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ABSTRACT

Introduction: We aimed to explore the real-
world clinical application value and challenges
of metagenomic next-generation sequencing
(mNGSY) for pulmonary infection diagnosis.

Methods: We retrospectively reviewed the
results of mNGS and conventional tests from
140 hospitalized patients with suspected pul-
monary infections from January 2019 to
December 2020. The sample types included
bronchoalveolar lavage fluid, lung tissue by
transbronchial lung biopsy, pleural effusion,
blood, and bronchial sputum. Apart from the
mNGS reports that our patients received, an
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extra comprehensive and thorough literature
search was conducted.

Results: Significant differences were noticed in
the positive detection rates of pathogens
between mNGS and conventional diagnostic
testing (115/140, 82.14% vs 50/140, 35.71%,
P < 0.05). The percentage of mNGS-positive
patients was significantly higher than that of
conventional testing-positive patients with
regard to bacterial detection (P < 0.01), but no
significant differences were found with regard
to fungal detection (P = 0.67). Significant sta-
tistical differences were found between mixed
infection cases (15, 22.70%) and single infec-
tion cases (4, 7.84%) in terms of diabetes
(P =0.03). The most frequent pattern of mixed
infection was bacteria and fungi mixed infec-
tion (40, 40/89 = 44.94%), followed by bacteria
mixed infection (29, 29/89 = 32.58%). The
sensitivity of mNGS in pulmonary infection
diagnosis was much higher than that of con-
ventional test (89.17% vs 50.00%; P < 0.01), but
the specificity was the opposite (75.00% vs
81.82%; P > 0.05).

Conclusion: mNGS is a valuable tool for the
detection of pulmonary infections, especially
mixed pulmonary infections. The most com-
mon combinations we found were bacte-
rial-fungal coinfection and bacterial-bacterial
coinfection. Still, there are many challenges in
the clinical application of mNGS in the diag-
nosis of pulmonary infections. There is still a lot
of work to be done in interpreting the mNGS

I\ Adis


http://crossmark.crossref.org/dialog/?doi=10.1007/s40121-021-00476-w&amp;domain=pdf
https://doi.org/10.1007/s40121-021-00476-w

1420

Infect Dis Ther (2021) 10:1419-1435

reports, because both clinical judgment and
literature analysis strategy need to be refined.
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Why carry out this study?

Pulmonary infections remain important
causes of morbidity and mortality in the
world. Improved diagnostic methods with
better sensitivity, speed, and spectrum for
pathogen detection are urgently needed.

We aimed to explore the real-world
clinical application value and challenges
of metagenomic next-generation
sequencing (mNGS) for pulmonary
infection diagnosis.

What was learned from the study?

Significant differences were noticed in the
positive detection rates of pathogens
between mNGS and conventional
diagnostic testing (115/140, 82.14% vs
50/140, 35.71%, P < 0.05) and the
sensitivity of mNGS in pulmonary
infection diagnosis was much higher than
that of conventional test (89.17% vs
50.00%; P < 0.01).

mNGS is a valuable tool for the detection
of pulmonary infections, especially mixed
pulmonary infections. There is still a lot of
work to be done in interpreting the mNGS
reports, because both clinical judgment
and literature analysis strategy need to be
refined.

DIGITAL FEATURES

This article is published with digital features,
including a summary slide, to facilitate under-
standing of the article. To view digital features
for this article go to https://doi.org/10.6084/
m9.figshare.14696046.

INTRODUCTION

Pulmonary infections remain important causes
of morbidity and mortality in the world [1, 2].
Although various assays exist, rapid and accu-
rate diagnosis of causative pathogens is still
difficult. Traditional culture methods, only used
for fungal and bacterial detection, are time-
consuming and exhibit low rates of positive
detection, and therefore cannot meet the clini-
cal needs. Other detection methods like poly-
merase chain reaction (PCR) and immunology
techniques can only identify several specific
pathogens. Moreover, infections with multiple
pathogens and the appearance of multidrug-re-
sistant pathogens make the identification of the
causative agent more difficult. Therefore,
improved diagnostic methods with better sen-
sitivity, speed, and spectrum for pathogen
detection are urgently needed.

Metagenomic next-generation sequencing
(mNGS) is a novel and promising approach
which combines high-throughput sequencing
with bioinformatics analysis. mNGS requires
shorter analysis time, has a wide range of
detectable pathogens (all pathogens including
bacteria, fungi, viruses, and parasites can be
simultaneously identified by a single assay),
simple sample-processing, is less affected by
prior antibiotic use, and has semiquantitative
value in follow-up [3].

