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Abstract

Background: Recently, with the rapid progress of metagenomic next-generation sequencing (mMNGS), inconsistency
between mNGS results and clinical diagnoses has become more common. There is currently no reasonable explana-
tion for this, and the interpretation of mNGS reports still needs to be standardised.

Methods: A retrospective analysis was conducted on 47 inpatients with suspected central nervous system (CNS)
infections, and clinical data were recorded. The final diagnosis was determined by an expert group based on the
patient’s clinical manifestation, laboratory examination, and response to treatment. mNGS results were compared
with the final diagnosis, and any inconsistencies that occurred were investigated. Finally, the credibility of mNGS
results was evaluated using the integral approach, which consists of three parts: typical clinical features, positive
results with the traditional method, and cerebrospinal fluid cells > 100 (x 10%/L) or protein > 500 mg/L, with one
point for each item.

Results: Forty-one patients with suspected CNS infection were assigned to infected (ID, 31/41, 75.61%) and non-
infected groups (NID, 10/41, 24.39%) after assessment by a panel of experts according to the composite diagnostic
criteria. For mNGS-positive results, 20 of the 24 pathogens were regarded as contaminants when the final score was
<1.The remaining 11 pathogens detected by mNGS were all true positives, which was consistent with the clinical
diagnosis when the score was > 2. For mNGS negative results, when the score was > 2, the likelihood of infection may
be greater than when the scoreis <1.

Conclusion: The integral method is effective for evaluating mNGS results. Regardless of whether the mNGS result
was positive or negative, the possibility of infection was greater when the score was > 2. A negative mNGS result does
not necessarily indicate that the patient was not clinically infected, and, therefore, clinical features are more important.
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Background

Central nervous system (CNS) infections, including men-
ingitis, encephalitis, abscess, and myelitis are caused by
various infectious agents. Infectious diseases of the CNS
are associated with high morbidity and mortality [1]. In
2016, the World Health Organization estimated 320,000
deaths globally to be related to meningitis [2]. The clini-
cal presentation of CNS infection is non-specific; there-
fore, clinicians cannot determine the potential causative
pathogen based on symptoms and physical examinations
and must rely on microbiological tests [3, 4]. Cerebrospi-
nal fluid (CSF) Gram staining and routine biochemical
examinations are common diagnostic methods for CNS
infections that are not specific to causative pathogens.
Bacterial culture and polymerase chain reaction (PCR)
tests identify specific pathogens in the CSF and are cur-
rently the most important methods for diagnosing CNS
infections. However, most pathogens that cause CNS
infections cannot be routinely cultured, and most PCR
tests are targeted against common pathogens. A specific
aetiologic agent cannot be identified in more than 50% of
patients with CNS infections [5-7]. The failure to obtain
a timely aetiological diagnosis leads to the delay of treat-
ment, which burdens the patient’s family and society [2,
8].

Metagenomic next-generation sequencing (mNGS) is
a promising method for the diagnosis of infectious dis-
eases. It is a non-priori and non-biased detection method
that enables the identification of all potential causes in a
single test [9, 10]. Since the detection of the first case of
leptospirosis in 2014 [11], mNGS has developed rapidly
in the field of infectious diseases and has a significant
advantage for the detection of new or rare pathogens.
Initial mNGS applications focused on detecting patho-
gens in sterile specimens, such as CSF and brain biopsies,
simplifying the clinical significance of detected microor-
ganisms, improving the detection positive rate of aetiol-
ogy, and bringing value to the practical clinics [12-14].
However, mNGS has high sensitivity but low specific-
ity compared to microbial culture. Several studies have
shown that inconsistency between mNGS results and
clinical diagnoses is common [15-17]. Moreover, it is
common to detect more than one microorganism in an
mNGS result, and the causative pathogen may be one of
them or none of them. There are currently no guidelines
or studies that provide reasonable explanations for false-
negative and false-positive mNGS results or detailed
assessment procedures to guide clinicians.

To bridge this knowledge gap, we conducted a ret-
rospective study that collected clinical data from 47
patients with suspected CNS infection between 2018 and
2021. These cases were taken as examples to analyse the
causes of false-positive and false-negative results and to
explore the rules preliminarily in order to provide a ref-
erence for clinicians when analysing mNGS results for
suspected CNS infection. Our study aimed to explore the
interpretation of mNGS reports in a clinical scenario.

Materials and methods

Study design and patient selection

This retrospective study was conducted on patients with
suspected CNS infection who were admitted to the Sec-
ond Hospital of Anhui Medical University from 2018
to 2021 (Fig. 1). This study was reviewed and approved
by the ethics committee of Anhui Medical Univer-
sity [20170216]. Informed consent forms were signed
by patients or their surrogates. CSF samples were sent
for: routine (quantity and classification of CSF cell) and
biochemical (protein, glucose, chloride, and adenosine
deaminase content of CSF) tests; culturing of bacte-
ria, fungi and tuberculosis; autoimmune antibody tests;
serologic tests and CSF smear. Cell biopsy and nucleic
acid amplification testing (traditional PCR, Xpert MTB
(Mycobacterium tuberculosis)) were conducted accord-
ing to clinically assessed necessity. Eligible patients were
divided into six groups according to their final diagno-
ses: bacterial meningitis, tuberculous meningitis (TBM),
viral encephalitis and/or meningitis, fungal meningi-
tis, amoeba encephalitis and CNS non-infection. We
included patients with definite or probable diagnoses of
CNS bacterial meningitis [18], viral infections [19], TBM
[20], and amoeba encephalitis. Fungal meningitis was
confirmed by routine microbiological tests. Synchronous
CSF samples were collected for mNGS. The inclusion cri-
teria were as follows: (1) high-level clinical suspicion of
CNS infectious disease; (2) CSF specimens submitted for
mNGS testing. The exclusion criteria were as follows: (1)
refusal to undergo lumbar puncture; (2) any contraindi-
cation for such puncture; (3) patients with unclear diag-
nosis at discharge by expert committee consultation.

