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REVIEW

Viral metagenomic sequencing in the diagnosis of meningoencephalitis: a review of 
technical advances and diagnostic yield
Ellen C. Carboa, Ivar Blankenspoora, Jelle J. Goeman b, Aloys C.M. Kroesa, Eric C.J. Claasa and Jutte J.C. De Vriesa

aClinical Microbiological Laboratory, Department of Medical Microbiology, Leiden University Medical Center, Leiden, The Netherlands; bDepartment 
of Biomedical Data Sciences, Leiden University Medical Center, Leiden, The Netherlands

ABSTRACT
Introduction: Meningoencephalitis patients are often severely impaired and benefit from early etiolo
gical diagnosis, though many cases remain without identified cause. Metagenomics as pathogen 
agnostic approach can result in additional etiological findings; however, the exact diagnostic yield 
when used as a secondary test remains unknown.
Areas covered: This review aims to highlight recent advances with regard to wet and dry lab 
methodologies of metagenomic testing and technical milestones that have been achieved. 
A selection of procedures currently applied in accredited diagnostic laboratories is described in more 
detail to illustrate best practices. Furthermore, a meta-analysis was performed to assess the additional 
diagnostic yield utilizing metagenomic sequencing in meningoencephalitis patients. Finally, the remain
ing challenges for successful widespread implementation of metagenomic sequencing for the diagnosis 
of meningoencephalitis are addressed in a future perspective.
Expert opinion: The last decade has shown major advances in technical possibilities for using mNGS in 
diagnostic settings including cloud-based analysis. An additional advance may be the current estab
lished infrastructure of platforms for bioinformatic analysis of SARS-CoV-2, which may assist to pave the 
way for global use of clinical metagenomics.
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1. Introduction

Meningoencephalitis is a severe inflammation of the brain 
tissue and meninges, with an overall mortality of 30% and 
long-term residual sequelae in the majority of the patients 
that survive [1]. All age groups can be affected and immuno
compromised patients are at higher risk of infection with 
unexpected and novel viral pathogens [2]. Disease outcome 
improves with a proper and timely diagnosis and correct 
identification of disease etiology [3]. Strikingly, more than 
30% of cases remain without identified etiologic agent [4]. 
A wide range of causative agents can be involved, and besides 
host immune status, the etiology is also dependent on geo
graphical location, as exemplified by tick-born encephalitis, 
Toscana virus encephalitis, and Japanese encephalitis. The 
clinical severity of the disease in combination with frequent 
negative routine qPCR panel results and a wide range of 
causative agents makes this type of patients attractive candi
dates for metagenomic next-generation sequencing (mNGS), 
as mNGS can detect all pathogens, including rare and novel 
pathogens not included in conventional testing.

Over the past decade, an increasing number of studies have 
been published on metagenomic sequencing in cases of menin
goencephalitis of unknown cause, using mainly cerebrospinal fluid 
and sporadic brain tissue (Figure 1). Most reports are on individual 
clinical cases with either novel viruses or known viruses not 

previously associated with a specific clinical syndrome. 
A growing but still modest number of prospective evaluations 
have been reported on the application of metagenomic sequen
cing in routine diagnostic settings. This review aims to summarize 
findings with regard to the diagnostic yield of viral metagenomics 
in meningoencephalitis patients with negative conventional test 
results, to highlight milestones and share technical details of 
a selection of viral metagenomic methods that have been imple
mented in routine diagnostic laboratories as examples of best 
practice. Finally, remaining technical challenges for implementa
tion of viral mNGS are addressed.

