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Central nervous system infections (CNSI) are serious life-threatening conditions caused by bacteria, viruses, fungi, and parasites and lead to high morbidity and mortality worldwide. Therefore, rapid identification of causative organisms and appropriate treatment are important. The traditional identification methods are time-consuming and lack sensitivity and specificity. Although culture method is gold standard for CNSI, it is time-consuming and microbiology reporting requires several days. Multiplex PCR assays can detect multiple pathogens simultaneously in clinical samples and overcome the limitations of conventional identification techniques. Despite the availability of several commercial molecular-based platforms for the detection of pathogens causing CNSI, there are still limitations in terms of cost, false positive results, and false negative results, which are limited to targeted pathogens in the panel. Moreover, validation of many commercially available and in-house laboratory-developed molecular assays is still lacking. In addition, molecular diagnostic tests need to be used in correlation with the clinical context to ensure better diagnosis and management of infections.
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1 Introduction

Central nervous system infections (CNSI) are potentially life-threatening conditions, leading to high mortality and morbidity worldwide. The pathogens that cause CNSI are bacteria, mycobacteria, fungi, viruses, and parasites. Therefore, rapid diagnosis, timely treatment, and appropriate management of patients are important (1–3). Although various bacterial species cause CNSI, the most common causative bacteria reported over the last five years in neonates and children are Neisseria meningitidis, Haemophilus influenzae type b, Streptococcus pneumoniae, Streptococcus agalactiae, and Listeria monocytogenes. Additionally, the prevalence of these causative agents depends on the age of the patient and geographical region (4–6). In India, the frequency of bacterial meningitis in children (0–14 years old) ranges from 0.5% to 61.8%, and in meningitis patients of all age groups (0–75 years), the frequency varies from 8.7% to 78.9% (7). According to reports from the Global Burden of Disease (GBD) study of 2019, CNSI is the sixth most common disease among children under the age of 10 years (8) with 2.82 million incident cases and 3,18,400 estimated deaths (9, 10). Over 1.2 million bacterial meningitis cases are estimated to occur annually globally (11). In addition, 1,35,000 cases of mortality due to bacterial meningitis have been reported. The mortality rate in high-resource settings ranges from 10% to 20%, whereas in lower-resource settings, the mortality rate is approximately 50% (6, 12). Viruses, including enteroviruses, herpesviruses, mumps, and flaviviruses with an estimated incidence between 0.26 and 17 cases per 1,00,000. The incidence of aseptic meningitis depends on the age or vaccination status of the population (6). Children and elderly people are at increased risk of aseptic meningitis. Enteroviruses are a common cause of acute inflammation involving the CNS (1, 2, 13). Tuberculous meningitis (TBM) is a severe form of extrapulmonary tuberculosis (EPTB), which constitutes approximately 1%–5% of new cases each year (14). Tuberculous meningitis accounts for a mortality rate of up to 50% in HIV-infected individuals (15). Cryptococcal meningitis is associated with approximately 15% of AIDS-mediated deaths worldwide. In India, the prevalence of cryptococcal meningitis ranges from 2.09% to 53.1% and is most prominent in patients with HIV/AIDS (7). CNSI caused by non-cryptococcus fungi typically results from fungal dissemination (6). The accurate clinical diagnosis of CNSI is clinically challenging because of the overlapping clinical features and symptoms (1, 16).

In recent years, molecular techniques such as nucleic acid amplification tests (NAATs) have been widely used to accurately diagnose bacterial and fungi mediated CNSI. NAATs provide higher pathogen detection rates with higher sensitivity and specificity than conventional methods do (17–19). The utility of real-time polymerase chain reaction (real-time PCR) for diagnosing infections has increased over the last few years (20). Currently, only one FDA-approved multiplex method is the Biofire FilmArray® ME Panel (BioFire, bioMerieux, Salt Lake City, USA), which detects up to 14 pathogens, including bacteria, viruses, and fungi, in cerebrospinal fluid (CSF) samples and is widely used (18). In addition, other methods, including a second closed qualitative multiplex PCR cassette-based panel, the in vitro Diagnostic Devices Directive (CE-IVDD)-marked device, and the QIAstat-Dx Meningitis/Encephalitis (ME) Panel (QIAGEN, Germany), can simultaneously identify and detect up to 15 pathogens (eight bacteria and six viruses and one fungus) in CSF samples. Both panels require only a 200 µl sample without the need for prior extraction, and the yield results are less than 2 h (21). In addition, a novel syndromic nucleic acid amplification-based evaluation system (Xcyton Diagnostics, India) was developed in India and is available to detect 22 pathogens simultaneously in CSF samples (22).

Several other FDA-approved rapid molecular assays are available to detect pathogens from CSF samples, including the Xpert EV assay (Cepheid) for enterovirus detection, the Simplexa HSV 1 & 2 Direct Kit (Focus Diagnostics), and the MultiCode RTx HSV 1 & 2 Kit (Luminex Corporation) to detect herpes viruses 1 and 2 (18). In addition, other commercial molecular panels are available, including multiplex-based Allplex Meningitis panels (SeeGene, Seoul, Republic of Korea), ePlex CNS panels (GenMark Dx, Carlsbad, CA, USA), Fast Track Diagnostics panels such as the FTlyo Viral Meningitis Panel, FTlyo Bacterial Meningitis, FTD Neuro 9, and FTD Neonatal Meningitis (Fast Track Diagnostics, Esch-sur-Alzette, Luxembourg). Furthermore, the Meningitis Viral 1 ELITe MGB® Panel (Elitech InGenious, Puteaux, France) and the Meningitis Viral 2 ELITe MGB® Panel (Elitech InGenious, Puteaux, France) are available to detect pathogens of CNSI. However, clinical validation of these tests is still lacking (23). This review discusses the benefits, limitations, and future scope of current molecular diagnostic methods for detecting pathogens of CNSI in CSF samples.



2 Methods

Relevant articles were identified through literature search on PubMed, Embase, Scopus, Ovid Medline, and Web of Science databases and were restricted to articles published between 2010 and 2023. The following keywords along with Boolean operators AND, OR and NOT, in addition to truncations were used to obtain relevant articles: “molecular diagnostics”, “CNS infection”, “meningitis”, “bacterial meningitis”, “cryptococcal meningitis”, “fungal meningitis”, “viral meningitis”, “aseptic meningitis”, “tuberculous meningitis”, “rapid diagnostics”. We have screened cohort studies, cross-sectional studies, narrative reviews, systematic reviews and case control studies. Only full text articles published in English were included. The title and abstract of the articles were screened and relevant articles were included for the review. The final dataset included 128 full-text articles, meeting the inclusion criteria. The identified articles were reviewed and then classified based on the study and were then collated to understand the various molecular diagnostic methods to detect pathogens of CNSI.



3 Current approaches and diagnostic limitations

Traditionally, the diagnosis of CNSI is based on the analysis of cytological and biochemical profiles of CSF, such as protein, glucose, leukocyte count, Gram staining, fungal yeast detection, and acid-fast bacilli (AFB) staining, for tuberculous meningitis. The conventional culture method for CSF samples remains the gold standard for detecting bacterial meningitis, Cryptococcal meningitis, and tuberculous meningitis (6, 21, 24–26). However, the culture method is time-consuming, and the results are affected by prior antibiotic treatment and hence lack sensitivity (21). Currently, both conventional and molecular approaches are used to diagnose CNSI. CSF Gram stain examination can provide presumptive identification in 50% to 90% of cases. However, its sensitivity ranges from 60% to 90%. In addition, the sensitivity is reduced if the patient is receiving empirical antibiotic treatment before lumbar puncture. The sensitivity of CSF culture ranges between 70% to 90% (6, 27, 28). Encapsulated yeast detection via India ink staining of CSF samples for direct examination of Cryptococcus is possible; however, its sensitivity is as low as 42%. Although conventional fungal culture is the gold standard for diagnosing cryptococcal meningitis, culture requires 10 days for growth to occur (6). Ziehl–Neelsen staining of CSF for the detection of tubercle bacilli is used for the diagnosis of tuberculous meningitis; however, its sensitivity ranges from 10% to 60% (29). CSF culture remains the gold standard for the diagnosis of tuberculous meningitis; however, its sensitivity ranges from 15% to 66%, and its growth requires more than 2 weeks. CSF adenosine deaminase detection is a simple, rapid, and widely used standard method in lower-resource settings. A recent meta-analysis reported that adenosine deaminase has a sensitivity of 89% and specificity of 91% for diagnosing tuberculous meningitis (30, 31). CSF lactate has a sensitivity of 96% and a specificity of 100% in differentiating bacterial meningitis from aseptic meningitis. However, elevated levels of lactate are also observed in other infectious and noninfectious conditions. C-reactive protein and procalcitonin markers in CSF have sensitivities of 92% and 96.4% and specificities of 80% and 84.4%, respectively; however, these markers are not confirmatory markers of CNSI (6). Furthermore, GeneXpert MTB/RIF (Cepheid) is endorsed by the World Health Organization (WHO) and has a sensitivity ranging from 50% to 70% for diagnosing tuberculous meningitis (6, 32, 128). However, currently available molecular methods such as the line probe assay (LPA) and loop-mediated isothermal amplification (LAMP) are cost-prohibitive for low- and middle-income countries. Matrix-assisted laser desorption/ionization time-of-flight mass spectrometry (MALDI-TOF MS) is not commonly used for the diagnosis of CNSI in CSF samples. Furthermore, NAATs, 16S rRNA PCR, sequencing-based next-generation sequencing (NGS), and metagenomic next-generation sequencing (mNGS) methods are extremely expensive, require laboratory expertise and infrastructure, and their utility in the diagnosis of CNSI remains unclear (6, 33, 34). The emergence of various commercially available tests for the diagnosis of CNSI is represented in Figure 1. Viruses are detected in CSF samples using PCR, the viral culture method, and antibody-based detection of viral pathogens. PCR remains the standard method for the identification of viral pathogens in CSF samples (35).
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FIGURE 1
Timeline of commercial and investigational molecular diagnostic tests for diagnosis of meningitis/encephalitis etiology.


Currently, the commercially available BioFire® FilmArray® Meningitis/Encephalitis (ME) Panel is an FDA-approved (2015) multiplex method that simultaneously detects 14 pathogens, including bacteria, viruses, and fungi, in CSF samples (18, 36, 124). However, several researchers have reported false-positive and false-negative results from ME panels, particularly for Cryptococcus, Human Herpes Simplex Virus 1 and 2 (HSV-1 & HSV-2), and this concern has been reported in previous studies (6, 35). In addition, it is not suitable for CSF samples obtained by indwelling CNS medical devices.



4 Molecular-based diagnostic platforms for diagnosing meningitis/encephalitis


4.1 Conventional PCR and multiplex PCR assays

Polymerase chain reaction (PCR) has emerged as a definitive and sensitive diagnostic tool for meningitis and encephalitis (20, 37). Conventional PCR assays detect and identify specific pathogens by amplifying target sequences of DNA or RNA in clinical samples (20, 38). Multiplex PCR was used to detect multiple pathogens simultaneously in a single test. These molecular diagnostic methods provide rapid and accurate results in the detection of pathogens associated with CNSI (39). Additionally, multiplex PCR has the advantage of being able to identify and determine a wide range of pathogens in a single test directly from CSF samples, which can be particularly beneficial in the case of CNSI, where the causative agents can be diverse, such as bacteria, fungi, viruses and parasites (37, 40). However, there are several limitations, including high costs, especially in developing countries where resources may be limited (39, 41). Other limitations include the need for specialized equipment, trained personnel to perform the tests, and chances of false negatives and false positives due to contamination or inadequate sample collection (34, 42).