Our study summarized the mNGS results for
140 adult patients with suspected pulmonary
infection and aimed to evaluate the clinical
performance and effect of mNGS in pathogen
diagnosis.
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METHODS

Ethics Statement

The study was conducted in accordance with
the 1964 Helsinki declaration and its later
amendments or comparable ethical standards.
This study was approved by the ethics com-
mittee of The Affiliated Wuxi Second People’s
Hospital of Nanjing Medical University. Since
the data were completely anonymous, informed
consent was waived.

Patients and Sample Collection

We retrospectively reviewed 140 hospitalized
patients with suspected pulmonary infections
in the Department of Respiratory and Critical
Care, The Affiliated Wuxi Second People’s
Hospital of Nanjing Medical University from
January 2019 to December 2020. The attending
physician judged whether the patient had sus-
pected pulmonary infection on the basis of
clinical manifestations and imaging examina-
tion results.

The inclusion criteria were as follows: (1)
patients who were suspected of having sus-
pected pulmonary infections; (2) patients who
agreed to undergo the mNGS examination; (3)
bronchoalveolar lavage fluid (BALF) samples
and detection process passed quality control for
mNGS; and (4) patients whose medical data
were recorded completely.

The exclusion criteria were as follows: (1)
patients who refused to undergo the mNGS
examination; (2) BALF samples or detection
process failed to pass quality control for mNGS;
(3) patients with incomplete clinical and labo-
ratory data;

Bronchoscopy was performed by experi-
enced bronchoscopists to obtain specimens
including BALF and lung tissue. Transbronchial
lung biopsy (TBLB) was performed and BALF
was collected by BF-P-260F ultrathin broncho-
scope (Olympus, Tokyo, Japan). DirectPath V1.0
virtual bronchoscopic navigation (Olympus,
Tokyo, Japan) was used for assistance in
navigation.

Body fluid samples, lung biopsy tissues, and
plasma samples were sent to BGI Co., Ltd
(Shenzhen, China) for sequencing as described
in detail below. The remaining specimens were
sent to our microbiological laboratory. The
conventional tests were performed by culture of
the bacteria or fungi in blood agar or in
Sabouraud agar at 35 °C for a maximum period
of 5 days. Bacteria or fungi culturing were per-
formed by using the VITEK-II Compact auto-
mated microbiological system (bioM¢érieux,
France) [4]. Other conventional diagnostic
testing included Chlamydia pneumoniae, My-
coplasma pneumoniae, Legionella pneumophila,
cytomegalovirus (CMV), Epstein-Barr virus
(EBV), adenovirus, and herpes simplex virus
(HSV) serological antibody detection. Xpert
testing for Mycobacterium tuberculosis and so on.

Metagenomic Next-Generation
Sequencing and Analysis

Body Fluid Sample: Sample Processing

and DNA Extraction

A body fluid sample (1.5-3 mL of BALF, pleural
effusion, or sputum) was collected from each
patient according to standard procedures [5]. A
1.5-mL microcentrifuge tube containing 0.6 mL
sample, enzyme, and 1 g of 0.5-mm glass beads
was agitated by a vortex mixer, and a 0.3-mL
sample was separated into a 1.5-mL microcen-
trifuge tube and DNA was extracted using the
TIANamp Micro DNA Kit (DP316, Tiangen Bio-
tech) following the manufacturer’s operational
manual. The extracted DNA samples were used
for the construction of DNA libraries [6].

Lung Biopsy Tissue: Sample Processing

and DNA Extraction

Lung biopsy tissue was minced into small pieces
and ground with a tissue homogenate machine.
A 10-mg sample was separated into a 1.5-mL
microcentrifuge tube and DNA was extracted
using the TIANamp Micro DNA Kit (DP316,
Tiangen Biotech) following the manufacturer’s
operational manual.
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Plasma Sample: Sample Processing and DNA
Extraction

Blood (3-5 mL) was drawn from patients and
centrifuged at 4000 rpm for 10 min at 4 °C.
DNA was extracted from 300 pL of plasma using
the TIANamp Micro DNA Kit (DP316, Tiangen
Biotech, Beijing, China) according to the man-
ufacturer’s operational manual.