Sample sequencing and data analysis

CSF specimens of 1.5-3 mL were collected from each
patient according to standard procedures. A 1.5 mL
microcentrifuge tube containing 0.6 mL of sample,
enzymes and a 1 g 0.5 mm glass bead were attached to a
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Fig. 1 Flowchart of study enrolment process

horizontal platform on a vortex mixer and agitated vig-
orously at 2800-3200 rpm for 30 min. Thereafter, DNA
libraries were constructed through the process of DNA-
fragmentation (approximately 150 bp fragments), end-
repair, adapter-ligation, and PCR amplification. Agilent
2100 Bioanalyzer was used for quality control of the DNA
libraries (200-300 bp). Quality-verified libraries were
sequenced by the BGISEQ-50/MGISEQ-2000 platform
[21]. High-quality sequencing data were generated by
removing low-quality reads, followed by computational
subtraction of human host sequences mapped to the
human reference genome (hg19) using Burrows—Wheeler
Alignment [22]. The remaining nonhuman sequences
were read after subtraction of the human host sequences
that were mapped to the human reference genome (hg19)
using Burrows—Wheeler Alignment. The remaining data
were compared with the microbial genome database
(http://ftp.ncbi.nlm.nih.gov/genomes/), which includes
11, 910 bacteria, 7103 viruses, 1046 fungi, and 305 para-
sites related to human diseases. The mapped data were
processed and analyzed, and the suspected pathogens
were listed, including the number of reads, coverage,

and depth of strict mapping. The sequencing result was
shown in Additional file 1.

The criteria for evaluating microorganisms detected by
mNGS were as follows:

(1) The microorganism detected by mNGS was con-
sistent with the microorganism detected by conventional
methods; (2) probable causative microorganisms were
identified with reference to the literature and when the
pathogenicity was consistent with the clinical manifesta-
tions [14].

Data collection and diagnostic assessment of mNGS
Patients’ clinical data, including demographic character-
istics, past medical history, immunosuppression status,
laboratory examination, treatment process, and progno-
sis, were collected. Immunosuppression status included
cases of progressive, solid, or haematological cancer,
acquired immunodeficiency syndrome, administration of
immunosuppressive drugs or steroids (at a dose greater
than 0.3 mg/kg/day of prednisolone for at least 1 month)
[23].
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An expert group consisting of one microbiologist,
one molecular biologist, and three infectious disease
physicians adjudicated patients’ final clinical diagno-
ses according to the composite diagnostic criteria, after
hospital discharge when the results of all the labora-
tory tests and patients’ responses to therapy were avail-
able [24]. The expert group members independently
assessed each sample. When the results obtained
were inconsistent, they reached a common conclusion
through discussion.

The diagnostic performance of mNGS was assessed
using the steps that follow. First, the patients were
assigned to infected and non-infected groups. Second,
the consistency of mNGS was compared with that of
traditional methods and clinical diagnosis. Additionally,
mNGS positive/case consistency indicated true-posi-
tive, while mNGS positive/case inconsistency indicated
inconsistent results between mNGS results and final
diagnosis. mNGS negative/case consistency indicated
true-negative. mNGS negative/case inconsistency indi-
cated missed detection of potential pathogen by mNGS
when compared to the final diagnosis.

Statistical analysis

Baseline characteristics and CSF laboratory indicators
were statistically analysed, and quartiles were used to
describe variables that did not conform to a normal dis-
tribution. Data were analysed by non-parametric and
Fisher’s exact tests, and p values<0.05 were considered
statistically significant. SPSS 23.0 software and GraphPad
Prism 9 software were used for statistical analysis and
data processing.

Results

General characteristics

Forty-seven patients were enrolled, of whom six were
not included in the subsequent analysis due to unknown
aetiology (Fig. 1). Of the remaining 41 patients, 31 were
diagnosed with CNS infections and 10 were diagnosed
with non-CNS infectious diseases. The most common
aetiology was Tubercular meningitis (TB) infection,
which accounted for 48.39% (15/31) of the cases. Seven-
teen patients were considered immunosuppressed. Com-
mon pathogens in immunosuppressed populations were
MTB and other bacteria. Finally, CNS infections were
categorised into MTB, other bacterial, fungal, viral, and
amoebic infections. Non-CNS infections included auto-
immune encephalitis, malignant tumours, and psycho-
logical disorders. There were no significant differences
in baseline characteristics between the selected patients
(Table 1).
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CSF inflammatory biomarker concentrations in different
diagnostic groups

Figure 2 displays CSF and plasma levels of the inflam-
matory markers in the different diagnostic groups. CSF
white blood cell (WBC) count and protein levels were
higher in patients with MTB and virus groups com-
pared with the non-infection group (p=0.033 and 0.031,
p=0.002 and 0.007, respectively). Furthermore, adeno-
sine deaminase and chloride ion (Cl7) concentration
of CSF were higher in patients in the MTB group com-
pared with the non-infection group (p=0.012 and 0.014,
respectively). However, no obvious difference in plasma
inflammatory biomarkers was found among different
diagnostic groups.

Overall diagnostic performance of mNGS

In total, 11 positive results were reported in the culture
(including one false positive (dental actinomycetes) after
evaluation), and mNGS detection revealed that MTB was
the most commonly identified potential pathogen (n=4),
as shown in Fig. 3a. Cryptococcal meningitis was the
only fungal infection observed in the present study. Sev-
enteen non-pathogenic microorganisms were identified.
As shown in Table 2, compared with traditional meth-
ods, the sensitivity and specificity of mNGS were 90.91%
(9/10) and 63.33% (6/10).

Inconsistency analysis between mNGS and final clinical
diagnosis

In 31 patients with CNS infections, the positivity rate
of traditional methods was 32.26% (10/31), and that of
mNGS was 54.84% (17/31). The coincidence rate of the
former with the clinical diagnosis was 100% (10/10), and
that of the latter was 70.59% (12/17). However, in 10
patients with non-CNS infection, mNGS showed 60.0%
agreement with the final clinical diagnosis.

