeérieux, Marcy I’Etoile, France) along with 8 mL of human
whole blood for a total of 10 ml (in accordance with the
manufacturer’s specifications). The contrived blood culture bottles
were incubated in the BacT/AlertVirtuo® instrument (bioMerieux)
until flagged as positive by the automated culture system. See
Supplementary Material for more details on the strains used for
contrived specimen preparation (Supplementary Table S1). A
detailed description of the tested samples for each MM cartridge
is summarized in Supplementary Material.

TABLE 1 The table shows the association between the antibiotic tested,
interpreted by the Advanced Expert System™ (bioMérieux), and the
resistance genes that detect MM panels.

Breakpoints Gene
. . CARD according to resistance
Microrganism 9
VITEK 2 EUCAST vi1 on MM
and v12) system
mcr-1
Enterobacterales 376/397 Colistin >2 mg/L
mcr-2
OXA-23-like
IMP
KPC
Enterobacterales 376/397 E/Ieropenem >08 mg//]i
rtapenem > 0.5 mg VIM
OXA-48 like
NDM
CMY-2
CTX-M-2/
8 group
fotaxi 2 L
Enterobacterales 376/397 Ce ota.XI'me >2 mg/ CTX-M-1/
Ceftazidime >4 mg/L
9 group
SHV
SHV ESBL
vanB
vanA
Enterococci 658 Vancomycin >4 mg/L
vanCl
van C2-3
mecA
Stafil . 659 Positive c
Ariococas Cefoxitin screen mee
SCCmec-orfX

Frontiers in Cellular and Infection Microbiology

10.3389/fcimb.2025.1579074

2.2 Molecular mouse platform

The MM platform is a qualitative non-automated in vitro
diagnostic device intended as an aid to the diagnosis of
microorganisms in positive human blood culture from generic
population. It consists of a compact thermocycler for sample
amplification, a ready-to-use cartridges with 6 microwells
containing all necessary freeze-dried reagents to perform the
multiplex Real-Time PCR, and a closed software for data analysis
and result management. The MM platform performs analysis of
specific DNA target sequences by means of disposable lab-on-a-
chip devices, based on Silicon technology. Specifically, 4 different
cartridges were employed in this study: MM GRAM NEG RES (SI
1701.0101/L), MM GRAM NEG ID (SI 1701.0102/L), MM GRAM
POS STAPH (SI 1701.0103/L), and MM GRAM POS NO STAPH
(SI 1701.0104/L). These cartridges were utilized for the detection of
nucleic acid sequences specific to Gram-negative and Gram-positive
bacteria, as well as genetic markers associated with antimicrobial
resistance, including those encoding for carbapenemases, extended-
spectrum beta-lactamases (ESBL), AmpC-type enzymes, and
resistance to colistin, vancomycin, and methicillin. A more
detailed list of the MM cartridge targets is provided in the
Supplementary Material (Supplementary Table S2).

2.3 Sample preparation for MM analysis

The MM platform (Alifax s.r.l) for the identification of bacterial
species and their resistance genes starting from positive BC does not
require a DNA extraction/purification step, but only a simple and
fast pre-analytical procedure. In more detail, a 200 uL volume of
positive BCs was centrifuged at 500g for 1 minute (min). The
supernatant was then transferred in a new tube and centrifuged
again at 5000g for 1 minute. The final supernatant was discarded,
and the pellet was resuspended in 1 mL of molecular biology grade
water. A dilution was then performed with the loading solution
provided within the kit, following the manufacturer’s instructions. 5
uL of the solution were then added into each well of the cartridge to
resuspend the freeze-dried reagents. The cartridges were loaded into
the MM instrument and recognized automatically through the
RFID tag. Once the analysis starts, the MM results are available
in approximately 1 hour.

2.4 Study setting

This study was conducted at the Unit of Microbiology, The
Great Romagna Hub Laboratory, Pievesestina, FC, Italy. MM
analyses were performed according to the manufacturer’s
instructions for use. In case of discrepancy between MM analysis
and expected outcomes (outcomes derived from routine testing for
leftover specimens or outcomes derived by pathogen specifications
provided by the strain suppliers for contrived specimens), a test
repetition was performed with a new dedicated MM cartridge. If the
discrepancy persisted, MALDI-TOF or AST was re-performed to
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rule out any upstream contamination. If the disagreement remained
unresolved, the sample was further analyzed using a reference
molecular nucleic acid-based assay, the BioFire FilmArray Blood
Culture Identification 2 Panel (BCID2, bioMeérieux), and
conclusions were drawn based on this secondary method. For
invalid results due to a Positive Control “Not Pass”, caused by

FOR CLINICAL SPECIMENS

[AGREEMENTVERI FIED

Are MM
results in

accordance with
MALDI-TOF/ AST'/
CEPHEID?

