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Emergency management in bacterial meningitis and sepsis: application
of real time-polymerase chain reaction and FilmArray technology performed
directly on cerebrospinal fluid and blood samples
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Analysis Laboratory, S. Jacopo Hospital, ASL3 Pistoia, Italy

Summary

Background and Aims. Bacterial meningitis and sepsis are medical
emergencies where tests with a high sensitivity and short turn around
time (TAT) are crucial for an early targeted therapy. Aim of this study
was the evaluation of an optimal diagnostic strategy for infectious
meningitis/sepsis management, assessing seven methods: cere-
brospinal fluid (CSF) physical-chemical examination, CSF cultural
tests (CCT), Gram stained smears (GSS), CSF latex agglutination test
(CLAT), blood culture (BC), Real-Time (RT)-PCR and FilmArray
Technology (FAT) performed directly on CSF/blood.

Materials and Methods. Samples of CSF (240), blood (180) and cavitary
fluids (9) were tested by commercial RT-PCR (Eurospital and Liferiver
kits) and traditional methods. Positive samples (BC and RT-PCR) were
tested by FAT (Blood Culture Identification Panel, Biofire, Salt Lake City,
UT, USA) performed directly on CSF, blood and cavitary fluids.

Results. In CSF, GSS, CLAT, CCT, RT-PCR and FAT sensitivity was
41%, 35%, 41%, 100% and 62,5%, respectively. In blood, BC, RT-PCR
and FAT sensitivity was 96%, 70% and 44%, respectively. TAT was 48-96
hrs, 3 hrs and 1 hr and NPV was 98%, 89% and 57%, respectively.
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Conclusions. For sepsis management, RT-PCR is faster than BC (3
hrs vs 24-72 hrs), but limited by a low overall sensitivity (70%), due to
the low number of detectable pathogens; FAT, performed directly on
positive BC should replace biochemical identification (Vitek 2,
Biomérieux Marcy-l’Etoile, France) reducing TAT (1 hr vs 12 hrs). For
meningitis management, RT-PCR is the most sensitive and rapid
method used in routine and emergency regimen. It is cost effective
and it represents the gold standard for diagnosis and follow-up of
patients under treatment. For meningitis management, FAT, with a
higher sensitivity and rapidity and an easier and objective interpreta-
tion, should replace CLAT and GSS in emergency regimen.

Introduction

Bacterial meningitis is a serious disease with high morbidity and
mortality (5). Over 1.2 million cases of bacterial meningitis are esti-
mated to occur worldwide each year (66) causing about 171,000 deaths.
Moreover, acute bacterial meningitis is one of the most severe infec-
tious diseases causing neurological sequelae (14). Rapid and correct
diagnosis and treatment are critical to reducedeath or permanent neu-
rological damages (such as hearing loss, mental retardation, seizures
and behavioural changes) as much as possible (48,58). In patients with
suspected bacterial meningitis empirical therapy, based on patient’s
age, risk factors and clinical features, should not be delayed for more
than one hour, while waiting for diagnostic tests results (34,58).
Observational studies showed tha delaying appropriate treatment of
only 2/6 hours is associated with adverse prognosis (34,42).

Practice a small number of them is known to cause over 90% of
meningitis cases. In healthy children and adults meningococcus and
pneumococcus alone are responsible for 75% of cases of
meningitis/sepsis and only 3 (Neisseria meningitidis, Streptococcus
pneumoniae, Haemophilus influenzae) are responsible for more than
80% of cases. In breastfeeding babies, the germs responsible for 90%
of meningitis include Streptococcus agalactiae, Escherichia coli, L.
monocytogenes and Klebsiella pneumoniae (11,28).

Lumbar puncture is a key diagnostic procedure where an increased
cell count in cerebrospinal fluid (CSF) and low CSF-blood glucose ratio
are important signs of bacterial meningitis (53). CSF samples should
be still warm at arrival and should be examined immediately, within 1
hour. Tests that should be performed on CSF (11,54,64) in emergency
regimen, recommended by guidelines, are: a) CSF physical-chemical
examination (CPCE), key test for meningitis diagnosis, including:
cells count and differentiation, total proteins, CSF-blood glucose ratio
and electrolytes (sodium, potassium, chloride). Although no single
measure provides a definite diagnosis, a combination of abnormal CSF
findings is highly suggestive of meningitis and helpful in determining
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the likely aetiology (5) and directing towards additional investigations;
b) Gram stained smear (GSS); ¢) CSF latex agglutination test (CLAT)
for antigen detection (V. meningitidis, H. influenzae type b, S. pneumo-
niae, E. coli, Streptococcus group B); d) CSF cultural test (CCT) for
pathogen identification and antimicrobial susceptibility testing; e)
additional investigations: serological and Real Time (RT)-PCR tests
(58). However, this approach may have some disadvantages in terms of
the required rapidity and sensitivity.

Characteristic CSF findings for bacterial meningitis consist of poly-
morphonuclear pleocytosis (=100/uL), hypoglycorrhachia and raised
CSF protein levels (21,53). A cut-off value of 321 leukocytes/uL showed
the best combination of sensitivity (80.6%) and specificity (81.4%) for
diagnosis of bacterial meningitis (2). However, low CSF leukocytes
count can occur, especially in patients with septic shock and systemic
complications (61); also paediatric cases of bacterial meningitis with-
out initial CSF findings have been reported (41). On the other hand,
cases of bacterial meningitis without initial CSF pleocytosis in adults
have rarely been reported (56).

Aerobic culturing techniques are obligatory for community-acquired
bacterial meningitis. Anaerobic culture may be important for post-neu-
rosurgical meningitis or for the investigation of CSF shunt meningitis
(11). Results of CCT may only be available after 24 to 48 hours and
sometimes, when the number of viable organism in the CSF is low, it
may take even longer (72 hrs). Moreover, the sensitivity of microscopic
examination and CCT can be debated. Bacterial concentration in CSF
is a limiting factor for the results of microscopy. Regardless of the type
of organism present in CSF, the percentage of positive microscopic
results is only 25% with <103 CFU/mL, 60% in the range of 10° to 105
CFU/mL and 98% with >106 CFU/mL (51,65).