Among the enrolled 41 patients, the mNGS results of
12 patients were classified into the mNGS-positive/case-
consistent group, while six patients’ mNGS results were
categorised as mNGS-negative/case-consistent. mNGS
failed to detect two MTB cases using traditional methods
of positive CNS MTB infection. Nine cases were identi-
fied as mNGS-positive/case-inconsistent. Furthermore,
mNGS did not detect the pathogen in 45.16% (14/31)
of the patients with a final diagnosis of CNS infection.
These cases were classified as false negative.

Twenty-three cases did not conform to the final
clinical diagnosis, accounting for more than half of the
cases. In view of the above, the reasons for inconsist-
ency were determined by the expert group with refer-
ence to relevant guidelines, consensus, and literature,
combined with discussion and analysis of the patient’s
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Table 1 Baselines characteristics of participants
CNS infection (n=31) Non-CNS infection (n=10) p value
Gender (n) 0.713
Male 23 8
Female 8 2
Age, year (range) 47.70 (4-75) 40.09 (5-73) 0.322
Body temperature max, ‘C (range) 39.00 (37.40-40.40) 38.30 (37.6-40.00) 0.084
Empirical treatment history (n) 0433
Yes 30 9
No 1 1
Blood laboratory examination (range)
WBC, x 10 9/L 744 (0.92- 5.55(2.78-10.1) 0316
Neutrophil, x 10 9/L 4.51(0.53-15. 18) 349 (1.25-8.28) 0379
CRP, mg/L 9.80 (0-147.4) 6.75 (0.5-158.0) 0.761
PCT, ng/mL 0.097 (0.00-8.56) 0.059 (0.01-0.57) 0.129
CNS infection (n=31)
Bacterial infection 4 - -
TB infection 15 - -
Viral infection 9 - -
Fungal infection 2 - -
Amoeba infection 1 - -
Non-CNS infection (n=10)
Malignant tumor - 1 -
Hematological disease - 2 -
Rheumatic disease - 1 -
Psychological disease - 2 -
Fever caused by infection - 2 -
Other diseases - 2 -

Fever caused by infection: fever caused by infection other than a CNS infection

clinical data. The reasons for this inconsistency are
listed in Table 3 [14, 25—41]. More detailed informa-
tion on results of routine biochemical and conventional
methods have been submitted in Additional file 2. We
summarized and sorted the above reasons, which are
clearly marked in the intuitive mNGS process flow dia-
gram (Fig. 4). Common inconsistencies, including com-
mon bacterial and fungal contaminants and frequent
omissions, are summarized in the table in Fig. 4.

In our study, eight mNGS results were evaluated as
contamination, and based on clinical conditions, six of
them were found to be laboratory fungal contamina-
tion. These microorganisms were not within the scope
of common skin pollutants and were therefore consid-
ered laboratory contaminants. Thirteen mNGS results
were evaluated as false negatives, including eight MTB
and five viral infections. The main reasons for the omis-
sion of MTB or viral infection are shown in Fig. 4
(MTB—@®, @), ®, and virus—@), B®). Cytomegalovirus

(CMV) and Epstein—Barr virus (EBV) colonisations were
detected by mNGS in three patients, two of which were
immunosuppressed.

Correlative analysis between mNGS and CSF laboratory
results

In patients with CSF WBC >100710%/L and CSF pro-
tein>500 mg/L, the coincidence rate of the mNGS-
positive group was significantly higher than that
of the mNGS-negative group (100.00% vs. 0.00%,
p<0.001; 68.75% vs. 14.29%, p=0.004). In patients
with CSF WBC count<100710°/L and CSF protein
level <500 mg/L, the coincidence rate of the mNGS-
negative group was higher than that of the mNGS-
positive group (60.00% vs. 40.00%, p =0.428; 66.67% vs.
20.00%, p=0.242). However, there was no statistically
significant difference in the coincidence rate between
the two groups (Fig. 34, e).
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Fig. 2 Inflammatory CSF and plasma biomarkers in different diagnostic groups. Scatter plots depicting levels of inflammatory plasma biomarkers:
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Results obtained from the evaluation of mNGS according
to the model we explored

Given our final diagnosis, a model for evaluating the
mNGS results was explored, and the results are shown in
Fig. 5. For each pathogen detected by mNGS, each influ-
encing factor (including typical clinical features, tradi-
tional positive method, and CSF cells > 100 (1076/L) or
protein > 500 mg/L; one point for each item) was scored
according to the actual situation; the points were then
added together to obtain the total score. Most pathogens
were regarded as contamination when the final score was

<1. The mNGS results were true positives, consistent
with the clinical diagnosis when the score was >2. For
negative mNGS results, each case was evaluated using
the aforementioned scoring system.

Discussion

We assessed the diagnostic performance of mNGS and
conventional methods in comparison with final clinical
diagnosis. More importantly, we analysed the reasons for
the inconsistency between mNGS results and the final
clinical diagnosis and provided a reasonable explanation.
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Table 2 Comparison of sensitivity and specificity between
mNGS, conventional methods, and clinical diagnosis

Sensitivity Specificity
mNGS/conventional methods 90.91% (10/11)  63.33% (19/30)
mNGS/clinical diagnosis 54.84% (17/31) 60.00% (6/10)
Conventional methods/clinical diag- 32.26% (10/31) 90.00% (9/10)

nosis

Based on the process of case analysis, a phenomenon,
which attempts to provide a reference for clinicians to
analyse the mNGS results of suspected CNS infections,
was noted, given the current lack of a standard evaluation
process for mNGS results. The overall consistency rate of
mNGS was 43.90%, including 12 positive and six nega-
tive mNGS results. We obtained similar results to those
reported in previous studies [14, 24, 42]. These findings
show that inconsistency between mNGS results and clin-
ical diagnosis is common, and thus mNGS results must

be carefully interpreted in combination with the patient’s
clinical situation.

