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Background. We aimed to assess the accuracy, clinical efficacy, and limitations of metagenomic next-generation sequencing
(mNGS) for diagnosing infectious meningoencephalitis.

Methods. We performed a systematic literature review and meta-analysis of studies that evaluated the performance of mNGS to
determine the cause of infectious meningoencephalitis. We explored PubMed, Cumulative Index to Nursing and Allied Health,
Embase, Cochrane Central Register of Controlled Trials, ClinicalTrials.gov, and Web of Science up to 12 November 2024. To
perform a meta-analysis, we calculated the pooled diagnostic odds ratio (DOR) for mNGS and for conventional microbiological
tests (CMTs) compared to the clinical diagnosis.

Results.  Thirty-four studies met the inclusion criteria, with mNGS-positive rates ranging from 43.5% to 93.5% for infectious
meningoencephalitis. The meta-analysis included 23 studies with 1660 patients. The pooled sensitivity was 0.70 (95% confidence
interval [CI], .67-.72), and its specificity was 0.93 (95% CI, .92-.94). The DOR for mNGS was 26.7 (95% CI, 10.4-68.8),
compared to 12.2 (95% CI, 3.2-47.0) for CMTs. For tuberculosis meningoencephalitis, mNGS demonstrated a pooled sensitivity
of 0.67 (95% CI, .61-.72) and specificity of 0.97 (95% CI, .95-.99), with a DOR of 43.5 (95% CI, 7.4-256.6).

Conclusions. Our review indicates that mNGS can be a valuable diagnostic tool for infectious meningoencephalitis, offering
high sensitivity and specificity. mNGS’s superior DOR compared to that of CMTs highlights its potential for more accurate
diagnoses and targeted interventions. Further research is needed to optimize which patients and at what point in the diagnostic
process mNGS should be used.
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BACKGROUND

Infectious meningoencephalitis is a severe and complex clinical
condition [1]. The diagnosis is often challenging due to the
wide range of potential pathogens, including bacteria, viruses,
fungi, and parasites [1, 2]. Accurate and timely identification
of the causative pathogen is important for effective treatment
and improved patient outcomes. Traditional diagnostic meth-
ods, such as culture, serology, and polymerase chain reaction
(PCR), can be limited by their inability to detect rare or
difficult-to-culture organisms and by their time required to ob-
tain results [3]. Metagenomic next-generation sequencing
(mNGS) has recently emerged as a powerful diagnostic tool
for infectious meningoencephalitis [3-8]. This technology al-
lows for the simultaneous detection of a broad spectrum of
pathogens in a single test, providing a comprehensive approach
to pathogen identification. mNGS has the potential to trans-
form the diagnostic process by detecting rare, novel, or unfore-
seen pathogens that may be overlooked by traditional methods.
As mNGS technology is increasingly adopted in diagnostic lab-
oratories worldwide, its utility in clinical practice continues to
expand, offering significant advantages in terms of comprehen-
sive pathogen detection and rapid turnaround times [3, 9].
Accordingly, the objective of this systematic literature review
was to evaluate the performance of mNGS to determine the
cause of infectious meningoencephalitis, particularly in com-
parison to conventional diagnostic methods. By synthesizing
available evidence from published studies, we aim to assess
the accuracy, clinical efficacy, and potential limitations of

mNGS in this clinical context, ultimately providing insights
into its role as a diagnostic tool for evaluating infectious
meningoencephalitis.

