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Bacterial Meningitis: An Overview of Immunologic and
Biochemical Markers for Diagnosis.
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Abstract:

Background: Bacterial meningitis is a severe central nervous system (CNS) infection with high mortality
and morbidity rates, especially in low-resource settings. Clinical symptoms often overlap with other
illnesses, necessitating precise diagnostic methods.

Aim: This study reviews immunologic and biochemical markers for the early and accurate diagnosis of
bacterial meningitis, with a focus on differentiating it from viral meningitis.

Methods: A comprehensive analysis of diagnostic assays, including cerebrospinal fluid (CSF) examination,
Gram staining, and molecular methods like polymerase chain reaction (PCR) and next-generation
sequencing (NGS), was conducted. Biomarkers such as protein, glucose, lactate, and bacterial antigens were
also evaluated for their sensitivity and specificity in meningitis diagnosis.

Results: Bacterial meningitis is characterized by elevated CSF white blood cell counts, increased protein
levels, decreased glucose ratios, and high lactate concentrations. Gram staining shows variable sensitivity
(25%-97%), while bacterial culture remains the diagnostic gold standard despite limitations in low-
resource settings and post-antibiotic administration. Molecular techniques, including PCR and NGS,
significantly enhance sensitivity and specificity, with PCR showing near-perfect accuracy for targeted
pathogens. Emerging biomarkers like CSF lactate demonstrated 93% sensitivity and 99% specificity at a
cutoff of 235 mg/dL.
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Conclusion: Early diagnosis of bacterial meningitis is critical for initiating effective treatment and reducing
complications. Immunologic and biochemical markers, combined with advanced molecular diagnostics,
show promise for overcoming limitations in traditional methods. Integrating these approaches can improve
patient outcomes, particularly in resource-constrained settings.

Keywords: Bacterial meningitis, cerebrospinal fluid, biomarkers, polymerase chain reaction, next-
generation sequencing, diagnosis.
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Introduction:

The term "meningitis" describes inflammation of the meninges, which is mostly brought on by
bacterial, viral, or fungal infections [1]. Meningitis incidence and prevalence vary greatly over time and
between geographic locations [2]. A comprehensive study of bacterial meningitis in low-, middle-, and high-
income areas found that death rates varied from 5% to 30%, with differences in healthcare access, medical
infrastructure, and resource availability playing a major role [3], [4]. Streptococcus pneumoniae, Neisseria
meningitidis (meningococcus), Haemophilus influenzae, Streptococcus agalactiae (Group B Streptococcus),
Escherichia coli, and Listeria monocytogenes are the most common bacterial infections linked to meningitis

[5].

N. meningitidis and S. pneumoniae were shown to be the most frequent causal agents in a meta-
analysis of 61 papers published between 2012 and 2017 that looked at the incidence of bacterial meningitis
in various age groups and geographical areas. Depending on the region and age group, the weighted
frequency means for these infections varied from 3.2% to 47.0% and 9.6% to 75.2%, respectively [6].
Despite the fact that the blood-brain barrier (BBB) protects the central nervous system (CNS), several
organisms that cause meningitis have been shown to be able to pass across the BBB, which can lead to
colonization and inflammation of the CNS [7]. Fever, stiff neck, headache, anorexia, vomiting, exhaustion,
lightheadedness, seizures, purpuric rash, photophobia, and behavioral abnormalities are the classic signs
of meningitis [8], [9]. Neurological consequences, including developmental delays, hearing impairment, and
neuropsychological abnormalities, might affect as many as 50% of survivors [10]. In order to reduce
mortality and morbidity, prompt diagnosis and treatment are essential [11]. Long-term disabilities,
including as organ damage, vision impairments, seizures, brain damage, and hearing loss, may also be
experienced by survivors [5, 12].

Because meningitis can overlap with other disorders, clinical presentation alone is not enough to
diagnose it; therefore, cerebrospinal fluid (CSF) investigation is essential. Despite its drawbacks, such as
low sensitivity and a minimum two-day turnaround time, CSF culture is still the gold standard for diagnosis
[13], [14], and [15]. Inadequate laboratory facilities and previous antibiotic use, which can lead to false
negatives, further undermine the effectiveness of culture-based approaches in low-resource settings [16].
Therefore, lowering mortality requires starting antimicrobial treatment as soon as bacterial meningitis is
suspected, ideally after acquiring blood and CSF samples for culture [17]. False-negative CSF culture results
may result in inappropriate treatment of aseptic meningitis or delayed or inadequate antibiotic delivery for
bacterial meningitis [18]. On the other hand, viral meningitis seldom causes serious problems and usually
resolves on its own. With a usually good prognosis, management concentrates on symptom relief [19].
However, extended hospital stays and unnecessary use of antibiotics in viral cases might lead to hazardous
side effects, microbial resistance, or allergic reactions, as well as increase healthcare expenses [20], [21].
Early and adequate antibiotic medication is essential for the effective management of bacterial meningitis,
since it minimizes the severity of the disease and greatly increases survival rates [5, 22, 23]. It is still very
difficult to distinguish between bacterial and viral meningitis, which emphasizes the need for diagnostics
with high sensitivity and specificity [24]. By using microscopy, biochemical analysis, and culture, CSF—
which is collected through lumbar puncture—allows for etiological identification. Nevertheless, current
biomarkers are unable to accurately differentiate bacterial from viral meningitis in isolation, and early-
stage culture data may be unavailable or inconclusive [25].
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The importance of immunologic biomarkers for early diagnosis and distinction of meningitis
etiology has been highlighted by advancements in diagnostic procedures. These indicators exhibit potential
for laboratory diagnoses and are enhanced during bacterial infections [26]. However, a number of factors,
including the origin of the infection, inclusion criteria, patient characteristics, detection techniques, and
specimen collection time, affect their sensitivity and specificity [27]. The potential of several immunologic
indicators to reliably detect bacterial meningitis and distinguish it from viral infections is investigated in
this work. It can be difficult to accurately diagnose and differentiate between different kinds of meningitis
based solely on clinical symptoms, especially in juvenile populations where presentations are frequently
vague. In order to confirm meningitis diagnoses, laboratory examination of CSF is essential [28]. As listed
below, several diagnostic assays using biosensors and indicators exhibit varying diagnostic efficiency.

Diagnostic Assays for Meningitis Etiology

Normal cerebrospinal fluid (CSF) contains 0-5 white blood cells (WBCs) per microliter,
predominantly lymphocytes, with protein levels between 0.15 and 0.45 g/L, a CSF-to-serum glucose ratio
of 0.6, and negative culture results. In bacterial meningitis, WBC counts often exceed 103 per microliter,
predominantly neutrophils, with protein levels 21.0 g/L, a CSF-to-serum glucose ratio <0.5, and positive
culture results. Viral meningitis typically presents with WBC counts below 103 per microliter, primarily
lymphocytes (which may shift to neutrophilic dominance within the first 48 hours), protein levels below
1.0 g/L (though levels 21.0 g/L may occur in cases caused by Herpes simplex virus or Varicella zoster virus),
and a CSF-to-serum glucose ratio of 0.6, with negative culture results. Tuberculous meningitis (TB
meningitis) is characterized by WBC counts between 102 and 5 x 102 per microliter, predominantly
lymphocytes, protein levels 21.0 g/L, a CSF-to-serum glucose ratio <0.5, and negative culture results, as
Mycobacterium tuberculosis requires specialized media and prolonged incubation times for growth.
Emerging diagnostic approaches aim to overcome the limitations of traditional methods by leveraging novel
biomarkers and advanced detection techniques, particularly in resource-constrained settings.

Gram Smear

Gram staining of cerebrospinal fluid (CSF) specimens is a routine procedure once the specimen
reaches the laboratory. This technique serves as an initial microbiological diagnostic tool that allows
targeted empirical therapy to commence, especially if bacteria are detected. The sensitivity of Gram staining
is significantly influenced by the bacterial concentration in the sample, with detection rates ranging from
25% to 97%. Positive results are more likely in cases of meningitis caused by Streptococcus pneumoniae
compared to infections caused by Neisseria meningitidis or Listeria monocytogenes. However, prior
administration of antimicrobial agents before CSF collection significantly decreases the likelihood of a
positive Gram smear result [28], [29].

Bacterial Detecti

)
-" \
Gram smnr
Polymerase Chain Reaction
@
° sesone
cs# bacterial culture 3 o

.
v = eee L4
nes > oo
N M e e
* 1 — Loop-mediated isothermal ampli (LAMP)
CSF 100

inatlon of tatex antibodies

Genome Extraction
Bacterial antigen

White blood cells

£
‘f ‘(‘: 210* celis/pl BM Real-Time PCR

Neutrophils " : i ,‘
.'. 10%celiv/pl v “"\"‘ Ik ‘j" L :",'l . A
. . 10-Sx10%celivpl.  TM y LA W

Lymphocytes

Next-generation DNA sequencing (NGS)

Figure 1: Meningitis Detection Techniques.
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CSF Protein

The concentration of CSF protein is typically elevated in meningitis caused by both bacterial and
viral infections due to an increase in blood-brain barrier (BBB) permeability as a response to inflammation.
Protein levels are notably higher in bacterial meningitis compared to viral meningitis (=1 g/L vs. <1 g/L).
However, in cases of viral meningitis caused by herpes simplex virus (HSV) or varicella-zoster virus (VZV),
protein levels may reach values comparable to those observed in bacterial meningitis (=1 g/L) [28], [30].