2. Additional diagnostic yield of mNGS in cases of 
meningoencephalitis

Appropriate management of patients with meningoencepha
litis is dependent on timely identification of the etiological 
agent. The distinction between infection and inflammatory 
causes is of importance since inflammatory meningoencepha
litis is typically treated with anti-inflammatory drugs, which 
can have counter-effective results in patients with active virus 
replication. Viral mNGS provides a broad and untargeted 
approach to identify all pathogenic viruses from the differen
tial diagnosis and beyond in one single test. Metagenomics for 
pathogen detection is currently used in a growing number of 
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laboratories as secondary test for difficult to diagnose cases 
with negative conventional diagnostic test results. To analyze 
the added value of mNGS in the clinical setting, the additional 
diagnostic yield in patients with meningoencephalitis as 
reported in literature was reviewed, and a meta-analysis was 
performed. The additional diagnostic yield was defined as the 
proportion of extra etiological agents identified by conducting 
mNGS as a secondary test compared to conventional testing. 
The included papers consisted of studies applying metage
nomic next-generation sequencing (mNGS) in meningoence
phalitis patient cohorts, suspected of an infectious etiology 
and negative by conventional testing. Only studies using 
mNGS for pathogen detection were included using the search 
strategy, search terms, and exclusion criteria described in 
Table S1. Additional relevant studies were selected by screen
ing the reference lists of the included studies. Two authors (IB, 
ECC) independently reviewed and extracted data from the 
included manuscripts [5–14]. From the cohort studies investi
gating mNGS for pathogen detection, the additional diagnos
tic yield was determined by analysis of the proportion (%) of 
meningoencephalitis patients with additional findings by 

mNGS. Next, diagnostic yield data was analyzed using JASP 
statistical software [15] based on the R package Metafor [16], 
for a study with an estimator of 0 [10] the 95% confidence 
interval was calculated with Clopper–Pearson exact. 
A restricted maximum likelihood meta-analysis was performed 
to summarize the results of all the studies included, followed 
by subgroup analysis based on patient origin. The forest plot 
of the additional metagenomic yield is shown in Figure 2.

The studies included show significant heterogeneity in 
design, geographic location, and causative agents. Therefore, 
a restricted maximum likelihood model was used, which lead 
to an overall additional viral diagnostic yield by mNGS of 10.88% 
(95% CI 4.6–17.15). The viral diagnostic yield in moderate climate 
zones (USA, EU) was 5.36% (95% CI 0.35–10.37), generally lower 
than (sub)tropical climate zones: 21.61% (95% CI 12.16–31.07). 
Additional pathogenic virus yield in (sub)tropical climate zones 
included mosquito born viral disease viruses such as CHIKV [11]. 
An additional factor for a higher yield was the detection of 
pathogens part of a vaccination program present in western 
but absent in non-western countries, like mumps [11]. An over
view of the additional viruses detected is depicted in Figure 3. 
These viruses can be categorized as known viruses that were not 
included in the conventional testing panel since they were rarely 
or previously not detected in meningoencephalitis. It must be 
noted that no novel viruses were published as part of these 
cohort studies. Detection of novel viruses has been mainly 
described in case reports, from which no data on proportionality 
could be deducted for meta-analysis. The above described rate 
of additional yield of 5.36% in moderate climate zones was based 
on studies that included all idiopathic meningoencephalitis 
patients based on clinical, biological, and radiological data. 
However, when selecting cases with potentially high risk of 
viral infection the yield was higher: 12.2% additional mNGS 
yield in hematological adult and pediatric patients with menin
goencephalitis [5]. A Swiss study with a 17,65% yield reported 
that in the majority of patients (>67%) an infectious disease 
specialist was consulted to select patients with higher suspicion 
for viral etiology [8]. It must be noted that the yield will increase 

Article Highlights

● The additional diagnostic yield of metagenomic sequencing for 
pathogen detection when used as a secondary test after conventional 
testing is 5–20% and is dependent on the endemic pathogens in 
combination with the available diagnostic facilities.

● Best metagenomic practices for wet lab procedures include virus 
enrichment by means of depletion of ribosomal RNA and probes 
capturing vertebrate viruses

● Best practices for bioinformatic analysis of metagenomic data include 
algorithms to minimize false-positive findings and to assist interpre
tation, for example using post-probability scores

● Future comparisons of metagenomic protocols with regard to sensi
tivity, specificity, feasibility in terms of laborious workflows, and turn- 
around time are needed. Recently, the ENNGS has initiated the 
sharing and comparison of viral metagenomic protocols in the pro
ject METASHARE.

Figure 1. The increasing number of reports in literature (PubMed) on metagenomic sequencing in meningoencephalitis of unknown cause. Date of access 
20 April 2021, query [encephalitis AND metagenomic OR metagenomics].
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when bacterial and other pathogens are taken into account. With 
these additional diagnostic yield percentages and an annual 
incidence of over 500,000 meningoencephalitis cases worldwide 
[3,17], widespread implementation of mNGS diagnostics is 
expected to lead to a substantial increase in the number of 
identified etiologies and correctly diagnosed cases.