CCT shows a sensitivity of 61-66%, when CSF collection is performed
before the initiation of the therapy (5). Initiation of antimicrobial ther-
apy before lumbar puncture decreases the performance of CCT, the
likelihood to detect a low CSF glucose level, and to detect a high CSF
protein level; in this case sensitivity of CPCE and GSS in combination
is lower than 50% (13).

An extensive study over a period of 27 years showed that CCT might
miss the diagnosis of bacterial meningitis in at least 13% of cases (58).
Acknowledged reasons for this lack of sensitivity are: CSF obtained
after starting antibiotic treatment and meningitis due to fastidious or
slow growing microorganism (66). For these reasons, CCT remains the
gold standard for the diagnosis of bacterial meningitis only for antimi-
crobial susceptibility testing useful for therapy; however, in emergency
regimen molecular tests are necessary to increase sensitivity and
reduce Turn Around Time (TAT).

In contrast, CLAT is a rapid diagnostic test for bacterial meningitis,
providing results in less than 15 min (58), although its sensitivity and
specificity are very low (11). A study of meningococcal meningitis
patients showed a strong decline in the sensitivity of CLAT, from 60%
for patients without antibiotic pretreatment prior to lumbar puncture,
to 9% for antibiotic-pretreated patients (11).

Several molecular tests are applicable to meningoencephalitis man-
agement, in routine regimen, as additional investigation tests, and in
emergency regimen.

Since the 2000s, PCR-based assays has been available to provide an
early and accurate diagnosis of bacterial meningitis (30,51,52,60) and
many of these are also applicable to sepsis management. Indeed,
pathogens as N. meningitidis, H. influenzae and S. pneumoniae are human
commensal bacteria that can also cause a spectrum of invasive diseases
that include not only meningitis but also pneumonia and sepsis (19).

Some of these assays aim to specific pathogens of bacterial menin-
gitis, such as N. meningitidis, S. pneumoniae and H. influenzae, up to a
maximum of 8 pathogens (16,18,30,65), whereas others use broad-
range bacterial PCR (23,35,38,48,51,63). The use of broad-range bacte-
rial PCR has the great advantage to detect microorganisms that are less
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frequently found or even unknown causative agents of bacterial menin-
gitis. Even though broad-range PCR has been available since the early
1990s, most clinical laboratories have not yet implemented this tech-
nique in their daily clinical practice because its use is hampered by two
major problems. Firstly, this method is more vulnerable to contamina-
tions than a species-specific PCR. Taq DNA polymerase is frequently
reported as a major source of contaminating bacterial DNA. Secondly,
at this time no DNA extraction protocol with optimal yield for both
Gram-positive and Gram negative bacteria is available.

Sepsis represents another microbiological emergency. It is one of
the most common causes of death in hospitalized patients with a mor-
tality rate ranging from 28.3 to 41.1% in North America and Europe (9).
From an economic standpoint, sepsis represents huge expenses for the
health system, both for the long term hospitalization and the high mor-
tality rates (31): direct costs of sepsis in the United States are estimat-
ed approximately 17 billion US Dollars per year, which represent only
30% of the total cost of the disease if the social costs are also consid-
ered. Mortality rate is directly associated with inappropriate treatment:
a delayed antibiotic administration causes, on average, a 7.6% increase
in mortality per hour (22). Therefore, it is important the implementa-
tion of protocols that allow rapid identification of the infectious agent
leading to treatment optimization.

Blood culture (BC) is still considered the gold standard for detection
and identification of bloodstream pathogens (36). However, this
method presents several limitations (37): a) long TAT (24-72 hrs for
positive results, 5-7 days for negative results) that doesn’t allow the cli-
nician to take immediate therapeutic decisions with rapid initiation of
a targeted therapy; b) low sensitivity, estimated around 20-40% (50),
due to prior antimicrobial therapy, low blood volume and fastidious
microorganisms infection (such as Bartonella spp, Francisella tularen-
sis, Mycoplasma spp, Nocardia spp, Rickettsia spp, Coxiella burnetii); c)
high risk of contamination.

As for meningitis, implementation of molecular tests based on broad-
range PCR presents technical problems such as high risk of contamina-
tion and variable extractive yield. For sepsis diagnosis, the most widely
used molecular test is the LighCycler SeptiFast (Roche Diagnostics,
GmbH, Mannheim, Germany), CE/IVD approved. It is a multiplex RT-PCR
identifying 25 pathogens responsible for 90% of sepsis, by amplification
of a portion of rRNA genes (a sequence situated between 16S and 23S for
bacteria and between 18S and 5.6S for fungi); the identification is per-
formed by melting curve analysis (15). Compared to BC, SeptiFast has
shown high specificity (92%) but variable sensitivity, with an average of
75% (15), even if higher than BC (36).

A critical step of this method is the extractive phase. The nucleic acids
isolation in the SeptiFast protocol includes successive steps of mechani-
cal/enzymatic lyses and glass fibre filtration, a mostly hands-on proce-
dure that takes approximately 4 hours. Recently, this test has been imple-
mented by an automated extraction that decreases TAT (4 vs 7 hrs), with
higher sensitivity than the BC test (44). Technical improvements with
amplification and detection in a single step (RT-PCR, microarray) led to
the development of molecular test for primary matrices (whole blood,
CSF). Advantages are the drastic reduction of TAT (1-6 vs 48-72 hrs) and
the increase in sensitivity, due to the ability to detect pathogens during
empirical therapy and fastidious organisms (16).