A study designed an in-house tetraplex-PCR assay to detect three causative bacterial pathogens, S. pneumoniae, H. influenzae, and N. meningitidis, and reported an analytical sensitivity of 792.3 copies/ml when all three pathogens were present in the sample. Clinical validation of the assay was tested in 150 CSF samples, and the assay was compared with a commercial multiplex real-time PCR kit (39). Similarly, another conventional multiplex PCR method was designed for the simultaneous detection of four bacterial pathogens and was validated in 447 CSF samples. A limit of detection of one pg/ml, positive percent agreement (PPA) of 100% (27/27), and negative percent agreement (NPA) of 96.7% (407/420) were reported compared with the culture method as the reference standard (28). Another study developed multiplex PCR coupled with capillary electrophoresis for the simultaneous detection of 18 pathogens. The performance of the assay was validated in 127 CSF samples from children suspected of having viral encephalitis. The concurrence rate between the multiplex PCR and sequencing assays was 91.5%. However, clinical validation was performed in a small sample size and only in patients with viral encephalitis. Further multiplex PCR assays were performed using leftover CSF samples submitted for culture (43). In addition, a prospective study validated PCR in 515 pediatric CSF samples and reported more rapid and sensitive methods than culture methods for the detection of infectious agents (44). Another prospective study from India designed and evaluated conventional multiplex PCR for the simultaneous detection of six bacterial pathogens. The assay was validated in 113 CSF samples from meningitis patients of all age groups, the overall detection rate of the assay was 6%, and the detection limit of the assay was one pg/µl. However, among the samples tested for clinical validation, only a few samples were known to be positive for CNSI (41). In one study, laboratory-developed and commercial PCR-based panels for the identification of bacterial pathogens of CNSI were compared by testing different gene targets, such as ctrA, crgA, and nspA for N. meningitidis, ply for S. pneumoniae, P6, and bexA for H. influenzae. The assay was evaluated in 110 bacterial strain isolates from 134 clinical samples, and the results revealed that in-house PCR is more sensitive, specific, and rapid than commercial PCR-based methods are. Genes such as ply, ctrA, bexA, prf, meth, and cyl have greater detection rates for identifying six bacterial pathogens, including S. pneumoniae, N. meningitidis, H. influenzae, L. monocytogens, E. coli and S. agalactiae, and the validation was tested in 100 CSF samples (45). Similarly, a cross-sectional study using 196 clinical CSF samples obtained from patients with suspected bacterial meningitis revealed that PCR was more sensitive and rapid because the gene targets cspB for S. agalactiae, ctrA for N. meningitidis, ply, and lytA for S. pneumoniae, and bex for H. influenzae type b (46). A study performed multiplex PCR to evaluate the diagnostic yield in 106 cases enrolled for the diagnosis of purulent meningitis in children reported a sensitivity of 100%, 88.9%, and 75% for S. agalactiae, S. pneumoniae, and E. coli K1, respectively, with a specificity greater than 91.3% for all three bacteria compared with culture as the reference standard (47). A study from India developed an in-house 16S rDNA-based nested PCR for the detection of eight bacterial pathogens, and validation in 150 CSF samples showed a sensitivity and specificity greater than 92% (48).

A newly developed duplex PCR method identifies Mycobacterium tuberculosis IS6110 and the eubacteria 16S rDNA sequence and simultaneously identifies tuberculous meningitis and bacterial meningitis in a single reaction. The duplex assay was tested in 150 clinical CSF samples for both tuberculous meningitis and bacterial meningitis and showed an overall specificity of 96.5% and an analytical sensitivity (limit of detection) of 103 cfu/ml for eubacteria and 102 cfu/ml for M. tuberculosis. However, this assay does not include an internal control (49). In addition, a novel single-tube nested PCR-lateral flow strip test (STNPCR-LFST), which targets the IS6110 gene, was designed to detect M. tuberculosis. This method was evaluated in CSF samples and reported 89% sensitivity and 100% specificity for detecting tuberculous meningitis, with better sensitivity than traditional PCR and a detection limit of one fg for tubercle bacilli DNA. Furthermore, it is a rapid and simple method with a sensitivity equivalent to that of the conventional two-step nested PCR method. In addition, STNPCR-LFST reduces the chances of cross-contamination and turnaround time (50). A prospective study evaluated the potential role of IS6110 and protein antigen b detection by PCR in the diagnosis of tuberculous meningitis in children. Clinical validation in 55 tuberculous meningitis cases and 20 controls revealed that PCR-based detection of both IS6110 and protein antigen b in CSF samples has greater sensitivity and 100% specificity than smear, LJ, and BACTEC cultures do (51). Another study using nested PCR targeting p32, IS6110, mtp40, and internal fragment of mtp40 gene fragments for tuberculous meningitis patients revealed 98% sensitivity and 92% specificity (52) (Table 1). Several previous studies used traditional two-step nested PCR-based detection of the IS6110 sequence for the detection of tuberculous meningitis and reported high sensitivities ranging from 75% to 98% (50). Many multiplex PCR assays have been developed in previous studies. These multiplex PCR assays are more effective than conventional culture methods in detecting pathogens causing meningitis. (Table 1) describes the various gene targets used, and the sensitivity and specificity of the molecular assays used to identify the etiology of CNSI.


TABLE 1 Gene targets used in conventional PCR, Multiplex PCR, Real-time PCR, LAMP, laboratory developed tests and commercial assay-based detection of meningitis/encephalitis in CSF sample.

[image: Table 1]



4.2 End-point real-time PCR assays

Real-time PCR assays have emerged as valuable tools for identifying and detecting meningitis pathogens in CSF samples (20, 38, 53). These assays utilize primers and fluorescent probes to target and amplify the DNA or RNA of pathogens and provide rapid and sensitive detection of pathogens (54–56). Real-time PCR assays provide several advantages over conventional methods for the detection of pathogens of CNSI (6, 57). These methods include automation, increased sensitivity, and specificity and yield rapid results within 2 h after the DNA extraction process. Furthermore, real-time PCR assays can detect multiple pathogens simultaneously, enabling efficient and comprehensive testing (41, 58, 59). Additionally, the use of automated DNA extraction, liquid handling, PCR, and analysis on a single platform allows for high-throughput and quick turnaround times of clinical samples, leading to faster diagnosis and timely treatment (34, 60, 61). However, several drawbacks need to be considered. The utility of real-time PCR in low-resource settings is limited because of the high cost of the equipment and reagents involved; hence, conventional methods are still more feasible in low-resource settings (62, 63). Additionally, the requirement of technical expertise to perform the assay and interpret the results of real-time PCR assays may not be readily available in all healthcare facilities, which may lead to challenges for the utility of real-time PCR (32, 64).

Multiplex real-time PCR assays have been developed for the direct detection of three targeted bacterial pathogens, S. pneumoniae, H. influenzae, and N. meningitidis, in clinical samples without the need for DNA extraction (53, 65, 127). Similarly, another study designed a multiplex real-time PCR panel for the detection of six pathogens in CSF samples. This method was evaluated in 296 CSF samples from hospitalized patients with suspected bacterial meningitis. Among the 296 samples, 45 patients were suspected of having bacterial meningitis. Among the 45 patients with suspected bacterial meningitis, 32 CSF samples (70%) tested positive by microscopy, culture methods, molecular methods, and latex agglutination tests. However, only 15 CSF samples (approximately 33%) tested positive for meningitis by real-time PCR. The remaining 251 CSF samples were negative according to all the tested methods. The limitation of the assay was that the validation was performed with a relatively small sample size (54). A recent study from Mexico evaluated the role of real-time PCR in CSF samples as a diagnostic test for bacterial meningitis. A total of 512 CSF samples were obtained from suspected cases of CNSI and tested via real-time PCR for three pathogens, S. pneumoniae, N. meningitidis, and H. influenzae, which showed a diagnostic sensitivity and specificity of 100% and 95.46%, respectively, compared with culture methods (20). One study developed a duplex real-time PCR assay using SYBR Green integrated with melt curve analysis to detect S. pneumoniae and N. meningitidis in CSF samples, which was evaluated in 132 CSF samples from suspected bacterial meningitis patients and reported to have 100% sensitivity and specificity. However, a limitation of this study was that internal controls were not included, and a few CSF samples were positive for S. pneumoniae (22/132) and N. meningitidis (18/132). Therefore, this assay requires further validation in a larger sample size (60). Similarly, another study developed an Eva Green dye-based real-time PCR method for the detection of S. pneumoniae and N. meningitidis and validated it in 53 positive and seven negative CSF samples, which showed 100% analytical specificity and sensitivity (10).

Multiplex PCR was developed to detect three bacterial pathogens, was validated in 122 CSF samples, and reported a sensitivity of 100% (66). In contrast, one study reported a diagnostic sensitivity and specificity of 100% and 92.9%, respectively, for multiplex PCR of 212 CSF samples tested to identify and detect bacterial meningitis pathogens (67) (Table 1). A study developed two multiplex real-time PCR assays to detect three bacteria (S. pneumoniae, N. meningitidis, and H. influenzae) and three viruses (Enteroviruses, Mumps virus, Herpes Simplex Virus). Among 292 CSF samples, bacterial DNA was detected in 12 (4.1%) samples, and viral nucleic acid was detected in 94 (32%) samples. Compared with culture methods, bacterial real-time PCR showed an overall diagnostic sensitivity and specificity of 100% and 97.2%, respectively (55). A previous study developed a fluorescent hydrolysis probe-based TaqMan real-time PCR for the simultaneous detection of bacteria and fungi (11 gram-positive bacteria, nine gram-negative bacteria, and nine fungal species) in CSF samples. The assay was tested in 137 CSF samples and was shown to have a greater positive rate than the culture method. However, the limitation of this assay is that the conserved sequence selected is short region, and the designed universal primers and probes are not optimal, which may affect the sensitivity and specificity of the assay (68).

In an Indian study, rpoB, IS6110, and MPB64 were used as gene targets to assess the clinical utility of real-time PCR for the detection of tuberculous meningitis in 110 patients. Drug resistance was detected via high-resolution melt curve (HRM) analysis via rpoB gene amplicons, and the study reported 83.63% sensitivity and 100% specificity. Additionally, rpoB and MPB64 real-time PCR exhibited greater sensitivity than IS6110 real-time PCR (76.36%) in detecting rifampicin resistance in three out of 110 patients with tuberculous meningitis (69). In contrast, a previous study developed real-time PCR for the detection of tuberculous meningitis and compared its diagnostic performance with that of GeneXpert (Xpert), Mycobacteria Growth Indicator Tube (MGIT), and multiplex PCR (MPCR). The optimal cycle threshold (Ct) of real-time PCR was determined by comparing different gene targets of tubercle bacilli (IS6110, 16SrRNA, HSP65, and Ag85B) and reported sensitivities of 36.7%, 21.1%, 16.7%, and 6.7%, respectively, and specificities of 97.6%, 100%, 100%, and 100%, respectively, for the IS6110RT‒PCR, MPCR, Xpert, and MGIT detection methods against the composite reference standards of definite, probable, and possible tuberculous meningitis; the sensitivity of the IS6110RT‒PCR method was greater than those of the 16SrRNA, HSP65, and Ag85B methods (63). The diagnostic performance of GeneXpert and multiplex PCR was tested using IS6110, MPB64, and protein B genes in 225 CSF samples to diagnose tuberculous meningitis, and MPCR was found to be a more sensitive method than GeneXpert (70). Moreover, several other investigations have shown that, compared with traditional PCR, IS6110 gene-based real-time PCR has an average sensitivity of 86% for diagnosing tuberculous meningitis (58, 71, 72).

Currently, commercially available panels, such as the Biofire FilmArray® ME Panel (BioFire, bioMerieux, Salt Lake City, USA), are used for the evaluation of CSF samples. A prospective study evaluated the ME panel in 1,560 CSF samples and reported that the sensitivity of the ME panel ranged from 85.7% for HHV-6 to 100% for nine of the 14 pathogens. The specificity of the ME panel was 99.2% or greater for all 14 pathogens. Additionally, according to the results from the meta-analysis of the ME panel, the pooled sensitivity was 90.2%, and the sensitivity was 97.7%. However, investigators have raised concerns about using ME panels because of false negatives and false positive results (3, 9, 73, 74) (Table 2). In a multicenter study, a multiplex qualitative QIAstat-Dx Meningitis/Encephalitis (ME) Panel was compared with a Biofire Film array panel, which included 585 retrospective residual CSF samples and analyzed 367 surviving samples. Compared with the BioFire FilmArray ME Panel, the QIAstat-Dx ME Panel had 100% positive percent agreement (PPA) for Neisseria meningitidis, Streptococcus agalactiae, Escherichia coli K1, Listeria monocytogenes, and Cryptococcus species in clinical samples. The negative percent agreement (NPA) value of the QIAstat-Dx ME Panel was >99% for each of the six bacterial species and one fungal target (21).