The overall percentage of study patients diagnosed
with CNS infection (75.61% [31 patients]) was higher
than the 29-60% reported in the literature [5, 6, 43].
Most CSF samples of the 41 patients for mNGS testing
were obtained after the patients were exposed to empiri-
cal antibiotics, thus potentially decreasing the diagnostic
yield. Moreover, there was no significant difference in
plasma inflammation biomarkers in the different diag-
nostic groups, which probably biased the enrolment of
patients who were particularly difficult to diagnose using
conventional methods.

Of the 19 infections missed by mNGS, 17 were diag-
nosed by comprehensive evaluation based on clinical
manifestations, since they lacked aetiological evidence.
It is worth noting that the retrospective results indicated
that mNGS failed to identify 11 out of 15 TB meningitis
cases, with a detection rate of only 26.67%, which is lower
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Table 3 The inconsistency analysis between mNGS results of CSF and clinical diagnosis in 23 patients

Page 8 of 14

No

Immune function Pathogen mNGS results Reads Significance
assessment

Basis for assessment

H210

HO087

S273

Weak Bacteria Solobacterium moorei Contaminant

Parvimonas micra Contaminant

Prevotella intermedia Contaminant

w » w O

Prevotella melaninogenica Contaminant

Weak MTB [@Y\Y 2172 Colonization
EBV 1772 Colonization
Penicillium citrinum 29 Contaminant

Penicillium chrysogenum 20 Contaminant

Weak MTB Rhizomucor pusillus 7 Contaminant

1.The detected microor-
ganisms are associated
with oral infections [25,
26]. The patient had no
history of dental surgery
or chronic periodontitis
[27,28]

2. Arare report of central
nervous system infection
about detected microor-
ganisms

3.The CSF was clear and
odorless, staining was
negative [29]

4. Four pathogens were
detected at one test with
few reads. It's probably
contamination

1. Detection of CMV in CSF
in HIV does not imply CMV
encephalitis [30]

2. CMV encephalitis often
occurs in HIV with severely
impaired immune function,
with no specific manifesta-
tions and poor prognosis
(31]

3. EBV s frequently
detected in CSF of HIV
patients, while only a few
have primary CNS lym-
phoma [32]

4. Penicillium citrinum

is common laboratory
contaminant [33, 34]

5. No evidence of fungal
histological infiltration.
Symptoms improved with-
out the anti-fungal drugs

1. No history of hemato-
logical tumors [35]

2. Common environmental
pollutants, rarely causing
infection [36]

3. No fungal infection
manifestation, no histologi-
cal evidence

4. Small number of
sequences

5. Symptoms improved
without the anti-fungal
drugs
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Table 3 (continued)

No Immune function Pathogen mNGS results Reads Significance Basis for assessment
assessment
S 286 Normal MTB Aspergillus terreus 1 Contaminant 1. Aspergillus terreus were
) o ) considered to be mNGS
Rickettsia felis 1 Contaminant false-positive who did not

have CNS aspergillosis [14]
only 1 read. It's probably
contamination

2. Rickettsia Felis was 1
read; No myalgia or rash
[37]

3. Non-infected was also
detected in samples from
healthy African popula-

tions [38]
R004,005 Normal MTB Negative / False negative 1. MTB s an intracellular
H 049 H242 bacterium with low detec-
0284,2850288,297 tion rate

2. CSF is a sterile body fluid
with a low amount of MTB
in an infected state

3.In the case of brain
abscess, pathogen did not
affect CSF currently

4. After centrifugation,
MTB, cryptococcus ect

are easy to be deposited
below [39]

5.The amount of sequence
atatimeis20 M

H088 Weak Viral Moraxella atlantae 149 Unclear 1. There are no reports of
Moraxella atlantae and

) ) Corynebacterium ureicele-
Corynebacterium ureice- 902 Unclear rivorans infection with CNS

lerivorans

Penicillium citrinum 14 Contaminant

so far, and the significance
of both bacteria is unclear.
Corynebacterium is gener-
ally considered a normal
skin flora or contaminant.
[tis now often seen as an
opportunistic pathogen
in immunocompromised
patients or those with
severe conditions
2Improved without anti-
viral

R021,K031H178, 5267 Normal Viral Negative / False negative 1. RNA viruses probably.
1277 RNA viral encephalitis is
H314 Weak also common [40, 41]
2.RNA are easily degraded
3. A'low amount of virus
pathogens
4. Some viruses exist
mainly in cells

R0O13 Normal Non-infection  Candida parapsilosis 9 Contaminant 1. Normal immune func-
tion, no susceptible factors
2.No evidence of fungal
infection
3. Symptoms improved
without antibiotics
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No Immune function Pathogen mNGS results

Reads Significance Basis for assessment

assessment

H 094 HIV Non-infection

0291 Normal Non-infection HHV-7

H311 Weak Non-infection

Acinetobacter baumannii - 5

Aspergillus fumigatus 2

Contaminant 1. No history of brain
surgery

2.No symptoms of CNS
infection

3. Few reads, it's probably

contamination

7 Colonization 1. Acute encephalitis due
to HHV-7 rarely occurs in
immunocompetent adults
[42]

2. No symptoms of CNSH
HV-7 infection

4. Improved without
anti-viral

Contaminant Aspergillus fumigatus was
considered to be mMNGS
false-positive who did not
have CNS aspergillosis. only

