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Abstract
The purpose of this study was to assess the value of metagenomic next-generation sequencing (mNGS) of bronchoalveolar
lavage fluid (BALF) for the diagnosis of severe respiratory diseases based on interpretation of sequencing results. BALF samples
were harvested and used for mNGS as well as microbiological detection. Infectious bacteria or fungi were defined according to
relative abundance and number of unique reads. We performed mNGS on 35 BALF samples from 32 patients. The positive rate
reached 100% in the mNGS analysis of nine immunocompromised patients. Compared with the culture method, mNGS had a
diagnostic sensitivity of 88.89% and a specificity of 74.07% with an agreement rate of 77.78% between these two methods.
Compared with the smear method and PCR, mNGS had a diagnostic sensitivity of 77.78% and a specificity of 70.00%. In 13
cases, detection results were positive by mNGS but negative by culture/smear and PCR. The mNGS findings in 11/32 (34.4%)
cases led to changes in treatment strategies. Linear regression analysis showed that diversity was significantly correlated with
interval between disease onset and sampling. Dynamic changes in reads could indirectly reflect therapeutic effectiveness. BALF
mNGS improves sensitivity of pathogen detection and provides guidance in clinical practice. Potential pathogens can be
identified based on relative abundance and number of unique reads.
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Clinical diagnosis

Introduction

The rational use of antibiotics is extremely important for im-
munocompromised and/or critically ill patients, for whom ear-
ly aetiological diagnosis is necessary. However, traditional
culture methods are time consuming and have low rates of
positive detection. With the development of molecular biolo-
gy, the value of whole genome–based next-generation se-
quencing (NGS) has gradually been recognized, especially
for the detection of rare, atypical, or slow-growing microbes.
NGS is mainly used in the clinical setting for assessment of

sterile body fluids, including cerebrospinal fluid, blood, and
joint effusion [1–3]. For non-sterile body fluids, such as spu-
tum and bronchoalveolar lavage fluid (BALF), the applica-
tions of NGS are quite limited. In addition to human genome
interference and other common problems, the interpretation of
NGS results (i.e. distinguishing colonization vs. infection) re-
mains problematic. In recent years, the feasibility of
metagenomic next-generation sequencing (mNGS) in the
aetiological detection and identification of respiratory tract
infections has been demonstrated [4]. In the current study,
we summarized the mNGS results for 35 BALF samples from
32 patients and attempted to verify the value of mNGS in the
diagnosis of severe respiratory diseases based on the interpre-
tation of sequencing results.

Materials and methods

Patients and collection of BALF samples

Patients admitted to our respiratory intensive care unit (RICU)
due to respiratory failure provided written informed consent to
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undergo bronchoscopy and mNGS between September 2017
and October 2018; they were then examined via bedside bron-
choscopy by experienced physicians. The safety of broncho-
alveolar lavage (BAL) was enhanced by following a standard
safety protocol [5].

BALF samples were harvested, of which 5 mL of the spec-
imen was placed in a sterile sputum container, stored at −
20°C, and then sent to BGI-Huada Genomics Institute
(Shenzhen, China) for detection. The remaining specimens
were sent to our microbiological laboratory for bacterial and
fungal smear and culture, Pneumocystis jirovecii (PC) smear
(Grocott methenamine staining), acid-fast stain, Xpert MTB/
RIF detection of DNA sequences specific forMycobacterium
tuberculosis and rifampicin resistance by PCR, and real-time
PCR for cytomegalovirus (CMV), influenza A/B virus, PC,
Mycobacterium tuberculosis, Mycoplasma spp., and
Chlamydia spp.

NGS procedure for BALF samples

The NGS procedure for BALF samples includes nucleic acid
extraction, library construction, sequencing, and information
analysis. Additional data are given in Online Resource 1.

Definitions

SDSMRN, number of unique reads: the number of
unique reads of standardized species
Relative abundance: proportion of a detectedmicrobe at a
specific taxonomic level among a specific microbial
group in the entire sample population
Coverage: percentage of the length of the nucleic acid
sequence detected over the total length of the genome
of the microbe

Infectious pathogens were defined as those meeting either
of the following conditions: (a) > 30% relative abundance at
the genus level, regardless of culture or smear result; (b) cul-
ture and mNGS identified same microbe, and number of
unique reads was ≥ 50 from a single species. Microbes were
considered new potential pathogens if mNGS alone identified
the microbe [3, 6]. These were based on strict clinical criteria,
combined with multiple-clinician adjudication, to rigorously
discriminate infection from colonization and contamination.

The definitions of ARDS and immunocompromised sub-
jects are presented in the literatures [7, 8].

Statistical analysis

Continuous variables are presented as the mean ± standard
deviation. The paired McNemar chi-square test was used
to compare the diagnostic efficiency of mNGS vs. con-
ventional smear or culture methods. Linear regression

analysis was used to assess the relationships of BALF
aetiology with some factors. A two-tailed P value of
0.05 was considered to indicate statistical significance.
All statistical analyses were performed using SPSS 22.0
(IBM Corp., Armonk, NY, USA).