For meningoencephalitis management, many RT-PCR tests are per-
formed directly on CSF samples (16,30,65); these tests are sensitive,
rapid and effective being able to detect up to 8 pathogens responsible
for 96% of meningitis. Reported RT-PCR limit of detection (LOD) is 102-
10* CFU/mL in CSF (59,60) and 102-105 CFU/mL in blood, depending on
the aetiological agent; in particular, Staphylococcus aureus shows one
of the highest LOD (25). In sepsis the number of etiological agents is
wider and extractive yield from blood is more difficult to standardize; so
many molecular tests (Fluorescent in situ Hybridization, FISH; PCR;
microarray; mass spectrometry) are focused on rapid pathogen identi-
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fication not directly on blood, but on positive BC (TAT requires at least
24 hrs). Analytical performance of MALDI-TOF (Matrix-Assisted Laser
Desorption lonization - Time Of Flight) mass spectrometry has been
widely studied and high concordance with biochemical identification
(>80%) has been established (36). However, this method has some
limitations, a bad performance in identifying fungi (20), the require-
ment of a high degree of training for results interpretation, and long
TAT due to pathogen’s growth in BC (12-48 hrs) and in agar plates (4-
6 hrs) (36).

Another technique, FDA approved, allowing a rapid (1 hr) identifica-
tion from BC is the FilmArray Technology (FAT, BC Identification Panel,
BioFire, Salt Lake City, UT, USA). This method is a closed diagnostic sys-
tem that combines nucleic acids extraction from positive BC, nested mul-
tiplex PCR, and post-PCR DNA melting curve analysis (8). It allows the
identification of 27 pathogens and 3 antibiotic resistance determinants
(KPC, mecA e vanA/B) with reduced sample manipulation (1-2 min),
high specificity (85-100%) and sensitivity (88-100%) (3,8,43).

As for meningitis, also for sepsis there are RT-PCR methods, CE-IVD
approved, available, such as multiplex PCR and quantitative RT-PCR for
pathogen load quantification, not possible with tests based on identifi-
cation from positive BC. The clinical value of load quantification has
not been well established, but several studies based on RT-PCR quan-
tification have shown a significant association between high pathogen
load and mortality/severity of disease (17,26,45,62), suggesting the use
of this method for the evaluation of sepsis severity and for monitoring
therapy effectiveness.

Aims of this study were to evaluate: a) optimal strategies for identifi-
cation of bacterial pathogens in CSF of patients with suspected infec-
tious meningitis, through the assessment of seven methods, including:
i) CPCE (total proteins; CSF-blood glucose ratio; cells count; electrolytes:
sodium, potassium, chloride); ii) BC; iii) CCT; iv) GSS examination; v)
CLAT for antigen detection; vi) RT-PCR and vii) FAT performed directly
on CSF samples. Our purpose was to introduce a diagnostic algorithm
based on tests performance (sensitivity, positive and negative predictive
value, TAT and complexity); b) the sensitivity and negative predictive
value of RT-PCR and FAT (performed directly on blood sample) in sepsis
management, comparing this molecular technologies with traditional
methods like GSS, BC and biochemical identification with the Vitek 2
instrument (Biomérieux, Marcy-I'Etoile, France).

Materials and Methods

Cerebrospinal fluid samples for meningoencephalitis
diagnosis

CSF samples (240), collected from patients with clinical suspect of
bacterial meningoencephalitis, arrived at the Microbiology Laboratory
of San Jacopo Hospital of Pistoia (Italy), during the period between
January 2009 and May 2014, from Intensive Care Unit (ICU), General
Internal Medicine Division, Emergency Department (ED) and
Neurology Unit of ASL3 Hospitals (San Jacopo Hospital of Pistoia and
SS Cosma e Damiano of Pescia, Italy). Blood samples (10 mL) were
also collected from all patients and inoculated in a BC bottle (BD BAC-
TECTM PLUS, Aerobic, Becton Dicknson, Franklin Lakes, NJ, USA).

Following the emergency protocol, the following tests were per-
formed immediately: i) CPCE (total proteins; CSF-blood glucose ratio;
cells count; electrolytes: sodium, potassium, chloride); ii) CLAT with
PASTOREX Meningitis kit (BIO-RAD, Italy) for antigens detection of V.
meningitidis, H. influenzae type b, S. pneumoniae, E. coli, Streptococcus
group B; iii) GSS with the automatic instrument Aerospray MICROBI-
OLOGY GRAM STAINER 7322 (Delcon) and manual bacterioscopic
examination; iv) CCT by inoculation of 500 pl of CSF in BactAlert SA
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bottle and incubation for 5 days in BactAlert System (Biomérieux). For
positive samples, subculture was performed on the following plates:
blood agar, PolyViteX chocolate agar, PolyViteX VCAT3 chocolate agar,
Haemophilus chocolate agar (Biomérieux) and CNA blood agar (Kima,
Arzergrande Italy). Pathogen identification and antimicrobial suscepti-
bility tests were performed on Vitek 2 instrument (Biomérieux), using
a card specific for Gram negative or Gram positive bacteria, depending
on bacteria’s growth on selective plates and their morphology observed
at the bacterioscopic examination.

Blood samples for sepsis diagnosis

Peripheral blood samples (180), arrived at the Microbiology
Laboratory of San Jacopo Hospital of Pistoia during the period between
January 2011 and May 2014, from ICU, General Internal Medicine
Division, ED and Neurology Unit of ASL3 Hospitals (San Jacopo
Hospital of Pistoia and SS Cosma e Damiano of Pescia), were collected
in K;sEDTA tubes from patients with clinical suspect of bacterial sepsis.
All samples were preserved at +4°C and processed within 4 hrs. At the
same time for all patients 20-30 mL of blood were collected in three sub-
sequent sampling and inoculated in 3 BC bottles for aerobe bacteria
(BD BACTEC™ PLUS, Aerobic) and in 3 BC bottles for anaerobic bac-
teria (BD BACTEC™ PLUS, Anaerobic).

Cavitary fluid samples

Four pleural fluids, 4 peritoneal fluids and 1 synovial fluid were col-
lected in a sterile tube, preserved at +4°C and processed within 4 hrs.
At the same time 5-10 mL of the collected fluid were inoculated in a BC
bottle for aerobic bacteria (BD BACTEC™ PLUS, Aerobic) and in a BC
bottle for anaerobic bacteria (BD BACTEC™ PLUS, Anaerobic).