2 reads

mNGS metagenomic next-generation sequencing, MIS Meningeal irritation sign, CSF cerebrospinal fluid

than the reported rate of 27.3-84.44% [5, 6, 43]. Similar
to PCR and antigen-based tests, mNGS is a direct test
that relies on the presence of pathogenic nucleic acids
in samples. We speculated that this was mainly due to
the low abundance of MTB, effects of empirical antibi-
otics, and sequencing depth [14]. MTB was detected by
mNGS four times with reads of 1-18; these four cases
were diagnosed as tuberculous meningitis (TBM) by a
comprehensive assessment. Due to the low possibility of
contamination, mNGS has strong implications for TBM
diagnosis when at least one specific read is matched to
the MTB complex, which is consistent with the findings
of previous studies [16, 17]. Although mNGS was highly
sensitive in identifying a pathogenic causative organ-
ism in CSF samples, our findings indicate that a negative
mNGS result should be interpreted with caution owing
to the higher risk of false-negative results. Timely diag-
nostic antituberculosis treatment for patients suspected
of having TBM is crucial for prognosis, as it is a fatal
form of tuberculosis infection [20]. Many cases have been
treated without evidence of the pathogen [7, 17, 45].
Among the nine patients with CNS viral infection (five
were negative for mNGS), herpes simplex virus (HSV-1)
and varicella zoster virus (VZV) detected by mNGS were
common DNA viruses of viral encephalitis, consistent
with the findings of other studies [20, 45]. The efficiency
of mNGS in diagnosing viral encephalitis and/or men-
ingitis is not satisfactory, possibly attributable in part,
to the absence of mNGS RNA detection. RNA viruses,
such as enteroviruses and Japanese encephalitis viruses,
are common causes of viral encephalitis and meningitis

[40, 41]. Therefore, we suggest that patients who was
suspected of CNS viral infections in clinically undergo
routine biochemical testing of CSF and PCR testing of
common encephalitis viruses (such as HSV, VZV, and
CMYV) before antibiotic treatment and store 2 ml CSF in
a — 80 °C refrigerator simultaneously, when the pathogen
was not identified after these detections and the symp-
toms do not relieve after 3 days, the stored CSF will be
submitted for mNGS RNA testing to maximize its value
[46]. The influence of empirical antibiotics on the mNGS
results remains controversial. However, some stud-
ies have shown that antibiotics have little influence on
mNGS results. It is difficult to evaluate the influence of
antibiotics on mNGS results in our study because most
patients were treated empirically prior to CSF sampling.
Contamination may occur during sampling and labora-
tory operations, as shown in Fig. 4, introducing microor-
ganisms unrelated to the cause of the disease, resulting
in false-positive results. Additionally, the type and cellu-
larity of the pathogen can affect the detection rate. Fur-
thermore, sample processing and the absence of RNA
detection may lead to negative mNGS results. However,
the effects of antibiotics cannot be disregarded.
Furthermore, EBV DNA was detected in two patients,
but there was no evidence of primary CNS lymphoma
on magnetic resonance imaging, and the two patients
responded well without anti-EBV treatment. Similarly,
CMV DNA was identified in two patients. EBV and
CMV in the CSF of the CNS are common in patients
with acquired immunodeficiency syndrome, but the inci-
dence of primary CNS lymphoma or cytomegalovirus
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Skin contamination

— & MTB
Meninges
CSF Virus
' Bacteria
Brain parenchyma
Fungi
(i §E§

® Main distribution of pathogens

@
Supernatant(virus particles, Commom contamination:
free nucleic acid,etc) penicillium citrinum, Burkholderia
spp Acidovorax spp.etc
Sediment(abundant cell debris,bacteria
and Cryptococcus neoformans,etc)
© Initial processing ® Remove the human host

RNA  [/TINL/TINUATN 10M O

A Pathogen
MO 000 —B— () Humanhos
DNA sequence

e

® Select sequencing method ® Sequencing depth
Microorganisms Reasons Which step Recommend measures
Bacteria:Acinetobacterbaumannii, Contaminant Dor@ Clean the skin;

Solobacterium moorei, Parvimonas (laboratory or hospital Operate standard;

micra, Prevotella intermedia, Learn common environmental

. . environment,skin flora) )
Prevotella Melaninogenica contaminants

Fungi:Penicillium citrinum;
Aspergillus terreus, Candida
parapsilosis, Aspergillus fumigatus
Rickettsia:Rickettsia felis

Virus:HHV-7

CMV;EBV Colonization / Combine with clinic
MTB Missed @or@or® Duplicate detection
RNA virus Missed Bor®@ Choose the appropriate

sequencing method

Fig.4 Simple flowchart of the mNGS process, highlighting common inconsistencies. (D Skin-derived microorganisms can be introduced during
lumbar puncture, resulting in false positive mMNGS results. @ The main distribution of different types of pathogens in the brain. @) The supernatant
was processed for further detection after centrifugation. @ Common contaminants introduced when adding reagents for removing human hosts.
® The choice of sequencing method also influenced the results. ® Sequencing depth also affects the detection efficiency
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Contaminant (n=20)
Score<1 ~E Colonization (n=3)
True positive (n=1)
Case=21 Score>2 [—®1 True positive (n=11)
mNGS Pathogen=35
True negative (N=6)
For every Scorex<1
case False negative (N=2)
Score=2 [—®»| False negative (N=12)
Case=20
Pathogen=0
Fig. 5 Evaluation process of mNGS results. mMNGS-+: mNGS positive; mNGS—: mNGS negative; n: number of pathogens; N: number of cases

encephalitis is low [30-32]. We knew from the afore-
mentioned results that colonisation is another reason for
false-positive results, especially in immunosuppressed
patients.

As mentioned above, inconsistencies between mNGS
results and clinical diagnoses are common. False-positive
results are likely to mislead therapeutic decision-making
and false-negative results can leave clinicians at a loss.
Therefore, a reasonable interpretation of mNGS results
is particularly important. A practical method to evaluate
the results of mNGS has yet to be established.

We explored an integral method to evaluate mNGS,
given our final diagnosis, to provide a reference for cli-
nicians to analyse mNGS results for suspected CNS
infection, as shown in Fig. 5. Each pathogen detected by
mNGS was scored independently, according to the scor-
ing system described above. Each case was scored. From
the results, it is evident that a negative mNGS result does
not necessarily mean that the patient was not infected
clinically. Our results showed that regardless of whether
the mNGS result was positive or negative, the possibil-
ity of infection was greater when the score was > 2. For
all laboratory tests, mNGS results must be interpreted in
conjunction with clinical data, preferably in a multidisci-
plinary manner [47].