METHODS

Systematic Literature Review and Inclusion and Exclusion Criteria

This review was conducted according to the Preferred
Reporting Items for Systematic Reviews and Meta-Analysis
statement [10] and the Meta-analysis of Observational
Studies in Epidemiology guidelines [11]. This study was regis-
tered on Prospero (https://www.crd.york.ac.uk/PROSPERO/)
on 8 June 2024 (registration number CRD42024554254).
Institutional review board approval was not required. Clinical
diagnosis of infectious meningoencephalitis includes taking a
thorough patient history and performing physical examina-
tions and diagnostic tests, such as imaging, blood tests, and
tests of cerebrospinal fluid (CSF) [2]. For clarity, we will use
the term “meningoencephalitis” throughout the paper, al-
though we included studies that contained patients with men-
ingitis, encephalitis, or both. mNGS is defined as a laboratory
method that uses a random priming strategy to amplify and se-
quence all the genetic material in a sample to detect the full di-
versity of organisms present in a sample [3]. Conventional
microbiological tests (CMTs) are a range of techniques includ-
ing culture, serology, antigen tests, and pathogen-specific PCR
assays. These tests collectively provide vital information for di-
agnosing infections, determining appropriate treatments, and
tracking disease spread [3]. A positive result in CMTs was
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defined as at least 1 of the diagnostic methods mentioned pre-
viously being positive in a single sample.

This review included manuscripts published from the incep-
tion of each database up to 12 November 2024. There were no
language restrictions. Inclusion criteria for studies in this sys-
tematic literature review were as follows: original research
manuscripts; published in peer-reviewed, scientific journals;
conducted in healthcare settings that evaluated the utilization
of mNGS in patients with infectious meningoencephalitis
with randomized clinical trial design; and observational study
design. Commentaries, studies with overlapping individuals,
studies with only pediatric patients, and studies in preprint
were excluded.

Search Strategy

We performed literature searches in PubMed, Cumulative
Index to Nursing and Allied Health, Embase (Elsevier
Platform), Cochrane Central Register of Controlled Trials,
ClinicalTrials.gov, and Web of Science with an experienced
health sciences librarian (E.C.) (Supplementary Appendix 1).
We reviewed the reference lists of retrieved articles using
Covidence [12] to identify studies that were not identified
from the preliminary literature searches. To filter the 1640 ar-
ticles obtained from the databases, titles and/or abstracts were
assessed by 2 investigators (P.S.M. and A.R.M.) to exclude ar-
ticles using the inclusion criteria. All disparities were resolved
through consensus. After applying the exclusion criteria, we
reviewed 69 studies, of which 34 met the inclusion criteria
and were included in the systematic literature review
(Figure 1). This study employs the PICO framework [13].
Focusing on patients classified as infectious meningoenceph-
alitis (P), the study compares metagenomics (I) against CMT's
(C). Our primary outcome of interest (O) was accuracy, clin-
ical efficacy, and potential limitations of mNGS in this clinical
context.

Data Abstraction and Quality Assessment

Of 14 independent reviewers (P.S.M., ARM., TX,P.D., M.CG,
LP, GO.V.L, MKH, N.AB., M.TEE, Y.L, D.F, RO.D., and
S.M.A.A.), 2 independently abstracted data for each article using
a standardized abstraction form (Supplementary Appendix 2).
Reviewers resolved disagreements by consensus. All reviewers
recorded data on study design, publication year and calendar
time, population selection, and characteristics; mNGS method-
ology, sample type, and CMTs; the sensitivity and specificity of
mNGS compared to clinical diagnosis, as well as the sensitivity
and specificity of CMTs compared to clinical diagnosis; the sen-
sitivity and the specificity of mNGS compared to CMTs; the
type of the infectious meningoencephalitis and the most com-
monly detected pathogens; the advantages of mNGS over
CMTs, and its clinical impact; and the limitations of mNGS.
The risk of bias was assessed using the Downs and Black scale

[14]. Reviewers answered all original questions except for ques-
tion 27, which was modified to a yes or no answer. The highest
possible score achievable on this scale was 28. Two authors per-
formed the scale independently, and discrepancies were re-
solved by consensus.

Patient Consent Statement

The present investigation is a systematic literature review of
published deidentified data, so no patient informed consent
was required.