Construction of DNA Libraries

DNA libraries were constructed through DNA
fragmentation (about 150bp), end repair,
adapter ligation, and PCR amplification. An
Agilent 2100 Bioanalyzer (Agilent Technologies,
Santa Clara, CA, USA) was used for quality
control of the DNA libraries (200-300 bp).
Then, libraries with confirmed quality were
sequenced by the BGISEQ-50 platform (BGI Co.,
Ltd, Shenzhen, China) [7].

Sequencing and Bioinformatic Analysis

High-quality sequencing data were generated by
removing low-quality reads, followed by com-
putational subtraction of human host sequen-
ces mapped to the human reference genome
(hgl9) using Burrows-Wheeler alignment [8].
The remaining data by removal of low-com-
plexity reads were classified by simultaneously
aligning to four microbial genome databases
(bacteria, fungi, viruses, and parasites) which
were downloaded from the National Center for
Biotechnology Information (NCBI) (ftp://ftp.
ncbi.nlm.nih.gov/genomes/). RefSeq contains
4945 whole genome sequence of viral taxa,
6350 bacterial genomes or scaffolds, 1064 fungi
related to human infection, and 234 parasites
associated with human diseases.

Threshold Criteria for Interpretation
of mNGS Result

SMRN: number of sequences strictly mapped at
species level.

SMRN of microorganisms in sample is higher
than in the negative control group.

For different types of microorganisms, the
thresholds were set as follows:

Bacterial/virus/fungus/mycoplasma/chlamy-
dia: SMRN > 3.

Parasite: SMRN > 100.

Mpycobacterium tuberculosis: SMRN > 1.

Definite pathogens of pulmonary infection;
excluding the normal flora of oral cavity, res-
piratory tract or the skin (via a large number of
literature search).

Meets clinical judgment or targeted treat-
ment response by three experienced senior
clinicians.

Microorganisms detected by mNGS which
meet all the criteria were identified as suspected
pathogens.

Statistical Analyses

Continuous variables are expressed as
mean =+ standard deviation (SD) and categorical
variables are expressed as numbers (percentage).
We tested for differences in continuous vari-
ables using ttest and categorical variables with
chi-square test as appropriate. The 2 x 2 con-
tingency tables were established to determine
sensitivity, specificity, positive predictive value
(PPV), and negative predictive value (NPV).

The results are presented with 95% confi-
dence intervals (CIs).

Data analyses were performed using
SPSS 22.0 software and a two-tailed value of P of
0.05 was considered to represent a significant
difference.

RESULTS

Baseline Characteristics of Patients

A total of 140 patients (62 men, 44.28%; 78
women, 55.72%) with suspected pulmonary
infection were included in this study (Table 1).

The mean age was 59.16 + 14.89 years and
the majority of patients were above 40 but at
most 70 years old (61.43%).

Among them, 75 (75/140 = 53.57%) patients
had underlying diseases, including 23 cases of
type 2 diabetes (16.43%), 16 (11.43%) cases of
connective tissue disease, 14 (10.00%) cases of
bronchiectasis, 10 (7.14%) cases of
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Table 1 Baseline characteristics of 140 patients
Count Percentage
Gender
Male 62 44.28
Female 78 55.72
Age (years)
< 40 18 12.86
> 40, <70 86 6143
> 70 36 25.71
Basic illness
Bronchiectasis 14 10.00
Chronic obstructive pulmonary disease 5 3.57
Previous history of tuberculosis 7 5.00
Bronchial asthma 1 0.71
Lung cancer 7 5.00
Diabetes 23 16.43
Connective tissue disease 16 1143
Extrapulmonary malignancies 10 7.14
Sample type
BALF 119 85.00
Lung tissue 9 6.43
Blood 5 3.57
Pleural effusion 6 429
Sputum 1 071
Chest CT scan
Bilateral 89 63.57
Unilateral 51 3643

BALF bronchoalveolar lavage fluid, C7" computerized tomography

extrapulmonary malignancies, 7 (5.00%) cases
of previous history of tuberculosis, 7 (5.00%)
cases of previous history of lung cancer, 5
(3.57%) cases of chronic obstructive pulmonary
disease, and 1 case of bronchial asthma.

A total of 128 patients underwent bron-
choscopy and 9 patients underwent TBLB. The

main sample types of mNGS in our patients
were BALF (119, 85.00%), while other sample
types included lung tissue (9), pleural effusion
(6), blood (5), bronchial sputum (1), and so on.
The mean time from admission to sampling was
4.3 days.
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Concordance Between mNGS
and Conventional Diagnostic Testing

In the present study, mNGS and conventional
diagnostic testing (including culture) were both
positive for pathogens detection in 48 (48/
140 = 34.29%) cases. A total of 67 (67/
140 = 48.10%) cases were positive for pathogens
detection by mNGS only. There were only 2
cases positive for pathogens detection by con-
ventional test only. mNGS and conventional
test were both negative for pathogens detection
in 23 (23/140 = 16.43%) cases (Fig. 1).