TABLE 2 Description of commercial or investigational molecular tests available for diagnosis of meningitis/encephalitis etiology and their features.
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A retrospective study compared the diagnostic utility of a commercially available Multiplex Syndromic Evaluation System (SES), which was tested in 110 patients, with that of the standard culture method and reported that SES has a sensitivity of 42.18% and specificity of 100%. However, this study has the limitation of a small sample size. Furthermore, other commercial molecular panels that detect bacterial, fungal, or viral pathogens are available, but clinical validation of these panels is still lacking (Table 2). Therefore, further investigations are needed to test the clinical significance of the SES (75). Advanced cartridge-based real-time PCRs, such as GeneXpert MTB/RIF and GeneXpert MTB/RIF ultra, are commercially available and are fully automated systems designed by Cepheid (United States) for the simultaneous identification of tubercle bacilli and rifampicin resistance in CSF and other clinical specimens. Various studies have revealed that the diagnostic performance of GeneXpert MTB/RIF is suboptimal for tuberculous meningitis (76) and has a combined sensitivity of 24% to 86% and specificity of 98.6% (70, 77). Although the GeneXpert MTB/GeneXpert MTB RIF Ultra has high specificity, it lacks promising sensitivity and has a negative predictive value for ruling out tuberculous meningitis. However, GeneXpert Ultra is transformational and has more benefits than Xpert in the diagnosis of tuberculous meningitis. A commercial TaqMan array card (CNS-TAC) was recently designed that detects twenty-one pathogens simultaneously, and its clinical validation in 120 CSF samples showed 85.6% sensitivity and 96.7% specificity (78). Tables 2, 3 summarize the sensitivity, specificity, performance, limitations, and benefits of these methods.


TABLE 3 The diagnostic performance of selected tests for the diagnosis of etiology of meningitis/encephalitis in CSF sample.
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4.3 Loop-mediated isothermal amplification-based assays

In recent years, loop-mediated isothermal amplification (LAMP) assays have gained attention as alternative methods for the detection of CNS pathogens (56, 79). LAMP assays were developed in 2000 and 2011 (125, 126) (Figure 1). LAMP amplifies specific DNA targets via two primer sets, buffers, and DNA polymerase, and its efficiency is not affected by PCR inhibitors (34, 58, 80). These assays offer several advantages over conventional PCR, including simplified and rapid amplification techniques that do not require complex thermocycling equipment (79, 80). LAMP assays are more sensitive and specific for detecting a broad range of CNS pathogens, including bacteria, fungi, and viruses. Furthermore, LAMP assays can be performed in point-of-care settings, allowing for rapid diagnosis and initiation of appropriate treatment (81–83). These assays hold great promise for the early and accurate diagnosis of CNSI, particularly in resource-limited settings where access to sophisticated laboratory equipment is limited (84).

Various LAMP assays have been developed for the diagnosis of bacterial pathogens (Table 1). A 16S rRNA-based one-tube LAMP assay was designed for the detection of S. aureus, S. pneumoniae, S. suis, and S. agalactiae. The results demonstrated that the LAMP assay was more sensitive and specific than conventional PCR and lacked cross-reactivity with other targeted pathogens, such as H. influenzae, N. meningitidis, and Escherichia coli. However, this assay was performed on cultured isolates but has not been validated in CSF samples; therefore, further testing in clinical samples is needed (85). Similarly, a real-time fluorescence LAMP assay was designed to detect Streptococcus agalactiae (62). A study on a LAMP assay for the detection of N. meningitidis reported 94% sensitivity and 100% specificity (83).

A recent study from India developed a multitargeted LAMP (MLAMP) assay using the gene targets sdaA, IS1081, and IS6110, which was validated in 300 CSF samples and showed a diagnostic sensitivity of 88% and specificity of 100% compared with probable cases of tuberculous meningitis and the conventional culture method (79). A meta-analysis of LAMP revealed a combined sensitivity of 77% and specificity of 99% for diagnosing extrapulmonary tuberculosis (86). In contrast, the IS6110-based LAMP assay provided 43% sensitivity and 92.9% specificity for diagnosing tuberculous meningitis (87). A study from India retrospectively evaluated the LAMP assay in 27 CSF samples and reported 88% sensitivity and 80% specificity in comparison with nested PCR as the reference standard, which produced 52.9% specificity and 90% specificity for detecting tuberculous meningitis (81). However, it is uncertain whether LAMP technology can be used as a rule-out test in TB diagnosis. Thus, further research is needed to demonstrate the effectiveness of LAMP in diagnosing tuberculous meningitis. Visible DNA microarray platforms and LAMP were designed to detect Cryptococcus species in CSF samples by targeting the ITS region and CAP59 gene. Among the 133 CSF samples tested, 73% were correctly identified by the CAP59 gene, whereas 45.5% were correctly identified by the ITS region. The CAP59 gene correctly identified 100% of the Cryptococcus isolates, and the ITS platform correctly detected 70% of the Cryptococcus isolates. However, for CSF samples, amplification was observed in only 55.5% of C. neoformans (88). In addition, the LAMP-based microfluidic model was designed for the detection of Cryptococcus (89). Furthermore, researchers from China have evaluated five methods (India ink, conventional culture, LAMP, LFA, and real-time PCR) to diagnose cryptococcal meningitis in non-HIV-infected patients; of the 85 CSF samples tested, the lateral flow assay (LFA) had a high positive detection rate of 97.6%, whereas LAMP had a positive rate of 87.1% compared with that of India ink, culture, and real-time PCR assays (90). Multiplex LAMP assays are difficult to design. However, a novel modified LAMP assay called Tth Endonuclease Cleavage (TEC) LAMP was developed. It is based on the Tth endonuclease IV with unique primers and probes to simultaneously detect bacterial meningitis pathogens such as S. pneumoniae, N. meningitidis, and H. influenzae. In this assay, 168 bacterial strains were tested, and the results demonstrated that the TEC-LAMP assay was 100% specific, with limits of detection for S. pneumoniae, N. meningitidis, and H. influenzae of 39.5, 17.3, and 25.9 genome copies per reaction, respectively. Additionally, 65 archived PCR-positive samples were tested for clinical performance, and the results revealed a diagnostic sensitivity and specificity of 92.3% and 100%, respectively (91). A commercial multiplex real-time LAMP-based Eazyplex® CSF direct M panel is available for detecting bacterial meningitis pathogens. The clinical validation data of the panel are still lacking (Table 2) (84). A paper-based device was developed in a study to perform LAMP with simultaneous real-time detection of several DNA targets. In three CSF DNA samples from confirmed CNSI cases, the developed platform detects up to 102–105 copies of genomic DNA, and the paper-based platforms are easy to use, economical, and suitable for point-of-care testing (92).



4.4 Next-generation sequencing and metagenomic next-generation sequencing assays

The use of metagenomic next-generation sequencing (mNGS) and next-generation sequencing (NGS) assays for the diagnosis of CNSI has gained popularity in recent years (93). These methods can simultaneously detect multiple pathogens, including viruses, bacteria, and fungi, in a single test and offer several advantages over traditional methods. Furthermore, NGS and mNGS have the potential to identify novel or rare pathogens that may not be targeted by traditional diagnostic methods (94). Lin et al. reported that NGS integrated with culture could improve the detection rate for diagnosing tuberculous meningitis (95). A retrospective analysis of CSF samples from 66 suspected tuberculous meningitis patients reported increased sensitivity (65.8%) and specificity (71.4%) of mNGS compared with traditional methods (96). In another study, an mNGS assay was designed and validated for the diagnosis of CNSI in 95 CSF samples, and the results revealed 73% sensitivity and 99% specificity compared with those of standard methods. Furthermore, the assay was tested in 20 known positive CSF samples and showed 92% sensitivity and 96% specificity compared with conventional methods (97). Similarly, another study tested 74 residual CSF samples by mNGS and reported that the diagnostic accuracy, sensitivity, and specificity of mNGS with respect to conventional methods were 100%, 95%, and 96%, respectively (94). A retrospective examination of CSF samples from 51 suspected tuberculous meningitis patients examined by mNGS in comparison with four other tests revealed that mNGS had a much higher diagnostic sensitivity than AFB (84.4%), MGIT 960 (22.2%), MTB PCR (24.4%), and Xpert (40%) (98). Another retrospective study revealed greater sensitivity (66.7%) of mNGS than other methods, including Z-N staining (33.3%), PCR (25%), and culture (8.33%) (99). However, the interpretation of mNGS along with modified Z-N staining or Xpert can improve the diagnostic sensitivity of tuberculous meningitis (14). A recent systematic review and meta-analysis of mNGS for diagnosing tuberculous meningitis revealed a pooled sensitivity of 62% and specificity of 99% (30). In the diagnosis of Cryptococcal meningitis in HIV-negative individuals, mNGS showed 93.5% sensitivity, 96% specificity, and 95.4% concordance. However, mNGS has less sensitivity and concordance than Crag tests do (97.4%) (26). Despite the moderate sensitivity of mNGS, it has high specificity for pathogen detection. However, its clinical significance remains unclear. Therefore, further research is needed to assess the role of mNGS in the diagnosis of CNSI. The diagnostic performance of common molecular diagnostic techniques is summarized in Table 3.



4.5 Other techniques for the diagnosis of meningitis/encephalitis

The high-resolution melting curve technique offers a promising approach for diagnosing CNSI. This technique uses the analysis of DNA melting curves to detect and differentiate specific pathogens responsible for these infections (2, 20, 100). It assesses the changes in DNA melting patterns and identifies the presence of bacterial, viral, or fungal DNA in CSF with high accuracy and specificity. This technique offers several advantages over traditional methods such as culture and PCR, including its quick turnaround time, cost-effectiveness due to probe-free detection, and potential to detect multiple pathogens simultaneously in a single test (19, 34, 101, 102). High-resolution melting (HRM) qualitative PCR was developed for the simultaneous detection of N. meningitidis, H. influenzae, and S. pneumoniae and is highly sensitive compared with TaqMan-based real-time PCR (59). The utility of HRM has been tested in 110 patients with tuberculous meningitis, and it was found to be effective in the detection of tuberculous meningitis and rifampin resistance (rpoB) (69). A polymer/paper hybrid microfluidic biochip integrated with LAMP that is instrument-free has been developed to detect N. meningitidis, S. pneumoniae, and H. influenzae type b (Hib), which is sensitive and specific and has the potential to be used for point-of-care diagnosis (103). The potential of the MALDI-TOF assay was assessed in smear-positive CSF samples, revealing that it is useful for quick identification of gram-negative rods directly in smear-positive CSF samples but not in gram-positive bacteria (104). An in-house-developed duplex recombinase polymerase amplification (RPA) assay was developed to detect S. pneumoniae, N. meningitidis, and H. influenzae and was compared with real-time PCR. The developed RPA was validated in 64 PCR-positive clinical samples and showed diagnostic sensitivities of 100%, 86.3%, and 100%, respectively, and 100% specificity for all three pathogens (105). Similarly, the real-time nucleic acid sequence-based amplification (NASBA) detection method is designed to detect RNA transcripts of H. influenzae, N. meningitidis, and S. pneumoniae, and validation of the assay showed 100% specificity (106). The diagnostic accuracy of digital PCR targeting the IS6110 gene for identifying tuberculous meningitis was tested in 101 patients, and the sensitivity of digital PCR (70.4%) was greater than that of Xpert MTB/RIF (29.6%) (32). The efficacy of the CRISPR-based assay for the treatment of tuberculous meningitis was tested in 27 CSF samples, and it reported higher sensitivity (73%) than did culture and Xpert (107). A previous multicentric study validated the commercially available Geno Type MTBDRplus line probe method for the detection of isoniazid- and rifampicin-resistant Mycobacterium tuberculosis isolates. The method was validated in 89 culture-positive Mycobacterium tuberculosis isolates and reported 93% sensitivity and 97% specificity for isoniazid resistance and 80% sensitivity and 98.8% specificity for rifampicin resistance. The results of the Geno Type MTBDRplus line probe method were compared with drug susceptibility testing reports of the BACTEC MGIT 960 system as the gold standard (108). In addition, Simple Label-free Imidoesters Microfluidica simple label-free imidoesters microfluidic system (SLIM) was developed and validated in 72 suspected cases of tuberculous meningitis in non-HIV patients. The results were compared with those of mycobacterial culture and GeneXpert as reference methods and revealed a sensitivity of 100% and a specificity of 92%. However, the SLIM method was tested in a small sample size, and further validation in larger samples is needed to confirm the utility of this assay (109). A novel multiplex PCR Mag-Array system was designed on the basis of chimeric primers, temperature switch PCR, and MagPlex-TAG techniques for the simultaneous detection of 13 viruses. This system was tested in 177 CSF samples and has high specificity (110). Overall, various studies have developed many molecular assays based on different methodologies. However, the results of these studies were limited in terms of sample size. Therefore, larger studies are needed to evaluate the clinical significance of these assays.