Statistical Analysis

To perform a meta-analysis on the extracted data (Supplementary
Appendices 3 and 4), we calculated the pooled diagnostic odds
ratio (DOR) for mNGS and for the CMTs in patients with in-
fectious meningoencephalitis. The reference standard to calcu-
late the DOR was clinical adjudication from the studies.
Clinical adjudication (or clinical diagnosis) refers to the sys-
tematic review and interpretation of clinical data, including
laboratory results, radiology findings, discharge summaries,
and patient history, by a panel of expert clinicians, typically
board-certified specialists in infectious diseases or relevant
medical fields. This process aims to reach a consensus regard-
ing the likelihood that a particular pathogen identified by diag-
nostic tests, such as mNGS or CMTs, is responsible for the
patient’s clinical condition, such as meningoencephalitis.
Clinical adjudication served as the reference standard against
which the diagnostic accuracy of mNGS and CMTs is com-
pared, allowing for an assessment of their performance in iden-
tifying true positives, false positives, true negatives, and false
negatives in diagnosing microbial infections [15].

We performed statistical analysis using R version 4.1.0 with
mada package version 0.5.4 [16], and calculated the pooled sen-
sitivity, specificity, and DOR. Analogous to the meta-analysis of
the odds ratio method for the DOR, an estimator of random ef-
fects model following the approach of DerSimonian and Laird
is provided by the mada package [16]. For our meta-analysis of
estimates of diagnostic accuracy, we used a bivariate random
effects model, which enabled simultaneous pooling of sensitiv-
ity and specificity with mixed-effect linear modeling while al-
lowing for the tradeoff between them [17, 18]. Heterogeneity
between studies was evaluated with I* estimation and the
Cochran Q statistic test. Publication bias was assessed using
Egger’s regression test with R version 4.1.0 with metafor pack-
age version 4.6-0 [19 ].

RESULTS

Characteristics of Studies Included in the Systematic Literature Review

Thirty-four studies met the inclusion criteria [20-53] and were
included in the systematic literature review (Table 1). The vast
majority of studies employed a retrospective cohort study
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Figure 1. Literature search for articles on metagenomic next-generation sequencing (mNGS) in patients with meningoencephalitis.

design (22 studies) [20, 21, 25, 26, 31, 32, 34-36, 38, 39, 41, 42,
45-48, 50-53], although 12 were prospective cohort studies
[22-24,27-30, 37, 40, 43, 44, 49]. Most of the studies were con-
ducted in China (27 studies) [21-26, 30-36, 39-42, 44-53] and

in the United States (4 studies) [20, 37, 38, 43], including 1 in
the United States with participants from Uganda [37], and 1
study was performed in each of the Netherlands [28],
Switzerland [29], and Vietnam [27]. Studies were conducted
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between 2006 and 2023, varying in duration from 6 to 204
months [20-53]. In our qualitative analysis, 34 studies, including
3157 individuals with infectious meningoencephalitis, utilized
various diagnostic approaches [20-53]. Of the 34 studies evalu-
ated, 21 focused solely on DNA testing [21, 23-25, 30-35, 39, 41,
42, 44-48, 51-53], 12 evaluated both DNA and RNA testing
[20, 22, 26, 27, 29, 36-38, 40, 43, 49, 50], and 1 focused solely
on RNA testing [28]. The mNGS method involved primarily
the sampling of CSF specimens, with only 1 study including
CSF, blood, and other specimen types [29]. We only extracted
data related to CSF samples in this study [29].

All 34 studies evaluated the proportion of positive results be-
tween mNGS and CMTs [20-53]. These 34 papers reported a
higher positive rate of bacteria, Mycobacterium tuberculosis
(TB), fungi, virus, and parasites in mNGS than culture and
CMTs [20-53]. The positive rate of mNGS varied across stud-
ies, with positive rates ranging from 43.5% to 93.5% for infec-
tious meningoencephalitis when compared to clinical diagnosis
[20-26, 28, 30-33, 35-37, 39, 40, 42, 43, 45-52]. The positive
rate from CMTs varied from 10.0% to 67.5% for infectious me-
ningoencephalitis when compared to clinical diagnosis [20, 21,
23, 25, 30, 32, 40, 42, 43, 45-49].