10.3389/fcimb.2025.1579074

inhibitors in the specimen (Buckwalter et al., 2014; Sidstedt et al.,
2020) re-analysis was performed according to the MM device
instructions. Persistently invalid results led to sample exclusion.
This approach ensured a rigorous evaluation of discrepancies and
upheld the integrity of the diagnostic process. The study design was
detailed and illustrated in a flowchart in Figures 1, 2.

INVALID RESULT Repeat MM analysis as
per manufacturer’s IFU

( Repeat MM analysis ]

YES

Are MM
results now in
accordance with
MALDI-TOF, AST"/
CEPHEID?

lNO

STILL INVALID RESULT

Repeat MALDI-TOF or
AST analysis?

[ SAMPLE EXCLUDED ]

YES

Are MM
results in
accordance with
MALDI-TOF/ASTY/
CEPHEID?
retesting?,

|ro

Perform molecular
analysis (BIOFIRE®)

with BIOFIRE?,

Are MM
resultsin AGREEMENT NOT
accordance VERIFIED

1. AST methods: phenotypic analysis (Vitek 2, bioMerieux) and, when necessary, molecular analysis (GeneXpert, Cepheid)

2. If the starting sample is still available forretesting

3. BioFire FilmArray Blood Culture Identification 2 Panel (BCID2, bioMérieux) to be performed on processed sample

FIGURE 1

Flowchart for clinical specimens from blood colture: procedure and management of discrepancies (MALDI-TOF/AST/CEPHEID).
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2.5 Data analysis

The sensitivity and specificity of the MM cartridges (Alifax s.r.l.)
were assessed and calculated for each device analyte as follows:
Positive Percent Agreement or Sensitivity (expressed in %) = 100 x
TP/(TP+FN); Negative Percent Agreement or Specificity (expressed
in %) = 100 x TN/(TN+FP) TP (true positive): the number of
specimens with positive test result for which also the comparative

FOR CONTRIVED SPECIMENS

[AGREEMENTVERI FIED

Are MM
resultsin
accordance with

10.3389/fcimb.2025.1579074

method gave positive result; TN (true negative): the number of
specimens with negative test result for which also the comparative
method gave negative result; FP (false positive): the number of
specimens with positive test result for which the comparative
method gave negative result; FN (false negative): the number of
specimens with negative test result for which the comparative method
gave positive result. 95% confidence intervals for the observed
agreement were calculated using the Wilson score interval method.

( Repeat MM analysis

INVALIDRESULT | Repeat MM analysis as
£ per manufacturer’s IFU

YES results nowin

accordance with
pecifications o;

STILL INVALID RESULT

lNO

[ Repeat MALDI-TOF/ ]

AST'/CEPHEID analysis? [ SAMPLEEXCLUDED ]

l

Are MM
results in

YES accordance with

MALDI-TOF/AST/

|ro

Perform molecular
analysis (BIOFIRE)®

l

Are MM
resultsin

accordance
with BIOFIRE?,

AGREEMENT NOT
VERIFIED

1. AST methods: phenotypic analysis (Vitek 2, bioMerieux) and, when necessary, molecular analysis (GeneXpert, Cepheid)

2. If the starting sample is still available forretesting

3. BioFire FilmArray Blood Culture Identification 2 Panel (BCID2, bioMérieux) to be performed on processed sample

FIGURE 2

Flowchart for contrived specimens: procedure and management of discrepancies (MALDI-TOF/AST/CEPHEID).
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3 Results

A total of 1583 positive BC samples were analyzed in this study
including both leftover positive BC specimens and contrived specimens.

3.1 Gram negative bacteria identification by
MM GRAM NEG ID cartridge

A total of 529 positive BC specimens including 165 leftover
positive BCs prospectively collected, 158 leftover positive BCs
retrospectively collected, and 206 contrived specimens were
analyzed by the MM GRAM NEG ID cartridge (SI 1701.0102/L,
Alifax s.rl). A total of 18 polymicrobial BCs, all containing 2
different pathogen species, were also included. Sensitivity and
specificity were calculated for each target included in the MM
GRAM NEG ID cartridge (Table 1), 5 out of 15 targets analyzed
showed 100% sensitivity and specificity. The sensitivity was found
to be less than 100% for the following strains: Proteus spp. (94.7%),
K. pneumoniae (94.1%), Enterobacteriaceae (98,5%), E. cloacae
(94,4%), S. marcescens (90.3%), K. aerogenes (92.3%) and P.
aeruginosa (93.5%). A total of six FN results were observed for
generic targets: two for Proteus spp. and four for Enterobacteriaceae.
Among the 38 samples positive for Proteus spp., 32 were identified
as P. mirabilis and six as P. vulgaris. The two FN results for Proteus
spp. corresponded to P. mirabilis that was successfully detected by
the species-specific target in the MM system. Among the 270
bacteria belonging to the Enterobacteriaceae family identified by
the reference culture-based method including 21 Salmonella Typhi,
22 Klebsiella oxytoca, 51 K. pneumoniae, 36 Enterobacter cloacae,
114 Escherichia coli, and 26 Klebsiella aerogenes a total of four FN