This study had several limitations. First, it was a sin-
gle-centre retrospective study with a small sample size.
Second, almost all patients were treated empirically
before CSF sampling, and the effect of antibiotics on
mNGS detection rates in this retrospective analysis was
unknown. Finally, clinical diagnosis was used as the gold

standard in this study, of which more than half was not
confirmed by aetiological evidence.

Conclusions

Inconsistencies between mNGS results and clini-
cal diagnoses are common. mNGS results need to be
comprehensively analysed in combination with clini-
cal symptoms of patients, pathogenicity, cell and pro-
tein levels in CSF, reads of microorganisms, and host
immune status. The integral method is effective for
evaluating mNGS results. Regardless of whether the
mNGS result was positive or negative, the possibility of
infection was greater when the score was >2. A nega-
tive mNGS result does not necessarily indicate that the
patient was not clinically infected, and, therefore, clini-
cal features are more important.

Abbreviations

CNS: Central nervous system; CSF: Cerebrospinal fluid; CMV: Cytomegalovirus;
EBV: Epstein—Barr virus; mNGS: Metagenomic next-generation sequencing;
MTB: Mycobacterium tuberculosis infection; PCR: Polymerase chain reaction;
WBC: White blood cell; TBM: Tuberculous meningitis.

Supplementary Information

The online version contains supplementary material available at https://doi.
org/10.1186/512879-022-07729-0.

Additional file 1: The results of next generation sequencing of cerebro-
spinal fluid.

Additional file 2: Comparison of the etiological results between conven-
tional detection methods and next-generation sequencing technology.



https://doi.org/10.1186/s12879-022-07729-0
https://doi.org/10.1186/s12879-022-07729-0

Wang et al. BMC Infectious Diseases (2022) 22:764

Acknowledgements
The authors especially thank Geng Geng for providing assistance about
drawing.

Author contributions

JW, XFC collected the data. JW performed the statistical analyses and wrote
the manuscript. JY, LQY, HSF, GMX, YFZ, ZHZ made a significant contribution to
the process assessment. ZHZ and designed the study and critically revised the
manuscript. All authors read and approved the final manuscript.

Funding

The study was supported by Anhui Provincial Natural Science Foundation
[Grant number: 2108085MH298] and the Scientific research project of the
Second Hospital of Anhui Medical University [Grant numbers: 2019GMFY02,
20211cxk027]. The funders had no role in the study design, data collection and
analysis, decision to publish, or preparation of the manuscript.

Availability of data and materials

The datasets analysed during the current study are available in the GenBank
of National Center for Biotechnology Information (NCBI) repository, which can
be accessible with the following link: https://www.ncbi.nlm.nih.gov/sra/PRINA
871996.

Declarations

Ethics approval and consent to participate

The protocols and sample collection for present study was reviewed and
approved by Anhui Medical University Ethics Committee Review Board.
Signed informed consent was provided by patients or surrogates. All methods
were performed in accordance with the relevant guidelines and regulations
(Declaration of Helsinki).

Consent for publication
Not applicable.

Competing interests
The authors declare that they have no competing interests.

Author details

'Department of Infectious Diseases, The Second Hospital of Anhui Medi-

cal University, Hefei 230601, China. 2Department of Infection Management,
The Second Hospital of Anhui Medical University, Hefei, China. >Department
of Pathophysiology, Anhui Medical University, Hefei, China. “Department

of Clinical Laboratory, The Second Hospital of Anhui Medical University, Hefei,
China.

Received: 11 April 2022 Accepted: 9 September 2022
Published online: 30 September 2022

References

1. Venkatesan A, Tunkel AR, Bloch KC, Lauring AS, Sejvar J, Bitnun A,

Stahl JP, Mailles A, Drebot M, Rupprecht CE, et al. Case definitions,
diagnostic algorithms, and priorities in encephalitis: consensus state-
ment of the international encephalitis consortium. Clin Infect Dis.
2013;57(8):1114-28.

2. Global, regional, and national burden of neurological disorders,
1990-2016: a systematic analysis for the Global Burden of Disease Study
2016. Lancet Neurol. 2019;18(5):459-80.

3. 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.

4. Kanjilal' S, Cho TA, Piantadosi A. Diagnostic testing in central nervous
system infection. Semin Neurol. 2019;39(3):297-311.

5. Glaser CA, Honarmand S, Anderson LJ, Schnurr DP, Forghani B, Cossen CK,
Schuster FL, Christie LJ, Tureen JH. Beyond viruses: clinical profiles and eti-
ologies associated with encephalitis. Clin Infect Dis. 2006;43(12):1565-77.

6. Glaser CA, Gilliam S, Schnurr D, Forghani B, Honarmand S, Khetsuriani N,
Fischer M, Cossen CK, Anderson LJ. In search of encephalitis etiologies:

20.

21

22.

23.

24.

25.

Page 13 of 14

diagnostic challenges in the California Encephalitis Project, 1998-2000.
Clin Infect Dis. 2003;36(6):731-42.

Schlaberg R, Chiu CY, Miller S, Procop GW, Weinstock G. Validation of
metagenomic next-generation sequencing tests for universal pathogen
detection. Arch Pathol Lab Med. 2017;141(6):776-86.

Khetsuriani N, Holman RC, Anderson LJ. Burden of encephalitis-asso-
ciated hospitalizations in the United States, 1988-1997. Clin Infect Dis.
2002;35(2):175-82.

Goldberg B, Sichtig H, Geyer C, Ledeboer N, Weinstock GM. Making the
leap from research laboratory to clinic: challenges and opportunities

for next-generation sequencing in infectious disease diagnostics. MBio.
2015,6(6):21815-88.

Forbes JD, Knox NC, Ronholm J, Pagotto F, Reimer A. Metagenomics: the
next culture-independent game changer. Front Microbiol. 2017;8:1069.

. Wilson MR, Naccache SN, Samayoa E, Biagtan M, Bashir H, Yu G, Salamat

SM, Somasekar S, Federman S, Miller S, et al. Actionable diagnosis of
neuroleptospirosis by next-generation sequencing. N Engl J Med.
2014,370(25):2408-17.