5 Conclusion

The clinical diagnosis of CNSI remains challenging due to the diverse etiologies of pathogens. Despite the existence of numerous diagnostic modalities, there are still drawbacks. For example, the use of Xpert Ultra for the detection of MTB, including mNGS, has low sensitivity. Currently available commercial platforms are expensive. However, significant advancements have been made in the development of molecular-based assays for the diagnosis of meningitis/encephalitis. The detection of host-based biomarkers in CSF, serum, or plasma such as microRNA levels and mixed signatures are yet to be studied in tuberculous meningitis, and pathogen-based biomarkers (example: RNA, volatile organic chemicals not yet explored in tuberculous meningitis) may aid in early diagnosis compared with nucleic acid testing. Furthermore, Rapid Diagnostic Tests (RDTs) and point-of-care tests provides rapid diagnosis that need to be strengthened. Emerging technologies such as the CRISPR-Cas9 technology and microfluidics-based systems have the potential to detect pathogens but require further investigation. Although cutting-edge technologies such as NGS and mNGS hold significant promise, due to extensive requirements for bioinformatics and sample processing, they are expensive. The role of NGS and mNGS remains unclear. Future research should focus on developing molecular techniques by improving the performance of existing targets and identifying alternative diagnostic targets to enhance sensitivity and specificity. Furthermore, rapid, cost-effective, and affordable tests are need to be developed for diagnosis in lower resource settings. However, all these molecular diagnostic tests cannot be used indiscriminately and need to be used in correlation with the clinical context. Also, it is important that any molecular diagnostic method implementation/utilization has to be done in partnership with the clinician. This ensures that there is clear understanding of the given test/method characteristics (sensitivity/specificity/false predictive values etc.) and interpretation of the result of molecular diagnostic tests with the clinical background and knowledge of the common local pathogens causing the CNSI improves the quality of the diagnosis.



Author contributions

MPV: Data curation, Formal analysis, Investigation, Methodology, Software, Writing – original draft. DU: Conceptualization, Supervision, Validation, Writing – review & editing. PPY: Methodology, Supervision, Validation, Writing – review & editing. AV: Methodology, Writing – original draft. SP: Methodology, Writing – original draft. ANP: Conceptualization, Supervision, Validation, Writing – review & editing. KS: Conceptualization, Supervision, Validation, Writing – review & editing. KSS: Conceptualization, Project administration, Supervision, Validation, Visualization, Writing – review & editing.



Funding

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



Acknowledgments

The authors thank Manipal Academy of Higher Education and Department of Science and Technology-Science and Engineering Research Board (DST-SERB—CRG/2021/001570), Government of India for the support.



Conflict of interest

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



Publisher's note

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



References

1. Liesman RM, Strasburg AP, Heitman AK, Theel ES, Patel R, Binnicker MJ. Evaluation of a commercial multiplex molecular panel for diagnosis of infectious meningitis and encephalitis. J Clin Microbiol. (2018) 56(4):e01927–17. doi: 10.1128/JCM.01927-17

2. Long F, Kong M, Wu S, Zhang W, Liao Q, Peng Z, et al. Development and validation of an advanced fragment analysis-based assay for the detection of 22 pathogens in the cerebrospinal fluid of patients with meningitis and encephalitis. J Clin Lab Anal. (2019) 33(3):e22707. doi: 10.1002/jcla.22707

3. Fleischer E, Aronson PL. Rapid diagnostic tests for meningitis and encephalitis-BioFire. Pediatr Emerg Care. (2020) 36(8):397–401. doi: 10.1097/PEC.0000000000002180

4. Wagner K, Springer B, Pires VP, Keller PM. Pathogen identification by Multiplex LightMix real-time PCR assay in patients with meningitis and culture-negative cerebrospinal fluid specimens. J Clin Microbiol. (2018) 56(2):e01492–17. doi: 10.1128/JCM.01492-17

5. Du B, Hua C, Xia Y, Li J, Xie Y, Tao Y, et al. Evaluation of the BioFire FilmArray meningitis/encephalitis panel for the detection of bacteria and yeast in Chinese children. Ann Transl Med. (2019) 7(18):437. doi: 10.21037/atm.2019.08.103

6. Poplin V, Boulware DR, Bahr NC. Methods for rapid diagnosis of meningitis etiology in adults. Biomark Med. (2020) 14(6):459–79. doi: 10.2217/bmm-2019-0333

7. Ghia CJ, Rambhad GS. A systematic literature review on the prevalence and etiology of meningitis among critically ill and hospitalized patients in India. Ther Adv Infect Dis. (2021) 8:20499361211046453. doi: 10.1177/20499361211046453

8. GBD. Global burden of 369 diseases and injuries in 204 countries and territories, 1990–2019: a systematic analysis for the Global Burden of Disease Study 2019. Lancet. (2020) 396(10258):1204–22. doi: 10.1016/S0140-6736(20)30925-9

9. Penata A, Mesa S, Leal A, Peñata A, Castaño T, Bustamante J, et al. Molecular diagnosis of meningitis and meningoencephalitis with an automated real-time multiplex polymerase chain reaction in a tertiary reference complex in Medellín, Colombia. Rev Inst Med Trop Sao Paulo. (2020) 62:e77. doi: 10.1590/S1678-9946202062077

10. Sohrabi M, Alebouyeh M, Fallah F, Tahmasebi F, Goudarzi H, Kazemi Aghdam M. Designing and development of simultaneous detection of Neisseria meningitidis and Streptococcus pneumoniae based on EvaGreen real-time PCR. Arch Clin Infect Dis. (2022) 17(2):e129075. doi: 10.5812/archcid-129075

11. Castillo D, Harcourt B, Hatcher C, Jackson M, Katz L, Mair R, et al. Laboratory Methods for the Diagnosis of Meningitis Caused by Neisseria meningitidis, Streptococcus pneumoniae, and Haemophilus influenzae. 2nd ed. Geneva: WHO (2011)..

12. Alnomasy SF, Alotaibi BS, Mujamammi AH, Hassan EA, Ali ME. Microbial aspects and potential markers for differentiation between bacterial and viral meningitis among adult patients. PLoS One. (2021) 16(6):e0251518. doi: 10.1371/journal.pone.0251518

13. Zida S, Kolia-Diafouka P, Kania D, Kolia-Diafouka P, Sotto A, Foulongne V, et al. Combined testing for herpes simplex virus and Mycobacterium tuberculosis DNA in cerebrospinal fluid of patients with aseptic meningitis in Burkina Faso, West Africa. J Clin Lab Anal. (2019) 33(3):e22719. doi: 10.1002/jcla.22719

14. Chen Y, Wang Y, Liu X, Li W, Fu H, Zhang X, et al. Comparative diagnostic utility of metagenomic next-generation sequencing, GeneXpert, modified Ziehl-Neelsen staining, and culture using cerebrospinal fluid for tuberculous meningitis: a multi-center, retrospective study in China. J Clin Lab Anal. (2022) 36(4):e24307. doi: 10.1002/jcla.24307

15. Wilkinson RJ, Rohlwink U, Misra UK, van Crevel R, Mai NTH, Dooley KE, et al. Tuberculous meningitis international research consortium. Tuberculous meningitis. Nat Rev Neurol. (2017) 13(10):581–98. doi: 10.1038/nrneurol.2017.120

16. Precit MR, Yee R, Pandey U, Fahit M, Pool C, Naccache SN, et al. Cerebrospinal fluid findings are poor predictors of appropriate FilmArray meningitis/encephalitis panel utilization in pediatric patients. J Clin Microbiol. (2020) 58(3):e01592–19. doi: 10.1128/JCM.01592-19

17. de Filippis I, de Andrade CF, Caldeira N, de Azevedo AC, de Almeida AE. Comparison of PCR-based methods for the simultaneous detection of Neisseria meningitidis, Haemophilus influenzae, and Streptococcus pneumoniae in clinical samples. Braz J Infect Dis. (2016) 20(4):335–41. doi: 10.1016/j.bjid.2016.04.005

18. Tarai B, Das P. Filmarray® meningitis/encephalitis (ME) panel, a rapid molecular platform for diagnosis of CNS infections in a tertiary care hospital in north India: one-and-half-year review. Neurol Sci. (2019) 40(1):81–8. doi: 10.1007/s10072-018-3584-y

19. Houlihan CF, Bharucha T, Breuer J. Advances in molecular diagnostic testing for central nervous system infections. Curr Opin Infect Dis. (2019) 32(3):244–50. doi: 10.1097/QCO.0000000000000548

20. Carnalla-Barajas MN, Soto-Nogueron A, Martinez-Medina L, Soto-Noguerón A, Martínez-Medina L, Olvera-Herrera ME, et al. Diagnosis of bacterial meningitis caused by Streptococcus pneumoniae, Neisseria meningitidis, and Haemophilus influenzae using a multiplex real-time PCR technique. Braz J Microbiol. (2022) 53(4):1951–8. doi: 10.1007/s42770-022-00826-x

21. Sundelin T, Bialas J, de Diego J, Hermanowski M, Leibhan H, Ponderand L, et al. Evaluation of the QIAstat-Dx Meningitis/encephalitis panel, a multiplex PCR platform for the detection of community-acquired meningoencephalitis. J Clin Microbiol. (2023) 61(10):e0042623. doi: 10.1128/jcm.00426-23

22. Govekar S, Anand S, Lakshman LP, Vasanthapuram R, Banda RV. Syndrome evaluation system for simultaneous detection pathogens causing acute encephalitic syndrome in India, part-1: development and standardization of the assay. Front Med (Lausanne). (2018) 5:208. doi: 10.3389/fmed.2018.00208

23. Vetter P, Schibler M, Herrmann JL, Boutolleau D. Diagnostic challenges of central nervous system infection: extensive multiplex panels versus stepwise guided approach. Clin Microbiol Infect. (2020) 26(6):706–12. doi: 10.1016/j.cmi.2019.12.013

24. Chauhan D, Mokta K, Kanga A, Grover N. Epidemiology, clinical profile and role of rapid tests in the diagnosis of acute bacterial meningitis in children (aged 1–59 months). Neurol India. (2018) 66(4):1045–9. doi: 10.4103/0028-3886.236972

25. Bhasin H, Goyal M, Sharma S. Advances in the diagnosis and management of tubercular meningitis in children. Indian J Pediatr. (2020) 87(1):26–33. doi: 10.1007/s12098-019-03089-x

26. Gan Z, Liu J, Wang Y, Yang L, Lou Z, Xia H, et al. Performance of metagenomic next-generation sequencing for the diagnosis of cryptococcal meningitis in HIV-negative patients. Front Cell Infect Microbiol. (2022) 12:831959. doi: 10.3389/fcimb.2022.831959