10.3389/fcimb.2025.1579074

results were recorded. Specifically, one FN sample corresponded to
E. cloacae, one to K. oxytoca, and two to K. pneumoniae. The first
two were detected through species-specific targets, while the
remaining two were detected by nucleic acid-based testing via
species-specific detection but were not detected by either the
generic or species-specific targets in the MM system. Conversely,
while three K. pneumoniae, two E. cloacae, and two K. aerogenes
samples were not identified by species-specific targets, they were
detected by the generic Enterobacteriaceae target, with the
exception of one K. pneumoniae isolate, which was not detected
by either target but was confirmed by the nucleic acid-based
comparator method. Additionally, six FN results were associated
with the species-specific targets: three for Serratia marcescens and
three for Pseudomonas aeruginosa. The specificity was 100% for all
targets except for P. mirabilis and E. coli/Shigella spp. whose
specificities were 99.4% and 99.8%, respectively (Figure 3). One
FP result was observed for the E. coli/Shigella spp. target out of total
414 negative samples. Among the three FP results for the P.
mirabilis species-specific target, one was also detected by the
generic target using both the MM system and the nucleic acid-
based comparator method. More details can be found in the
Supplementary Materials (Supplementary Table S3).

3.2 Gram negative bacteria resistance
detection by MM GRAM NEG RES cartridge

A total of 355 positive BC specimens, including 76 prospective
leftover positive BCs samples, 61 retrospective leftover positive BCs
samples and 218 contrived samples were analyzed using the MM
GRAM NEG RES cartridge (SI 1701.0101/L, Alifax s.r.l). 4 out of
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FIGURE 3

Graphical representation of the evaluation of the MM GRAM NEG ID cartridge results.
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Graphical representation of the evaluation of the MM GRAM NEG RES cartridge results.

355 specimens were polymicrobial BCs, each containing 2 different
pathogen species. Based on the outcomes achieved, sensitivity and
specificity were calculated for each target included in the MM
GRAM NEG RES cartridge. The sensitivity was 100% for all targets
(Figure 4). The specificity was 100% for all targets, except for the
SHYV and OXA-48-like targets, which displayed sensitivity of 91.7%
and 98.8%, respectively (Figure 4). In 21 of the 252 total samples
that tested positive for the SHV target, the Gram-negative bacteria
identified were susceptible to ceftazidime and cefotaxime according
to AST results. Three FP results for the OXA-48-like target were
observed when compared both to susceptible meropenem and
ertapenem, and these findings were further confirmed by nucleic
acid-based testing. More details can be found in the Supplementary
Materials (Supplementary Table S4).

3.3 Staphylococci identification by MM
GRAM POS STAPH cartridge

A total of 336 positive BC specimens, including 134 prospective
leftover positive BC samples, 94 retrospective samples and 108
contrived samples were analyzed using the MM GRAM POS
STAPH cartridge (SI 1701.0103/L, Alifax s.r.1). 38 specimens were
polymicrobial BCs, including 37 double species and 1 triple species.
Sensitivity and specificity were calculated for each target included in
the MM GRAM POS STAPH cartridge. The device displayed 100%
sensitivity for nine targets, including S. hominis, S. sciuri, S.
simulans, S. saprophyticus, S. xylosus and the vanB, vanA, mecA
and mecC resistance genes. Sensitivity values of the remaining
targets ranged from 87.5% to 98%. Among ten FN results for
generic target Staphylococcus spp., eight were correctly detected
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by species-specific target (7 S. sciuri and 1 S. simulans) while the
remaining two were S. warneri isolates. A single FN result was
observed for each of the following targets: S. epidermidis, S
haemolyticus, S. aureus and S. lugdunensis. In the case of S.
epidermidis and S. haemolyticus isolates, generic Staphylococcus
spp. target was correctly detected along with mecA gene.
Similarly, in the S. aureus FN case, the genus-level target, mecA
and SCCmec-orfX were detected. Among the resistance genes
targets included in the cartridge, all demonstrated 100%
specificity and sensitivity, apart from the SCCmec-orfX gene
cassette. Three FN results were observed for this target, as the
reference method identified MRSA strains by cefoxitin screen
(Vitek 2 AST-659) and Cepheid MRSA Blood cartridge.
Specifically, in one case, the MM system detected Staphylococcus
spp., S. aureus, and mecA. In the other two cases, the analytes
detected were Staphylococcus spp., S. aureus, and mecC, but no
amplification was observed for SCCmec-orfX. Specificity was 100%
for all targets except S. hominis (99.7%), S. haemolyticus (99.7%)
and mecA (98,8%) (Figure 5). S. hominis was detected along with
MRSA in one sample but could not be evaluated by the nucleic acid-
based comparator due to the lack of the corresponding target in its
detection panel. One FP result was observed for S. haemolyticus,
which was identified as S. epidermidis by the culture-based reference
method. The discrepancy was further evaluated using a nucleic
acid-based comparator method, which lacks a specific target for S.
haemolyticus. This method did not detect S. epidermidis, but
identified only the genus-level target (Staphylococcus spp.). In one
sample, culture-based reference method identified a single
pathogen, Streptococcus anginosus, whereas the MM system
detected Staphylococcus spp. and mecA resistance gene. This
discordance was assessed using the nucleic acid-based comparator
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FIGURE 5