Pathogen identification and antimicrobial susceptibili-
ty test from positive blood cultures

Incubation of BC bottles and detection of bacteria’s growth were car-
ried out for 5 days on BD Bactec™ Fx detection system (Becton
Dickinson). For positive BCs, a bacterioscopic examination of GSS,
prepared with the automatic instrument Aerospray MICROBIOLOGY
GRAM STAINER 7322 (Delcon), was performed. Positive BCs were inoc-
ulated on the following plates: blood agar, PolyViteX chocolate agar,
PolyViteX VCAT3 chocolate agar (Biomérieux), CNA blood agar,
MacConkey agar and Mannitol Salt agar (Kima). Pathogen identifica-
tion and antimicrobial susceptibility test were performed on Vitek 2
instrument as described above.

DNA extraction

All DNA samples were extracted with EZ1 Virus Mini Kit version 2.0
(Qiagen, Hilden, Germany) on EZ1 Advanced instrument (Qiagen).
Volume of primary sample used for extraction was: 200 pL for blood
samples, 400 pL for CSF and 200 pL, with 200 pL of ATL lyses buffer
(Qiagen) for cavitary fluids. Extracted DNA was eluted in 90 pL,
analysed immediately after extraction and stored at -20°C.

Real time polymerase chain reaction

Extracted DNA was analysed with: a) qualitative RT-PCR, using
EusepScreen kit and EusepScreen Lattanti kit (Eurospital, Trieste,
Italy); b) quantitative RT-PCR, using Liferiver’s kit for detection and
quantification of S. aureus, S. agalactiae, Streptococcus pyogenes, H.
influenzae, N. meningitidis, Pseudomonas aeruginosa, K. pneumoniae e
Legionella pneumophila (Shanghai ZJ Bi, DID). RT-PCR assays were
performed following manual’s instructions and using Rotor-Gene 6000
or Rotor-Gene Q instruments (Qiagen). Pathogens detectable by the
used kits are listed in Table 1.
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FilmArray technology

All primary samples of blood, CSF and cavitary fluids, resulted positive
with RT-PCR and/or BC, and 40 blood samples, resulted negative with RT-
PCR and BC, were stored at -20°C and later analysed with FAT through off-
label use of the BC Identification Panel kit (Biofire, Biomérieux). The test
was performed by adding directly 100 pL of blood/cavitary fluid diluted 1:3
with sterile water (DNAse/RNAse free) or 300 pL of CSF to Sample Buffer
and then following the manufacturer’s instruction (8).

Results

Rapid diagnosis of meningoencephalitis: comparison
between traditional and molecular methods

Table 2 shows pathogens detected in CSF and blood samples
analysed for suspected bacterial meningoencephalitis using tradition-

al and molecular methods, together with related sensitivity and nega-
tive predictive value (NPV). With RT-PCR assay 13% (32 samples) of
total CSF samples analysed were positive: among these, 13 cases
resulted positive at bacterioscopic examination and 7 cases (on 20
detectable cases) were positive with CLAT performed in emergency
regimen. All bacterioscopic/CLAT positive samples have been con-
firmed when analysed with FAT, showing an overall sensitivity of
62.5% (20 total positive cases). The 12 RT-PCR positive/TFA negative
samples showed in RT-PCR a Cycle threshold (Ct) >31 and resulted
negative with all the other used methods, with the exception of a sam-
ple that resulted Gram positive at the bacterioscopic examination and
positive to L. monocytogenes with RT-PCR; the detected pathogen was
then confirmed with biochemical identification of the associated pos-
itive BC. All negative results with RT-PCR assay were confirmed with
all traditional methods used.

RT-PCR resulted the most sensitive method (100%), with a NPV of
100%; FAT, performed by injecting directly the CSF sample (TAT: 1
hour), showed a greater sensitivity than methods traditionally used in

Table 1. Pathogens detected by molecular methods: qualitative Real-Time PCR, quantitative Real-Time PCR and FilmArray Technology

Blood Culture Identification Panel.

L. monocytogenes

Enterococcus spp.
L. monocytogenes

S. aureus

Staphylococcus spp.
S. aureus

S. pneumoniae

Streptococcus spp.
S. pneumoniae

S. agalactiae S. agalactiae

S. pyogenes

S. agalactiae
S. pyogenes

H. influenzae H. influenzae

A. baumannii
H. influenzae

N. meningitidis N. meningitidis

P aeruginosa

N. meningitidis
P aeruginosa

Enterobacteriaceae
Enterobacter cloacae complex

E. coli

E. coli
K oxytoca

K. pneumoniae K. pneumoniae

K pneumoniae
Proteus spp.

L. pneumophila

S. marcences

C. albicans
C. glabrata

C. krusei
C. parapsilosis

Adenovirus

C. tropicalis

mecA - methicillin resistance
van4/B - vancomycin resistance

KPC - carbapenem resistance
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emergency regimen (62.5% vs 35% of CLAT and 41% of GSS) and cul-
tural methods (41% of sensitivity for CCT and 47% for BC).

Table 3 shows results of cells count at CPCE. Only 10 CSF were
cloudy/turbid and had high pleocytosis (>300 cells/pL): 8 cases had
polymorphonuclear cells (PMNC) predominance (70%) and were pos-
itive for bacterial pathogens; 4 of them had adverse outcome (1
patient RT-PCR positive for E. coli with Ct=29; 2 positive for S. pneu-
moniae with Ct<15 and 1 positive for L. monocytogenes with Ct=13).
The other two patients with high pleocytosis, without PMNC predom-
inance, resulted in one patient positive with RT-PCR viral panel for
Human Herpes Virus (HHV)-7 and one patient affected by Guillan-
Barré Syndrome.