27. Wu HM, Cordeiro SM, Harcourt BH, Carvalho MdGS, Azevedo J, Oliveira TQ, et al. Accuracy of real-time PCR, gram stain and culture for Streptococcus pneumoniae, Neisseria meningitidis and Haemophilus influenzae meningitis diagnosis. BMC Infect Dis. (2013) 13:26. doi: 10.1186/1471-2334-13-26

28. Albuquerque RC, Moreno ACR, Dos Santos SR, Ragazzi SLB, Martinez MB. Multiplex-PCR for diagnosis of bacterial meningitis. Braz J Microbiol. (2019) 50(2):435–43. doi: 10.1007/s42770-019-00055-9

29. de Almeida SM, Kussen GMB, Cogo L, Carvalho JH, Nogueira K. Diagnostic characteristics of Xpert MTB/RIF assay for the diagnosis of tuberculous meningitis and rifampicin resistance in Southern Brazil. Arq Neuropsiquiatr. (2020) 78(11):700–7. doi: 10.1590/0004-282X20200067

30. Xiang ZB, Leng EL, Cao WF, Liu S-M, Zhou Y-L, Luo C-Q, et al. A systematic review and meta-analysis of the diagnostic accuracy of metagenomic next-generation sequencing for diagnosing tuberculous meningitis. Front Immunol. (2023) 14:1223675. doi: 10.3389/fimmu.2023.1223675

31. Milburn J, Suresh R, Doyle R, Jarvis JN. The diagnosis of central nervous system infections in resource-limited settings and the use of novel and molecular diagnostic platforms to improve diagnosis. Expert Rev Mol Diagn. (2024) 24(3):219–30. doi: 10.1080/14737159.2024.2317414

32. Li Z, Pan L, Lyu L, Jia H, Du B, Sun Q, et al. Diagnostic accuracy of droplet digital PCR analysis of cerebrospinal fluid for tuberculous meningitis in adult patients. Clin Microbiol Infect. (2020) 26(2):213–9. doi: 10.1016/j.cmi.2019.07.015

33. Erdem G, Kaptsan I, Sharma H, Kumar A, Aylward SC, Kapoor A, et al. Cerebrospinal fluid analysis for viruses by metagenomic next-generation sequencing in pediatric encephalitis: not yet ready for prime time? J Child Neurol. (2021) 36(5):350–6. doi: 10.1177/0883073820972232

34. Cao WF, Leng EL, Liu SM, Zhou Y-L, Luo C-Q, Xiang Z-B, et al. Recent advances in microbiological and molecular biological detection techniques of tuberculous meningitis. Front Microbiol. (2023) 14:1202752. doi: 10.3389/fmicb.2023.1202752

35. Tansarli GS, Chapin KC. Diagnostic test accuracy of the BioFire® FilmArray® meningitis/encephalitis panel: a systematic review and meta-analysis. Clin Microbiol Infect. (2020) 26(3):281–90. doi: 10.1016/j.cmi.2019.11.016

36. Markovich K, Wingler MJB, Stover KR, Barber KE, Wagner JL, Cretella DA. Analysis of the clinical impact of the BioFire FilmArray meningitis encephalitis panel on antimicrobial use and duration of therapy at an academic medical center. Diseases. (2022) 10(4):110. doi: 10.3390/diseases10040110

37. Kim MG, Gulholm T, Lennard K, Mirdad F, Overton K, Maley M, et al. The impact of cerebrospinal fluid viral polymerase chain reaction testing on the management of adults with viral meningitis: a multi-center retrospective study. J Med Virol. (2023) 95(1):e28198. doi: 10.1002/jmv.28198

38. Diallo K, Feteh VF, Ibe L, Antonio M, Caugant DA, du Plessis M, et al. Molecular diagnostic assays for the detection of common bacterial meningitis pathogens: a narrative review. EBioMedicine. (2021) 65:103274. doi: 10.1016/j.ebiom.2021.103274

39. Farahani H, Ghaznavi-Rad E, Mondanizadeh M, MirabSamiee S, Khansarinejad B. Specific detection of common pathogens of acute bacterial meningitis using an internally controlled tetraplex-PCR assay. Mol Cell Probes. (2016) 30(4):261–5. doi: 10.1016/j.mcp.2016.07.002

40. Humisto A, Antikainen J, Holma T, Jarva H, Toivonen A, Loginov R, et al. Evaluation of the novel CE-IVD-Marked Multiplex PCR QIAstat-dx meningitis/encephalitis panel. Microbiol Spectr. (2023) 11(3):e0514422. doi: 10.1128/spectrum.05144-22

41. Sharma N, Gautam H, Tyagi S, Raza S, Mohapatra S, Sood S, et al. Clinical use of multiplex-PCR for the diagnosis of acute bacterial meningitis. J Family Med Prim Care. (2022) 11(2):593–8. doi: 10.4103/jfmpc.jfmpc_1162_21

42. Cresswell FV, Davis AG, Sharma K, Basu Roy R, Ganiem AR, Kagimu E, et al. Recent developments in tuberculous meningitis pathogenesis and diagnostics. Wellcome Open Res. (2021) 4:164. doi: 10.12688/wellcomeopenres.15506.3

43. Wang L, Chen F, You D, Ma G, Guo Y, Wu Y, et al. Development and validation of a multiplex-PCR based assay for the detection of 18 pathogens in the cerebrospinal fluid of hospitalized children with viral encephalitis. J Virol Methods. (2020) 277:113804. doi: 10.1016/j.jviromet.2019.113804

44. Nour M, Alaidarous A. Clinical usefulness and accuracy of polymerase chain reaction in the detection of bacterial meningitis agents in pediatric cerebrospinal fluid. Curr Res Transl Med. (2018) 66(1):15–8. doi: 10.1016/j.retram.2018.01.001

45. Zeighami H, Roudashti S, Bahari S, Haghi F, Hesami N. Frequency of etiological agents of acute bacterial meningitis using culture and polymerase chain reaction assay. New Microbes New Infect. (2021) 43:100930. doi: 10.1016/j.nmni.2021.100930

46. Amin M, Ghaderpanah M, Navidifar T. Detection of Haemophilus influenzae type b, Streptococcus agalactiae, Streptococcus pneumoniae and Neisseria meningitidis in CSF specimens of children suspicious of Meningitis in Ahvaz, Iran. Kaohsiung J Med Sci. (2016) 32(10):501–6. doi: 10.1016/j.kjms.2016.08.009

47. Zhao JL, Hua CZ, Xie YP, Pan Y-X, Hu B-F, Wang W-J. Diagnostic yield of multiplex PCR method in cerebrospinal fluid for the diagnosis of purulent meningitis in children. J Pediatr Infect Dis. (2021) 16(1):12–7. doi: 10.1055/s-0040-1719163

48. Bhagchandani SP, Kubade S, Nikhare PP, Manke S, Chandak NH, Kabra D, et al. Nested PCR assay for eight pathogens: a rapid tool for diagnosis of bacterial meningitis. Mol Diagn Ther. (2016) 20(1):45–54. doi: 10.1007/s40291-015-0174-z

49. Nagdev KJ, Bhagchandani SP, Bhullar SS, Kapgate RC, Kashyap RS, Chandak NH, et al. Rapid diagnosis and simultaneous identification of tuberculous and bacterial meningitis by a newly developed duplex polymerase chain reaction. Indian J Microbiol. (2015) 55(2):213–8. doi: 10.1007/s12088-015-0517-9

50. Sun Y, Chen J, Li J, Xu Y, Jin H, Xu N, et al. Novel approach based on one-tube nested PCR and a lateral flow strip for highly sensitive diagnosis of tuberculous meningitis. PLoS One. (2017) 12(10):e0186985. doi: 10.1371/journal.pone.0186985

51. Agarwal S, Saini AG, Dhawan S, Khadwal A, Sharma K, Singhi P. Comparative evaluation of IS6110 and protein antigen b PCR in cerebrospinal fluid for rapid diagnosis of tuberculous meningitis in children. J Med Microbiol. (2020) 69(7):979–85. doi: 10.1099/jmm.0.001220

52. Rios-Sarabia N, Hernandez-Gonzalez O, Gonzalez-Y-Merchand J, Hernández-González O, González-Y-Merchand J, Gordillo G, et al. Identification of Mycobacterium tuberculosis in the cerebrospinal fluid of patients with meningitis using nested PCR. Int J Mol Med. (2016) 38(4):1289–95. doi: 10.3892/ijmm.2016.2698

53. Vuong J, Collard JM, Whaley MJ, Bassira I, Seidou I, Diarra S, et al. Development of real-time PCR methods for the detection of bacterial meningitis pathogens without DNA extraction. PLoS One. (2016) 11(2):e0147765. doi: 10.1371/journal.pone.0147765

54. Favaro M, Savini V, Favalli C, Fontana C. A multi-target real-time PCR assay for rapid identification of meningitis-associated microorganisms. Mol Biotechnol. (2013) 53(1):74–9. doi: 10.1007/s12033-012-9534-7

55. Khumalo J, Nicol M, Hardie D, Muloiwa R, Mteshana P, Bamford C. Diagnostic accuracy of two multiplex real-time polymerase chain reaction assays for the diagnosis of meningitis in children in a resource-limited setting. PLoS One. (2017) 12(3):e0173948. doi: 10.1371/journal.pone.0173948

56. Soleimani M, Morovvati A, Majidzadeh AK. Molecular design real time loop-mediated isothermal amplification method for rapid detection of Neisseria meningitidis. Folia Med. (2021) 63(2):221–7. doi: 10.3897/folmed.63.e53580

57. Wang Y, Guo G, Wang H, Yang X, Shao F, Yang C, et al. Comparative study of bacteriological culture and real-time fluorescence quantitative PCR (RT-PCR) and multiplex PCR-based reverse line blot (mPCR/RLB) hybridization assay in the diagnosis of bacterial neonatal meningitis. BMC Pediatr. (2014) 14:224. doi: 10.1186/1471-2431-14-224

58. Ahlawat S, Chaudhary R, Dangi M, Bala K, Singh M, Chhillar AK. Advances in tuberculous meningitis diagnosis. Expert Rev Mol Diagn. (2020) 20(12):1229–41. doi: 10.1080/14737159.2020.1858805

59. Filippis I, de Azevedo AC, de Oliveira Lima I, Ramos NFL, de Andrade CF, de Almeida AE. Accurate, fast and cost-effective simultaneous detection of bacterial meningitis by qualitative PCR with high-resolution melting. Biotechniques. (2023) 74(2):101–6. doi: 10.2144/btn-2022-0089

60. Diawara I, Katfy K, Zerouali K, Belabbes H, Elmdaghri N. A duplex real-time PCR for the detection of Streptococcus pneumoniae and Neisseria meningitidis in cerebrospinal fluid. J Infect Dev Ctries. (2016) 10(1):53–61. doi: 10.3855/jidc.5647

61. Ahmed MA, Askar GA, Farghaly HS, Ahmed AO, Kamal DT, Ahmed SS, et al. 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. (2022) 31(2):61–71.