Graphical representation of the evaluation of the MM GRAM POS STAPH cartridge results.

method, which detected both S. anginosus and Staphylococcus spp.,
but could not rule out the presence of mecA gene due to limited
detection algorithm. More details can be found in the
Supplementary Materials (Supplementary Table S5).

3.4 Gram positive bacteria No Staphylococci
identification by MM GRAM POS NO STAPH
cartridge

A total of 363 positive BC specimens, including 148 leftover
positive BCs prospectively collected, 99 retrospectively collected
and 116 contrived samples, were analyzed by the MM GRAM POS
NO STAPH (SI 1701.0104/L, Alifax s.r.1). 29 polymicrobial BCs,
including 28 double species and 1 triple species, were tested.
Sensitivity and specificity were calculated for each target included
in the MM GRAM POS NO STAPH cartridge, 5 out of 15 targets
analyzed showed 100% sensitivity and specificity. The device
demonstrated 100% sensitivity for all targets, with the exception
of B. subtilis (92.3%) for which one FP result was observed.
Specificity reached 100% for all targets, except for S. pyogenes,
vanB and S. anginosus which demonstrated specificity of 98,2%,
99.7% and 99.7%, respectively (Figure 6). Four Streptococcus
dysgalactiae subsp. dysgalactiae and two Streptococcus mitis
isolates were misidentified as S. pyogenes but were correctly
assigned to the genus Streptococcus. In one sample, culture-based
reference method identified a single pathogen, S. pyogenes, whereas
the MM system additionally detected S. anginosus alongside this
isolate. This discordance was not assessed using the nucleic acid-
based comparator method, which does not include S. anginosus in
its detection panel. 96 samples containing Streptococcus spp. were
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tested and correctly detected by the generic target, including 20 S.
pneumoniae, 18 S. pyogenes, 19 S. agalactiae, 20 S. anginosus and 19
other Streptoccoccus spp. The Xpert® vanA/vanB cartridge
identified the vanA gene in one vancomycin resistant E. faecium
isolate, while the MM system detected both vanA and vanB
resistance genes. More details can be found in the Supplementary

Materials (Supplementary Table S6).

3.5 Evaluation of all cartridges analysed.

Comparing all cartridges used the results show that the
sensitivity and specificity are both very high for all analysed
cartridges. On average, specificity is slightly higher at 99.81%,
compared to sensitivity at 98.62%. The MM GRAM NEG ID and
MM GRAM POS STAPH cartridges show slightly lower sensitivity
than specificity. The MM GRAM NEG RES cartridge reports 100%
sensitivity. In the Figure 1 a graphical representation of the results
of the evaluation of all cartridges analysed (Figure 7).