For the 48 both-positive cases, results of
mNGS and conventional tests were totally
matched in 2 (2/48 = 4.17%) cases and were
completely mismatched in 26 (26/48 = 54.17%)
cases. A total of 20 (20/48 = 41.67%) cases were
found to be partly matched which means at
least one detected pathogen was overlapped
between conventional diagnostic testing and
mNGS (Fig. 1).

both - (23)

()

only mNGS + (67)

m only mNGS + (67)

Fig. 1 Concordance between metagenomic next-genera-
tion sequencing (mNGS) and conventional testing.
Both+, results of mNGS and conventional testing were
both positive; Both—, results of mNGS and conventional
testing were both negative; mNGS+, only the mNGS

—_

both + (48)

Comparison of Pathogenic Detection
Between mNGS and Conventional
Diagnostic Testing

Significant differences were noticed in the pos-
itive detection rates of pathogens between
mNGS and conventional diagnostic testing
(115/140, 82.14% vs 50/140, 35.71%, P < 0.05).

Among pathogens detected by mNGS
(Fig. 2a) and conventional test, Parvimonas
micra (n = 8) was the most frequently detected
Gram-positive bacteria, followed by Streptococ-
cus pneumoniae (n=7), Abiotrophia defectiva
(n = 7), Enterococcus faecium (n = 6), Streptococcus
constellatus (n=135), and Actinomyces israelii
(n=235).

According to the results of mNGS (Fig. 2b)
and conventional test, Haemophilus parain-
fluenzae (n=19) was the most frequently
detected Gram-negative bacteria, followed by
Pseudomonas aeruginosa (n = 13), Acinetobacter
baumannii  (n =10), Klebsiella  pneumoniae
(n=29), Prevotella melaninogenica (n =8), and
Pyramidobacter piscolens (n = 7).

The most commonly fungi detected by
mNGS (Fig. 2c) and conventional test were

only conventional testing +

mismatch (2( 3)
. (2)\

partly matched (20)

y @

= both - (23)

result was positive, conventional testing was not; only
conventional testing+, only the conventional testing result
was positive, mNGS was not
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(Mycoplasma, Chlamydia psittaci, M. tuberculosis) detected by mNGS

The results of mNGS showed that a total of
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(n = 4), and Aspergillus fumigatus (n = 3).
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Fig. 2 continued

and the most frequently detected viruses were
Human gammaherpesvirus4 (EBV) (n = 16),
Human betaherpesvirus 7 (HHV-7) (n = 5), and
Human  betaherpesvirusS (CMV) (n=4)
(Fig. 2d).

In addition, six cases of Mycoplasma, one case
of Chlamydia psittaci, and seven cases of
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M. tuberculosis were also detected by mNGS or
conventional test (Fig. 2e).

The percentage of mNGS-positive patients
was significantly higher than that of conven-
tional testing-positive patients with regard to
bacterial detection (P < 0.01), but no significant
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differences were found with regard to fungal
detection (P = 0.67) (Fig. 3).

Streptococcus infantis, Oribacterium parvum,
Prevotella pallens, Kingella oralis, Mogibacterium
timidum, Treponema maltophilum, Dialister invi-
sus, Streptococcus parasanguinis, Neisseria sub-
flava, Rothia dentocariosa, Campylobacter showae,
Actinomyces johnsonii, Johnsonella ignava, Car-
diobacterium hominis, Scardovia wiggsiae, Car-
diobacterium valvarum, Desulfomicrobium orale,
Fretibacterium fastidiosum, Actinomyces gerencse-
riae, etc. were not interpreted as pathogens,
because they were known as normal flora of the
oral cavity, respiratory tract, or the skin and
were not considered to cause pulmonary infec-
tion so far (via literature searches).

Comparison of Clinical Characteristics
Between Mixed and Single Pulmonary
Infection

Mixed pulmonary infection was defined when
two or more infectious pathogens were

Fungi

Bacteria

c
N
15

40

EmNGS+ mboth+

Fig. 3 The overlap of positivity between mNGS and
conventional testing for fungi and bacteria. Both+, results
of mNGS and conventional testing were both positive;
mNGS+, only the mNGS

result was positive,

identified by mNGS or conventional test. As
shown in Table 2, there were 66 cases of mixed
pulmonary infection and 51 cases of single
pulmonary infection.