CSF Glucose

CSF glucose levels generally decrease in bacterial meningitis but remain within normal ranges in
viral meningitis. In contrast, elevated levels may occur in cases of cryptococcal or tuberculosis meningitis.
The CSF glucose concentration correlates with blood glucose levels, maintaining a normal CSF-to-blood
glucose ratio of approximately 0.6. A ratio of <0.5 has demonstrated a sensitivity of 100% and a specificity
of 57% for diagnosing bacterial meningitis. Notably, this ratio remains unchanged following antimicrobial
therapy. However, in hyperglycemic patients, the diagnostic utility of this ratio may be limited [28], [31].

Lactate Levels

CSF lactate levels can serve as a valuable biomarker for distinguishing bacterial meningitis from
non-bacterial cases. A cutoff level of 235 mg/dL (3.9 mmol/L) has shown sensitivity and specificity of 93%
and 99%, respectively, for bacterial meningitis. Unlike serum lactate, CSF lactate is not directly proportional
to systemic levels. Elevated CSF lactate can also occur in other central nervous system (CNS) conditions
such as viral encephalitis or seizures, limiting its specificity to bacterial infections [28], [32].

CSF Bacterial Culture

CSF bacterial culture is considered the gold standard for diagnosing meningitis, with a sensitivity
ranging from 60% to 90% in patients who have not received antibiotics. However, the sensitivity
significantly decreases following antimicrobial therapy. Concurrent blood cultures are recommended for all
patients with suspected bacterial meningitis, as they may yield bacterial growth even when Gram smears
and CSF cultures are negative [28], [29].

Bacterial Antigen

Bacterial antigen testing is commonly utilized for detecting Streptococcus pneumoniae in CSF, with
sensitivity ranging from 67% to 100% and specificity reaching 95%. Pneumococcal antigen testing is
particularly advantageous as it can be completed within minutes of the sample's arrival at the microbiology
laboratory, offering a faster alternative to other detection methods [28], [29].

Molecular Methods

Molecular diagnostic methods address many limitations associated with traditional bacterial
culture techniques by targeting specific genes and bypassing the need for viable pathogens. Among these
methods, polymerase chain reaction (PCR) and its variants—real-time PCR (RT-PCR), qualitative PCR
(qPCR), and quantitative PCR—are widely used for meningitis diagnosis. PCR was the first molecular
technique introduced for detecting single pathogens. Advanced PCR-based assays allow the detection of
multiple microorganisms in a single test using minimal clinical specimens, reducing time and costs.
Additionally, certain PCR methods are designed to identify bacterial capsular antigens, aiding in burden
estimation and vaccination planning.

Loop-mediated isothermal amplification (LAMP) is another molecular technique that amplifies
specific DNA sequences without requiring thermocyclers. The DNA polymerase used in LAMP functions at
a constant temperature, enabling the process to be conducted in a water bath. LAMP exhibits high specificity
and minimal interference from background DNA. The sensitivity and specificity of molecular methods
depend on the targeted genes and sample type. For PCR-based assays, CSF samples demonstrate higher
sensitivity and specificity compared to blood or oropharyngeal specimens. Despite their advantages,
molecular methods are cost-intensive, requiring specialized equipment, reagents, and expertise. Next-
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generation sequencing (NGS) has gained traction in clinical microbiology, offering advanced diagnostic
capabilities. Selective whole-genome amplification (SWGA), an isothermal amplification technique, has
been used to analyze DNA molecular profiles and vaccine antigens for Neisseria meningitidis in specimens
with low bacterial loads. NGS has enhanced the diagnosis of CNS infections, providing actionable data in
several cases. When compared to bacterial culture, the sensitivity and specificity of metagenomic NGS for
detecting S. pneumoniae meningitis have been reported as 73.1% and 88.1%, respectively [33], [34], [35],
[36], [37].

Diagnostic Efficacy of Molecular Methods for Meningitis Diagnosis

The diagnostic utility of molecular techniques in meningitis is well-documented, encompassing a
range of pathogens and targets. For bacterial identification, broad-range bacterial polymerase chain
reaction (BRB-PCR) targeting 16S rRNA achieved sensitivities of 59% and 100%, with specificities of 97%
and 98.2% respectively [38], [39]. Real-time PCR for Haemophilus influenzae demonstrates highly variable
sensitivity and specificity depending on the gene targeted. Markers such as bexA and licA exhibited
sensitivities between 95% and 100%, with specificities up to 100% [40]-[44]. For Neisseria meningitidis,
genes such as ctrA and sodC showed sensitivities ranging from 71.6% to 99.6% and specificities up to 100%
[45]-[46]. Similarly, assays for Streptococcus pneumoniae using genes like lytA and GntR-family SP2020
reached sensitivity and specificity levels of 100% in certain instances [50]-[51]. Loop-mediated isothermal
amplification (LAMP) methods also present robust diagnostic capabilities, with sensitivity and specificity
values as high as 100% for targets like the Hib capsule of H. influenzae and IytA of S. pneumoniae [54].
However, markers like cfb for Streptococcus agalactiae lacked conclusive sensitivity and specificity data
[52]. These findings emphasize the variability in molecular method performance based on pathogen and
genetic marker selection.

Acute Phase Proteins (APPs): Diagnostic Biomarkers of Inflammation and Infection

Acute phase proteins (APPs) are critical biomarkers of inflammation and infection, as their
expression is triggered by the host's immunological response to microbial pathogens. Biomarkers are
defined as biological molecules in bodily fluids or tissues that signify normal or pathological conditions
[60]. The acute phase reaction (APR), an immediate and nonspecific host defense mechanism, encompasses
physiological responses such as fever, leukocytosis, hormonal changes, and muscle protein breakdown,
aimed at minimizing tissue injury and facilitating repair. APR is orchestrated by the release of pro-
inflammatory cytokines, including tumor necrosis factor-alpha (TNF-a), interleukin-1 (IL-1), and
interleukin-6 (IL-6), which stimulate hepatic production of APPs [63]. Elevated levels of APPs, including
alterations in cerebrospinal fluid (CSF) protein, often result from disruptions in endothelial cell tight
junctions during central nervous system infections [64]. Studies have reported significant changes in
cytokines and APP concentrations as diagnostic markers for meningitis. For instance, TNF-q, IL-1, and IL-6
levels are pivotal in identifying inflammatory responses. The upregulation of these markers in CSF and
blood underscores their utility in diagnosing CNS infections.

Diagnostic Efficacy of Inmunologic Biomarkers for Meningitis

The diagnostic performance of various immunologic biomarkers in meningitis has been
extensively studied. Procalcitonin (PCT) thresholds as low as 0.16 ng/mL in serum yielded sensitivity and
specificity rates of 100% and 95.7%, respectively, when tested via fluorescence immune chromatographic
methods [70]. In CSF, PCT levels of 0.74 ng/mL demonstrated a sensitivity of 94.7% and specificity of 100%
using chemiluminescence immunoassay [69]. For C-reactive protein (CRP), sensitivities ranged from 50.9%
to 100% depending on the concentration cutoff and the assay employed. For instance, CRP levels of 0.62
mg/dL in CSF showed sensitivity and specificity rates of 87% and 95%, respectively [73]. Additional
biomarkers such as phosphatidylcholine derivatives, ferritin, and calprotectin also displayed high
diagnostic accuracy. For instance, ferritin concentrations of 7.5 pg/L in CSF achieved 100% sensitivity and
specificity using latex particle immunoassay (LPIA) [78]. Similarly, phosphatidylcholine species such as
PC.aa.C32.1, measured by mass spectrometry, exhibited sensitivities and specificities above 90% at cutoffs
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aslow as 0.22 uM [75]. Cytokines like interleukin-6 (IL-6) and interleukin-8 (IL-8) have emerged as pivotal
markers. IL-6 levels of 38.2 pg/mL in CSF demonstrated 100% sensitivity and 91% specificity using flow
cytometry, while IL-6 levels detected through chemiluminescent enzyme immune assays achieved
sensitivity and specificity rates of 84.6% and 85.7%, respectively [86]-[87]. These biomarkers collectively
enhance the diagnostic landscape of meningitis, enabling precise differentiation of inflammatory states.