230 CSF samples appeared colourless and clear at examination and
in 26.5% of cases (61/230) they were associated with a mild/moderate
pleocytosis (10-300 cells/pL): 8 cases showed more than 100 PMNC/uL
and all were positive for bacterial pathogens; 22 cases showed less than
100 cells/pL with a predominance (70%) of PMNC and 59% (13/22)
resulted infected with bacteria; among 31 cases that showed less than
100 cells/pL with a predominance (70%) of mononuclear cells (MNC)
only 2 cases were positive for bacteria. Only in 3/169 CSF with normal
cells count (<10 cells/pL) infectious agents were detected: 2 cases with

_\gpress

viral infection (HHV-6 and Herpes Simplex Virus-1) and 1 case with
pneumococcal infection (Ct=34).

High NPV for bacterial meningitis was associated with pleocytosis
(more than 10 cells/pL), but CSF cells count showed low positive pre-
dictive value (PPV) in case of mild/moderate pleocytosis (38%), except
when >100 PMNC/pL were present (100%). All samples with more than
100 PMNC/pL showed a predominance of PMNC (>70%).

Comparison between blood culture,
real time-polymerase chain reaction and FilmArray
technology for rapid sepsis diagnosis

In Table 4 are listed the pathogens detected in blood samples
analysed for suspected bacterial sepsis, using traditional and molecular
tests, with associated sensitivity and NPV. When analysed with RT-PCR
21% (38 cases) of the 180 total samples resulted positive; among these,
17 cases were confirmed with BC and FAT and 19 only with BC (nega-
tive with FAT). However, 2 samples resulted positive for N. meningitidis
and S. pneumoniae with RT-PCR, were not confirmed with the other
two methods (Figure 1).

Among the 142 samples RT-PCR negative, 16 cases resulted posi-

Table 2. Results obtained from analysis of 240 CSF samples for suspected bacterial meningitis by RT-PCR, Gram stained smears (GSS),
CSF latex agglutination test (CLAT), Blood Culture (BC) and FilmArray Technology BC Identification Panel (FAT-BCIP) performed
directly on CSF.

N. meningitidis 1 GN+ N. meningitidis N. meningitidis N. meningitidis N. meningitidis
2 negative negative negative negative negative
Positive samples 3 1 1 1 1 1
Sensitivity 100% 33% 33% 33% 33% 33%
L. monocytogenes 4 GP+ negative L. monocytogenes L. monocytogenes L. monocytogenes
1 GP+ negative negative L. monocytogenes negative
2 negative negative negative negative negative
Positive samples 7 5 0 4 5 4
Sensitivity 100% 71% not detectable 57% 71% 57%
E. coli 1 GN+ negative E. coli E. coli E coli
1 negative negative negative E. coli E. coli
1 negative negative negative negative E. coli
1 negative negative negative negative negative
Positive samples 4 1 0 1 2 3
Sensitivity 100% 25% 0% 25% 50% 75%
S. pneumoniae 5 GP+ S. pneumoniae S. pneumoniae S. pneumoniae S. pneumoniae
3 negative negative negative negative S. pneumoniae
3 negative negative negative negative negative
Positive samples 11 5 5 5 5 8
Sensitivity 100% 45% 45% 45% 45% 73%
H. influenzae 1 GN+ H. influenzae H. influenzae H. influenzae H. influenzae
1 negative negative H. influenzae negative H. influenzae
1 negative negative negative negative H. influenzae
2 negative negative negative negative negative
Positive samples 5 1 1 2 1 3
Sensitivity 100% 20% 20% 40% 20% 60%
K. pneumoniae 1 negative negative negative K. pneumoniae K. pneumoniae
(not detectable)
S. agalactiae 1 negative negative negative negative negative
(not detectable)
Negative 208 negative negative negative negative not tested
Total positive samples 32 13 7 13 15 20
Sensitivity 100% 4% 35% 41% 4% 62,5%
NPV 100% 92% 89% 92% 93% -

NPV, negative predictive value; GP, Gram positive; GN, Gram negative.
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tive with BC: all these samples were positive for pathogens not
detectable with RT-PCR assay, except one patient infected with E. coli
and one patient infected with K. pneumoniae, both treated with
antimicrobial agents after the BC collection, both resulting negative
with FAT.

Half (7/14 cases, 50%) of samples shown positive with BC for
pathogens not detectable with RT-PCR, were confirmed with FAT, among
the other 7 FAT negative samples, 2 were positive for Staphylococcus
capitis and Salmonella spp., two pathogens not detectable with FAT.

Overall, 54 samples were found positive with RT-PCR and/or BC and
of these 24 were confirmed with FAT performed directly on blood, with
a sensitivity of 44%. BC was the most sensitive method (96.3%) with a
NPV of 98.4%. RT-PCR showed an overall sensitivity of 70.4%, reaching
95%, when considering only the detectable pathogens. FAT showed a

NPV of 57%, probably an underestimated value, due to the low number
of negative samples tested (40 out of 94).

Total pathogens detected in blood samples were 56: 48% (26 cases)
were Gram negative bacteria, among which the more frequent were P
aeruginosa (7 cases), E. coli (6 cases) and H. influenzae (4 cases),
while 46% were Gram positive bacteria, among which the more com-
mon were: S. pneumoniae, S. aureus (8 cases each) and Enterococcus
spp. (5 cases). The remaining 6% of analysed sepsis resulted positive
to Candida spp. (3 cases): 2 C. albicans and 1 C. parapsilosis.

Analysis of cavitary fluids

Table 5 shows the pathogens detected in the cavitary fluids by cultur-
al methods, RT-PCR and FAT. All samples were found positive with RT-

Table 3. Correlation between CSF cells count and bacterial/viral meningitis diagnosis. Positive predictive value (PPV) and negative pre-

dictive value (NPV) are calculated for bacterial meningitis.