No difference in age between mixed infec-
tion cases (60.15 £ 15.90) and single infection
cases (58.45 + 13.55) was observed (P = 0.54).

There were no significant differences in
gender or inflammatory indices between the
two groups.

The most common symptoms in both groups
were cough, fever, and thoracalgia.

Additionally, there were no significant dif-
ferences in underlying pulmonary disease,
including bronchiectasis, chronic obstructive
pulmonary disease (COPD), previous history of
tuberculosis, bronchial asthma, and lung can-
cer, between these two groups.

Significant statistical differences were found
between mixed infection cases (15, 22.70%) and
single infection cases (4, 7.84%) in terms of
diabetes (P = 0.03). However, there were no
differences between the two groups in terms of

60 80 100 120

H conventional testing +

conventional testing was not; conventional testing+, only
the conventional testing result was positive, mNGS was
not
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Table 2 Comparison of clinical characteristics between mixed and single pulmonary infection

Mixed infection Single infection r
n = 66 n=>51
Characteristics
Age, years 60.15 £+ 15.90 58.45 £ 13.55 0.54
Male, 7 (%) 31 (47.00%) 31 (60.78%) 0.28
Female, 7 (%) 35 (53.00%) 20 (39.21%) 0.57
Laboratory parameters
WBC, (3.5-9.5) x 10°/L 7.61 £ 355 6.67 £ 378 0.17
Neutrophil, (1.8-6.3) x 10°/L 5.38 + 3.30 4.54 £ 3.51 0.19
Lymphocyte, (1.1-3.2) x 10°/L 1.44 + 0.67 1.46 + 0.64 0.83
CRP, (0-8) mg/L 38.94 £ 51.74 24.33 + 37.61 0.09
PCT, (0-0.1) ng/L 0.36 £ 1.10 0.24 £ 0.60 0.51
Presenting symptoms or signs
Fever, 7 (%) 22 (33.30%) 18 (35.20%) 0.65
Cough, 7 (%) 54 (81.80%) 39 (76.47%) 0.29
Thoracalgia, 7 (%) 20 (30.30%) 18 (35.29%) 0.29
Use of glucocorticoids, 7 (%) 9 (13.60%) 9 (17.65%) 0.39
Underlying pulmonary disease
Bronchiectasis, 7 (%) 7 (10.60%) 3 (5.88%) 0.31
COPD, 7 (%) 2 (3.00%) 2 (3.92%) 0.57
Previous history of tuberculosis, 7 (%) 5 (7.60%) 1 (1.96%) 0.19
Bronchial asthma, 7 (%) - 1 (1.96%) NA
Lung cancer, 7 (%) 4 (6.10%) 3 (5.88%) 0.64
Underlying extrapulmonary disease
Diabetes, 7 (%) 15 (22.70%) 4 (7.84%) 0.03
Connective tissue disease, 7 (%) 11 (16.70%) 5 (9.80%) 0.24
Malignant tumor, 7 (%) 4 (6.10%) 4 (7.84%) 0.47
Time from admission to test (day) 3.97 £ 3.00 4.69 + 3.83 0.26
Chest CT scan (bilateral), 7 (%) 43 (65.20%) 30 (60.78%) 0.41

WBC white blood cell count, CRP C-reactive protein, PCT procalcitonin, COPD chronic obstructive pulmonary discase,

CT computerized tomography

other underlying extrapulmonary diseases like
connective tissue disease, and malignant tumor

(11, 16.7% vs 5, 9.80%; 4, 6.10% vs 4, 7.84%,
respectively).
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No difference in time from admission to test
between the two groups (3.97 &+ 3.00 vs
4.69 + 3.83) was observed (P = 0.26).

Diagnostic Performance

of the Combination of mNGS

and Conventional Diagnostic Testing
in Mixed Infection

A total of 69 patients (69/140 = 49.29%) were
diagnosed with a mixed infection using only
the mNGS method. When combined with con-
ventional test results, the diagnostic ratio of the
mixed infection was increased to 63.57% (89/
140) (Fig. 4).

The most frequent pattern of mixed infec-
tion was bacteria and fungi mixed infection (40
patients, 40/89 = 44.94%), followed by bacteria
mixed infection (29 patients, 29/89 = 32.58%)
(Fig. 4).