C-reactive Protein (CRP)

C-reactive protein (CRP) is an acute-phase protein (APP) produced predominantly by the liver in
response to inflammation, such as tissue injury or irritation [89]. It is recognized as a highly sensitive
marker for identifying infectious conditions [72]. Numerous studies have demonstrated the utility of CRP
in differentiating bacterial from viral meningitis [90], [91]. In cases of culture-positive bacterial meningitis,
CRP tests have shown a 100% positivity rate in initial lumbar puncture (LP) cerebrospinal fluid (CSF)
samples, compared to only 6% in patients with aseptic meningitis [92]. A CSF CRP cutoff of 0.62 mg/dL has
demonstrated 87% sensitivity and 95% specificity in diagnosing and distinguishing various forms of
meningitis in pediatric populations [73]. Similarly, a cutoff of 0.18 mg/dL in CSF has been associated with
80% sensitivity and 92.3% specificity for differentiating bacterial and viral meningitis in children. In serum,
a CRP cutoff of 29.9 mg/dL achieved 60% sensitivity and 100% specificity for the same differentiation in
pediatric cases [71].

Furthermore, CRP levels in serum, with cutoffs of 10 mg/dL and 20 mg/dL, demonstrated
sensitivities of 89% and 74% and specificities of 60% and 78%, respectively, in diagnosing bacterial
meningitis in children [65]. Patients with bacterial meningitis exhibited significantly elevated CSF CRP
levels (exceeding 100 mg/L) compared to controls and patients with viral meningitis [93]. Among adults,
serum CRP with a cutoff of 290 mg/L provided 67.5% sensitivity and 86.3% specificity for acute meningitis
diagnosis [69]. A meta-analysis revealed that negative CRP results in either CSF or serum can effectively
exclude bacterial meningitis with a high degree of certainty [94]. Moreover, serum CRP has been identified
as a more reliable screening biomarker for differential diagnostic purposes [95]. Notably, CSF CRP levels
are significantly elevated in patients with bacterial meningitis caused by Gram-negative pathogens
compared to those with Gram-positive bacterial meningitis [96]. This marked increase, alongside the trend
of a heightened CSF-to-blood CRP ratio, underscores the role of Gram-negative bacterial
lipopolysaccharides (LPS) in augmenting blood-brain barrier (BBB) permeability, a feature absent in Gram-
positive pathogens [97].

Procalcitonin (PCT)

Procalcitonin (PCT), a protein comprising 116 amino acids and serving as a precursor peptide to
calcitonin, is synthesized in extrathyroidal tissues during microbial infections [27], [100]. Inflammatory
mediators, including tumor necrosis factor-alpha (TNF-a) and interleukin-6 (IL-6), induce the
overexpression of the CALC-1 gene in parenchymal tissues, leading to elevated serum PCT levels [68], [101].
Intriguingly, viral infections do not elicit a similar PCT response, enabling its differentiation between viral
and bacterial meningitis [102], [103]. PCT concentrations are measurable in both plasma and CSF [104].
The mechanism underlying increased PCT in CSF during meningitis involves cytokine-induced PCT release
from leukocytes or cerebral vascular endothelial cells [64]. Studies have consistently shown significantly
elevated mean CSF and serum PCT levels in bacterial meningitis compared to control groups. In culture-
positive patients, these levels are notably higher than in culture-negative cases [68], [105]. Variations in
bacterial species, prior antibiotic treatments, and patient age can differentially affect proinflammatory and
anti-inflammatory cytokines, leading to discrepancies in serum PCT levels [64]. The comparative efficacy
of serum versus CSF PCT for meningitis diagnosis has been debated, with Shen et al. reporting higher
diagnostic accuracy for serum PCT based on receiver operating characteristic (ROC) curves (0.96 for serum
PCT vs. 0.9 for CSF PCT). Additionally, the sensitivity of CSF PCT has been observed to surpass that of plasma
PCT in diagnosing bacterial meningitis [106]. Reported sensitivities for serum or CSF PCT range between
87.5% and 100%, with specificities from 66% to 100% across studies [24], [107].
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At admission, serum PCT cutoffs of 2 ng/mL and 10 ng/mL exhibited sensitivities of 100% and
86% and specificities of 63% and 82%, respectively, for bacterial meningitis [65]. A serum PCT cutoff of 0.5
ng/mL demonstrated 95.45% sensitivity and 84.61% specificity [66], while a cutoff of 2 ng/mL showed
100% sensitivity and 66% specificity for early diagnosis [67]. Serum and CSF PCT levels exceeding 0.5
ng/mL were reliable biomarkers for bacterial central nervous system (CNS) infections, with serum
exhibiting 90% sensitivity and 100% specificity and CSF showing 55% sensitivity and 100% specificity
[64]. CSF PCT levels above 0.9 ng/mL were associated with 92% sensitivity and 68% specificity in
distinguishing bacterial meningitis cases from those without infection [68]. The integration of PCT
measurement into standard immunological profiles highlights its suitability as a marker for acute
conditions, applicable to patients with positive or negative bacterial CSF cultures [108]. PCT has been
described as an ideal biomarker due to its precision in early bacterial infection detection and its utility in
guiding clinical decisions [105]. For serum PCT, a cutoff of 5.91 ng/mL provided 24.14% sensitivity and
94.44% specificity, while CSF PCT with a cutoff of 0.085 ng/mL yielded 55.17% sensitivity and 95.83%
specificity [109]. Notably, PCT levels rise more rapidly than CRP levels during inflammatory episodes,
within 6 hours versus 12-24 hours, respectively [69]. Consequently, PCT assessment is regarded as a
valuable tool for the early identification of acute meningitis in emergency clinical settings.

Phosphatidylcholine

Phosphatidylcholines (PCs) represent a class of phospholipids characterized by two fatty acid
chains and a choline head group linked to glycerol phosphoric acid. Due to their bipolar properties, PCs are
integral components of the lipid bilayer in eukaryotic cell membranes. In addition to their structural role,
PCs are found in free form within bodily fluids such as cerebrospinal fluid (CSF) and serum. PCs play a
crucial role in regulating phospholipase activity, which subsequently induces mediators that activate
various cell-signaling pathways. Both PCs and phospholipases are synthesized in response to cellular
damage and inflammation. Within the central nervous system (CNS), PCs are pivotal for signal transduction
and maintaining acetylcholine levels. Elevated levels of free PCs in the CSF often result from cell membrane
damage, and phagocyte-mediated elimination of PC residues may contribute to meningitis-associated CNS
inflammation [110], [111]. Consequently, PC levels can serve as indicators of CNS inflammation caused by
microbial pathogens. Among the various PC molecules, PC ae C44:6, a key component of cell membranes,
has emerged as a sensitive biomarker for distinguishing bacterial meningitis from viral infections and other
non-infectious CNS disorders. Mass spectrometry analysis of 221 CSF samples revealed that PC ae C44:6, at
a threshold of >5 nM, can differentiate bacterial meningitis with 97% sensitivity and 87% specificity [112].
Furthermore, other PCs such as PC.aa.C32.1 (0.22 uM), PC.ae.C40.6 (0.02 pM), PC.ae.C36.5 (0.02 uM),
PC.ae.C38.4 (0.11 uM), and PC.aa.C32.2 (0.01 uM) have demonstrated diagnostic sensitivities of 91%, 91%,
91%, 75%, and 94%, and specificities of 82%, 74%, 74%, 85%, and 68%, respectively, for bacterial
meningitis [75]. Further investigations into the diagnostic accuracy of PCs across diverse patient
populations and settings are warranted to enhance their clinical applicability in distinguishing meningitis

types.
Leucine-Rich a-2 Glycoprotein (LRG)

Leucine-rich a-2 glycoprotein (LRG) is a glycoprotein characterized by a repeated leucine-rich
motif [82], [113]. It is secreted by both neutrophils and liver cells [114]. Although its exact biological role
remains unclear, LRG production increases significantly during acute inflammatory responses. Elevated
serum levels of LRG have been reported in various conditions, including ulcerative colitis [115], rheumatoid
arthritis [116], appendicitis [117], and Kawasaki disease [118]. Beyond its secretion by neutrophils and
liver cells, LRG is also produced by astrocytes in the brain [82]. Notably, elevated levels of LRG in CSF have
been implicated in early CNS disease responses. Studies indicate that LRG levels are significantly higher in
bacterial meningitis cases (median: 374.5 ng/mL) compared to control groups (median: 103.3 ng/mL) (p
= 0.014) [82]. Pathogen-specific analyses have shown that the highest CSF LRG levels occur in infections
caused by Streptococcus agalactiae (mean: 3063.5 ng/mL), followed by Haemophilus influenzae type B
(median: 269.0 ng/mL) and Streptococcus pneumoniae (median: 259.5 ng/mL) [82]. At a cutoff value of
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110.0 ng/mL, CSF LRG levels exhibited sensitivity and specificity of 96% and 100%, respectively, for
identifying bacterial meningitis in children [83]. Similarly, this threshold provided sensitivity and specificity
0f 96% and 75%, respectively, for differentiating bacterial meningitis from aseptic cases. Furthermore, at a
cutoff of 139.9 ng/mlL, CSF LRG levels demonstrated sensitivity and specificity of 88% and 75%,
respectively, for distinguishing definite bacterial meningitis from probable cases [83]. Despite these
promising findings, the diagnostic efficacy of LRG, particularly in adult populations, remains underexplored.
Comprehensive studies are needed to validate its diagnostic utility across diverse clinical scenarios.