Results

Thirty-two patients with respiratory failure were admitted to
the RICU, among whom 21 were men; the mean age was
54.51 ± 15.41 years. Nine immunocompromised patients were
hospitalized due to pneumonia (Table 1).

Based on definitions of infection, common bacterial colo-
nization was ruled out [9–11]. Online Resource 2 lists BALF
mNGS results for 35 cases in comparison with conventional
method results. PCPwas detected by the smear or nucleic acid
method except in two immunocompromised patients (no. 14
and no. 24); in contrast, positive rate reached 100% in mNGS
analysis [12, 13].

Compared with the culture method, mNGS had a diagnos-
tic sensitivity of 88.89% and a specificity of 74.07% with an
agreement rate of 77.78% between these two methods.
Compared with the smear method and PCR, mNGS had a
diagnostic sensitivity of 77.78% and a specificity of 70.00%
with an agreement rate of 73.68% between these twomethods.
The overall diagnostic agreement rate was 75.68%, and the
sensitivity was 81.48% (Table 2). In 13 cases, the detection
results were positive by mNGS but negative by culture/smear
and PCR. mNGS did not increase the positive rate of diagno-
sis compared with culture or smear/PCR (P = 0.070 and
0.754, respectively).

The mNGS findings in eleven cases led to a change in
treatment strategies, including four positive mNGS findings
(Chlamydia psittaci in two cases and Nocardia sp. in two
cases). For patient no. 20 with Acinetobacter baumannii in-
fection and no. 25 with Aspergillus niger infection, mNGS
provided positive identification of the pathogen earlier than
was permitted by the culture method, leading to prompt
changes in the anti-infection treatment. For patient no. 10 with

Table 1 Demographic information

Characteristics Patients, n (%)

Age (years) 54.51 ± 15.41

Male 21 (65.63)

Smoking Never 20 (64.52)

Ex 8 (25.00)

Current 4 (12.9)

COPD 2

Other chronic pulmonary diseases 2

Immunocompromised 9
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negative laboratory and mNGS outcomes combined with oth-
er autoimmune indicators, dermatomyositis was considered
after consultation with the rheumatology department, and
160 mg methylprednisolone was given for initial therapy.
The results of both mNGS and conventional methods were
negative for patient no. 27; due to the combination of these
findings with a lung CT result, organized pneumonia after
infection was considered, and 80 mg of methylprednisolone
was initiated (Table 3).

Figure 1 lists the distribution of bacteria and fungi identi-
fied by mNGS, among which Acinetobacter, Veillonella,
Pseudomonas, and Rothia species were the most common
bacteria. The most common fungus was Pneumocystis
jirovecii (57%).

Figure 1 only lists the distribution of pathogens that met the
definition of infection. The mNGS analysis identified the dis-
tribution of a number of bacteria with < 50 reads, which may
indirectly reflect diversity of bacterial and fungal flora in the
lower respiratory tract. Linear regression analysis showed that
the diversity was significantly correlated with the interval be-
tween disease onset and sampling but not with underlying
lung disease, smoking history, or interval from tracheal intu-
bation to sampling (Fig. 2).

Discussion

BAL is well tolerated and easily and safely performed in
acutely ill patients (e.g. patients with ARDS) [14]. mNGS is
suitable for the detection of pathogens that cannot be identi-
fied by other existing detection techniques, also in cases where
patients fail to respond to standardized antimicrobial treat-
ment. For rare and slow-growing bacteria, mNGS offers con-
siderable advantages in shortening the time required for a
diagnosis confirmation of bacterial/fungal infection, promot-
ing targeted antimicrobial treatment, and improving patient
prognosis [15]. However, mNGS findings should be com-
bined with epidemiological and clinical characteristics before
a pathogenic microbe can be identified.

The application of mNGS remains controversial due to
technical aspects (e.g. methods to eliminate the impacts of
host genes) and the interpretation of results. Thus far, most
articles on mNGS focus on its diagnostic value for specific
bacterial infections [12, 16]; minimal literature is available
regarding accurate interpretation of all detected results.
Based on the literature [3, 6], our current study analysed
DNA levels of microbes and their levels of relative abundance
in clinical BALF samples to identify pathogenic bacteria. This
method significantly improved the sensitivity of pathogenic
detection and provided guidance in clinical practice.

According to our results, positive rates of mNGS for iden-
tifying Mycobacterium tuberculosis and non-tuberculous
mycobacteria were low due to their high homology [3].
Xpert MTB/RIF showed a positive result in one patient and
another patient for tuberculosis on acid-fast staining of a spu-
tum smear, suggesting the presence of non-tuberculous
mycobacteria; however, the results were negative by mNGS.