Xing XW, Zhang JT, Ma YB, Zheng N, Yang F, Yu SY. Apparent perfor-
mance of metagenomic next-generation sequencing in the diagnosis
of cryptococcal meningitis: a descriptive study. J Med Microbiol.
2019,68(8):1204-10.

Yao M, Zhou J, ZhuY, Zhang Y, Lv X, Sun R, Shen A, Ren H, Cui L, Guan H,
et al. Detection of Listeria monocytogenes in CSF from three patients
with meningoencephalitis by next-generation sequencing. J Clin Neurol.
2016;12(4):446-51.

Xing XW, Zhang JT, Ma YB, He MW, Yao GE, Wang W, Qi XK, Chen XY, Wu L,
Wang XL, et al. Metagenomic next-generation sequencing for diagnosis
of infectious encephalitis and meningitis: a large, prospective case series
of 213 patients. Front Cell Infect Microbiol. 2020;10:88.

Qian L, ShiY, Li F Wang Y, Ma M, Zhang Y, Shao YW, Zheng G, Zhang G.
Metagenomic next-generation sequencing of cerebrospinal fluid for

the diagnosis of external ventricular and lumbar drainage-associated
ventriculitis and meningitis. Front Microbiol. 2020;11:596175.

Wang S, Chen Y, Wang D, Wu'Y, Zhao D, Zhang J, Xie H, Gong Y, Sun R, Nie
X, et al. The feasibility of metagenomic next-generation sequencing to
identify pathogens causing tuberculous meningitis in cerebrospinal fluid.
Front Microbiol. 2019;10:1993.

Miao Q MaY, Wang Q, Pan J, Zhang Y, Jin W, Yao Y, Su Y, Huang Y, Wang
M, et al. Microbiological diagnostic performance of metagenomic next-
generation sequencing when applied to clinical practice. Clin Infect Dis.
2018,67(suppl_2):5231-40.

Mudaliar AV, Kashyap RS, Purohit HJ, Taori GM, Daginawala HF. Detection
of 65 kD heat shock protein in cerebrospinal fluid of tuberculous menin-
gitis patients. BMC Neurol. 2006;6:34.

Jeffery KJ, Read SJ, Peto TE, Mayon-White RT, Bangham CR. Diagnosis of
viral infections of the central nervous system: clinical interpretation of
PCR results. Lancet. 1997,349(9048):313-7.

Marais S, Thwaites G, Schoeman JF, Torok ME, Misra UK, Prasad K, Donald
PR, Wilkinson RJ, Marais BJ. Tuberculous meningitis: a uniform case defini-
tion for use in clinical research. Lancet Infect Dis. 2010;10(11):803-12.
JeonYJ, Zhou Y, LiY, Guo Q, Chen J, Quan S, Zhang A, Zheng H, Zhu

X, Lin J, et al. The feasibility study of non-invasive fetal trisomy 18 and

21 detection with semiconductor sequencing platform. PLoS ONE.
2014;9(10):2110240.

Li H, Durbin R. Fast and accurate short read alignment with Burrows-
Wheeler transform. Bioinformatics. 2009;25(14):1754-60.

Ramirez JA, Musher DM, Evans SE, Dela CC, Crothers KA, Hage CA, Aliberti
S, Anzueto A, Arancibia F, Arnold F, et al. Treatment of community-
acquired pneumonia in immunocompromised adults: a consensus
statement regarding initial strategies. Chest. 2020;158(5):1896-911.
Zhang Y, Cui P, Zhang HC, Wu HL, Ye MZ, Zhu YM, Ai JW, Zhang WH.
Clinical application and evaluation of metagenomic next-generation
sequencing in suspected adult central nervous system infection. J Trans!
Med. 2020;18(1):199.

Sarvari KP, Santha D, Kovacs R, Kormondi S, Peto Z, Vereb T, Sztano B.

Six cases of Solobacterium moorei isolated alone or in mixed culture in
Hungary and comparison with previously published cases. Anaerobe.
2020,65:102241.


https://www.ncbi.nlm.nih.gov/sra/PRJNA871996
https://www.ncbi.nlm.nih.gov/sra/PRJNA871996

Wang et al. BMC Infectious Diseases

26.

27.

28.

29.

30.

31

32.

33.

34

35.

36.

37.

38.

39.

40.

41.

42.

43.

44,

45.

(2022) 22:764

Durovic A, Eberhard N, Scharen S, Widmer AF. Parvimonas micra as a rare
cause of spondylodiscitis—case series from a single centre. Swiss Med
Wkly. 2020;150:w20272.

Ko JH, Baek JY, Kang Cl, Lee WJ, Lee JY, Cho SY, Ha YE, Kim SH, Chung DR,
Peck KR, et al. Bacteremic meningitis caused by Parvimonas micra in an
immunocompetent host. Anaerobe. 2015;34:161-3.

Frat JP, Godet C, Grollier G, Blanc JL, Robert R. Cervical spinal epidural
abscess and meningitis due to Prevotella oris and Peptostrepto-

coccus micros after retropharyngeal surgery. Intensive Care Med.
2004,30(8):1695.

Mo S, Wei L, Chen H, LiR, Li S, Luo G. A Chinese case of prevotella inter-
media and streptococcus constellatus intracranial mixed infection. Metab
Brain Dis. 2018;33(1):161-6.

Rojanawiwat A, Miura T, Thaisri H, Pathipvanich P, Umnajsirisuk S,
Koibuchi T, Vongsheree S, Iwamoto A, Ariyoshi K, Sawanpanyalert P.
Frequent detection of Epstein—Barr virus and cytomegalovirus but not
JCvirus DNA in cerebrospinal fluid samples from human immunode-
ficiency virus-infected patients in northern Thailand. J Clin Microbiol.
2005;43(7):3484-6.