5 Discussion

The timely identification of pathogens in BSIs remains a critical
challenge in sepsis management, as delayed diagnosis can impede
appropriate treatment of patients (Idelevich et al., 2014). Molecular
diagnostic platforms have emerged as effective complement to
traditional culture-based methods, offering significantly reduced
turnaround times for both pathogen identification and resistance
gene detection and enabling a prompt and appropriate treatment
(Land et al,, 2019). This study assessed the diagnostic performance
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of four MM cartridges targeting Gram-positive and Gram-negative
bacteria, as well as their key antibiotic resistance genes. Overall, the
MM system demonstrated high sensitivity and specificity across
most targets, making it a reliable tool for rapid microbial diagnosis.
MM GRAM NEG RES cartridges showed 100% sensitivity and
specificity for all resistance markers, except for SHV and OXA-48-
like genes. The SHV specificity was slightly lower (91.7%) due to
detection of plasmid-borne SHV isoforms, widely disseminated or
even endemic (Liakopoulos et al., 2016), with limited clinical
significance. OXA-48-like specificity was 98.8%, with false
positives likely due to sample contamination. On the other hand,
MM GRAM NEG ID cartridges had an overall sensitivity of 97.2%
and specificity of 99.9%. Reduced sensitivity was noted for Proteus
spp. (94,7%) and Enterobacteriaceae (98,5%), due to targets’
inability to detect certain isolates for sequence mismatches (as
declared in manufacturer’s instructions for use); however, this
lower sensitivity for identifying family- or genus-specific targets
has in some cases been mitigated by the detection of the species-
specific targets, thus allowing for accurate detection. A lower
sensitivity was also observed for K. pneumoniae and E. cloacae,
largely due to limitations in primer design that targeted only
species-specific sequences rather than groups or complexes. False
positives were few and largely attributed to non-specific
amplification artifacts. MM GRAM POS STAPH cartridge
showed an average sensitivity of 97.8% and specificity of 99.9%.
The sensitivity dropped for Staphylococcus spp. (94.1%), due to the
lack of detection of S. simulans, S. sciuri, and S. warneri strains,
mainly attributed to sequence mismatches in binding regions, in
line with the in silico prediction (as declared in manufacturer’s
instructions for use). Despite these issues, diagnostic accuracy for
most cases was preserved thorough species-specific targets.
Importantly, SCCmec-OrfX, specific for the detection of
Methicillin-resistant Staphylococcus aureus (MRSA), showed an
87.5% sensitivity due to its capability to detect 11 out of the 14
described SCCmec types (Uehara, 2022), as predicted by in silico
analysis; mecA amplification allowed accurate MRSA identification
in discrepant samples. Lastly, the MM GRAM POS NO STAPH
exhibited 100% overall sensitivity and specificity, with few
exceptions: lower sensitivity for Bacillus subtilis (92.3%) due to
weak amplification signals and lower specificity for S. pyogenes
(98,2%), vanB (99.7%) and S. anginosus (99.7%), rather caused by
target misclassification. The MM platform combines speed,
modularity, and ease of use, delivering actionable results in
approximately one hour starting from positive BC. Although it is
not currently classified as a point-of-care test (POCT), its compact
design and user-friendly interface make it suitable for decentralized
diagnostics and integration into clinical microbiology workflows.
An important practical feature is its cartridge-based modularity,
which allows concurrent processing of different tests (e.g., Gram-
positive ID, resistance, or mixed samples) using a shared software
interface. The need for a pre-analytical Gram stain to select the
appropriate cartridge is both a limitation and a cost-containment
advantage, enabling tailored testing based on the microbial profile.
Additionally, MM detects a broad spectrum of resistance
determinants beyond the capabilities of the main reference
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methods (FilmArray BCID2, BioFire, bioMerieux), such as (i)
OXA-23, important for carbapenem resistance in Acinetobacter
baumannii, a critical pathogen as reported by WHO (World
Health Organization) (WHO Bacterial Priority Pathogens List,
2024) (ii) vanC1/C2/3, which detect low-level vancomycin
resistance in Enterococci (Courvalin, 2006); (iii) CMY-2 and
SHV-ESBL, which improve the understanding of B-lactam
resistance epidemiology (The EUCAST guideline on detection of
resistance mechanisms v 2.0, 2017). These features allow the system
to play a dual role in clinical decision-making and antimicrobial
stewardship, supporting both individual patient care and
institutional infection control. Despite promising results, several
limitations of this study must be acknowledged. Firstly, only four of
the available MM cartridges were evaluated. The MM YEAST
BLOOD cartridge, relevant for fungal BSIs, was not included and
should be considered in future evaluations to fully validate the
system’s coverage. Secondly, many of the resistance targets,
particularly in the MM GRAM NEG RES cartridge, were tested
on simulated samples or certified strains (Supplementary Material
S6). While suitable for analytical sensitivity assessments, these
samples may not fully reflect the diversity and complexity of real-
world clinical isolates. Moreover, the limited number of samples for
low-prevalence pathogens or resistance genes led to wide
confidence intervals. Also, some false positives that resulted from
non-sigmoidal amplification curves were misinterpreted by the
software as positive. While rare, these events suggest that
improvement of algorithmic thresholds or manual curve
validation could further improve result reliability. Furthermore,
sensitivity limitations related to primer design were noted for
specific target such as E. cloacae and K. pneumoniae for MM
GRAM NEG ID and SCCmec-OrfX for MM GRAM POS
STAPH. These gaps highlight the need for continuous primer
optimization to accommodate genomic variability across strains
and species. Another limit of the study is that performance for the
detection of certain resistance gene targets was evaluated only
through a comparison with the phenotypic results. Nevertheless,
specific resistance phenotypes often correlate strongly with known
resistance genes. For example, resistance to third-generation
cephalosporins in Enterobacterales (e.g., cefotaxime or
ceftazidime) often suggests the presence of ESBLs such as
blaCTX-M, whereas carbapenem resistance in Acinetobacter
baumannii may point to the presence of carbapenemase genes
such as blaOXA-23-like (29). Another drawback of the present
study is the inability to perform sequencing of bacterial isolates to
confirm the presence of resistance genes, due to the unavailability of
sequencing platforms within the laboratory facility at the time of the
study. As an alternative, the BioFire BCID2 panel was employed in
cases of discrepancies for confirmatory purposes. This choice was
based on several key considerations: BCID2 is widely used in
clinical settings, it operates through multiplex PCR directly from
positive BCs (similarly to the MM system) and, although it does not
cover all the resistance genes included in the MM cartridges, it offers
the highest overlap in terms of target coverage among the available
reference platforms. This made BCID2 the most appropriate
comparator for resolving discordant results in the absence of
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sequencing data. To further validate the MM system’s clinical
utility, extended studies are recommended. For example, it is
suggested to include fungal diagnostics, especially the MM
YEAST BLOOD cartridge, to evaluate the platform’s
comprehensive applicability in polymicrobial and fungemia cases.
Also, large-scale clinical trials involving diverse real-world patient
samples will help confirm the diagnostic accuracy across broader
epidemiological settings, including low-prevalence pathogens and
resistance genes. Likewise, comparative outcome studies, such as
recently published ones (Mauri et al., 2024; Ticac et al, 2025),
evaluating patient management, antibiotic use, and clinical
outcomes when MM is integrated into routine care, contribute in
quantifying its impact on sepsis treatment and healthcare efficiency.
Software enhancement is also recommended to improve
interpretation of low-level amplification signals and reduce false
positives and negatives due to artifact-prone results. Although the
tested assays are designed to provide results in approximately one
hour, this study did not assess the impact of the reduced time to
diagnosis on clinical outcomes. Nonetheless, the observed high
diagnostic performance supports its potential utility as a valuable
tool in clinical microbiology laboratories for the identification of
bloodstream infection pathogens and antimicrobial
resistance genes.