3. Technical advances in the wet lab: viral 
enrichment

A diversity of mNGS library preparation and sample pre- 
treatment methods is in use for diagnosing patients with menin
goencephalitis. In contrast to viral meningitis, viral infection of 

Carbo et al. (2020)

Haston et al. (2020)

Wilson et al. (2019)

Kufner et al. (2019)

Salzberg et al. (2016)

Ambrose et al. (2011)

Saha et al. (2019)

Turner et al. (2017)

Kawada et al. (2016)

Smits et al. (2013)

RE model total

Study

12.20 [2.19, 22.21]

5.00 [-4.55, 14.55]

3.75 [0.81, 6.69]

17.65 [-0.47, 35.77]

20.0 [-4.79, 44.79]

0 [0.00, 0.10]

28 [10.40, 45.60]

21.05 [2.72, 39.38]

18.75 [-0.37, 37.87]

16.67 [-4.42, 37.75]

Viral yield [95% CI]

10.88 [4.60, 17.15]

RE model USA/EU
RE model Asia/Africa

5.36 [0.35, 10.37]
21.61 [12.16, 31.07]

-10 0 10 20 30 40 50

Added percentage of diagnostic viral yield of mNGS

Figure 2. Forest plot of the diagnostic yields of the included cohort studies using mNGS for pathogen detection in cases of meningoencephalitis of 
unknown cause. Additional viral yield is shown as percentage per study including the 95% confidence interval (CI). Viral yield is defined as the percentage of 
additional diagnoses that are being made due to the utilization of metagenomic NGS, compared to only using conventional tests. Total RE model and RE models 
specified on patient origin are included.

Figure 3. Pie chart of all pathogenic viruses detected by mNGS in cerebrospinal fluid in the reports included in the current meta-analysis.
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the brain usually does not result in high virus concentration in 
the cerebrospinal fluid (CSF). Most diagnostic laboratories 
receive CSF for virus diagnostics, while the higher viral loads in 
brain biopsies are better suited for metagenomic sequencing 
assays. A recent benchmarking study [18] underscores that sen
sitivity remains a challenge in the presence of abundant back
ground host sequences. Table 1 provides an overview of 
a selection of technical wet and dry lab methodologies currently 
implemented in diagnostic settings or extensively prospectively 
validated for clinical diagnostic use. Viral enrichment before 
extraction of nucleic acids, by centrifugation and filtration and 
in some protocols using DNase treatment can be beneficial but is 
not readily automatized and furthermore has not consistently 
been reported as effective [19–22]. Enrichment of RNA virus 
sequences is commonly performed either by removal of riboso
mal RNA or enrichment by poly A tail binding of mRNA. The 
mRNA of eukaryotic viruses is usually poly A tailed, in addition to 
the genome itself in some viruses (e.g. picornaviruses) [19,23,24]. 
Some viruses initiate translation in the absence of poly A tail by 
using functional analogues (e.g. hepatitis C viruses, rotaviruses) 
and viruses that are in a non-replicative phase may be missed 
when using this type of selection method [19]. After nucleic acid 
extraction, reverse transcription and library preparation is com
monly performed using separate library preps for RNA and DNA 
viruses, though a one-tube protocol can be used as cost-effective 
alternative [21,22]. Enrichment after library preparation using 
capture probes specific for all known vertebrate viruses resulted 
in a significant improvement in sensitivity and 100–10,000-fold 
increase in virus read counts [5,19,25,26]. Despite these enrich
ment techniques, sensitivity remains an issue to be addressed in 
the validation phase when implementing viral metagenomic 
sequencing in routine diagnostic settings as shown in recent 
benchmarking studies [18,27]. Some methods have resulted in 
sensitivities comparable to PCR, but not all protocols have been 
proven equally efficient for detecting DNA viruses in various 
types of patient samples. A validation study should include the 
different sample types selected for application in combination 
with the selected wet and dry lab protocol [18].