Cinque P, Cleator GM, Weber T, Monteyne P, Sindic C, Gerna G, van Loon
AM, Klapper PE. Diagnosis and clinical management of neurological
disorders caused by cytomegalovirus in AIDS patients. European Union
Concerted Action on Virus Meningitis and Encephalitis. J Neurovirol.
1998;4(1):120-32.

Cinque P, Brytting M, Vago L, Castagna A, Parravicini C, Zanchetta N,
D'Arminio MA, Wahren B, Lazzarin A, Linde A. Epstein-Barr virus DNA in
cerebrospinal fluid from patients with AIDS-related primary lymphoma of
the central nervous system. Lancet. 1993;342(8868):398-401.

Mok T, Koehler AP, Yu MY, Ellis DH, Johnson PJ, Wickham NW. Fatal
Penicillium citrinum pneumonia with pericarditis in a patient with acute
leukemia. J Clin Microbiol. 1997;35(10):2654-6.

Beena H, Gupta M, Kindo AJ. Pulmonary infection with Penicillium
citrinum in a patient with multiple myeloma. Indian J Med Microbiol.
2021,;39(2):259-61.

St-Germain G, Robert A, Ishak M, Tremblay C, Claveau S. Infection due to
Rhizomucor pusillus: report of four cases in patients with leukemia and
review. Clin Infect Dis. 1993;16(5):640-5.

Espinel-Ingroff A, Oakley LA, Kerkering TM. Opportunistic zygomycotic
infections. A literature review. Mycopathologia. 1987,97(1):33-41.
Angelakis E, Mediannikov O, Parola P, Raoult D. Rickettsia felis: the
complex journey of an emergent human pathogen. Trends Parasitol.
2016;32(7):554-64.

Mediannikov O, Socolovschi C, Edouard S, Fenollar F, Mouffok N, Bassene
H, Diatta G, Tall A, Niangaly H, Doumbo O, et al. Common epidemiol-
ogy of Rickettsia felis infection and malaria, Africa. Emerg Infect Dis.
2013;19(11):1775-83.

Simner PJ, Miller HB, Breitwieser FP, Pinilla MG, Pardo CA, Salzberg

SL, Sears CL, Thomas DL, Eberhart CG, Carroll KC. Development and
optimization of metagenomic next-generation sequencing methods for
cerebrospinal fluid diagnostics. J Clin Microbiol. 2018;56(9):e00472-18.

Ai J, Xie Z, Liu G, Chen Z,Yang Y, Li Y, Chen J, Zheng G, Shen K. Etiology
and prognosis of acute viral encephalitis and meningitis in Chinese
children: a multicentre prospective study. BMC Infect Dis. 2017;17(1):494.
Le VT, Phan TQ, Do QH, Nguyen BH, Lam QB, Bach V, Truong H, Tran TH,
NguyenV, Tran T, et al. Viral etiology of encephalitis in children in south-
ern Vietnam: results of a one-year prospective descriptive study. PLoS
Negl Trop Dis. 2010;4(10):e854.

Sun WW, Sun Q, Yan LP, Zhang Q. The application of 1S6110-baced
loop-mediated isothermal amplification (LAMP) in the early diagnosis of
tuberculous meningitis. Oncotarget. 2017,8(34):57537-42.

Granerod J, Ambrose HE, Davies NW, Clewley JP, Walsh AL, Morgan D,
Cunningham R, Zuckerman M, Mutton KJ, Solomon T, et al. Causes of
encephalitis and differences in their clinical presentations in England:

a multicentre, population-based prospective study. LANCET Infect Dis.
2010;10(12):835-44.

Simner PJ, Miller S, Carroll KC. Understanding the promises and hurdles of
metagenomic next-generation sequencing as a diagnostic tool for infec-
tious diseases. Clin Infect Dis. 2018;66(5):778-88.

Lozano R, Naghavi M, Foreman K, Lim S, Shibuya K, Aboyans V, Abraham
J, Adair T, Aggarwal R, Ahn SY, et al. Global and regional mortal-

ity from 235 causes of death for 20 age groups in 1990 and 2010: a

46.

47.

Page 14 of 14

systematic analysis for the Global Burden of Disease Study 2010. Lancet.
2012,380(9859):2095-128.

Chinese Journal of Infectious Diseases Editorial Board. Expert consensus
on the clinical application of metagenomic sequencing technology

in the detection of infectious pathogens in China. Chin J Infect Dis.
2020;38(11):681-9.

Mongkolrattanothai K, Naccache SN, Bender JM, Samayoa E, Pham E, Yu
G, Dien BJ, Miller S, Aldrovandi G, Chiu CY. Neurobrucellosis: unexpected
answer from metagenomic next-generation sequencing. J Pediatr Infect
Dis Soc. 2017;6(4):393-8.

Publisher’s Note
Springer Nature remains neutral with regard to jurisdictional claims in pub-
lished maps and institutional affiliations.

Ready to submit your research? Choose BMC and benefit from:

fast, convenient online submission

thorough peer review by experienced researchers in your field

rapid publication on acceptance

support for research data, including large and complex data types

gold Open Access which fosters wider collaboration and increased citations

maximum visibility for your research: over 100M website views per year

K BMC

At BMC, research is always in progress.

Learn more biomedcentral.com/submissions




	Inconsistency analysis between metagenomic next-generation sequencing results of cerebrospinal fluid and clinical diagnosis with suspected central nervous system infection
	Abstract 
	Background: 
	Methods: 
	Results: 
	Conclusion: 

	Background
	Materials and methods
	Study design and patient selection
	Sample sequencing and data analysis
	Data collection and diagnostic assessment of mNGS
	Statistical analysis

	Results
	General characteristics
	CSF inflammatory biomarker concentrations in different diagnostic groups
	Overall diagnostic performance of mNGS
	Inconsistency analysis between mNGS and final clinical diagnosis
	Correlative analysis between mNGS and CSF laboratory results
	Results obtained from the evaluation of mNGS according to the model we explored

	Discussion
	Conclusions
	Acknowledgements
	References