Of the 34 studies, various types of infectious meningoen-
cephalitis were evaluated [20-53]. These included specific cases
of TB (7 studies) [21, 30, 33, 39, 41, 45, 46]; bacterial, viral, fun-
gal, and TB (9 studies) [22, 26, 32, 34, 36, 42, 44, 48, 50]; and
bacterial, viral, fungal, TB, and parasitic (8 studies) [20, 23,
31, 37,47, 49, 52, 53]. Additionally, fungal infections involving
Cryptococcus neoformans were noted in 2 studies [25, 38].
Several studies investigated multiple etiologies, highlighting
the complexity and varied nature of infectious meningoen-
cephalitis [24, 27-29, 35, 40, 43, 51].

Ten studies evaluated the correlation of CSF abnormalities
on the diagnostic yield of mNGS [20, 32, 35, 36, 41-43, 45,
48, 49]. Lu et al [35], Yuan et al [48], and Zhang et al 2020
[49] found higher white blood cell (WBC) counts correlated
with increased mNGS detection rates. However, Wilson et al
[43] and Benoit et al [20] found the opposite: higher WBC
counts correlated with decreased mNGS sensitivity. Both Pan
et al [36] and Wang et al 2022 [42] noted that pathogens caus-
ing low CSF glucose or high protein levels were more likely de-
tected by mNGS. Concurrently, Wang et al 2019 [41] and Yan
et al 2020 [45] observed significant correlations between glu-
cose levels and mNGS detection rates, and higher CSF protein
levels with mNGS positivity. Lin et al 2023 reported a decrease
in CSF lymphocytes and glucose ratio with accurate TB menin-
gitis (TBM) identification [32].

Regarding the quality assessment scores, 20 studies were
considered good (>18 of 28 possible points) [20, 21, 23, 26—
32, 35-38, 43, 48-50, 52, 53] per the Downs and Black quality
tool and 13 studies were considered fair (15-18 points) [23, 25,
26, 34, 35, 40-43, 45-47, 49], indicating evidence to support

the use of mNGS in the diagnosis of infectious meningoen-
cephalitis. Only 1 study was considered of low quality
(<15 points) [51].

Diagnostic Accuracy

Overall, 23 studies, including 1660 patients who had meningo-
encephalitis, evaluated results of mNGS against the clinical di-
agnosis and were included in the meta-analysis [20-26, 30-33,
35, 36, 40, 42, 44-46, 48-52]. The meta-analysis results for
mNGS revealed a pooled sensitivity of 0.70 (95% confidence in-
terval [CI], .67-.72) across all 23 studies with a pooled specific-
ity at 0.93 (95% CI, .92-.94). The DOR for mNGS stood at 26.7
(95% CI, 10.4-68.8). In a stratified analysis with 10 studies
(20,23, 25, 30, 32, 40, 42, 46, 48, 49] evaluating the performance
of CMTs against the clinical diagnosis, CMTs exhibited a
pooled sensitivity of 0.37 (95% CI, .34-.41) with a pooled spe-
cificity of 0.95 (95% CI, .94-.96). The DOR for CMTSs was 12.2
(95% CI, 3.2-47.0; Table 2). We included forest plots showing
the sensitivity and specificity of both mNGS and CMTs for de-
tecting infectious meningoencephalitis from each study
(Supplementary Appendices 5 and 6, respectively). The results
of the meta-analysis were homogeneous for both analyses: the
analysis comparing mNGS with clinical diagnosis (heterogene-
ity P=.39, I’ =5%), and the analysis comparing CMTs with
clinical diagnosis (heterogeneity P = .43, I = 1%).

We also performed a stratified analysis with 7 studies inves-
tigating TBM (N = 636) and evaluating the results of mNGS
against the clinical diagnosis [21, 30, 33, 42, 44-46]. We sought
to include data from definite cases of TBM [21, 33, 44, 45], as
defined by Marais et al [54], but we also included studies in
which we could not separate definite from probable TBM
[30, 42, 46]. The meta-analysis results for mNGS revealed a
pooled sensitivity of 0.67 (95% CI, .61-.72) and a pooled specif-
icity at 0.97 (95% CI, .95-.99). The DOR for mNGS stood at
43.5 (95% CI, 7.4-256.6). In a stratified analysis with 3 studies
[30, 42, 46] evaluating the performance of CMTs against the
clinical diagnosis, CMTs exhibited a pooled sensitivity of 0.35
(95% CI, .34-.45) with a pooled specificity of 0.98 (95% CI,
.87-.996). The DOR for CMTs was 6.9 (95% CI, 1.7-27.6;
Table 3).