Eight patients were diagnosed as bacteria,
fungi, viruses, and mycoplasma mixed infection
(8/89 = 8.99%); eight patients were diagnosed
as bacteria, fungi and viruses mixed infection
(8/89 = 8.99%) (Fig. 4).

Mixed infection (89)

Comparison of mNGS and Conventional
Test in the Diagnosis of Pulmonary
Infection

The performance of mNGS and conventional
test in diagnosis of pulmonary infection is
shown in Table 3.

The sensitivity and specificity of diagnosing
pulmonary infection by mNGS were 89.17%
(95% CI 83.61-94.73) and 75.00% (95% CI
63.48-86.52), respectively, with NPV and PPV
being 95.54% and 53.57%.

As for conventional test, the sensitivity and
specificity of diagnosing pulmonary infection
were 50.00% (95% CI 40.98-59.02) and 81.82%
(95% CI 65.70-97.94), respectively, with NPV
and PPV being 93.65% and 23.38%.

The sensitivity of mNGS in pulmonary
infection diagnosis was much higher than that
of conventional test (89.17% vs 50.00%;
P < 0.01), but the specificity was the opposite,
with no statistically significant difference
(75.00% vs 81.82%; P > 0.05).

DISCUSSION

In our study, mNGS exhibited better perfor-
mance than conventional test for detecting
bacteria (P < 0.01), whereas it was not superior
to conventional test with regard to fungal
detection (P = 0.67). This was inconsistent with

Bacteria, fungi, viruses and
mycoplasma mixed infection (8)

Bacteria, fungi and viruses mixed
infection (8)

Viruses mixed infection (1)

acteria and viruses mixed
infection (8)

Bacteria mixed infection (29)
Bacteria and mycoplasma mixed

infection (2)

Fig. 4 Mixed infections for various pathogens detected by mNGS and conventional test
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Table 3 Performance of mNGS and conventional testing in diagnosis of pulmonary infection

Diagnostic testing

Sensitivity %
(95% CI)

Specificity % PPV % NPV %

(95% CI)

mNGS

Conventional laboratory-based diagnostic testing

89.17 (83.61-94.73)
50.00 (40.98-59.02)

75.00 (6348-8652) 9554 5357
81.82 (65.70-97.94) 9365 2338

95% CI 95% confidence intervals, PPV positive predictive value, NPV negative predictive value

previous findings. According to Miao et al., the
sensitivity of mNGS is not better than that of
culture for recognizing bacteria, but mNGS has
superior feasibility in detecting fungi [9].
Another study found that compared with
sequencing, culture is able to identify most
bacterium-associated pneumonia [10]. Unlike
the aforementioned studies, Xie et al. reported
that there was no significant difference between
conventional microbiologic test and mNGS
with regard to fungal detection; however,
mNGS displayed a significantly higher positive
rate for detecting pathogenic bacteria [11].
Possible explanations for this divergence are
due to different diseases, different sample types,
and different test conditions of mNGS and
conventional test. Moreover, the positive rate of
pathogenic fungi cultivation in our study is
relatively higher.

Our results showed that the sensitivity of
mNGS in pulmonary infection pathogen
detection was much higher than that of the
conventional test (89.17% vs 50.00%; P < 0.01),
while the specificity of the conventional test
was better than mNGS (81.82% vs 75.00%;
P > 0.05). This outcome is inconsistent with the
study by Cai et al., who found that the sensi-
tivity and specificity of mNGS were both supe-
rior to those of culture [12]. However, another
study showed that the specificity of mNGS and
conventional test are nearly the same (95.2%
and 95.2%, respectively; P = 1.0) [13]. Similarly,
it has also been reported that the specificity of
mNGS was comparable to that of conventional
test [9]. On the other hand, other reports have
reached similar conclusions to ours [14, 15].
Several explanations might account for these
differences.

In general, the overall positive rate of mNGS
(115/140, 82.14%) for pathogens in pulmonary

infections was significantly higher than that of
conventional test (35.71%, P < 0.05). This
result is consistent with previous studies. In a
multicenter, prospective study, Parize et al.
showed that clinically relevant pathogens were
identified in a significantly higher proportion of
patients with mNGS than conventional micro-
biological methods (36/101 (36%) vs 11/101
(11%), respectively, P < 0.001) [16]. Langelier
et al. reported that mNGS has a greater capacity
for detecting microorganisms compared with
current microbial diagnostics [17]. These find-
ings, along with our result, confirm that mNGS
can raise the detection rate of respiratory
pathogens.