Ferritin

Ferritin, an acute-phase protein (APP), exhibits a significant increase in serum levels in response
to infections that breach the blood-brain barrier [119]. However, ferritin concentrations in CSF are
independent of its serum levels [91]. Inflammatory processes significantly influence CSF ferritin levels, with
bacterial meningitis eliciting a more robust inflammatory response compared to viral meningitis. Pro-
inflammatory cytokines such as tumor necrosis factor (TNF), interleukin-6 (IL-6), and interferon-gamma
(IFN-y) are known to elevate ferritin levels in both CSF and blood. Baseline ferritin levels in healthy
individuals are typically low, ranging from 7 to 140 ng/mL in serum and 2 to 4.6 ng/mL in CSF [76]. In
children with bacterial meningitis, a CSF ferritin cutoff of 20 ng/mL demonstrated sensitivity and specificity
of 100% and 98.3%, respectively, compared to 95.7% sensitivity and 98.3% specificity at a cutoff of 30
ng/mkL [15]. Similarly, a cutoff of 15.6 ng/mL yielded sensitivity and specificity of 96.2% and 96.6%,
respectively, for distinguishing bacterial meningitis from viral cases in children [77]. Post-antibiotic
treatment, CSF ferritin levels progressively decreased, requiring 14 to 20 days to fall below 15.6 ng/mL.
Elevated ferritin levels were observed in both bacterial and viral meningitis patients compared to controls,
with bacterial meningitis cases showing significantly higher concentrations. A CSF ferritin cutoff of 7.5
mg/mL was identified as the most effective for detecting bacterial meningitis, with sensitivity and
specificity of 100% and 78%, respectively, for differentiating bacterial from viral meningitis [78]. Thus, CSF
ferritin represents a valuable biomarker for the early diagnosis of bacterial meningitis, particularly in cases
where prior antibiotic treatment precludes organism isolation. However, larger-scale studies are essential
to substantiate its diagnostic reliability across varied clinical contexts.

Other Biomarkers:

Beta-2-microglobulin, a low molecular weight protein, is present in all nucleated cells as part of the
class I major histocompatibility complex and serves as an indicator of cell turnover and inflammation.
Elevated levels of this protein in cerebrospinal fluid (CSF) have demonstrated diagnostic utility in central
nervous system (CNS) infections, although its specificity varies across conditions. Vitamin D-binding
protein (VDBP), secreted by the liver and present in plasma, primarily transports vitamin D metabolites but
also plays a role in immune regulation. Elevated CSF VDBP levels have shown potential as a biomarker for
bacterial and tuberculosis meningitis, though their reliability as standalone markers remains limited.
Matrix metalloproteinases (MMPs), proteolytic enzymes involved in tissue repair and immune defense, are
upregulated in bacterial meningitis, with MMP-9 levels correlating with disease severity. Concurrently,
tissue inhibitors of metalloproteinases (TIMPs) modulate MMP activity, offering insight into inflammation.
Additionally, calprotectin and lactoferrin, inflammatory biomarkers secreted by immune cells, have
demonstrated some utility in distinguishing bacterial from aseptic meningitis, though their clinical
application is less frequent. Presepsin, a marker of bacterial infections, shows promise in screening for
meningitis and tracking sepsis progression, with sensitivity and specificity varying by bacterial type. Pro-
inflammatory cytokines, such as IL-6, are critical in diagnosing bacterial meningitis, with levels significantly
higher in bacterial compared to viral infections. IL-6 has exhibited high sensitivity and specificity at defined
cutoff levels, making it a valuable diagnostic tool, particularly in the early stages of infection. These
biomarkers collectively enhance the understanding of CNS infections and their pathophysiology, though
their diagnostic efficacy often depends on the context of use and complementary testing.
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Conclusion:

Bacterial meningitis remains a critical public health concern, characterized by significant
morbidity and mortality, particularly in regions with limited healthcare infrastructure. Timely and accurate
diagnosis is pivotal to improving outcomes, as delays in treatment often result in severe complications,
including neurological sequelae and, in some cases, death. This review highlights the utility of immunologic
and biochemical markers in enhancing the diagnostic accuracy of bacterial meningitis. Elevated CSF protein
and lactate levels, decreased CSF-to-serum glucose ratios, and the presence of bacterial antigens are key
indicators distinguishing bacterial from viral meningitis. While traditional methods, such as Gram staining
and CSF culture, remain integral to diagnosis, they are hampered by limitations, including reduced
sensitivity in pre-treated patients and prolonged result times. The adoption of molecular diagnostic
methods, such as PCR and NGS, represents a significant advancement in meningitis diagnosis. These
technologies enable rapid and precise identification of pathogens, even in cases with low bacterial loads,
thus facilitating early and targeted therapy. However, their high costs and need for specialized equipment
limit widespread application in low-resource settings. Emerging biomarkers, such as CSF lactate and
bacterial antigens, also demonstrate potential in improving diagnostic accuracy and speed, but further
validation is needed to establish their clinical utility. Ultimately, integrating traditional and molecular
diagnostic approaches offers the most comprehensive strategy for addressing the challenges of bacterial
meningitis diagnosis. Efforts should focus on increasing accessibility to advanced diagnostics, particularly
in resource-limited settings, to ensure equitable care. Future research should aim to refine biomarkers,
optimize molecular techniques, and develop cost-effective solutions that bridge the gap between diagnostic
efficacy and resource availability.

References:

[1] H. Honda, D.K. Warren, Central nervous system infections: meningitis and brain abscess, Infect. Dis. Clin.
North Am. 23 (3) (2009) 609-623.

[2] D.L. Koelman, M.N. van Kassel, M.W. Bijlsma, M.C. Brouwer, D. van de Beek, A. van der Ende, Changing
epidemiology of bacterial meningitis since introduction of conjugate vaccines: 3 decades of national
meningitis surveillance in the Netherlands, Clin. Infect. Dis. 73 (5) (2021) e1099-e1107.

[3] D.C. Teixeira, L.M.O. Diniz, N.S. Guimaraes, ~ H.M.d.A.S. Moreira, C.C. Teixeira, R. M.d.C. Romanellj, Risk
factors associated with the outcomes of pediatric bacterial meningitis: a systematic review, J. Pediatr.
(Rio]) 96 (2) (2020) 159-167. M. Yekani and M.Y. Memar Clinica Chimica Acta 548 (2023) 117470 10

[4] A. Zainel, H. Mitchell, M. Sadarangani, Bacterial meningitis in children: neurological complications,
associated risk factors, and prevention, Microorganisms 9 (3) (2021) 535.

[5] A.L. Leber, K. Everhart, J.-M. Balada-Llasat, ]J. Cullison, ]J. Daly, S. Holt, P. Lephart, H. Salimnia, P.C.
Schreckenberger, S. DesJarlais, S.L. Reed, K. C. Chapin, L. LeBlanc, ].K. Johnson, N.L. Soliven, K.C. Carroll,
]J.-A. Miller, ]. Dien Bard, ]. Mestas, M. Bankowski, T. Enomoto, A.C. Hemmert, K.M. Bourzac, B.A. Forbes,
Multicenter evaluation of BioFire FilmArray meningitis/encephalitis panel for detection of bacteria,
viruses, and yeast in cerebrospinal fluid specimens, ]. Clin. Microbiol. 54 (9) (2016) 2251-2261.

[6] A.M. Oordt-Speets, R. Bolijn, R.C. van Hoorn, A. Bhavsar, M.H. Kyaw, R. Borrow, Global etiology of bacterial
meningitis: a systematic review and meta-analysis, PLoS One 13 (6) (2018) e0198772.

[7] K.S. Kim, Pathogenesis of bacterial meningitis: from bacteraemia to neuronal injury, Nat. Rev. Neurosci.
4 (5) (2003) 376-385.

[8] H. El Bashir, M. Laundy, R. Booy, Diagnosis and treatment of bacterial meningitis, Arch. Dis. Child. 88 (7)
(2003) 615-620.

[9] A.R. Feagins, ]. Vuong, K. Fernandez, B.M. Njanpop-Lafourcade, ].M. Mwenda, Y. O. Sanogo, M.F. Paye, S.K.
Payamps, L. Mayer, X. Wang, The strengthening of laboratory systems in the meningitis belt to improve

https://reviewofconphil.com 3777



meningitis surveillance, 2008-2018: a partners’ perspective, ] Infect Dis 220 (Supplement_4) (2019)
S$175-S181.

[10] D. van de Beek, Progress and challenges in bacterial meningitis, Lancet 380 (9854) (2012) 1623-1624.

[11] A. Buch, D. Gupta, B. Vasu, H. Rathod, A Study of Cerebrospinal Fluid Examination using Urine Reagent
Strips for Diagnosis of Meningitis: Urine Strip For Diagnosis Of Meningitis, Recent Adv. Pathol.
Laboratory Med. (ISSN: 2454- 8642) 5(4) (2019) 1-6.