Publication Bias
The Egger’s regression test did not indicate publication bias
among the studies included in the meta-analysis (P =.19).

DISCUSSION

This systematic literature review and meta-analysis provides a
comprehensive evaluation of mNGS as a diagnostic tool for in-
fectious meningoencephalitis by comparing it to CMTs. The re-
sults indicate that mNGS has significantly higher sensitivity
than CMTs, with pooled sensitivity rates of 70% versus 37%,
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Table 3. Diagnostic Accuracy of Metagenomic Next-generation Sequencing (nNGS) and the Conventional Microbiological Tests (CMTs) in Detecting Patients With Tuberculosis Meningoencephalitis®
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0.97 (0.75-0.997)
Pooled specificity
0.98 (0.87-0.996)

0.35 (0.20-0.55)

39.3-110006.0)

1.2-423.4)
DOR (95% CI)

.89-.999)
.26-.63)

15.9 (.8-301.0)

22.6

DOR (95% Cl)

Pooled sensitivity

6.9 (1.7-27.6)

0.35 (0.26-0.46)

43.5 (7.4-256.6)

0.67 (0.61-0.72)

Abbreviations: Cl, confidence interval; DOR, diagnostic odds ratio.

®The raw data of the included studies used in the meta-analysis are in Supplementary Appendix 4.

respectively. This higher sensitivity underscores mNGS’s ability
to detect a broader spectrum of pathogens, including rare and
difficult-to-culture organisms, which traditional methods
might miss. Moreover, the pooled specificity of mNGS (93%)
is comparable to that of CMTs (95%), suggesting that mNGS
maintains a high level of accuracy in identifying true negatives.

The analysis also revealed that mNGS’s DOR is higher than
that of CMTs, indicating superior diagnostic performance.
Specifically, mNGS had a DOR of 26.7 compared to 12.2 for
CMTs. For TBM, the sensitivity of mNGS was 67% with a spe-
cificity of 97%, demonstrating its greater effectiveness in diag-
nosing this condition compared to CMTs, which had a
sensitivity of 35% and a specificity of 98%. These findings sug-
gest that mNGS is a valuable tool for enhancing the diagnosis of
infectious meningoencephalitis, particularly for complex cases
where traditional methods fall short.

Another important consideration is that the utility of mNGS,
like CMTs, is significantly impacted by when the testing occurs
in the diagnostic workup [3, 5, 55]. For example, if the test is
done early in the infectious meningoencephalitis workup, its
impact is likely to be more significant [3, 5]. However, the
test is often not requested at an early stage, which may account
for some of the variability in positive rates observed across
studies [20, 21, 23, 25, 30, 32, 40, 42, 43, 45-49].

Several studies within the review highlighted specific corre-
lations between CSF parameters and mNGS detection rate
[35, 36, 42, 45, 48, 49]. For instance, higher WBC counts,
and CSF protein levels were associated with increased mNGS
positivity. This correlation was evident in studies by Lu et al
[35], Yan et al [45], Yuan et al [48], and Zhang et al 2020
[49], which noted that elevated CSF protein and WBC counts
significantly predicted mNGS positive results. However,
Wilson et al [43] and Benoit et al [20] showed a decreased sen-
sitivity for mNGS with particularly high CSF WBC counts.
Studies by Pan et al [36] and Wang et al 2022 [42] found that
low CSF glucose and high protein levels were more likely to
yield positive mNGS results, although this correlation may be
attenuated in immunocompromised individuals [56]. These
findings underscore the importance of considering CSF charac-
teristics when interpreting mNGS results because they can in-
fluence the diagnostic yield. Although it would also be of
interest to compare the efficacy of mNGS using distinct sample
types, such as comparing CSF to serum, almost all studies only
investigated CSF.