In terms of mixed infection diagnosis, the
proportion of mixed pulmonary infections in
our patients was much higher than we origi-
nally thought. We found that a total of 69 (69/
140 = 49.29%) cases were positive for mixed
infection by mNGS only. However, when com-
bined with conventional test results, the posi-
tive ratio of the mixed infection increased to
63.57% (89/140). These results are in agreement
with Fang et al.’s findings which showed that,
compared with using solely the mNGS method,
the diagnostic ratio of the mixed infection was
increased from 55.6% to 58.3% (42/72) when
combining mNGS and conventional test [4].
Their results and ours both indicate that the
combination of mNGS and conventional test
contributes to the diagnostic ratio of the mixed
pulmonary infection. Prior studies have shown
that mNGS was significantly better at the iden-
tification of coinfections than conventional
tests like serological antibody, PCR, or culture
[16, 18, 19].

This study found that the most common
combinations were bacterial-fungal coinfection
and bacterial-bacterial coinfection. Unlike our
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result, Wang et al. showed that the most com-
mon mixed pulmonary infection was the com-
bination of viruses and fungi [14]. In another
study, Legoff et al. observed that bacterial-viral
coinfection was the most frequent combina-
tions [20]. In 2020, Wu et al. reported that the
most common combinations were viral-bacte-
rial coinfection and bacterial-bacterial coinfec-
tion in patients with normal immune function,
while bacterial-viral coinfection and bacte-
rial-fungal coinfection were the most frequent
combinations in patients with compromised
immune function [21]. The inconsistency
between our study and other studies might
result from the low proportion of immuno-
compromised patients in this study. Another
possible explanation is that our hospital is
located in the lower reaches of the Yangtze
River, a high humidity area in which fungal
infections are common. C. albicans was the
major fungal pathogen in this region [22]. Fur-
thermore, we observed triple mixed pulmonary
infection (bacteria, fungi, and viruses) and
fourfold mixed pulmonary infection (bacteria,
fungi, viruses, and mycoplasma) in some
patients, the majority of whom were diabetic.
Similar results have been reported before [21].
Owing to the advantages mNGS, so many pat-
terns of mixed pulmonary infection can be
detected. On the other hand, mixed infections
can hardly be identified by traditional culture
methods, because various microorganisms
interact with, and inhibit, each other. It is
known that severe pneumonia is usually not
caused by a single pathogen but by coinfec-
tions. Thus, mNGS is a more favorable method
that may improve clinical guidance in the
diagnosis and treatment of patients with
pneumonia.

Few studies have discussed the value of
mNGS in etiological detection for pulmonary
infection in patients with diabetes. In terms of
diabetes mellitus, in our study, significant sta-
tistical differences were observed between
mixed pulmonary infection cases (15, 22.70%)
and single infection cases (4, 7.84%) (P = 0.03).
This outcome is contrary to that of Wu et al.
who found no differences between the patients
with and without mixed infections in terms of
diabetes [21]. Diabetes is a risk factor for

suffering pulmonary infection like community-
acquired pneumonia, CAP [23]. People with
diabetes are at two times greater risk of devel-
oping a pulmonary infection than healthy
people [24]. In the present study, mNGS was
performed on 24 patients with diabetes and
lower respiratory tract infection for pathogen
identification. Our data show that patients with
diabetes are more susceptible to mixed respira-
tory tract infections, especially bacterial and
fungal infections. Patients with diabetes melli-
tus were prone to invasive fungal infections
[25]. The most common pathogens are A. fumi-
gatus and C. albicans [26, 27]. This is consistent
with the results of our current study. In addi-
tion, diabetes mellitus increases active pul-
monary tuberculosis risk and worsens its
outcomes [28]. Two patients with diabetes were
diagnosed with active pulmonary tuberculosis
by mNGS in this study. These results indicate
that for the diabetic population, mNGS are well
suited for etiological detection of pulmonary
infection.

mNGS is a bias-free assay that can detect all
pathogens in the environment; however, this
test method itself cannot distinguish patho-
genic  microorganisms  from  colonizing
microorganisms, background microorganisms,
and contaminated microorganisms [29]. For
now, no authoritative guide is available to the
interpretation of the mNGS report and there-
fore this remains a great challenge for clinicians
(29, 30].