[12] A.M. Oordt-Speets, R. Bolijn, R.C. van Hoorn, A. Bhavsar, M.H. Kyaw, R. Borrow, Global etiology of
bacterial meningitis: A systematic review and meta-analysis, PLoS One 13 (6) (2018) e0198772.

[13] K. Wagner, B. Springer, V.P. Pires, P.M. Keller, Pathogen identification by multiplex LightMix real-time
PCR assay in patients with meningitis and culturenegative cerebrospinal fluid specimens, ]J. Clin.
Microbiol. 56 (2) (2018) e01492-e1517.

[14] R.C. Albuquerque, A.C.R. Moreno, S.R. dos Santos, S.L.B. Ragazzi, M.B. Martinez, Multiplex-PCR for
diagnosis of bacterial meningitis, Braz. ]. Microbiol. 50 (2) (2019) 435-443.

[15] P.C.R. Garcia, A.L.M. Barcelos, C.T. Tonial, H.H. Fiori, P.R. Einloft, C.A.D. Costa, ].L. Portela, F. Bruno, R.G.
Branco, Accuracy of cerebrospinal fluid ferritin for purulent meningitis, Arch. Dis. Child. 106 (3)
(2021) 286-289.

[16] M. Rezaei, S. Mamishi, S. Mahmoudji, B. Pourakbari, G. Khotaei, K. Daneshjou, N. Hashemi, Cerebrospinal
fluid ferritin in children with viral and bacterial meningitis, Br. ]. Biomed. Sci. 70 (3) (2013) 101-103.

[17] F. McGill, R.S. Heyderman, S. Panagiotou, A.R. Tunkel, T. Solomon, Acute bacterial meningitis in adults,
Lancet 388 (10063) (2016) 3036-3047.

[18] M.C. Brouwer, A.R. Tunkel, D. van de Beek, Epidemiology, diagnosis, and antimicrobial treatment of
acute bacterial meningitis, Clin. Microbiol. Rev. 23 (3) (2010) 467-492.

[19] A.-F- A. Mentis, M.A. Kyprianou, A. Xirogianni, K. Kesanopoulos, G. Tzanakaki, Neutrophil-to-
lymphocyte ratio in the differential diagnosis of acute bacterial meningitis, Eur. J. Clin. Microbiol. Infect.
Dis. 35 (3) (2016) 397-403.

[20] S. Giulieri, C. Chapuis-Taillard, K. Jaton, A. Cometta, C. Chuard, O. Hugli, R. Du Pasquier, ]. Bille, P. Meylan,
0. Manuel, O. Marchetti, CSF lactate for accurate diagnosis of community-acquired bacterial meningitis,
Eur. J. Clin. Microbiol. Infect. Dis. 34 (10) (2015) 2049-2055.

[21] M.Y. Memar, M. Yekani, G. Celenza, V. Poortahmasebi, B. Naghili, P. Bellio, H. B. Baghi, The central role of
the SOS DNA repair system in antibiotics resistance: A new target for a new infectious treatment
strategy, Life Sci. 262 (2020), 118562.

[22] ]. Moon, N. Kim, T.-]. Kim, ].-S. Jun, H.S. Lee, H.-R. Shin, S.-T. Lee, K.-H. Jung, K.-1. Park, K.-Y. Jung, M. Kim,
S.K. Lee, K. Chu, Rapid diagnosis of bacterial meningitis by nanopore 16S amplicon sequencing: A pilot
study, Int. ]. Med. Microbiol. 309 (6) (2019) 151338.

[23] D.-H. Lee, H. Kang, ].H. Kim, M.H. Jung, M.-C. Cho, Cerebrospinal fluid vitamin D-binding protein as a
new biomarker for the diagnosis of meningitis, Neurol. Sci. 40 (8) (2019) 1597-1605.

[24] B.M. Henry, J. Roy, PX. Ramakrishnan, J. Vikse, K.A. Tomaszewski, ]. A. Walocha, Procalcitonin as a serum
biomarker for differentiation of bacterial meningitis from viral meningitis in children: evidence from
a meta-analysis, Clin. Pediatr. 55 (8) (2016) 749-764.

[25] P. Garcia-Hernandez, * B. Prieto, E. Martinez-Morillo, V. Rodriguez, FV. Alvarez, “ Interleukin-6 in
cerebrospinal fluid as a biomarker of acute meningitis, Ann. Clin. Biochem. 53 (1) (2016) 155-163.

[26] M.Y. Memar, N. Alizadeh, M. Varshochi, H.S. Kafil, Immunologic biomarkers for diagnostic of early-onset
neonatal sepsis, ]. Matern. Fetal Neonatal Med. 32 (1) (2019) 143-153.

https://reviewofconphil.com 3778



[27] M.Y. Memar, M. Varshochi, B. Shokouhi, M. Asgharzadeh, H.S. Kafil, Procalcitonin: the marker of
pediatric bacterial infection, Biomed. Pharmacother. 96 (2017) 936-943.

[28] N. Young, M. Thomas, Meningitis in adults: diagnosis and management, Intern. Med. J. 48 (11) (2018)
1294-1307.

[29] A.R. Tunkel, B.J. Hartman, S.L. Kaplan, B.A. Kaufman, K.L. Roos, WM. Scheld, R. J. Whitley, Practice
guidelines for the management of bacterial meningitis, Clin. Infect. Dis. 39 (9) (2004) 1267-1284.

[30] Q. Kaewpoowat, L. Salazar, E. Aguilera, S.H. Wootton, R. Hasbun, Herpes simplex and varicella zoster
CNS infections: clinical presentations, treatments and outcomes, Infection 44 (2016) 337-345.

[31] H. Hegen, M. Auer, F. Deisenhammer, Serum glucose adjusted cut-off values for normal cerebrospinal
fluid/serum glucose ratio: implications for clinical practice, Clin. Chem. Lab. Med. (CCLM) 52 (9)
(2014) 1335-1340.

[32] K. Sakushima, Y. Hayashino, T. Kawaguchi, ].L. Jackson, S. Fukuhara, Diagnostic accuracy of
cerebrospinal fluid lactate for differentiating bacterial meningitis from aseptic meningitis: a meta-
analysis, J. Infect. 62 (4) (2011) 255-262.

[33] B. Goldberg, H. Sichtig, C. Geyer, N. Ledeboer, G.M. Weinstock, Making the leap from research laboratory
to clinic: challenges and opportunities for nextgeneration sequencing in infectious disease diagnostics,
MBio 6 (6) (2015) e01888-e1915.

[34] PJ. Simner, S. Miller, K.C. Carroll, Understanding the promises and hurdles of metagenomic next-
generation sequencing as a diagnostic tool for infectious diseases, Clin. Infect. Dis. 66 (5) (2018) 778-
788.

[35] M. Itsko, A.C. Retchless, S.J. Joseph, A. Norris Turner, J.A. Bazan, A.Y. Sadji, R. Ou’edraogo-Traor’e, X.
Wang, Full molecular typing of Neisseria meningitidis directly from clinical specimens for outbreak
investigation, J. Clin. Microbiol. 58 (12) (2020) e01780-e1820.

[36] M.R. Wilson, H.A. Sample, K.C. Zorn, S. Arevalo, G. Yu, ]J. Neuhaus, S. Federman, D. Stryke, B. Briggs, C.
Langelier, A. Berger, V. Douglas, S.A. Josephson, F. C. Chow, B.D. Fulton, ].L. DeRisi, ].M. Gelfand, S.N.
Naccache, J. Bender, . Dien Bard, J. Murkey, M. Carlson, P.M. Vespa, T. Vijayan, P.R. Allyn, S. Campeau, R.
M. Humpbhries, ].D. Klausner, C.D. Ganzon, F. Memar, N.A. Ocampo, L. L. Zimmermann, S.H. Cohen, C.R.
Polage, R.L. DeBiasi, B. Haller, R. Dallas, G. Maron, R. Hayden, K. Messacar, S.R. Dominguez, S. Miller, C.Y.
Chiu, Clinical metagenomic sequencing for diagnosis of meningitis and encephalitis, N. Engl. ]. Med.
380 (24) (2019) 2327-2340.

[37] X.-x. Zhang, L.-Y. Guo, L.-L. Liu, A.o. Shen, W.-y. Feng, W.-H. Huang, H.-1. Hu, B. Hu, X. Guo, T.-M. Chen, H.-
Y. Chen, Y.-Q. Jiang, G. Liu, The diagnostic value of metagenomic next-generation sequencing for

identifying Streptococcus pneumoniae in paediatric bacterial meningitis, BMC Infect. Dis. 19 (1)
(2019) 1-8.

[38] C. Welinder-Olsson, L. Dotevall, H. Hogevik, R. Jungnelius, B. Trollfors, M. Wahl, P. Larsson, Comparison
of broad-range bacterial PCR and culture of cerebrospinal fluid for diagnosis of community-acquired
bacterial meningitis, Clin. Microbiol. Infect. 13 (9) (2007) 879-886.