Pleocytosis (=10 cells/uL) 71 29 20 22 4 99
High pleocytosis (>300 cells/uL) 10 8 1 1 80 90
>300 cell/pL (>70% PMNC) 8 8 0 0 100 90
Mild/moderate pleocytosis (10-300 cells/pL) 61 23 19 19 38 99
>100 PMNC/pL 8 8 0 0 100 93
<100 cells/pL (70% PMNC) 22 13 4 5 59 95
<100 cells/uL 70% MNC 31 2 15 14 6 89
Normal cells (<10 cells/pL) 169 1 2 166

Total 240 32 22 186

PMNC, polymorphonuclear cells; MNC, mononuclear cells.

Table 4. Results obtained from analysis of 180 blood samples for suspected bacterial sepsis by RT-PCR, BC and FilmArray Technology
- Blood Culture Identification Panel (FAT-BCIP) performed directly on blood.

N. meningitidis 1 50 2 100 1 50
S. pneumoniae 7 87.5 8 100 3 375
H. influenzae 4 100 4 100 1 25
E. coli 6 100 5 83.33 2 33.33
K. pneumoniae 2 100 1 50 1 50
S. agalactiae 3 100 3 100 1 33.33
C. albicans 2 100 2 100
C. parapsilosis 1 100 - 1 100
Enterococcus spp. 5 100 2 40
S. aureus 8 100 8 100 4 50
S. marcescens 1 100 0 0
P aeruginosa 7 100 7 100 4 57.14
A baumannii 1 100 1 100
S. capitis 1 100 - -
P mirabilis 2 100 1 50
Salmonella spp. 1 10 - - - -
Positive samples 52 96.30 38 70.37 24 44.44
Detectable pathogens 54 96.30 40 95.00 52 46.15
NPV 98.44% 88.73% 57.14%
BC, blood culture; NPV, negative predictive value.
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PCR (100% of sensitivity), while 2 pleural fluids, one positive for S.
pneumoniae and one for H. influenzae, resulted negative with cultural
methods (78% of sensitivity). When cavitary fluids were directly
analysed with FAT, only 3 cases resulted positive; DNA of 6 negative
samples were subsequently extracted and analysed with FAT: 2 peri-
toneal fluids and 1 pleural fluid resulted positive. The remaining nega-
tive samples were negative also with cultural methods, except one peri-
toneal fluid that resulted E. coli positive with RT-PCR and cultural
methods. Sensitivity of FAT was doubled when extracted DNA (67%)
instead of direct primary fluid analysis (33%) was analysed.

Discussion

Despite the breakthrough in the diagnosis and treatment of infec-
tious diseases, meningitis still remains an important cause of mortality
and morbidity (5). An accurate and rapid diagnosis of acute bacterial
meningitis is essential for a good outcome. To reduce death or perma-
nent neurological sequelae as much as possible, a fast and correct diag-
nosis of bacterial meningitis is crucial. The gold standard test for acute
bacterial/viral meningitis is CSF analysis (CPCE, GSS, CLAT, CCT).
CPCE is a test performed in emergency regimen and it is considered

BLOOD CULTURE AND FAT -
1% (2 CASES)

Dﬁl

Vp“ss
the key test for the diagnosis of infectious (bacterial/’viral) meningitis
(54). However, literature reported conflicting data (10,13,41,53,56,61).
Data from our study confirm that CSF leukocyte count lacks specificity
and sensitivity for the differential diagnosis of bacterial and viral
meningitis. Indeed, only 25% (8/32 patients) of bacterial meningitis
showed more than 300 cells/uL, with a mortality rate of 50% (4
patients). CPCE parameters with CSF total cells less than 300/pL and
increased number of PMNC, often associated with mild/moderate
increase of protein level and mild/moderate reduction of glycorrhachia,
didn’t provide a correct diagnosis of the infectious agent leading to
treatment optimization (11). Our data demonstrated that CSF samples
with mild/moderate pleocytosis and PMNC predominance (10-300
cells/uL, 70% PMNC) had a PPV (for bacterial meningitis) of 59% that
decreased up to 6% when MNC are predominant (>70%), while NPV
(for bacterial meningitis) was near 90% in both cases (Table 3).
However, a cut-off value of 300 cells/uL. and a PMNC predominance
(70%) showed the highest PPV (100%) and NPV=90%, as previously
observed in other studies (2,11). CSF cell count is indicative of bacter-
ial meningitis but, in case of mild/moderate pleocytosis (10-300
cells/plL), PPV is extremely low (38%). Most of patients presenting com-
munity-acquired bacterial meningitis have CSF parameters suggestive
of bacterial meningitis (61), however, cases, often children, without
initial CSF findings are reported in the literature (24,41,61). Our obser-

BLOOD CULTURE + |
FAT -
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RTPCR - AI.L" ﬁ‘!-
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Figure 1. Results obtained from the analysis of 180 samples of peripheral blood by cultural methods, RT-PCR, and FilmArray
Technology - Blood Culture Identification Panel (FAT-BCIP) performed directly on blood.

Table 5. Results obtained from analysis of 9 cavitary fluids by traditional cultural methods, RT-PCR, and FilmArray Technology - Blood
Culture Identification Panel (FAT-BCIP), performed directly on cavitary fluids or extracted DNA.

Peritoneal fluids (n=4)

E. coli 2 2 0 1
K. pneumoniae 1 1 1 1
P aeruginosa 1 1 0 1
Pleural fluids (n=4)

S. pneumoniae 1 2 1 1
K. pneumoniae (KPC) 1 1 0 1
H. influenzae 0 1 0 0
Synovial fluid (n=1)

S. aureus 1 1 1 1
Positive samples 7 9 3 6
Sensitivity 77.78% 100% 33.33% 66.67%
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vations confirm these data, as shown by one patient infected with S.
pneumoniae, having normal CSF cell counts, negative CCT and GSS but
positive RT-PCR.

The emergency protocol for CSF analysis includes: CPCE, GSS, CCT,
CLAT and BC, to perform before antibiotic therapy administration,
when possible. Bacterial concentration in CSF is a limiting factor for
microscopic results: positive results are only 25% with <103 CFU/mL,
60% in the range of 10 to 10° CFU/mL and 98% with >106 CFU/mL
(51,65). Also CCT sensitivity is reported to be low: 61-66% when CSF
collection is performed before starting therapy (5). When antimicrobial
therapy was started before lumbar puncture, the sensitivity of CPCE
and GSS in combination was lower than 50% (13).