In order to interpret the results of mNGS
more accurately and objectively, in our study,
we conducted an extra comprehensive and
thorough literature search in PubMed in an
attempt to identify published cases of pul-
monary infection due to pathogens that we
detected, without time limits. We found out in
mNGS reports that our patients received that
some microorganisms which do not cause
human pulmonary infections (e.g., Torque teno
virus 15, Shigella dysenteriae, Cardiobacterium
hominis), some microorganisms which are not
pathogenic in humans, or some microorgan-
isms whose pathogenicity is as yet unclear (e.g.,
Bacteroides vulgatus, Bifidobacterium longum,
Parabacteroides merdae, Pyramidobacter piscolens,
and Megasphaera micronuciformis) were all
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included in the pathogenic microorganism list.
This problem is relatively easy to solve by
reading related literature. The most trouble-
some issue is opportunistic pathogens. Some
microorganisms, for instance, S. constellatus, are
part of the normal flora of the oral or respiratory
tracts of humans, but pulmonary infections due
to them have been widely reported [31, 32]; on
the contrary, although reports have shown that
some microorganisms, such as A. israelii, can
cause respiratory infection [33], the number of
articles was quite limited (sometimes only one
to two). In fact, the types of pathogens that
cause pulmonary infections are constantly
evolving. For example, the isolation rate of
H. parainfluenzae in patients with pneumonia is
increasing year by year; although it remains
controversial, this bacterium has been increas-
ingly regarded as an important pathogen of
respiratory infections [34]. All of the afore-
mentioned problems pose obvious difficulties
and challenges to clinicians when performing a
literature search. Therefore, we think that the
aforementioned two lists in mNGS reports to
some extent can facilitate the interpretation,
but it is somewhat arbitrary and can only pro-
vide limited reference values to clinicians. An
extra comprehensive and elaborate literature
search should be conducted.

Moreover, these findings could not be gen-
eralized. Various clinical factors including age,
symptoms and signs, laboratory tests, imaging
performance, immune status, care status, the
risk for aspiration pneumonia, ventilator use,
tracheal intubation, antibiotic treatment his-
tory, treatment response, and so on should all
be taken into account [4, 16, 21, 35]. In differ-
ent patients, even for the same bacteria, we may
need to change our judgment.

Certainly, one should also consider the par-
ticularity and complexity of mNGS in diagnos-
ing pulmonary infectious. In the context of the
misuse and unreasonable administration of
antibiotics, numerous opportunistic pulmonary
infections have become a tough clinical prob-
lem in immunocompromised patients. In cere-
brospinal fluid and brain biopsy samples, which
are considered sterile, the result of mNGS is easy
to interpret [36-38]. In contrast, it is much
more difficult to evaluate mNGS reports in BALF

and sputum [39, 40]. Recently, it has been
reported that in patients with severe pneumo-
nia, the utility of mNGS for the simultaneous
detection of pathogens from both BALF and
blood samples is strongly recommended [41].

The present study has certain limitations.
Neither RNA sequencing nor drug resistance
testing was performed. Nearly all patients were
given empirical antimicrobic treatment before
pathogen-detecting test sampling, which might
decrease the rate of positive culture. The num-
ber of some sample types like blood and bron-
chial sputum is low. Although a comprehensive
and thorough literature search was conducted,
how to reasonably interpret the results of the
literature search is still worth discussing. Simi-
larly, although clinical judgment was made by
three experienced senior clinicians, as a result of
the lack of unified standards, subjective bias is
unavoidable.

In future, we think that assembling an
interdisciplinary team (consisting of medical
microbiologists, computational biologists, epi-
demiologists, infectious disease specialists, and
other clinicians) and targeted training are criti-
cal to better use of mNGS [28]. With decreasing
sequencing costs, drug-resistance gene detec-
tion by mNGS may become more feasible.

CONCLUSIONS

mNGS exhibited better performance than con-
ventional tests for detecting bacteria, whereas it
was not superior to conventional tests with
regard to fungal detection. The sensitivity of
mNGS in pulmonary infection pathogen
detection was much higher than that of con-
ventional tests, while the specificity of con-
ventional tests was better than mNGS. The
overall positive rate of mNGS for pathogens in
pulmonary infections was significantly higher
than that of conventional tests. mNGS is a
valuable tool for the detection of mixed pul-
monary infections and the most common
combinations we found were bacterial-fungal
coinfection and bacterial-bacterial coinfection.
Significant statistical differences were found
between mixed infection cases and single
infection cases in terms of diabetes. However,
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there are still many challenges in the clinical
application of mNGS in the diagnosis of pul-
monary infections. There is still a lot of work to
be done in interpreting the mNGS reports,
because both clinical judgment and literature
analysis strategy need to be refined.
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