Data availability statement

The datasets presented in this study can be found in online
repositories. The names of the repository/repositories and accession
number(s) can be found in the article/Supplementary Material.

Ethics statement

Ethical approval was not required for the studies involving
humans because Ethical approval or informed consent were not
required because this study has been performed using exclusively
anonymized, leftover samples derived from routine diagnostic
procedures. Anonymization was achieved by using the current
procedure (AVR-PPC P09, rev.2) checked by the local ethics
board. The studies were conducted in accordance with the local
legislation and institutional requirements. The human samples used
in this study were acquired from a by- product of routine care or
industry. Written informed consent to participate in this study was
not required from the participants or the participants’ legal
guardians/next of kin in accordance with the national legislation
and the institutional requirements.

Author contributions

CC: Conceptualization, Data curation, Investigation,
Methodology, Resources, Validation, Writing - original draft,
Writing - review & editing. MM: Conceptualization, Data

Frontiers in Cellular and Infection Microbiology

11

10.3389/fcimb.2025.1579074

curation, Investigation, Writing - original draft, Writing - review
& editing. AM: Methodology, Validation, Writing - review &
editing. GG: Formal Analysis, Visualization, Writing — review &
editing. LP: Validation, Methodology, Writing - review & editing.
LG: Visualization, Formal Analysis, Writing — review & editing. LD:
Visualization, Formal Analysis, Writing — review & editing. MG:
Visualization, Writing - review & editing. MB: Visualization,
Resources, Writing — review & editing. LI: Visualization, Formal
Analysis, Writing - review & editing. GD: Writing - review &
editing. SZ: Writing - review & editing. AS: Writing - review &
editing. AP: Writing - review & editing. VS: Supervision,
Visualization, Writing - review & editing. MC: Supervision,
Visualization, Writing — review & editing.

Funding

The author(s) declare that no financial support was received for
the research and/or publication of this article.

Conflict of interest

The authors declare that the research was conducted in the
absence of any commercial or financial relationships that could be
construed as a potential conflict of interest.

The author(s) declared that they were an editorial board
member of Frontiers, at the time of submission. This had no
impact on the peer review process and the final decision.

Generative Al statement

The author(s) declare that no Generative Al was used in the
creation of this manuscript.

Publisher’'s note

All claims expressed in this article are solely those of the authors
and do not necessarily represent those of their affiliated
organizations, or those of the publisher, the editors and the
reviewers. Any product that may be evaluated in this article, or
claim that may be made by its manufacturer, is not guaranteed or
endorsed by the publisher.

Supplementary material

The Supplementary Material for this article can be found online
at: https://www.frontiersin.org/articles/10.3389/fcimb.2025.
1579074/full#supplementary-material

frontiersin.org


https://www.frontiersin.org/articles/10.3389/fcimb.2025.1579074/full#supplementary-material
https://www.frontiersin.org/articles/10.3389/fcimb.2025.1579074/full#supplementary-material
https://doi.org/10.3389/fcimb.2025.1579074
https://www.frontiersin.org/journals/cellular-and-infection-microbiology
https://www.frontiersin.org

Colosimo et al.

References

Antibiotic Use in the United States. (2021). Progress and Opportunities. Available
online at: https://stacks.cdc.gov/view/cdc/153896 (Accessed December 2024).