In the presence of a low number of viable organism in CSF, results of
CCT could be made available only after 24-72 hrs or more. In our study
bacterioscopic examination of GSS showed a reduced sensitivity
(41%), however it should be always performed in a routine regimen
because of its rapidity, inexpensiveness and ability to find pathogens
not detectable with RT-PCR.

A rapid test that can be performed in emergency regimen is CLAT,
characterized by a reduced TAT (15 minutes) as compared to CCT.
However, CLAT is considered out-dated because of its low sensitivity
(0-35%) (11). Even if it can be useful to detect not viable bacteria, to
obtain a positive result (27) CLAT requires high concentrations of bac-
teria (=108 CFU/mL). As recommended by several authors in the liter-
ature, CLAT should not be performed because, often, the moderate ben-
efit of its use, in emergency regimen, contrasts with the risk of false-
negative results, which could wrongly reassure the clinician (29).
Despite this criticism, CLAT is still performed as an emergency test,
because of its easiness and rapidity (15 minutes).

Our data confirm that, overall, the sensitivity of traditional tests cur-
rently performed in emergency regimen (CPCE, CLAT, CCT, GSS) is
lower than 50%. Although, CCT remains the gold standard for antimi-
crobial susceptibility test, other technologies are necessary to improve
the sensitivity of infectious meningitis diagnostic.

Since the 1990s, PCR-based assays has been available to provide an
early and accurate diagnosis of bacterial meningitis (23,35).
Fluorescence—based PCR (such as RT-PCR) methods are now available,
not only to detect viral DNA/RNA, but also for bacteria
(1,18,19,47,59,60). These methods are rapid, specific and sensitive;
they are performed in closed-tube format, reducing the risk of contam-
ination at all stages. In addition, post-PCR procedures (such as gel
electrophoresis) are eliminated and results are interpreted by integrat-
ed fluorometry. RT-PCR has been shown to detect up to 102-10* CFU/mL,
calculated on negative CSF spiked with scalar concentrations of bacte-
rial strains (59,60) and to be more sensitive and specific than CLAT,
CCT and GSS (6,39,60). Moreover, RT-PCR has the advantage that
DNA/RNA extraction, liquid handling, PCR and analysis can be fully
automated, allowing its use also in emergency regimen. For bacterial
meningitis diagnosis, our data showed that RT-PCR has sensitivity and
NPV of 100%, as previously observed (1,19,47,59) and confirm RT-PCR
as the most sensitive method to detect bacterial DNA in meningitis
cases. RT-PCR was able to detected those pathogens shown in Table 2
in 13% of analysed CSF (32/240), while CCT and BC detected them only
in 5% (13/240) and 6% (15/240) of the samples, respectively, although
microorganisms were completely concordant. With RT-PCR, detection
rate for S. pneumoniae in CSF was high (4.6% of analyzed CSF, 11
cases) followed by L. monocytogenes (3%, 7 cases). In our population S.
pneumoniae was confirmed as the main aetiological agent for bacterial
meningitis, according to epidemiological worldwide studies (11,28).
CCT sensitivity for S. pneumoniae was only 45%, but some authors
observed a CCT sensitivity for this pathogen even lower (18.2%)(4).

Another significant advantage of RT-PCR tests is the reduced TAT
compared to CCT (3 vs 24-72 hrs). RT-PCR technology could be impor-
tant also to quantify bacterial load, suggested as a prognostic marker in
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several studies (17,26,45). This observation is also confirmed by our
data showing that patients with high pneumococcal load (Ct<15; n=2)
and L. monocytogenes load (Ct=13; n=1) had an adverse outcome. In
these three cases CPCE showed values of PPV >90%, as previously
reported by Spanos et al.(53) In spite of its higher sensitivity and speci-
ficity, RT-PCR requires trained personnel and non-negligible operator
time (about 30 minutes) for laboratories that do not have a fully auto-
mated molecular platform. These aspects led to the implementation of
molecular Point Of Care Tests (POCT) easily performable even for
untrained personnel and with an extremely reduced TAT (up to 1 hr).
These rapid tests (FilmArray, Biofire; Verigene, Nanosphere) have
been first developed for sepsis management and have been validated
on positive BC (3,8,12,43,55,57). Few data are available in the litera-
ture about an off-label application of these technologies on primary
samples (CSF/blood) (40). Our study is focused on clinical validation of
FAT, analysing directly CSF or blood samples without pre-treatment
(off-label use), and on its application in an optimized diagnostic algo-
rithm for meningitis management. We compared results obtained per-
forming FAT directly on CSF with the other methods used for meningi-
tis diagnosis in our laboratory. FAT is a rapid test (TAT=1 hr), with an
operator time of 2 min and a fully automated results interpretation.
This method, CE/IVD labelled exclusively on positive BC, was previously
validated on CSF with negative CSF spiked with scalar concentrations
of standard ATCC/NCTC bacterial strains (39) and it showed an analyt-
ical sensitivity about 100 times lower than RT-PCR. Clinical sensitivity
of FAT measured in this study (62.5%) was higher as compared with
the other methods currently performed in emergency regimen for
meningitis diagnosis, demonstrating that FAT is an effective method
for emergency meningitis management, especially considering
reduced TAT, easy execution and elevated automation.