62. Guo XG, Zhuang YR, Wen JZ, Xie T-A, Liu Y-L, Zhu G-D, et al. Evaluation of the real-time fluorescence loop-mediated isothermal amplification assay for the detection of Streptococcus agalactiae. Biosci Rep. (2019) 39(5):BSR20190383. doi: 10.1042/BSR20190383

63. Krishnakumariamma K, Ellappan K, Muthuraj M, Tamilarasu K, Kumar SV, Joseph NM. Diagnostic performance of real time PCR for the detection of Mycobacterium tuberculosis in cerebrospinal fluid samples. Indian J Med Microbiol. (2023) 42:7–11. doi: 10.1016/j.ijmmb.2022.12.012

64. Shen XX, Qiu FZ, Zhao HL, Yang M-j, Hong L, Xu S-t, et al. A novel and highly sensitive real-time nested RT-PCR assay in a single closed tube for detection of enterovirus. Diagn Microbiol Infect Dis. (2018) 90(3):181–5. doi: 10.1016/j.diagmicrobio.2017.11.015

65. Ouattara M, Whaley MJ, Jenkins LT, Schwartz SB, Traoré RO, Diarra S, et al. Triplex real-time PCR assay for the detection of Streptococcus pneumoniae, Neisseria meningitidis and Haemophilus influenzae directly from clinical specimens without extraction of DNA. Diagn Microbiol Infect Dis. (2019) 93(3):188–90. doi: 10.1016/j.diagmicrobio.2018.10.008

66. Haddad-Boubaker S, Lakhal M, Fathallah C, Bouafsoun A, Kharrat M, Khemiri M, et al. Molecular diagnosis of bacterial meningitis by multiplex real time PCR in Tunisian children. J Infect Dev Ctries. (2018) 12(4):235–43. doi: 10.3855/jidc.9650

67. Hemmati N, Nikkhahi F, Javadi A, Eskandarion S, Marashi SMA. Use of a new multiplex quantitative polymerase chain reaction-based assay for simultaneous detection of Neisseria meningitidis, Escherichia coli K1, Streptococcus agalactiae, and Streptococcus pneumoniae. Iran J Microbiol. (2021) 13(4):464–9. doi: 10.18502/ijm.v13i4.6970

68. Han H, Hu Z, Sun S, Yao F, Yan X, Zhang X, et al. Simultaneous detection and identification of bacteria and fungi in cerebrospinal fluid by TaqMan probe-based real-time PCR. Clin Lab. (2014) 60(8):1287–93. doi: 10.7754/clin.lab.2013.130417

69. Sharma K, Modi M, Kaur H, Ray P, Varma S. Rpob gene high-resolution melt curve analysis: a rapid approach for diagnosis and screening of drug resistance in tuberculous meningitis. Diagn Microbiol Infect Dis. (2015) 83(2):144–9. doi: 10.1016/j.diagmicrobio.2015.06.010

70. Sharma K, Sharma M, Chaudhary L, Modi M, Goyal M, Jain A, et al. Comparative evaluation of Xpert MTB/RIF assay with multiplex polymerase chain reaction for the diagnosis of tuberculous meningitis. Tuberculosis (Edinb). (2018) 113:38–42. doi: 10.1016/j.tube.2018.09.002

71. Dayal R, Kashyap H, Pounikar G, Kamal R, Yadav NK, Singh MK, et al. Real time PCR in childhood tuberculosis: a valuable diagnostic tool. Indian J Pediatr. (2015) 82(2):189–91. doi: 10.1007/s12098-014-1506-4

72. de Almeida SM, Borges CM, Santana LB, Golin G, Correa L, Kussen GB, et al. Validation of mycobacterium tuberculosis real-time polymerase chain reaction for diagnosis of tuberculous meningitis using cerebrospinal fluid samples: a pilot study. Clin Chem Lab Med. (2019) 57(4):556–64. doi: 10.1515/cclm-2018-0524

73. Chong BSW, Kennedy KJ. Comparison of a commercial real-time PCR panel to routine laboratory methods for the diagnosis of meningitis-encephalitis. Pathology. (2021) 53(5):635–8. doi: 10.1016/j.pathol.2020.09.029

74. Lindström J, Elfving K, Lindh M, Westin J, Studahl M. Assessment of the FilmArray ME panel in 4199 consecutively tested cerebrospinal fluid samples. Clin Microbiol Infect. (2022) 28(1):79–84. doi: 10.1016/j.cmi.2021.05.017

75. Javali M, Acharya P, Mehta A, John AA, Mahale R, Srinivasa R. Use of multiplex PCR based molecular diagnostics in diagnosis of suspected CNS infections in tertiary care setting-A retrospective study. Clin Neurol Neurosurg. (2017) 161:110–6. doi: 10.1016/j.clineuro.2017.08.013

76. Patel S, Dadheech M, Maurya AK, Singh J, Purwar S, Rai N, et al. Assessment of the diagnostic utility of GeneXpert mycobacterium tuberculosis/rifampicin (MTB/RIF) assay in the suspected cases of tuberculous meningitis. Cureus. (2023) 15(4):e37761. doi: 10.7759/cureus.37761

77. Rufai SB, Singh A, Singh J, Kumar P, Sankar MM, Nigam K, et al. Diagnostic usefulness of Xpert MTB/RIF assay for detection of tuberculous meningitis using cerebrospinal fluid. J Infect. (2017) 75(2):125–31. doi: 10.1016/j.jinf.2017.04.010

78. Onyango CO, Loparev V, Lidechi S, Bhullar V, Schmid DS, Radford K, et al. Evaluation of a TaqMan array card for detection of central nervous system infections. J Clin Microbiol. (2017) 55(7):2035–44. doi: 10.1128/JCM.02469-16

79. Yadav B, Sharma M, Singla N, Shree R, Goyal M, Modi T, et al. Molecular diagnosis of tuberculous meningitis: sdaA-based multi-targeted LAMP and GeneXpert ultra. Tuberculosis (Edinb). (2023) 140:102339. doi: 10.1016/j.tube.2023.102339

80. Silva Zatti M, Domingos Arantes T, Cordeiro Theodoro R. Isothermal nucleic acid amplification techniques for detection and identification of pathogenic fungi: a review. Mycoses. (2020) 63(10):1006–20. doi: 10.1111/myc.13140

81. Nagdev KJ, Kashyap RS, Parida MM, Kapgate RC, Purohit HJ, Taori GM, et al. Loop-mediated isothermal amplification for rapid and reliable diagnosis of tuberculous meningitis. J Clin Microbiol. (2011) 49(5):1861–5. doi: 10.1128/JCM.00824-10

82. Waterfield T, Fairley D, Blackwood B, McKenna J, Shields MD. A systematic review of the diagnostic accuracy of loop-mediated-isothermal AMPlification (LAMP) in the diagnosis of invasive meningococcal disease in children. BMC Pediatr. (2019) 19(1):49. doi: 10.1186/s12887-019-1403-0

83. Fan SJ, Tan HK, Xu YC, Chen Y-Z, Xie T-A, Pan Z-Y, et al. A pooled analysis of the LAMP assay for the detection of Neisseria meningitidis. BMC Infect Dis. (2020) 20(1):525. doi: 10.1186/s12879-020-05250-w

84. D'Inzeo T, Menchinelli G, De Angelis G, D’Inzeo T, Fiori B, Liotti FM, et al. Implementation of the eazyplex® CSF direct panel assay for rapid laboratory diagnosis of bacterial meningitis: 32-month experience at a tertiary care university hospital. Eur J Clin Microbiol Infect Dis. (2020) 39(10):1845–53. doi: 10.1007/s10096-020-03909-5

85. Huy NT, Hang le TT, Boamah D, Lan NTP, Van Thanh P, Watanabe K, et al. Development of a single-tube loop-mediated isothermal amplification assay for detection of four pathogens of bacterial meningitis. FEMS Microbiol Lett. (2012) 337(1):25–30. doi: 10.1111/1574-6968.12002

86. Yu G, Shen Y, Zhong F, Ye B, Yang J, Chen G. Diagnostic accuracy of the loop-mediated isothermal amplification assay for extrapulmonary tuberculosis: a meta-analysis. PLoS One. (2018) 13(6):e0199290. doi: 10.1371/journal.pone.0199290

87. Sun WW, Sun Q, Yan LP, Zhang Q. The application of IS6110-baced loop-mediated isothermal amplification (LAMP) in the early diagnosis of tuberculous meningitis. Oncotarget. (2017) 8(34):57537–42. doi: 10.18632/oncotarget.15734

88. Stivanelli P, Tararam CA, Trabasso P, Levy LO, Melhem MSC, Schreiber AZ, et al. Visible DNA microarray and loop-mediated isothermal amplification (LAMP) for the identification of Cryptococcus species recovered from culture medium and cerebrospinal fluid of patients with meningitis. Braz J Med Biol Res. (2020) 53(11):e9056. doi: 10.1590/1414-431X20209056

89. Tian Y, Zhang T, Guo J, Lu H, Yao Y, Chen X, et al. A LAMP-based microfluidic module for rapid detection of pathogen in cryptococcal meningitis. Talanta. (2022) 236:122827. doi: 10.1016/j.talanta.2021.122827

90. Chen M, Zhou J, Li J, Sun J, Fang WJ, Al-Hatmi AMS, et al. Evaluation of five conventional and molecular approaches for diagnosis of cryptococcal meningitis in non-HIV-infected patients. Mycoses. (2016) 59(8):494–502. doi: 10.1111/myc.12497

91. Higgins O, Clancy E, Cormican M, Boo T, Cunney R, Smith T. 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. (2018) 19(2):524. doi: 10.3390/ijms19020524

92. Seok Y, Joung HA, Byun JY, Jeon H-S, Shin SJ, Kim S, et al. A paper-based device for performing loop-mediated isothermal amplification with real-time simultaneous detection of multiple DNA targets. Theranostics. (2017) 7(8):2220–30. doi: 10.7150/thno.18675

93. Hong NTT, Anh NT, Mai NTH, Nghia HDT, Nhu LNT, Thanh TT, et al. Performance of metagenomic next-generation sequencing for the diagnosis of viral meningoencephalitis in a resource-limited setting. Open Forum Infect Dis. (2020) 7(3):ofaa046. doi: 10.1093/ofid/ofaa046

94. Hasan MR, Sundararaju S, Tang P, Tsui K-M, Lopez AP, Janahi M, et al. A metagenomics-based diagnostic approach for central nervous system infections in hospital acute care setting. Sci Rep. (2020) 10(1):11194. doi: 10.1038/s41598-020-68159-z

95. Lin A, Cheng B, Han X, Zhang H, Liu X, Liu X. Value of next-generation sequencing in early diagnosis of patients with tuberculous meningitis. J Neurol Sci. (2021) 422:117310. doi: 10.1016/j.jns.2021.117310

96. Gu J, Chen L, Zeng C, Yang X, Pan D, Cao H, et al. A retrospective analysis of metagenomic next generation sequencing (mNGS) of cerebrospinal fluid from patients with suspected encephalitis or meningitis infections. J Healthc Eng. (2022) 2022:5641609. doi: 10.1155/2022/5641609

97. Miller S, Naccache SN, Samayoa E, Messacar K, Arevalo S, Federman S, et al. Laboratory validation of a clinical metagenomic sequencing assay for pathogen detection in cerebrospinal fluid. Genome Res. (2019) 29(5):831–42. doi: 10.1101/gr.238170.118

98. Yan L, Sun W, Lu Z, Fan L. Metagenomic next-generation sequencing (mNGS) in cerebrospinal fluid for rapid diagnosis of Tuberculosis meningitis in HIV-negative population. Int J Infect Dis. (2020) 96:270–5. doi: 10.1016/j.ijid.2020.04.048

99. Wang S, Chen Y, Wang D, Wu Y, Zhao D, Zhang J, et al. The feasibility of metagenomic next-generation sequencing to identify pathogens causing tuberculous meningitis in cerebrospinal fluid. Front Microbiol. (2019) 10:1993. doi: 10.3389/fmicb.2019.01993

100. Seth R, Murthy PSR, Sistla S, Seth R. Rapid and accurate diagnosis of acute pyogenic meningitis due to Streptococcus Pneumoniae, Haemophilus influenzae type b and Neisseria meningitidis using a Multiplex PCR assay. J Clin Diagn Res. (2017) 11(9):FC01–4. doi: 10.7860/JCDR/2017/28114.10532

101. de Souza Santos DR, do Carmo CN, de Filippis I. High-resolution melting (HRM) for rapid MLST analysis of Neisseria meningitidis. J Microbiol Methods. (2022) 200:106557. doi: 10.1016/j.mimet.2022.106557

102. Drevinek P, Hollweck R, Lorenz MG, Lustig M, Bjarnsholt T. Direct 16S/18S rRNA gene PCR followed by sanger sequencing as a clinical diagnostic tool for detection of bacterial and fungal infections: a systematic review and meta-analysis. J Clin Microbiol. (2023) 61(9):e0033823. doi: 10.1128/jcm.00338-23

103. Dou M, Sanjay ST, Dominguez DC, Liu P, Xu F, Li X. Multiplexed instrument-free meningitis diagnosis on a polymer/paper hybrid microfluidic biochip. Biosens Bioelectron. (2017) 87:865–73. doi: 10.1016/j.bios.2016.09.033