[39] L.D. Saravolatz, O. Manzor, N. VanderVelde, ]. Pawlak, B. Belian, Broad-range bacterial polymerase chain
reaction for early detection of bacterial meningitis, Clin. Infect. Dis. 36 (1) (2003) 40-45.

[40] C.H. Haddar, A. Terrade, P. Verhoeven, B.-M. Njanpop-Lafourcade, M. Dosso, F. Sidikou, A.E. Mahamane,
J.-P. Lombart, A. Razki, E. Hong, A. Agnememel, E. Begaud, Y. Germani, B. Pozzetto, M.-K. Taha, K.C.
Carroll, Validation of a new rapid detection test for detection of Neisseria meningitidis A/C/W/X/Y
antigens in cerebrospinal fluid, . Clin. Microbiol. 58 (3) (2020) e01699-19.

https://reviewofconphil.com 3779



[41] K.L. Meyler, M. Meehan, D. Bennett, R. Cunney, M. Cafferkey, Development of a diagnostic real-time
polymerase chain reaction assay for the detection of invasive Haemophilus influenzae in clinical
samples, Diagn. Microbiol. Infect. Dis. 74 (4) (2012) 356-362.

[42] A. Chang, D.G. Adlowitz, E. Yellamatty, M. Pichichero, Haemophilus influenzae outer membrane protein
P6 molecular characterization may not differentiate all strains of H. influenzae from H. haemolyticus,
J. Clin. Microbiol. 48 (10) (2010) 3756-3757.

[43] H.C. Smith-Vaughan, A.B. Chang, D.S. Sarovich, R.L. Marsh, K. Grimwood, A. J. Leach, P.S. Morris, E.P.
Price, M.F. Pasetti, Absence of an important vaccine and diagnostic target in carriage-and disease-
related nontypeable Haemophilus influenzae, Clin. Vaccine Immunol. 21 (2) (2014) 250-252.

[44] C. de Gier, L.-A.-S. Kirkham, N. Ngrskov-Lauritsen, Complete deletion of the fucose operon in
Haemophilus influenzae is associated with a cluster in multilocus sequence analysis-based
phylogenetic group Il related to Haemophilus haemolyticus: implications for identification and typing,
J. Clin. Microbiol. 53 (12) (2015) 3773-3778.

[45] K. Diallo, M.D. Coulibaly, L.S. Rebbetts, 0.B. Harrison, J. Lucidarme, K. Gamougam, Y.K. Tekletsion, A.
Bugri, A. Toure, B. Issaka, M. Dieng, C. Trotter, J.-M. Collard, S.0. Sow, X. Wang, L.W. Mayer, R. Borrow,
B.M. Greenwood, M.C. ]. Maiden, O. Manigart, U. Melcher, Development of a PCR algorithm to detect and
characterize Neisseria meningitidis carriage isolates in the African meningitis belt, PLoS One 13 (12)
(2018) e0206453.

[46]]. Dolan Thomas, C.P. Hatcher, D.A. Satterfield, M.]. Theodore, M.C. Bach, K. B. Linscott, X. Zhao, X. Wang,
R. Mair, S. Schmink, K.E. Arnold, D.S. Stephens, L. H. Harrison, R.A. Hollick, A.L. Andrade, ]. Lamaro-
Cardoso, A.PS. de Lemos, ]. Gritzfeld, S. Gordon, A. Soysal, M. Bakir, D. Sharma, S. Jain, S.W. Satola, N. E.
Messonnier, L.W. Mayer, J.L. Herrmann, sodC-based real-time PCR for detection of Neisseria
meningitidis, PLoS One 6 (5) (2011) e19361.

[47] M.-K. Taha, Simultaneous approach for nonculture PCR-based identification and serogroup prediction
of Neisseria meningitidis, J. Clin. Microbiol. 38 (2) (2000) 855-857.

[48] M. Unemo, O. Norl’en, H. Fredlund, The porA pseudogene of Neisseria gonorrhoeae-low level of genetic
polymorphism and a few, mainly identical, inactivating mutations, APMIS 113 (6) (2005) 410-419.

[49] A. Van der Ende, C.P. Hopman, W.M. Keijzers, L. Spanjaard, E. Lodder, PJ. van Keulen, ]. Dankert,
Outbreak of meningococcal disease caused by PorA-deficient meningococci, ] Infect Dis 187 (5) (2003)
869-871. M. Yekani and M.Y. Memar Clinica Chimica Acta 548 (2023) 117470 11

[50] D.A. Tavares, S. Handem, R.]. Carvalho, A.C. Paulo, H. de Lencastre, J. Hinds, R. S” a-Leao, ~ Identification
of Streptococcus pneumoniae by a real-time PCR assay targeting SP2020, Sci. Rep. 9 (1) (2019) 3285.

[51] M.d.G.S. Carvalho, M.L. Tondella, K. McCaustland, L. Weidlich, L. McGee, L. W. Mayer, A. Steigerwalt, M.
Whaley, R.R. Facklam, B. Fields, G. Carlone, E. W. Ades, R. Dagan, ].S. Sampson, Evaluation and
improvement of real-time PCR assays targeting lytA, ply, and psaA genes for detection of pneumococcal
DNA, J. Clin. Microbiol. 45 (8) (2007) 2460-2466.

[52] D. Guo, Y. Xi, S. Wang, Z. Wang, Is a positive Christie-Atkinson-Munch-Peterson (CAMP) test sensitive
enough for the identification of Streptococcus agalactiae? BMC Infect. Dis. 19 (1) (2019) 1-5.

[53] M. Morozumi, N. Chiba, Y. Igarashi, N. Mitsuhashi, T. Wajima, S. Iwata, K. Ubukata, Direct identification
of Streptococcus agalactiae and capsular type by real-time PCR in vaginal swabs from pregnant
women, |. Infect. Chemother. 21 (1) (2015) 34-38.

[54] D.W. Kim, P.E. Kilgore, E.J. Kim, S.A. Kim, D.D. Anh, M. Seki, Loop-mediated isothermal amplification
assay for detection of Haemophilus influenzae type b in cerebrospinal fluid, ]. Clin. Microbiol. 49 (10)
(2011) 3621-3626.

https://reviewofconphil.com 3780



[55] O. Higgins, E. Clancy, M. Cormican, T.W. Boo, R. Cunney, T.J. Smith, Evaluation of an internally controlled
multiplex Tth endonuclease cleavage loop-mediated isothermal amplification (TEC-LAMP) assay for
the detection of bacterial meningitis pathogens, Int. J. Mol. Sci. 19 (2) (2018) 524.

[56] ].P. McKenna, D.]. Fairley, M.D. Shields, S.L. Cosby, D.E. Wyatt, C. McCaughey, P.V. Coyle, Development and
clinical validation of a loop-mediated isothermal amplification method for the rapid detection of
Neisseria meningitidis, Diagn. Microbiol. Infect. Dis. 69 (2) (2011) 137-144.

[57] T.W. Bourke, ].P. McKenna, P.V. Coyle, M.D. Shields, D.J. Fairley, Diagnostic accuracy of loop-mediated
isothermal amplification as a near-patient test for meningococcal disease in children: an observational
cohort study, Lancet Infect. Dis. 15 (5) (2015) 552-558.

[58] M.Y. Memar, M. Yekani, N. Alizadeh, H.B. Baghi, Hyperbaric oxygen therapy: Antimicrobial mechanisms
and clinical application for infections, Biomed. Pharmacother. 109 (2019) 440-447.

[59] M.Y. Memar, H.B. Baghi, Presepsin: A promising biomarker for the detection of bacterial infections,
Biomed. Pharmacother. 111 (2019) 649-656.

[60] J.-]. Rios-Toro, M. M” arquez-Coello, ].-M. Garcia-Alvarez, * A. Martin-Aspas, R. Rivera-Fern” andez, A. S’
aez de Benito, ].-A. Giron-Gonz “~  alez, C. Lazzeri, Soluble membrane receptors, interleukin 6,
procalcitonin and C reactive protein as prognostic markers in patients with severe sepsis and septic
shock, PLoS One 12 (4) (2017) e0175254.

[61] E. Gruys, M.].M. Toussaint, T.A. Niewold, S.J. Koopmans, Acute phase reaction and acute phase proteins,
J. Zhejiang Univ. Sci. B 6 (11) (2005) 1045-1056.

[62] S. Jain, V. Gautam, S. Naseem, Acute-phase proteins: As diagnostic tool, ]. Pharm. Bioallied Sci. 3 (1)
(2011) 118.

[63] W. Schrod], " R. Biichler, S. Wendler, P. Reinhold, P. Muckova, ]. Reindl, H. Rhode, Acute phase proteins
as promising biomarkers: Perspectives and limitations for human and veterinary medicine,
PROTEOMICS-Clinical Applications 10 (11) (2016) 1077-1092.

[64] M. Jereb, 1. Muzlovic, S. Hojker, F. Strle, Predictive value of serum and cerebrospinal fluid procalcitonin
levels for the diagnosis of bacterial meningitis, Infection 29 (4) (2001) 209-212.