The choice of the molecular method depends on the laboratory
organization for emergency management, such as the degree of inte-
gration with routine diagnostic, depending on available resources and
on the on-call service of the microbiologist or other specialized person-
nel. Figure 2 shows the diagnostic algorithm that we suggest for sus-
pected bacterial/viral meningitis diagnosis, based on results obtained.
Briefly, FAT should replace CLAT and GSS performed in emergency reg-
imen (if they are still executed) because it is more sensitive, rapid and
with an easier and objective interpretation. When CPCE does not show
alterations, FAT should be performed when requested by the clinician
and in case of a strong suspicion of bacterial meningitis, in agreement
with observations, reported in literature, of bacterial meningitis cases
without any cells detected at CPCE. Positive FAT results should be con-
firmed with RT-PCR, using the bacterial panel but not the viral panel,
in rapid routine regimen (by 12 noon on the first working day), to
quantify the bacterial load, important for patient’s prognosis and fol-
low-up. If CPCE is suggestive of infectious meningitis but FAT results
are negative, RT-PCR should be performed as a more sensitive method
to detect bacterial DNA and, only under clinical indication, to detect
viral DNA/RNA.

Molecular methods performed to detect bacterial, viral and fungal
nucleic acids for meningitis diagnosis are also applied in sepsis man-
agement, another important microbiological emergency
(9,15,36,37,50). BC is still considered the gold standard for diagnosis
and identification of bloodstream pathogens (36), but long TAT (24-72
hrs for positive results and up to 5 days for negative results) and low
sensitivity (estimated around 20-40%) (50) don’t allow the immediate
beginning of a targeted therapy to reduce mortality (22) and manage-
ment costs (31). These limitations led to the implementation of rapid
and sensitive diagnostic methods for sepsis management. Molecular
methods performed directly on blood have not shown the same diagnos-
tic impact observed on meningitis, for several reasons.

Firstly, most methods can detect only few pathogens. As for meningi-
tis, implementation of molecular tests based on broad-range PCR pres-
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ents technical problems such as high risk of contamination and vari-
able extractive yield. For sepsis diagnosis, the most widely used molec-
ular test is the LighCycler SeptiFast (Roche), CE/IVD approved. It is a
multiplex RT-PCR that identifies 25 pathogens, responsible for 90% of
sepsis, amplifying a portion of rRNA genes; the identification is per-
formed by melting curve analysis (15). Compared to BC, SeptiFast has
shown high specificity (92%) but variable sensitivity, with an average
of 75% (15), even if higher than BC (36).

Secondly, DNA extraction protocols with the same efficiency for
Gram positive and Gram negative bacteria are not yet available. Most
studies use enzymatic treatment (proteinase K or lysozime), boiling,
phenol-chloroform extraction, ethanol precipitation, commercial kits or
some combination of these methods (19). However, chemical extrac-
tion procedures that use phenol and chloroform are dangerous for lab-
oratory personnel because of the toxic nature of both compounds. Since
1990s, physical disruption in combination with the use of a commercial
extraction kit has been demonstrated to have the same quality as stan-
dard phenol-chloroform extraction (46). Recently, several screening
assays have been developed to detect bacterial and fungal DNA (7,49).
Complete automation of extraction, set-up, amplification and detection
phases and Next Generation Sequencing technology development will

Vp“ss
lead to the availability of commercial diagnostic kit for screening and
typing pathogens, that are not yet in use for routine regimen (33).
Currently, many of the developed molecular tests (FISH, PCR, microar-
ray, mass spectrometry) are focused on rapid pathogen identification
not directly on blood, but on positive BC (TAT=24 hrs) (36,37).

In our study molecular methods were performed on positive BC and
directly on blood (off-label application for FAT) and cavitary fluids. We
compared sensitivity, NPV and TAT among BC, the gold standard for diag-
nosis and identification of bloodstream pathogens (36), RT-PCR and FAT.

For sepsis diagnosis, our data confirm BC as the most sensitive test
(96%) with the limitation of an elevated TAT, as described elsewhere
(9,50). RT-PCR showed reduced TAT (2-3 hrs) and high sensitivity for
detectable pathogens (95%), but low overall sensitivity (70%). FAT per-
formed directly on positive BC has reduced TAT (1 hr vs 12 hrs) com-
pared to biochemical identification with Vitek 2 System and even to
MALDI-TOF (6-8 hrs) (32). With these methods TAT is high because
identification depends on pathogen’s growth in BC. FAT performed
directly on blood has short TAT (1 hr) compared to BC but low clinical
sensitivity (44%), probably due to its lower analytical sensitivity com-
pared to RT-PCR (100 times lower), as described in CSF with standard
ATCC/NCTC bacterial strains (39).

DIAGNOSTIC PATHWAY IN SUSPECTED
BACTERIAL/VIRAL MENINGITIS
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Figure 2. Diagnostic algorithm proposed for suspected bacterial/viral meningitis diagnosis.
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RT-PCR is extremely flexible and applicable to all biological matrices,
proved to be a sensitive and specific test to detect severe infections
directly from biological fluids as pleural, peritoneal and synovial fluids
(Table 5). Preliminary data from our study show a sensitivity of 100%,
78% and 67% for RT-PCR, cultural methods and FAT, respectively. The
reduced sensitivity of FAT is attributable to its low extractive yield, when
performed on complex matrices. In fact, when FAT is performed on
extracted DNA, its sensitivity is doubled (33% vs 67%). However, in case
of severe sepsis, performing FAT, even if expensive, is widely justified by
the rapid diagnosis, also considering that its sensitivity is not much
lower as compared to cultural methods, requiring long TAT for pathogen
identification. RT-PCR and FAT, used for sepsis diagnosis, should be
implemented by increasing the number of detectable pathogens (RT-
PCR) and improving extractive yield and analytical sensitivity (FAT).

Conclusions

Our study confirmed the central role of molecular methods in menin-
gitis and sepsis management. RT-PCR showed the highest sensitivity
and NPV in meningitis diagnosis, while FAT, with a higher sensitivity
and rapidity and an easier and objective interpretation, should replace
CLAT and GSS in emergency regimen. Both methods showed a reduced
TAT compared to conventional methods. RT-PCR can be performed on
all biological matrices with a limited number of detectable pathogens
influencing its sensitivity; FAT resulted easy to perform and in result
interpretation, even if we reported a suboptimal performance when pri-
mary matrices are analysed; however, in cases of severe sepsis, RT-PCR
and FAT use is effective and appropriated.
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