Arora, J., Mendelson, A. A., and Fox-Robichaud, A. (2023). Sepsis: network
pathophysiology and implications for early diagnosis. Am. J. Physiol. Regul. Integr.
Comp. Physiol. 324, R613-R624. doi: 10.1152/ajpregu.00003.2023

Buckwalter, S. P., Sloan, L. M., Cunningham, S. A, Espy, M. ., Uhl, J. R,, Jones, M. E,,
etal. (2014). Inhibition controls for qualitative real-time PCR assays: are they necessary
for all specimen matrices? J. Clin. Microbiol. 52, 2139-2143. doi: 10.1128/JCM.03389-
13

Burnett, L., McQueen, M. J., Jonsson, J. J., and Torricelli, F. (2007). IFCC position
paper: report of the IFCC taskforce on ethics: introduction and framework. Clin. Chem.
Lab. Med. 45, 1098-104. doi: 10.1515/CCLM.2007.199

Cherkaoui, A., Renzi, G., Vuilleumier, N., and Schrenzel, J. (2021). Performance of
fully automated antimicrobial disk diffusion susceptibility testing using copan WASP
colibri coupled to the radian in-line carousel and expert system. J. Clin. Microbiol. 59,
€00777-e00721. doi: 10.1128/JCM.00777-21

Courvalin, P. (2006). Vancomycin resistance in gram-positive cocci. Clin. Infect. Dis.
42 Suppl 1, S25-S34. doi: 10.1086/491711

Esse, J., Tréger, J., Valenza, G., Bogdan, C., and Held, J. (2023). Rapid phenotypic
antimicrobial susceptibility testing of Gram-negative rods directly from positive blood
cultures using the novel Q-linea ASTar system. J. Clin. Microbiol. 61, €00549-e00523.
doi: 10.1128/jcm.00549-23

European Centre for Disease Prevention and Control. (2023). Antimicrobial
resistance in the EU/EEA (EARS-Net) - Annual epidemiological report for 2022.
(Stockholm: ECDC). Available online at: https://www.ecdc.europa.eu/en/
publications-data/surveillance-antimicrobial-resistance-europe-2022.

Idelevich, E. A., Schiile, 1., Griinastel, B., Wiillenweber, J., Peters, G., and Becker,
K. (2014). Rapid identification of microorganisms from positive blood cultures by
MALDI-TOF mass spectrometry subsequent to very short-term incubation on
solid medium. Clin. Microbiol. Infect. 20, 1001-1006. doi: 10.1111/1469-
0691.12640

Kang, H., Wang, Z., Sun, J., Song, S., Cheng, L., Sun, Y., et al. (2024). Rapid
identification of bloodstream infection pathogens and drug resistance using Raman
spectroscopy enhanced by convolutional neural networks. Front. Microbiol. 15.
doi: 10.3389/fmicb.2024.1428304

Kontula, K., Skogberg, K., Ollgren, J., Jirvinen, A., and Lyytikdinen, O. (2021).
Population-based study of bloodstream infection incidence and mortality rates,
Finland, 2004-2018. Emerging Infect. Diseases. 27, 2560-2569. doi: 10.3201/
€id2710.204826

Lamy, B., Sundqvist, M., and Idelevich, E. A. (2020). Bloodstream infections —
Standard and progress in pathogen diagnostics. Clin. Microbiol. Infect. 26, 142-150.
doi: 10.1016/j.cmi.2019.11.017

Frontiers in Cellular and Infection Microbiology

12

10.3389/fcimb.2025.1579074

Land, K. ], Boeras, D. I, Chen, X. S, Ramsay, A. R, and Peeling, R. W. (2019).
REASSURED diagnostics to inform disease control strategies, strengthen health systems and
improve patient outcomes. Nat. Microbiol. 4, 46-54. doi: 10.1038/s41564-018-0295-3

Liakopoulos, A., Mevius, D., and Ceccarelli, D. (2016). A review of SHV extended-
spectrum [-lactamases: neglected yet ubiquitous. Front. Microbiol. 7. doi: 10.3389/
fmicb.2016.01374

Mauri, C., Consonni, A., Briozzo, E., Giubbi, C., Meroni, E., Tonolo, S., et al. (2024).
The molecular mouse system: A new useful tool for guiding antimicrobial therapy in
critically ill septic patients. Antibiotics. 13, 517. doi: 10.3390/antibiotics13060517

Minasyan, H. (2017). Sepsis and septic shock: Pathogenesis and treatment
perspectives. J. Crit. Care 40, 229-242. doi: 10.1016/j.jcrc.2017.04.015

Peker, N., Couto, N, Sinha, B., and Rossen, J. W. (2018). Diagnosis of bloodstream
infections from positive blood cultures and directly from blood samples: recent
developments in molecular approaches. Clin. Microbiol. Infect. 24, 944-955.
doi: 10.1016/j.cmi.2018.05.007

Sidstedt, M., Radstrom, P., and Hedman, J. (2020). PCR inhibition in qPCR, dPCR
and MPS-mechanisms and solutions. Anal. Bioanal Chem. 412, 2009-2023.
doi: 10.1007/s00216-020-02490-2

The 2030 World Sepsis Declaration. (2020). Available online at: https://www.
worldsepsisday.org/sepsisfacts (Accessed December 2024).