[65] H.H. El shorbagy, N.F. Barseem, W.E. Abdelghani, H.A. Suliman, A.H. Al-shokary, A.E. Elsadek, Y.H.A.
Maksoud, ]J.H. Sabri, The value of serum procalcitonin in acute meningitis in children, ]. Clin. Neurosci.
56 (2018) 28-33.

[66] S. Chaudhary, N.K. Bhatta, M. Lamsal, R.K. Chaudhari, B. Khanal, Serum procalcitonin in bacterial & non-
bacterial meningitis in children, BMC Pediatr. 18 (1) (2018) 1-5.

[67] U.M. Alkholi, N. Abd Al-monem, A.A. Abd El-Azim, M.H. Sultan, Serum procalcitonin in viral and bacterial
meningitis, J. Glob. Infect. 3 (1) (2011) 14.

[68] LM.E. Alons, R.J. Verheul, I. Kuipers, K. Jellema, M.].H. Wermer, A. Algra, G. Ponjee, Procalcitonin in
cerebrospinal fluid in meningitis: a prospective diagnostic study, Brain and behavior 6 (11) (2016)
e00545.

[69] M.M. Casado, EM. Alonso, A.J. Belaunde, E.H. Galvez, " O.T. Encinas, A. Juli” anJim’enez, Ability of
procalcitonin to predict bacterial meningitis in the emergency department, Neurologia (English
Edition) 31 (1) (2016) 9-17.

[70] D. Babenko, A. Seidullayeva, D. Bayesheva, B. Turdalina, B. Omarkulov, A. Almabayeva, M. Zhanaliyeva,
A. Kushugulova, S. Kozhakhmetov, A. Baghban, Ability of procalcitonin and C-reactive protein for
discriminating between bacterial and enteroviral meningitis in children using decision tree, Biomed
Res. Int. 2021 (2021) 1-7.

https://reviewofconphil.com 3781



[71] M.A. Ahmed, G.A. Askar, H.S. Farghaly, A.0. Ahmed, D.T. Kamal, S.S. Ahmed, I. L. Mohamad, Accuracy of
cerebrospinal fluid C-reactive protein and multiplex polymerase chain reaction and serum
procalcitonin in diagnosis of bacterial and viral meningitis in children, Acta Neurol. Taiwan 31 (2022)
61-71.

[72] T.G. Lee, S.T. Yu, C.H. So, Predictive value of C-reactive protein for the diagnosis of meningitis in febrile
infants under 3 months of age in the emergency department, Yeungnam Univ. J. Med. 37 (2) (2020)
106-111.

[73] N.R. Mishra, B.K. Sahoo, R.R. Das, Role of CSF C-Reactive Protein for Rapid Diagnosis and Differentiation
of Different Forms of Meningitis in Children, ]. Clin. Diagn. Res. 12 (8) (2018).

[74] L.S. de Araujo, K. Pessler, K.-W. Siihs, N. Novoselova, E. Klawonn, M. Kuhn, V. Kaever, K. Miiller-Vahl, C.
Trebst, T. Skripuletz, Phosphatidylcholine PC ae C44: 6 in cerebrospinal fluid is a sensitive biomarker
for bacterial meningitis, ]. Transl. Med. 18 (1) (2020) 1-8.

[75] A. Al-MeKkhlafi, K.-W. Siihs, S. Schuchardt, M. Kuhn, K. Miiller-Vahl, C. Trebst, T. Skripuletz, F. Klawonn,
M. Stangel, F. Pessler, Elevated free phosphatidylcholine levels in cerebrospinal fluid distinguish
bacterial from viral CNS infections, Cells 10 (5) (2021) 1115.

[76] A.A. Jebamalar, A.K. Prabhat, N. Balakrishnapillai, P. Parmeswaran, S. R. Dhiman, Cerebrospinal fluid
ferritin and albumin index: potential candidates for scoring system to differentiate between bacterial
and viral meningitis in children, Biomarkers 21 (5) (2016) 424-428.

[77] Y.0.Kim, ].S. Kang, M.H. Youm, Y.J. Woo, Diagnostic capability of CSF ferritin in children with meningitis,
Pediatr. Neurol. 28 (4) (2003) 271-276.

[78] S. Takahashi, ]. Oki, A. Miyamoto, T. Moriyama, A. Asano, F. Inyaku, A. Okuno, Beta-2-microglobulin and
ferritin in cerebrospinal fluid for evaluation of patients with meningitis of different etiologies, Brain
Dev. 21 (3) (1999) 192-199.

[79] M. Dastych, J. Gottwaldov” a, Z. Cerm * " akov” a, Calprotectin and lactoferrin in the cerebrospinal fluid;
biomarkers utilisable for differential diagnostics of bacterial and aseptic meningitis? Clin. Chem. Lab.
Med. (CCLM) 53 (4) (2015) 599-603.

[80] A. Shozan, E. Mohammad, Value of Cerebrospinal Fluid Calprotectin Assay in Patients with Acute
Meningitis, Med. ]. Cairo Univ. 90 (3) (2022) 185-193.

[81] D. Stubljar, A.N. Kopitar, M. Groselj-Grenc, K. Suhadolc, T. Fabjan, M. Skvarc, B. A. Forbes, Diagnostic
accuracy of presepsin (sCD14-ST) for prediction of bacterial infection in cerebrospinal fluid samples
from children with suspected bacterial meningitis or ventriculitis, J. Clin. Microbiol. 53 (4) (2015)
1239-1244.

[82] P.E. Chong, Y. Sakai, H. Torisu, T. Tanaka, K. Furuno, Y. Mizuno, S. Ohga, T. Hara, R. Kira, Leucine-rich
alpha-2 glycoprotein in the cerebrospinal fluid is a potential inflammatory biomarker for meningitis,
J. Neurol. Sci. 392 (2018) 51-55.

[83] K. Talukder, R. Prasad, A. Abhinay, A. Singh, R. Srivastava, O.P. Mishra, T. B. Singh, Cerebrospinal Fluid
Leucine-Rich Alpha-2 Glycoprotein (LRG) Levels in Children with Acute Bacterial Meningitis, Indian J.
Pediatr. 89 (2) (2022) 192-194.

[84] R. Prasad, R. Kapoor, R. Srivastava, O.P. Mishra, T.B. Singh, Cerebrospinal fluid TNF-q, IL-6, and IL-8 in
children with bacterial meningitis, Pediatr. Neurol. 50 (1) (2014) 60-65.

[85] L. Srinivasan, L. Kilpatrick, S.S. Shah, S. Abbasi, M.C. Harris, Cerebrospinal fluid cytokines in the
diagnosis of bacterial meningitis in infants, Pediatr. Res. 80 (4) (2016) 566-572.

https://reviewofconphil.com 3782



[86] Q. Ye, W.-X. Shao, S.-Q. Shang, H.-Q. Shen, X.-]. Chen, Y.-M. Tang, Y.-L. Yu, J.- H. Mao, Clinical value of
assessing cytokine levels for the differential diagnosis of bacterial meningitis in a pediatric population,
Medicine 95 (13) (2016).

[87] W. Takahashi, T.-A. Nakada, R. Abe, K. Tanaka, Y. Matsumura, S. Oda, Usefulness of interleukin 6 levels
in the cerebrospinal fluid for the diagnosis of bacterial meningitis, ]. Crit. Care 29 (4) (2014) 693, el-
693. eb.

[88] A.T. Abdelmoez, D.Z. Zaky, A.M. Maher, Role of cerebrospinal fluid IL-8 as a marker for differentiation
between acute bacterial and aseptic meningitis, ]. Egypt. Soc. Parasitol. 44 (1) (2014) 205-210.

[89] T.W. Du Clos, Function of C-reactive protein, Ann. Med. 32 (4) (2000) 274-278.

[90] R. Tatara, H. Imai, Serum C-reactive protein in the differential diagnosis of childhood meningitis,
Pediatr. Int. 42 (5) (2000) 541-546.

[91] A.S. Dashti, S. Alizadeh, A. Karimi, M. Khalifeh, S.A. Shoja, Diagnostic value of lactate, procalcitonin,
ferritin, serum-C-reactive protein, and other biomarkers in bacterial and viral meningitis: a cross-
sectional study, Medicine 96 (35) (2017).

[92] M. Nadeem, M.S. Alam, M. Singh, Role of CSF-CRP in Diagnosis of Acute Bacterial and Aseptic Meningitis
in Children, Infection 196 (2018) 3366.

[93] K.S. Shimetani, M. Mori, N, Levels of three inflammation markers, C-reactive protein, serum amyloid A
protein and procalcitonin, in the serum and cerebrospinal fluid of patients with meningitis, Scand. J.
Clin. Lab. Invest. 61 (7) (2001) 567-574.

[94] L.U. Gerdes, P. Jgrgenseny, E. Nexg, P. Wang, C-reactive protein and bacterial meningitis: a meta-analysis,
Scand. ]. Clin. Lab. Invest. 58 (5) (1998) 383-394.