104. Bishop B, Geffen Y, Plaut A, Kassis O, Bitterman R, Paul M, et al. The use of matrix-assisted laser desorption/ionization time-of-flight mass spectrometry for rapid bacterial identification in patients with smear-positive bacterial meningitis. Clin Microbiol Infect. (2018) 24(2):171–4. doi: 10.1016/j.cmi.2017.05.014

105. Higgins O, Clancy E, Forrest MS, Piepenburg O, Cormican M, Boo TW, et al. Duplex recombinase polymerase amplification assays incorporating competitive internal controls for bacterial meningitis detection. Anal Biochem. (2018) 546:10–6. doi: 10.1016/j.ab.2018.01.016

106. Clancy E, Coughlan H, Higgins O, Boo TW, Cormican M, Barrett L, et al. Development of internally controlled duplex real-time NASBA diagnostics assays for the detection of microorganisms associated with bacterial meningitis. J Microbiol Methods. (2016) 127:197–202. doi: 10.1016/j.mimet.2016.06.017

107. Ai JW, Zhou X, Xu T, Yang M, Chen Y, He G-Q, et al. CRISPR-based rapid and ultra-sensitive diagnostic test for Mycobacterium tuberculosis. Emerg Microbes Infect. (2019) 8(1):1361–9. doi: 10.1080/22221751.2019.1664939

108. Gupta R, Thakur R, Gupta P, Jalan N, Kushwaha S, Aggarwal A, et al. Evaluation of geno type MTBDRplus line probe assay for early detection of drug resistance in tuberculous meningitis patients in India. J Glob Infect Dis. (2015) 7(1):5–10. doi: 10.4103/0974-777X.150882

109. Park JH, Jin CE, Koo B, Kwon J-S, Cha HH, Kim JY, et al. A simple microfluidic assay for diagnosing tuberculous meningitis in HIV-uninfected patients. J Clin Microbiol. (2019) 57(5):e01975–18. doi: 10.1128/JCM.01975-18

110. Shi X, Wu R, Shi M, Zhou L, Yang Y, An X, et al. Simultaneous detection of 13 viruses involved in meningoencephalitis using a newly developed multiplex PCR mag-array system. Int J Infect Dis. (2016) 49:80–6. doi: 10.1016/j.ijid.2016.05.023

111. Wang X, Theodore MJ, Mair R, Trujillo-Lopez E, du Plessis M, Wolter N, et al. Clinical validation of multiplex real-time PCR assays for detection of bacterial meningitis pathogens. J Clin Microbiol. (2012) 50(3):702–8. doi: 10.1128/JCM.06087-11

112. Zhou L, Wu R, Shi X, Feng D, Feng G, Yang Y, et al. Simultaneous detection of five pathogens from cerebrospinal fluid specimens using luminex technology. Int J Environ Res Public Health. (2016) 13(2):193. doi: 10.3390/ijerph13020193

113. Duan QQ, Lu SQ, Hu YX, Shen SN, Xi BS, Wang XN, et al. A multiplex PCR assay mediated by universal primer for the diagnosis of human meningitis caused by six common bacteria. Russ J Genet. (2018) 54(4):423–30. doi: 10.1134/S1022795418040075

114. Zhao C, Wang X, Zhang C, Liu B, Jing H, Ming L, et al. Development of a TaqMan array card to target 21 purulent meningitis-related pathogens. BMC Infect Dis. (2019) 19(1):289. doi: 10.1186/s12879-019-3856-z

115. Karimi A, Rafiei Tabatabaei S, Azimi L, Almasian Tehrani N, Fallah F, Faghihian I. Tracing the negative results of Multiplex real-time PCR assay for diagnosis of bacterial pediatrics meningitis. Can J Infect Dis Med Microbiol. (2023) 2023:3502666. doi: 10.1155/2023/3502666

116. Shin SY, Kwon KC, Park JW, Kim JM, Koo SH. Evaluation of the Seeplex® meningitis ACE detection kit for the detection of 12 common bacterial and viral pathogens of acute meningitis. Ann Lab Med. (2012) 32(1):44–9. doi: 10.3343/alm.2012.32.1.44

117. de Almeida SM, Dalla Costa LM, Siebra C, Arend LNVS, Nogueira KdS. Validation of multiplex PCR for the diagnosis of acute bacterial meningitis in culture negative cerebrospinal fluid. Arq Neuropsiquiatr. (2019) 77(4):224–31. doi: 10.1590/0004-282X20190028

118. Le Bars H, Madany N, Lamoureux C, Beauruelle C, Vallet S, Payan C, et al. Evaluation of the performance characteristics of a new POC Multiplex PCR assay for the diagnosis of viral and bacterial neuromeningeal infections. Diagnostics (Basel). (2023) 13(6):1110. doi: 10.3390/diagnostics13061110

119. Giulieri SG, Chapuis-Taillard C, Manuel O, Hugli O, Pinget C, Wasserfallen J-B, et al. Rapid detection of enterovirus in cerebrospinal fluid by a fully automated PCR assay is associated with improved management of aseptic meningitis in adult patients. J Clin Virol. (2015) 62:58–62. doi: 10.1016/j.jcv.2014.11.001

120. Seegene.com Allplex™ Meningitis Panel Assays. Seegene Inc. https://www.seegene.com/assays/allplex_meningitis_panel_assays

121. Feagins AR, Ronveaux O, Taha MK, Caugant DA, Smith V, Fernandez K, et al. Next generation rapid diagnostic tests for meningitis diagnosis. J Infect. (2020) 81(5):712–8. doi: 10.1016/j.jinf.2020.08.049

122. ELITech Group Molecular diagnostics. Meningitis & Encephalitis Archives - ELITechGroup Molecular Diagnostics International.

123. Atobe JH, Hirata MH, Hoshino-Shimizu S, Schmal MR, Mamizuka EM. One-step heminested PCR for amplification of Neisseria meningitidis DNA in cerebrospinal fluid. J Clin Lab Anal. (2000) 14(4):193–9. 10.1002/1098-2825(2000)14:4<193:aid-jcla9>3.0.co;2-210906773

124. Trujillo-Gomez J, Tsokani S, Arango-Ferreira C, Trujillo-Gómez J, Atehortúa-Muñoz S, Jimenez-Villegas MJ, et al. Biofire FilmArray meningitis/encephalitis panel for the aetiological diagnosis of central nervous system infections: a systematic review and diagnostic test accuracy meta-analysis. EClinicalMedicine. (2022) 44:101275. doi: 10.1016/j.eclinm.2022.101275

125. Kim DW, Kilgore PE, Kim EJ, Anh DD, Seki M. Loop-mediated isothermal amplification assay for detection of Haemophilus influenzae type b in cerebrospinal fluid. J Clin Microbiol. (2011) 49(10):3621–6. doi: 10.1128/JCM.00515-11

126. Notomi T, Okayama H, Masubuchi H, Notomi T. Loop-mediated isothermal amplification of DNA. Nucleic Acids Res. (2000) 28(12):E63. doi: 10.1093/nar/28.12.e63

127. Corless CE, Guiver M, Borrow R, Edwards-Jones V, Fox AJ, Kaczmarski EB. Simultaneous detection of Neisseria meningitidis, Haemophilus influenzae, and Streptococcus pneumoniae in suspected cases of meningitis and septicemia using real-time PCR. J Clin Microbiol. (2001) 39(4):1553–8. doi: 10.1128/JCM.39.4.1553-1558.2001

128. Shen Y, Yu G, Zhao W, Lang Y. Efficacy of Xpert MTB/RIF ultra in diagnosing tuberculosis meningitis: a systematic review and meta-analysis. Medicine. (2021) 100(29):e26778. doi: 10.1097/MD.0000000000026778



OPS/images/fmedt-07-1497512-g001.jpg
2015: FilmArrary® Meningitis/Encephalitis
Panel (ME) (BioFire Salt Lake City, USA) was
the first FDA-approved multiplex PCR panel for

2000: LAMP for detection of the evaluation of CSF sample [3,124]

bacteria, ViluSFS, parasites

n2s.2e] 2022: Qiagen introduced the
2013: WHO recoinmends QIAstat-Dx meningitis/en
Gene Xpert MTB{RIF for cephalitis panel. It is a CE-IVD-
EPTB diagnosis in adults marked multiplex PCR in cassette
and children [128 format for meningitis &

. i encephalitis multiplex PCR testing
1983: Invention of PCR of CSF samples [40]

(Kary B Mullis) |

o RO

o S

0 XD NEETEED YT

2009: Syndromic Evaluation: Sys\eln (SES)
Xcyton Diagnostics Pvt, Ltd.;Bengaluru,
Karnataka, India [22] 2017: WHO recommended Xpert
MTB/RIF Ultra for diagnosis of
Tuberculosis meningitis [32]

v v
: 2022: Availability of new POC
2011: LAMP assay described SPCR QlAstat-Dx®
to detect Hib directly from "7} : Meningitis/Encephalitis panel
CSF samples [125] (QS) assay [118]

2015: WHO recommended Automated,
2001: Quantitative real-time PCR assay rapid, cartridge- based Xpert (Cepheid)
for detection of Streptococcus nucleic acid amplification test for

H hilus influenze Tuberculous meningitis [14]
and Neisseria meningitidis from clinical
samples [127]






OPS/xhtml/Nav.xhtml




Contents





		Cover



		Molecular diagnostic methods for rapid diagnosis of central nervous system infections

		1 Introduction



		2 Methods



		3 Current approaches and diagnostic limitations



		4 Molecular-based diagnostic platforms for diagnosing meningitis/encephalitis



		4.1 Conventional PCR and multiplex PCR assays



		4.2 End-point real-time PCR assays



		4.3 Loop-mediated isothermal amplification-based assays



		4.4 Next-generation sequencing and metagenomic next-generation sequencing assays



		4.5 Other techniques for the diagnosis of meningitis/encephalitis











		5 Conclusion



		Author contributions



		Funding



		Acknowledgments



		Conflict of interest



		Publisher's note



		References



















OPS/images/cover.jpg
, frontiers ‘ Frontiers in Medical Technology

Molecular diagnostic methods for
rapid diagnosis of central nervous
system infections





OPS/images/fmedt-07-1497512-t003.jpg
Diagnostic test

Film Array® Meningitis/
Encephalitis Panel (ME)

Limit of detection
(CFU/mU)/
particles/ml

Sensitivity
(%)

Specificity
(%)

Role in current Benefits
practice

Widely used + Rapid
First DA approved |+ Identify up to 14
panel for ME diagnosis | targeted pathogens

References

QIAstat- Dx meningitis/
encephalitis panel

CEIVDD marked device |+ Identify up to 15
targeted pathogens
+ Performance similar to

(1,31

ME panel
Syndromic Evaluation |« 0.1-50 viral particles/ml >95 >95 NA + Simultaneous detection (22)
System (SES) of CSF of multiple pathogens
+100-200 bacterial « High specificity
cells/ml of CSF
« 5 parasites/ml of CSF
LAMP NA 4388 80-100 Conditional + Rapid and inexpensive (34)
recommendation + No special equipment
is needed
« Results are asy
to interpret
Traditional NAATSs NA 68-82 90-100 Used in current practice | High specificity (25)
GeneXpert ~110-116 CFU/ml 27-85 948100 | WHO Recommended + Rapid test (34)
method (2015) for early |+ High specificity
diagnosis + MTB and RIF
resistance detection
+ Semi-quantification of
bacillary load
GeneXpert ultra ~10-15.6 CFU/ml 4419929 939-100 | WHO Recommended Higher sensitivity than (34)
method (2017) for early | Gene Xpert
diagnosis
CRISPR-MTB NA 7 98 NA + Requires less volume of (2)
CSF sample
- High specificity
mNGS NA 44-889 867-100 | Not recommended for early | Broad pathogen coverage (30, 34)
diagnosis
CRISPR-MTB, clustered regularly interspaced short palindromic tuberculosis; CSF, Cerebrospinal fluid; LAMP, Loop-mediated isothermal mNGS

Metagenomic next generation sequencing; MTB, Mycobacterium tuberculosis; NAATS, Nudleic acid amplification tests; RIF, Rifampicin; NA, ot svaable,