The treatment strategies were changed in only 11 of the 32
patients. The limited value of mNGS may be because

Table 3 The mNGS findings that led to changes in treatment strategy for 11 patients

Patient no. mNGS-based diagnosis Changes in treatment strategies

2 Chlamydia sp. pneumonia Discontinuation of Tamiflu and Sulperazon

4 Chlamydia sp. pneumonia Discontinuation of Tamiflu and Sulperazon

9 Severe pneumonia Discontinuation of moxifloxacin and Sulperazon

10 Dermatomyositis Methylprednisolone (160 mg) initiated

11 Human adenovirus pneumonia Added ganciclovir and discontinued Sulperazon

13 HSV1 pneumonia? Meropenem downgraded to Tazocin

17 Bacterial infection Meropenem changed to tigecycline and Sulperazon

21 Nocardia sp. pneumonia
PCP
CMV pneumonia

Moxifloxacin was replaced by amikacin,
and antituberculosis drugs were discontinued

25 Aspergillus sp. pneumonia Added voriconazole and discontinued moxifloxacin

27 Organized pneumonia Methylprednisolone (80 mg) initiated

32 Nocardia sp. pneumonia
PCP
CMV pneumonia

Sulperazon changed to imipenem and cilastatin sodium

Table 2 Diagnostic performance of mNGS compared with that of
conventional laboratory-based diagnostic methods

mNGS Culture Total Smear/PCR Total

+ − + −

+ 8 7 15 14 6 20

− 1 20 21 4 14 18

Total 9 27 36 18 20 38
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standardized anti-PC and anti-CMV treatments are typically
applied immediately upon admission in our department.
Furthermore, most patients admitted to the RICU have severe

pneumonia, which is treated empirically for a wide range of
pathogens. However, traditional methodologies combined
with mNGS can better guide the discontinuation of

Genus distribution of bacteria
Prevotella
Veillonella
Acinetobacter
Streptococcus
Rothia
Granulicatella
Pseudomonas
Enterococcus
Abiotrophia
Haemophilus
Thauera
Escherichia
Achromobacter
Ralstonia
Staphylococcus
Stenotrophomonas
Klebsiella
Mycobacterium
Burkholderia
Nocardia
Neisseria

Species distribution of bacteria
Prevotella pallens
Prevotella melaninogenica
Veillonella atypica
Acinetobacter baumannii
Acinetobacter junii
Streptococcus I P16
Rothia mucilaginosa
Granulicatella adiacens
Pseudomonas aeruginosa
Pseudomonas denitrificans
Enterococcus faecalis
Abiotrophia defectiva
Haemophilus parainfluenzae
Thauera MZ1T
Escherichia coli
Escherichia fergusonii
Achromobacter xylosoxidans
Ralstonia insidiosa
Staphylococcus epidermidis
Staphylococcus aureus
Stenotrophomonas maltophilia
Klebsiella pneumoniae
Klebsiella variicola
Mycobacterium abscessus
Burkholderia multivorans
Nocardia farcinica
Nocardia otitidiscaviarum
Neisseria elongata

57%

13%

6%
6%

6%
6% 6%

Distribution of fungi

Pneumocystis jirovecii

Candida albicans

Pichia kudriavzevii

Clavispora lusitaniae

Candida glabrata

Neosartorya fischeri

Fig. 1 Genus and species
distribution of bacteria and
distribution of fungi bymNGS for
the constituents for which the
number of unique reads was ≥ 50
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antimicrobial therapy. High agreement rates between conven-
tional methods andmNGS in our current study further verified
the validity and accuracy of mNGS. For hospitals with limited
detection capabilities, mNGS is recommended based on local
epidemiological characteristics, especially for immunocom-
promised patients and those with severe or complicated
infections.

Based on the number of reads and relative species abun-
dance, the mNGS technique can be used for semi-quantitative
detection. Two of our patients (no. 8 and no. 14) underwent
BALF mNGS twice, and dynamic changes in the PC and
adenovirus reads could indirectly reflect therapeutic effective-
ness, which is a potential added value of this technique [17,
18]. Furthermore, mNGS can be used for adenovirus genotyp-
ing, thereby providing better clinical practice guidance.
However, due to difficulties in virus culture and high false-
positive rates of nucleic acid detection alone, few reports have
described whether the detected DNA virus is a pathogenic
microbe [18, 19]. The reads and rates of relative abundance
determined by NGSmay provide a quantitative basis for iden-
tification of viral infection; however, additional experiments
are needed to verify the optimal cut-off values.

NGS can also identify the distribution of airway flora under
different conditions. The literature indicates that airway flora
composition is not related to smoking history [20] but is affect-
ed by duration of mechanical ventilation [21]. Our current study
showed an association between interval from disease onset to
sampling and species within the airway flora. The lower

respiratory tract is a relatively sterile anatomical location; with
prolonged onset time, the types of bacterial flora may change,
which may be a result of bacterial flora migration. Loss of
diversity within respiratory tract microbial communities is pro-
posed as an ecological marker of infection [22, 23].

Our study was limited by a small sample size and diverse
diseases in the patients sampled. Furthermore, neither
genome-wide RNA sequencing nor drug resistance testing
was performed. Although NGS has been widely accepted
and applied in critically ill patients, there is no uniform stan-
dard to modify or guide clinical treatment strategies, especial-
ly for some intractable cases, which limits its application in
clinical research.

In future studies, we will apply mNGS for the detection of
inflammatory mediators or immune-related factors and drug
resistance as well as for the detection and identification of
aetiological agents.
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