Detection of DNA viruses in brain biopsies tends to be more 
sensitive due to higher abundance of virus material but is not 
often performed as it is an invasive method [2]. Sequencing of 
tissue biopsies can be hindered by large amounts of host 
sequences as compared to analysis of cerebrospinal fluids [40]. 
DNA derived from Formalin-Fixed Paraffin-Embedded (FFPE) 
material can be impaired due to the required specimen proces
sing workflow [41] leading to sequence artifacts [42]. It is 
advised to follow the evidence-based practices e.g., formalin 
fixation time, storage condition and extraction methods [43]. 
Due to sequence artifacts, the use of molecular tags or unique 
molecular identifiers should be considered. In this way, each 
molecule prior to library prepping is labeled and can be ana
lyzed by additional bioinformatic tools [44,45].

4. Advances in bioinformatic analysis and 
cloud-based analysis

The performance of metagenomic methods is heavily depen
dent on accurate bioinformatic analysis, and both the 

classification algorithms as well as the databases are crucial 
determinants of the overall performance of available pipelines. 
A wide range of metagenomic pipelines and taxonomic clas
sifiers have been developed, often for the purpose of biodi
versity studies analyzing the composition of the microbiome 
including the virome in different samples and cohorts. In 
contrast, when applying mNGS for patient diagnostics, poten
tial false-negative and false-positive bioinformatic classifica
tion results can have significant consequences for patient 
care. Reports on specific bioinformatic tools for metagenomic 
analysis for virus diagnostics typically describe algorithms and 
validations of single pipelines developed and used by the 
authors themselves, stressing the need for high-quality valida
tion and comparison studies. The development of guidelines 
and recommendations on mNGS bioinformatic analysis meth
ods and reporting will assist the implementation of mNGS in 
diagnostic laboratories, ensuring the validity of results and 
thus optimizing patient management [46]. A recent bench
mark of bioinformatic tools and pipelines conducted by the 
ESCV Network on NGS [18], where datasets from clinical sam
ples including CSF and brain biopsies from patients with viral 
meningoencephalitis were analyzed, showed that virus infec
tions with Ct-values of ≤ 28 were challenging for most tools 
and pipelines. The tools/pipelines with the combination of 
highest sensitivity and selectivity were metaMix [47], 
Centrifuge [48] and VirMet [32,49]. An extra correction for 
increasing the specificity can be made with additional tools 
for deduction of contamination or the ‘kitome’ [50,51] or align 
the sequence reads to a potentially given species, like in 
GenomeDetective [52], to see whether reads are evenly dis
tributed to avoid artifacts.

Processing of mNGS data can be done via command line 
tools compiled by bioinformaticians, or by user-friendly inter
faces containing tools and pipelines. Potent computer hard
ware can be situated locally in the format of high-performance 
computing (HPC) cluster, or remotely via cloud computing. 
Cloud-based platforms usually have web front-end interfaces, 
which facilitate direct uploading of the raw files from sequen
cing instruments and direct downloading of the final output 
analyses from the server. Galaxy [53] and BlueBee [54] are 
examples of web-based platforms with user-friendly interfaces 
for hosting in-house tools and pipelines. Recently, several 
web-based, user-friendly, and complete pipelines for viral 
metagenomic analyses have become available, including 
DNASTAR [55], Genome Detective [52], One Codex [56], 
Taxonomer [57], and IDbyDNA [58], the latter including library 
preparation and sequencing. The availability of these com
plete analyses as a service package enables laboratories with 
no access to a HPC cluster or with limited bioinformatic knowl
edge, to analyze mNGS datasets, which can be considered 
a milestone. These service packages should be validated 
locally to assure accurate identification and classification of 
potential target viruses and to analyze the limit of detection 
and variation. Common practice is in silico validation using 
a selection of viral RNA and DNA sequences, single-stranded, 
and double-stranded, followed by a validation of the entire 
workflow using well-characterized patient samples. Precision, 
recall, and the F1 score as a combination of these, are the 
measures applicable when using patient samples since in 
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practice it is impossible to subject every negative metage
nomic finding to PCR. It is expected that implementation of 
these software packages will be beneficial for broader imple
mentation of metagenomic sequencing, especially in the new 
in vitro diagnostic regulated (IVDR) era.