OPS/images/fmedt-07-1497512-t001.jpg
(4,59, 66,72, 111-115)

pias 953 995
GriR fami$P2020 ) 998
iy ) 0
bea e ) [t} )
SeNAw 01710 957 [t}
beat Mulipler PCR Na Na )
bea Taralex PCR 28 951 )
bea Rebtime PCR Eq E3 @
bea ‘Muliple conventonal PCR E3 E3 )
bea ‘Muliple gPCR 0 % @)
bea Rebtime PCR N Na [E)
[ Rebtime PCR Na Na )
bea Secplex Meningiis ACE detoction k| NA Na ]
mtplex PCR
ra ‘Mulipler PCR Fybridiation @ |
Haemophiie Hpd. bk 76 ‘Mulipler Light mix reslime PCR N N 59,66, 111, 15115,
influencae Muliplr rea-time PCR )
Muliplex PCR
QPCRHRM
= Rebtime PCR 0 0100 €]
omp2 71 1
onps Na Na
ea 71 991
pd 551957 i3
I3 71 )
Hibeapaie TP ) [} )
et » 100
hpd Rebtime PCR Na N ()
I3 ‘Mulipler PCR Na ~a @
Lie Mulipler PCR Fybridiation Na N @
pd Taraples PCR 28 951 )
3 ‘Mulipler conventonal PCR Eq E3 )
MoMP. Rebtime PCR NA Na [E)
] ‘Secplex Meningiis ACE detection k| NA N e
multiplex PCR
Nebseria meningitids | A, npA ‘Mulipler Light m reslime PCR N N s,
Muliplr ra-time PR 113-115)
maltiplex PCR
QPCRHRM
s Rebtime PCR 761 N ]
s0dC 947 0779
gt 0 %
ok %1 915
ara Tawp i o095 ]
NMo_ 1262 10 0
Cina ‘Muipler PCR Na Na @
sodC. Rebtime PCR Na NA [X)
sodC. Taralex PCR 2 951 )
ana ‘Muliple gPCR % % @)
ana ‘Muliple conventonal PCR E3 3 )
crk Rebtime PCR NA Na [E)
gt Rebtime PCR 5 595 @
na Secplex Meningiis ACE detection 3 N ]
Kimulipls PCR
Opat Mulipler PCR Fybridiation NA N @
Stepococcus agactie | b ‘Mulipler Light mix reslime PCR N Na @i,
Muliplex PCR
Sp Muliplex PCR N [ )
as Rebtime PCR %1 959 [
@ ‘Muliplr real-time PR 0 % &)
sk ‘Muliple conventonal PCR Eq E3 €]
@ Rebtime PCR Na Na Ga
o Secplex Meningiis ACE detection N Na e
Ki/mulipls PCR
Latria monocytogeres | WA, Hy ‘Muliple Light mi reime PR A N Wiy
Muliples PCR
y ‘Mulipler PCR [ Na @i
Tap Rabime PR Na Na [N
Hy Secplex Meningiis ACE detection Na Na e
Sy muliple PCR
yeobaceriom 156110, MPBG# nd g TawP =] 00 [e)
ubercuss 156110.p32 mipid. inerndl rmgment | Neted PCR 0 %0 @
of mipi0
156110 Muipler PCR NA Na ]
56110 Rebtime PCR Na NA [EA)
3] Mulipler PCR Fiybridiation Na Na @
15956 ‘Muliplex PCR Luniner 0 0 [0E)
o8 Xpert MTBRIF 23 sisi0 G
poB, 156110, 51081 Xpert MTBRIF Uk ) 959-100 o)
‘Standard sequences in the databae | mNGS = 7100 e
Candida abicans | %5 Rebtime PCR Na N [
Coprococaus [ ‘Muliplex PCR Luminer ED El [E]
nesformans car ‘Mulipler PCR Na N @
185 rDNA. 5858 1TS Rebtime PCR Na NA Go
185 Rk Mulipler PCR Fiybridiation Na [ @
pergis sppe Saems Rebtime PCR Na N ()
Varcela Zoser Views | ORFS Secplex Meningiis ACE detection N Na e
Kimulipls PCR
*onen Mulipler PCR Fybridiation N Na @
- DNA Palymense
ome ‘Muipler PCR N N @
Herpes Smplex Virus | Gene 42, T ‘Muliplex PCR Luminer 0100 % [UE)
12 vis2 ‘Mulipler PCR Na Na )
+ Gheoprotan D Mulipler PCR Fiybridiation N Na @
+ Untrnsaed rgionda
- DNA polmersse
(23 Rebtime PCR Na Na (]
L3 gp Secplex Meningiis ACE detection N N (]
sigmuliples PCR
Criomegilovine | US4 Secplex Meningiis ACE detection N N ]
Sy muliple PCR
s ‘Muliplex PCR N N @
"+ Giveoproan 0 Mulipler PCR Fybridiation N N @
+ Untrnssted rgion 53
+ Morphologia transormation
regon 1
Eten Barr Vims | EBNAL Secplex Meningis ACE detection k| NA N )
mudtplex PCR
Repent region -9 ‘Muliplex PCR N NA )
‘Fiaman Herpes s Secplex Meningiis ACE deiecion N A 5]
Vinus -6 Sigmuliples PCR
v ‘Muliplex PCR Na ~a )
‘DNA Poymersse Mulipler PCR Fybridiation Na Na @
Human Enterovins | 5 -UTR Secplex Meningiis ACE detection N Na e
Sitmaliple PCR
s ‘Muliplex PCR N N @

T —






OPS/images/fmedt-07-1497512-t002.jpg
Principle/platform  Targets detected/ Sample | Sensitivity/ Instrument Processing Limitations References
number of type | specificity time to results
pathogens
detected

Qista- Dx meningtiven | Qualiatve muliplex PCR | 15 pabogens bacteria/ | CSF N QA SwDr w2 N (0]
cephalis pane casete bued mehod vin/fungi sytem
POCSPCRQIAsar- Dx | Semi-quanttatve muliplex | 15 pabogens bacteria/ | SF N Qs Dxamlyer | ~1h A )
meningiisiencephalis pand | PCR vin/fungi sytem
@)
‘Syndromic Evaluton System | Mltplex nudc aid 2 patbogens bacerinl | GSF E3 58S Syem. 7 " Expanne 2]
o) amplifcaion vins/fungipansie + Tunroud ime ~7h
* Requires dedicted intrument
Gene Xpert EV assay ‘Muliplex PCR Enterovinl meningts | GSF o GeneXpert sysem. ash Amay is limited for detection of ()
pabogens (Cephed, Sumpvake, CA. only virs pthogens
usA)
‘Alple™ Meningt panel | Mltplx one-4cp rea-time | 12 vires, 6 bacera | CSF N Reaktime PCR =Ty * Labor memane (X
rer + Limied
dngnosic perormance
Sepla® Panel Comentonsl PCR 12 pahogens bactrial | GSF Na DPO™ Tehndogy | NA Limited o bacteril and visl e
vinses pabogens
FTD Bactralvisl meningits | Reslime PR Gvirdand tucersl | GSF,Boad | NA Realtime PCR ~s0min + Labor benshe ]
g - Limied
dgnosic perormance
Frio BacteialVird Raltime PCR Gvirdand > uceril | GSF,Bood | NA Realtime PCR “s0min + Labor mensie )
meningiis Tages + Limied
dngnosic perormance
VIASURE . inflenzac + .| Reslime PR 3 tacrial arets GSF.Bood | NA Reatime PCR = + Tabor bemsie ]
meningids + . preunorine + Reguires decrcally powered
Real Time PCR Detecton Kit equipment for teing
NS Meningaidis Rl TM | Realime PR T F voad | NA Teaktme PCR ™ T bor i )
* Loited
dgnosic perormance
Eyples CSF die panel | LAMP, hacid pahogens | GF E Amplex Blomtems D Tack of ot on dineal vabdaion | 64)
(G, Giesen,
Gamany)
FID Newo 9 pand | Reverse tanscriptse maltiplex | 10 vird trget puthogens | GSF, Bload | NA Reaktime PCR ~somin + Labor muensne oy
reaime PCR - Limied
dgnosic perormance
‘Meningit Virsl 182 ELITe | Trplex PCR (o andl ) and | Vinies = o ELITe nGenis® an N ]
MG Parel one sep, everse ranscrption,
and retime muliplex PCR
Gor panel2)
Ml tamiex sy | Mltplex PR 5 pabogens (Baceral | GSF oo ‘Mulipler PCR Luminer | NA " Fale poskive remlts ]
Vi fungi) sytem - Lo
dgnosic perormance
‘Ml Tight Mix Rea-time | Mutplx rel-ime PCR | 5 batril Pabhogens | SF N Tight ycler 4501 Roche) | <ah A @
rer
‘nernally controlled mltiplex | Reaktime muliplex LAMP | 3 batridl puihogens | CSF EC) Light Gyda’® 450 N Requirs Thymine residue forthe | 01)
TECLAMP assay Technclogy insrament 1 Roche assy
Disgnostics Sussex, UK)
‘Advnced fragment ansyss- | Qunitative, mutiplxed gene | 22 pabogns =3 Senstvty @~ | ABI Veriy 9 Thermal | ~4-6h. Requiressepaat equipment for @
based assay (AFA) exprsion aalss Baceriavinsfungi 100%, Spcicity | Cyder Iragment anayis and separaton
2%
NAATS | Speific PR Bacerianinsfungt oF oo Thermayder i6h Expensive ©
T6SHRNA PCR PCR deection of 16 bosomal | Bactriahvins oF Na Thermacyder Hous-days Expensive and requires expertsed @
RNA personndl
R “Traitiond PCR Bacerianins/ gt = N Thermacyder Hos "+ Expasne @
- Reines b expetise
+ Poor senstity
e Thermostatc, mckic xid | MTB oF Senstvity13-55% | NA T o das on perormance @
amplifcaion and detecion by Speckeity$0-100% of sssay
color change + Varibl ensivity
and specficy
- CSF spcimens reuire
furer evilustion
e Ypert Rebtime forecence B oF Senstvity7-85% | GeneXpertsysem. 5 - Expasne )
quantiatie PCR, Specticky945- + Poor sensitvity
Carridge baed PCR. 0%
GeneXpert s High resoluion meling, B = Sensivty GencXpert uhrs sysem | <2 "+ Expanne X
Carridge bued PCR (w93 + Varible ensiity
Specticy + Camot e out
(G4-100%) Tubereubous meningts
mNGS ‘Nadec 34d amplifeaton gene | MTB/etilogy = Senstvty (2%) | Soquendng plaorm | 2448 h "+ Expanne X
sequencing Specticey (99%) + Chances of
1ab deveoped 1o Comentionsl PCR.ane sep- | Bactria oF E) PCR and Real-time PCR | NA Varabl sensitvy and specicity | (35,54, 60, 67,
= 3
Duplex. Tarslex
Mulipls ra-time PCR
‘Purulent meringiis Taghian | Mltpkx rel-ime PCR, | 16 bacteria and 5 fongi | CSF o ViA7 il PR |30 Expensive for ower msouce ]
Aany Card (PMTAC) Microluiics high throughput sysem (LfeTechnlogie) setngs
technalogy |
CNSTAC sy ‘Microluidic tchnology  Tacirial paboges, 15| GF 6% Senstiy, | VAT rltime PR | 256 e p—— —Y
vines and 2 purites 96.7% Speciicty | (Applied Bosysems, oster + Fungal puthogen such as
Giy.ca) Cyptocoecs nesformans ot
incuded i the panc!

CSF, erébrospira B NS, Gentral ervous syt LAME, Lop mecinted sbermal amplifcstion: NS, Metsenomic est geerstion seqencigs MTB, Myecbaderiu tubereusis NAKTs, Nocei akd amplicston st PCR, elymerss chain rescton
TRM, Tubenulous meningit: NA, Not sasble.









OPS/images/crossmark.jpg
(®) Check for updates.





OPS/images/logo.jpg
& frontiers | Frontiers in Medical Technology