Standardizing protocols and quality control measures for
mNGS is important to ensure its effectiveness [3, 15, 57].
Given the nuanced interpretation required for mNGS results,
whether positive or negative, it is essential for hospitals to im-
plement strict guidelines for authorizing test orders. This re-
sponsibility should be entrusted to infectious disease
physicians, neurologists, or experienced microbiologists who
have the expertise to interpret mNGS data accurately.
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Additionally, to maximize the utility of mNGS and reduce the
risk of misinterpretation, hospitals might restrict its use to cases
where all CMTs have been thoroughly conducted and yielded
negative results. However, performing mNGS later in the diag-
nostic process may result in a lower impact, and specimens
from the initial sample may need to be stored for later testing.
When detected microbial DNA or RNA is below a predeter-
mined threshold, microbiology laboratories should consider
withholding such findings to prevent confusion among health-
care providers.

Despite the promising results, several limitations this sys-
tematic review should be acknowledged. The variability in
the study designs, populations, mNGS library preparation
methodologies, bioinformatics pipelines, and statistical criteria
for differentiating between a “true” infection and an environ-
mental or laboratory contaminant across the included studies
may affect the generalizability of the findings [58]. The pre-
dominance of studies conducted in China (27 of 34) might in-
troduce a geographic bias, limiting the applicability of the
results to other regions with different pathogen prevalence
and healthcare practices [21-26, 30-36, 39-42, 44-53].
Additionally, the retrospective nature of most studies (22 of
34) could introduce recall bias and limit the ability to draw ca-
sual inferences [20, 21, 25, 26, 31, 32, 34-36, 38, 39, 41, 42, 45—
48, 50-53]. Clinical adjudication was performed by the authors
of the individual studies, not by the current authors, and our
review did not specify how undiagnosed cases were handled
—a significant limitation considering the high proportion of
undiagnosed cases in meningoencephalitis literature. This var-
iability, combined with the inclusion of controversial organ-
isms (eg, Epstein Barr virus, cytomegalovirus), highlights the
need for clearer adjudication processes. These factors, along
with differences in assay methodologies, impact diagnostic per-
formance metrics, including the DOR. The wide range of DOR
values and large CIs reflect the influence of these variables,
making it difficult to draw definitive conclusions on mNGS’s
diagnostic accuracy across diverse settings. A more detailed ex-
ploration of how assay variables and clinical settings influence
DOR would have strengthened the interpretation of these find-
ings. Additionally, the lack of consistent detection of Japanese
encephalitis virus in the studies may point to limitations in
mNGS for detecting such pathogens, which may be better iden-
tified through serologic methods, especially in regions where
Japanese encephalitis virus is endemic. Furthermore, although
the meta-analysis demonstrated the diagnostic superiority of
mNGS, the clinical impact in terms of patient outcomes and
cost-effectiveness remains less clear. The integration of
mNGS into routine clinical practice also necessitates consider-
ations of its accessibility, cost, and the need for specialized
training for laboratory personnel [3, 57]. Additionally, the po-
tential for contamination and the presence of background noise
in mNGS data can lead to false positives, complicating the

interpretation of results [3, 59-61]. This issue underscores
the need for stringent quality control measures and robust bio-
informatics pipelines to ensure the accuracy of pathogen iden-
tification [58]. The high cost and resource intensity associated
with mNGS might also limit its widespread adoption, particu-
larly in resource-limited settings [62]. Moreover, our review
did not sufficiently address the turnaround time for mNGS
compared to CMTs. Although some mNGS laboratories are
able to offer increasingly rapid results (<48 hours), the actual
time from sample collection to diagnostic reporting can vary
significantly depending on the laboratory infrastructure and
expertise [5].

In conclusion, this systematic literature review and meta-
analysis affirm the diagnostic advantages of mNGS over
CMTs for infectious meningoencephalitis, including tubercu-
losis meningoencephalitis, highlighting its higher sensitivity
and comparable specificity. The ability of mNGS to detect a
wide array of pathogens rapidly positions it as a transformative
tool in the clinical diagnosis of this complex condition.
However, addressing the noted limitations through future re-
search will be important to fully realize its potential and ensure
its effective implementation in diverse clinical settings.
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