The EUCAST guideline on detection of resistance mechanisms v 2.0 (2017). Available
online at: https://www.eucast.org/resistance_mechanisms. (Accessed November 2024).

Tibbetts, R., George, S., Burwell, R., Rajeev, L., Rhodes, P. A,, Singh, P, et al. (2022).
Performance of the reveal rapid antibiotic susceptibility testing system on gram-
negative blood cultures at a large urban hospital. J. Clin. Microbiol. 60, €00098-
€00022. doi: 10.1128/jcm.00098-22

Ticac, M., Grubic Kezele, T., Abram, M., and Bubonja-éonje, M. (2025). Evaluation
of the microbiological performance and potential clinical impact of new rapid
molecular assays for the diagnosis of bloodstream infections. Microorganisms. 13,
616. doi: 10.3390/microorganisms13030616

Uehara, Y. (2022). Current status of staphylococcal cassette chromosome mec
(SCCmec). Antibiotics (Basel). 11, 86. doi: 10.3390/antibiotics11010086

Vandepitte, J., Engbaek, K., and Piot, P. (2003). Basic Laboratory Procedures in
Clinical Bacteriology (Geneva: World Health Organization), 177.

van Duin, D., and Paterson, D. L. (2016). Multidrug-resistant bacteria in the
community: trends and lessons learned. Infect. Dis. Clin. North Am. 30, 377-390.
doi: 10.1016/j.idc.2016.02.004

WHO Bacterial Priority Pathogens List. (2024). Bacterial pathogens of public health
importance to guide research, development and strategies to prevent and control
antimicrobial resistance (Geneva: World Health Organization). Available online at:
https://www.who.int/publications/i/item/9789240093461.

frontiersin.org


https://stacks.cdc.gov/view/cdc/153896
https://doi.org/10.1152/ajpregu.00003.2023
https://doi.org/10.1128/JCM.03389-13
https://doi.org/10.1128/JCM.03389-13
https://doi.org/10.1515/CCLM.2007.199
https://doi.org/10.1128/JCM.00777-21
https://doi.org/10.1086/491711
https://doi.org/10.1128/jcm.00549-23
https://www.ecdc.europa.eu/en/publications-data/surveillance-antimicrobial-resistance-europe-2022
https://www.ecdc.europa.eu/en/publications-data/surveillance-antimicrobial-resistance-europe-2022
https://doi.org/10.1111/1469-0691.12640
https://doi.org/10.1111/1469-0691.12640
https://doi.org/10.3389/fmicb.2024.1428304
https://doi.org/10.3201/eid2710.204826
https://doi.org/10.3201/eid2710.204826
https://doi.org/10.1016/j.cmi.2019.11.017
https://doi.org/10.1038/s41564-018-0295-3
https://doi.org/10.3389/fmicb.2016.01374
https://doi.org/10.3389/fmicb.2016.01374
https://doi.org/10.3390/antibiotics13060517
https://doi.org/10.1016/j.jcrc.2017.04.015
https://doi.org/10.1016/j.cmi.2018.05.007
https://doi.org/10.1007/s00216-020-02490-2
https://www.worldsepsisday.org/sepsisfacts
https://www.worldsepsisday.org/sepsisfacts
https://www.eucast.org/resistance_mechanisms
https://doi.org/10.1128/jcm.00098-22
https://doi.org/10.3390/microorganisms13030616
https://doi.org/10.3390/antibiotics11010086
https://doi.org/10.1016/j.idc.2016.02.004
https://www.who.int/publications/i/item/9789240093461
https://doi.org/10.3389/fcimb.2025.1579074
https://www.frontiersin.org/journals/cellular-and-infection-microbiology
https://www.frontiersin.org

	Evaluation of molecular mouse sepsis panel: new portable and rapid tests for microorganism detection in suspected blood stream infection
	1 Introduction
	2 Materials and methods
	2.1 Sample description and identification
	2.2 Molecular mouse platform
	2.3 Sample preparation for MM analysis
	2.4 Study setting
	2.5 Data analysis

	3 Results
	3.1 Gram negative bacteria identification by MM GRAM NEG ID cartridge
	3.2 Gram negative bacteria resistance detection by MM GRAM NEG RES cartridge
	3.3 Staphylococci identification by MM GRAM POS STAPH cartridge
	3.4 Gram positive bacteria No Staphylococci identification by MM GRAM POS NO STAPH cartridge
	3.5 Evaluation of all cartridges analysed.

	5 Discussion
	Data availability statement
	Ethics statement
	Author contributions
	Funding
	Conflict of interest
	Generative AI statement
	Publisher’s note
	Supplementary material
	References