5. Remaining challenges for implementation

Several challenges remain and hamper the widespread imple
mentation of viral mNGS for meningoencephalitis cases in 
routine diagnostic laboratories. These challenges can be 
found in both wet and dry lab procedures. There is no optimal 
and highly sensitive procedure for library preparation for viral 
metagenomic detection yet. Lack of standardization has 
impact on the ability of labs to select a procedure that is easily 
introduced into the routine diagnostic testing process with 
a time to result within a clinically relevant timeframe. Clearly, 
there is a need for future comparisons of wet lab protocols 
with regard to sensitivity, specificity, feasibility in terms of 
laborious workflows, and turnaround time. Recently, the 
ENNGS has initiated the sharing and comparison of viral meta
genomic protocols in the project METASHARE.

With regard to the remaining dry lab challenges, bioinfor
matic analysis software and bioinformaticians have not typi
cally been part of the infrastructure of the diagnostic 
microbiological lab in the past decades, and cloud-bases ana
lyses have only recently been introduced for metagenomics 
for pathogen detection. The validation procedure for bioinfor
matic analysis has yet not been standardized and the IVDR 
may stimulate manufacturers to implement and share further 
standardization of the process of validation of the pipelines 
and software updates. The IVDR may prove to be useful for 
mNGS (end-)users in this aspect: it requires that users will have 
access to information on the validation process of the pipeline 
and updated versions. Agreements will need to be in place to 
cover details on the storage and access of sequence data, 
results, and logging. Sharing databases and pipelines for com
parison will support laboratories during their mNGS protocol 
selection process. User-friendly access to databases and meta
genomic pipelines provided with information on their sensi
tivity, specificity, and clinical usage in a user-friendly way will 
be an impactful factor for the widespread implementation of 
viral metagenomics in diagnostic laboratories. Furthermore, in 
the coming years, some efforts are expected on the interpre
tation of the reports, possibly provided with post-probability 
scores in a user-friendly format, as the consultant benefits 
most from binary results that can guide a clinical course of 
action. It is anticipated that further development of interpreta
tion algorithms may be beneficial here.

6. Expert opinion

A pro-con debate on viral metagenomics as a frontline 
approach was organized at the last Molecular Virology 
Workshop by the Pan American Society for Clinical Virology. 
It was an effective platform to contrast views on the chal
lenges to the integration of viral metagenomics as 
a frontline diagnostic approach. Approximately half of the 

participants estimated that within the next 10 years clinical 
metagenomics would be implemented as frontline diagnostic 
approach, at least for a significant part of clinical cases. It 
remains to be seen whether this time-frame is sufficient to 
gather all the evidence for clinical utility in different patient 
populations and, importantly, to achieve cost-effectiveness. 
Although sequence costs are rapidly decreasing, the manual 
workload and turn-around time are currently the main draw
backs and both have to be reduced to compete with rapid 
syndromic PCR panel testing with increasing numbers of tar
get pathogens.

Whereas one decade ago, the predominant question 
raised was whether metagenomic sequencing could be inte
grated in diagnostic laboratories for use in clinical care at all, 
now clinical metagenomics is being implemented in an 
increasing number of specialized diagnostic laboratories 
within the scope of their accreditation. The time-frame for 
widespread implementation is currently largely dependent 
on technical development: index hopping, ‘kitome’ 
sequences [59], low sensitivity and inaccurate quantification 
of target viruses are technical challenges that are expected to 
be resolved within the next decade. Algorithms are being 
developed to correct for factors interfering with pathogen 
detection and quantification such as background reads and 
contaminants [50,[51]. Importantly, the momentum of the 
COVID-19 pandemic is in place and embodies the ultimate 
example of the value of metagenomic surveillance for the 
detection of emerging and novel viruses. Additionally, the 
infrastructure for SARS-CoV-2 analysis and variant detection 
is being improved and extended. In a recent WHO meeting 
global accessibility to pipelines for SARS-CoV-2 variant analy
sis was discussed. Today’s established infrastructure of plat
forms for bioinformatic analysis of SARS-CoV-2 can technically 
in the future also be used for harboring metagenomic pipe
lines and may pave the way for global use of clinical 
metagenomics.

The last decade has shown major advances in technical pos
sibilities for using mNGS in diagnostic settings. A growing num
ber of commercial parties is interested in providing cloud-based 
services for metagenomic bioinformatic analyses and seems to 
be preparing for IVD and FDA regulations. Hopefully, the next 
decade will be characterized by progress in technology and 
clinical implementation, perhaps resulting in one of the ultimate 
applications of the implementation of viral metagenomics: 
patient bed-side virus discovery.
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