[95] P. Sormunen, M.]. Kallio, T. Kilpi, H. Peltola, C-reactive protein is useful in distinguishing Gram stain-
negative bacterial meningitis from viral meningitis in children, ]. Pediatr. 134 (6) (1999) 725-729.

[96] B. Wispelwey, A. Lesse, E. Hansen, W. Scheld, Haemophilus influenzae lipopolysaccharide-induced
blood brain barrier permeability during experimental meningitis in the rat, ]. Clin. Invest. 82 (4)
(1988) 1339-1346.

[97] G. Rajs, Z. Finzi-Yeheskel, A. Rajs, M. Mayer, C-reactive protein concentrations in cerebral spinal fluid in
gram-positive and gram-negative bacterial meningitis, Clin. Chem. 48 (3) (2002) 591-592.

[98] D. Cleland, A. Eranki, Procalcitonin, StatPearls, 2019.

[99] T. Link, R. Jacobson, L. Escorcia, |. Fisher, L. Nguyen, M. Reddy, Procalcitonin and Bacterial Infections in
the Human Body, FASEB J. 34 (S1) (2020) 1.

[100] R.-X. Wu, C.-C. Chiu, T.-C. Lin, Y.-S. Yang, Y. Lee, ]J.-C. Lin, E-Y. Chang, Procalcitonin as a diagnostic
biomarker for septic shock and bloodstream infection in burn patients from the Formosa Fun Coast
dust explosion, J. Microbiol. Immunol. Infect. 50 (6) (2017) 872-878.

[101] J. Thomas, A. Pociute, R. Kevalas, M. Malinauskas, L. Jankauskaite, Blood biomarkers differentiating
viral versus bacterial pneumonia aetiology: a literature review, Ital. J. Pediatr. 46 (1) (2020) 4.

[102] C. Mitaka, Clinical laboratory differentiation of infectious versus non-infectious systemic
inflammatory response syndrome, Clin. Chim. Acta 351 (1-2) (2005) 17-29.

[103] J. Wang, X. Wu, Y. Tian, X. Li, X. Zhao, M. Zhang, Dynamic changes and diagnostic and prognostic
significance of serum PCT, hs-CRP and s-100 protein in central nervous system infection, Exp. Ther.
Med. 16 (6) (2018) 5156-5160.

[104] A. Ernst, N.G. Morgenthaler, K. Buerger, R. Dodel, C. Noelker, N. Sommer, M. Schwarz, ]. Koehrle, A.
Bergmann, H. Hampel, Procalcitonin is elevated in the cerebrospinal fluid of patients with dementia

https://reviewofconphil.com 3783



and acute neuroinflammation, J]. Neuroimmunol. 189 (1-2) (2007) 169-174. M. Yekani and M.Y. Memar
Clinica Chimica Acta 548 (2023) 117470 12

[105] S. Chaudhary, N.K. Bhatta, M. Lamsal, R.K. Chaudhari, B. Khanal, Serum procalcitonin in bacterial &
non-bacterial meningitis in children, BMC Pediatr. 18 (1) (2018) 342.

[106] S.-H. Choi, S.-H. Choi, Predictive performance of serum procalcitonin for the diagnosis of bacterial
meningitis after neurosurgery, Infect. Chemother. 45 (3) (2013) 308-314.

[107] D. Velissaris, M. Pintea, N. Pantzaris, E. Spatha, V. Karamouzos, C. Pierrakos, M. Karanikolas, The role
of procalcitonin in the diagnosis of meningitis: a literature review, J. Clin. Med. 7 (6) (2018) 148.

[108] T. Konstantinidis, D. Cassimos, T. Gioka, C. Tsigalou, T. Parasidis, I. Alexandropoulou, C. Nikolaidis, G.
Kampouromiti, T. Constantinidis, A. Chatzimichael, M. Panopoulou, Can procalcitonin in cerebrospinal
fluid be a diagnostic tool for meningitis? J. Clin. Lab. Anal. 29 (3) (2015) 169-174.

[109] L. Zhang, L. Ma, X. Zhou, J. Meng, ]. Wen, R. Huang, T. Gao, L. Xu, L. Zhu, Diagnostic value of procalcitonin
for bacterial meningitis in children: a comparison analysis between serum and cerebrospinal fluid
procalcitonin levels, Clin. Pediatr. 58 (2) (2019) 159-165.

[110] J.W. Neal, P. Gasque, How does the brain limit the severity of inflammation and tissue injury during
bacterial meningitis? ]. Neuropathol. Exp. Neurol. 72 (5) (2013) 370-385.

[111] S.K. Tayebati, F. Amenta, Choline-containing phospholipids: relevance to brain functional pathways,
Clin. Chem. Lab. Med. 51 (3) (2013) 513-521.

[112] L.S. de Araujo, K. Pessler, K.-W. Siihs, N. Novoselova, F. Klawonn, M. Kuhn, V. Kaever, K. Miiller-Vahl, C.
Trebst, T. Skripuletz, Phosphatidylcholine PC ae C44: 6 in cerebrospinal fluid is a sensitive biomarker
for bacterial meningitis, J. Transl. Med. 18 (1) (2020) 9.

[113] M. Yamamoto, T. Takahashi, S. Serada, T. Sugase, K. Tanaka, Y. Miyazaki, T. Makino, Y. Kurokawa, M.
Yamasaki, K. Nakajima, S. Takiguchi, T. Naka, M. Mori, Y. Doki, Overexpression of leucine-rich a2-

glycoprotein-1 is a prognostic marker and enhances tumor migration in gastric cancer, Cancer Sci. 108
(10) (2017) 2052-2060.

[114] T. Otsuruy, S. Kobayashi, H. Wada, T. Takahashi, K. Gotoh, Y. Iwagami, D. Yamada, T. Noda, T. Asaoka, S.
Serada, Epithelial-mesenchymal transition via transforming growth factor beta in pancreatic cancer is
potentiated by the inflammatory glycoprotein leucine-rich alpha-2 glycoprotein, Cancer Sci. 110 (3)
(2019) 985-996.

[115] R. Nakov, New markers in ulcerative colitis, Clin. Chim. Acta 497 (2019) 141-146.

[116] T. Naka, M. Fujimoto, LRG is a novel inflammatory marker clinically useful for the evaluation of disease
activity in rheumatoid arthritis and inflammatory bowel disease, Immunol. Med. 41 (2) (2018) 62-67.

[117] T-L. Yap, ].D. Fan, Y. Chen, M.E. Ho, C.S. Choo, ]. Allen, Y. Low, A.S. Jacobsen, S. A. Nah, A novel
noninvasive appendicitis score with a urine biomarker, J. Pediatr. Surg. 54 (1) (2019) 91-96.

o dil] Lol AileesSIls Aee ikl Sy 2501 e Aol sg Sl Ll QLA

:ua.‘lv,UJ

Bagazell 3ygbl 3 bl § Aols (Aadtie sl iag ilidg ¥ aaa pexs (CNS) <L 1 3Ll B By Goue g Sl Llewdl CLlls Aalad!
9 SIPIN I3 e 4ol ya9 lidy el < el It 59e 98 (S

B Gagi i Byl a3l Les (531 alhal ae oLl e IS @ Wyl (i lpe¥ (3 s

https://reviewofconphil.com 3784



@) 9 i reatl] e SN po SISl Llradl ol@¥ 58y (Sl (mieddl) Bgen) 2leasSly Aelikl gl Byl sda (i yatadt Bl
e s ! Ll

Stedlsdl Jelas e Bbiedl Gylally caly Aimg « (CSF) Ssadl #laadl Bladl ams el § Lay Asmgse bl chlasdl Jols Joloes el )] @3 okl
Lol gl 28l olatadly cusSO 5585lelly cnsodl Jte Bgemd) ol isll quads Uyl @5 (NGS). JWt desdl Justaads (PCR) sl

glanyls 3eSalanll i (olassily conso sl Sligtans 5L3e «( ol Floall iladl § slandl aall 15 sue glanly @Sl Lladl QLA ozt gbad!
13 bl @ ailisgime o el e g ddl] addl lall 9o LSl g 55 oy o G «(%97-%25) 880 Al a1 Lo selad S @385
allie 402 385 PCR sy o> camginslly awludl a8 USia NGS 9 PCR Ui aubsaedt clianll 3305 Lgemdl colabiall cllac] dasg 5ogusll 5lsl
35< 1> wie %99 Ly Aumgins g %93 Al Lsolus Soidl plosdl Biledl lSY o sl Buguodl 3l Coplal LS Adagadl @ilzll

s/ pme

Gz gamd! AuileosSly e bkl cly gl pedas . culieLall Julasy Jaall 2ladl e Leaad) a1l ol Sl L) ol LSl Gayse il anyt o]
il G Aols oyl s crmns ) Ll sk o @382 OF oS Apealiall Bylall 5548 e il § e ol sl by ddl] e iz J)

Oylell Jadi e S L}Jl

ol QU ! i Lkl 3lendged! Jelas cgumdl ly sl Sad) £loadl Jiladl Sl L] L@l dusbial | o LalI

https://reviewofconphil.com 3785



