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Abstract

Background
Metagenomic next-generation sequencing (mNGS) is a powerful method for the diagnosis of suspected infections, avoiding empirical broad-spectrum
therapy and lessening the risk of drug resistance. However, little is known about its clinical e�cacy and diagnostic value when used in routine practice.

Methods
A reference panel of 10 microorganisms was designed to characterize mNGS test accuracy. Retrospective study was performed to compare the diagnostic
value of mNGS tests and culture in infectious disease, and evaluated the clinical e�cacy of mNGS based on interpretation of mNGS results by clinicians as
well as whether leading to a favorable clinical outcome.

Results
At a typical sequencing depth and the concentration of human DNA up to 100,000 cells/ml, the sequencing platform can still detect pathogens at
concentration of 400 CFU/ml. Among 518 patients, the sensitivity and speci�city of mNGS for diagnosing infectious disease were 79.49% and 82.20%,
respectively. The bacteria and fungus detection rate (apart from candida) were signi�cantly higher than culture (P < 0.01). Test sensitivity and speci�city of
mNGS were 78.40 and 95.27% for bacteria and 75.23 and 93.95% for fungi, respectively. mNGS was especially practical in identi�cation of atypical
pathogens, contributing a positive impact in 267(51.54%) cases in which 142 cases where mNGS results directly led to a change in treatment.

Conclusions
mNGS signi�cantly improved sensitivity for bacteria and fungi identi�cation, is a valuable tool for for identifying infectious patients and could optimize
antimicrobial therapy to improve the clinical outcomes. Further multicenter and prospective studies with larger samples are needed to validate the clinical
e�cacy and diagnostic value of mNGS.

Background
Infectious diseases remain a leading cause of morbidity and mortality to human race(1), and present a rising challenge to public security. The most
threatening infections such as pneumonia, sepsis and endocarditis occur when diffusion of the microorganism into the bloodstream occurs. Each hour of
delay in the use of antibiotic has been associated with increased mortality(2). The miserable prognosis of infectious diseases highlights the continuing
challenges of early accurate diagnosis and targeted antibiotic therapy of patients with infectious diseases. Conventional culture is considered the gold
standard for etiological diagnosis. But viruses are unculturable and some fastidious microorganisms are time-consuming to culture (for example,
mycobacteria, treponema pallidum, and talaromyces marneffei)(3, 4). The sensitivity of culture depends largely on the disease stage and whether or not
patients have been prior exposed to antibiotics.

Rapid detection of unknown pathogenic microorganisms and antibiotic resistance identi�cation in patients with suspected infectious diseases is critical to
the etiological diagnosis and guide correctly clinical treatment. Multiplex PCR is an alternative diagnostic method to culture, which have been studied
applied on infectious diseases in body �uid samples including blood and bronchoalveolar lavage (BAL)(5, 6). But prior selecting known target pathogens
greatly limits the application of multiplex PCR in detecting unknown pathogens and mixed infections. Unexpected, rare, or novel pathogens can evade
detection by multiplex PCR. Conventional microbiologic detection methods are di�cult to reveal the etiologies of complicated infectious diseases, which
present with indistinguishable clinical symptoms(7). These limitations may delay antimicrobial treatment, prolong hospitalizations and readmissions, and
even lead to erroneous drug overuse, increase resistance to multiple antibiotics and healthcare costs, complicate treatment. These are currently
insurmountable obstacles to the diagnosis and treatment of infectious diseases. Aggressive antimicrobial adjustment based on timely and accurately
microbiology results is necessary.

Metagenomic next-generation sequencing (mNGS) is a hypothesis-free and untargeted molecular approach that can theoretically identify all pathogen
nucleic acid and simultaneously predict antibiotic resistance gene targets in different body �uids. As a promising tool, mNGS has greatly expanded the
scope of infectious disease pathogen investigation, which enables detect 1,250 clinical pathogens(virus, bacteria, fungi and/or parasites)(8), especially
suitable for atypical and complexed etiologies of infectious diseases. However, the sensitivity of mNGS is heavily depend on the level of human host
background and the e�ciency of extracting nucleic acids from different samples. Interpretation of mNGS results demands further validation by a large
number of clinical trials. Present study relevant to clinical application and impact has mostly limited to case reports or small-scale cohort studies(9–15),
most of which have focused on pathogen detection from single type of sample. To bridge this research gap, we performed a multi-type retrospective study
to assess the clinical e�cacy and value of mNGS test for rapid pathogen detection in patients with suspected infectious diseases, explore its application in
clinical microbiology and considerations for implementation of mNGS in a clinical laboratory.

In this study, we performed an accuracy validation experiment on our platform's capacity to analysis and interpretation of sequencing data. The clinical
diagnostic performance of mNGS was compared to results from conventional microbiological testing, and veri�ed by comparing the composite standard.
The clinical impact of mNGS was determined based on the decision of the treatment team and whether leading to a favorable clinical outcome.
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Methods

Analytical validation strategy
A reference panel of 10 microorganisms (Listeria grayif, Haemophilus parain�uenzae, Acinetobacter junii, Rhodococcus equi, Micrococcus luteus, Neisseria
sicca, Pseudomonas �uorescens, Aeromonoas hydrophila, Legionella pneumophila, Candida lusitaniae) was designed to characterize test accuracy. Six
reference samples were used to validate accuracy. D0 was a negative blank control. The concentration of human DNA in plasma can exceed 1,000-fold,
which can affect the sensitivity of sequencing-based assays(16). Therefore, �ve reference samples (D1-D5) containing different concentrations of pathogen
DNA and human DNA. The concentrations of pathogens range from 400,000 to 400 CFU/ml and had human DNA that ranged from 1000 to 100,000
cells/ml. It also included both frequent colonizers and background microorganisms that are commonly found as high-level environmental contaminants.
Test accuracy was characterized in three different sample matrices. D1, D2 and D3 representing ‘high human’ DNA samples, containing 100,000 cells/ml
human DNA. The concentration of human DNA of D4 was 10,000 cells/ml, which representing ‘medium human’ DNA sample. The concentration of human
DNA of D5 was 1000 cells/ml, which representing ‘low human’ DNA sample. In order to determine the read of pathogens in a sample without bias, the
human DNA and pathogen DNA were randomly distributed into the partitions. The details of reference panel were presented in Supplementary Table S1. All
reference samples require nucleic acid extraction as with body �uid samples.

Study Population
This study was ethically approved by the institutional review board of the First A�liated Hospital of Nanchang University. All methods were performed in
accordance with the relevant guidelines and regulations. We performed a retrospective cohort study of 518 cases suspected of acute or chronic infection at
the First A�liated Hospital of Nanchang University (Jiangxi Province, China) between December 2020 and October 2021. For all cases, there was either high
suspected infectious clinical manifestations or infectious etiology. Cases were excluded if patient con�rmed noninfectious disease before testing. Samples
were excluded if sample failing to pass quality control of mNGS. Flowchart of cases inclusion and exclusion was shown in Fig. 1a. Of 518 cases, 407 was
performed microbiological culture in parallel. The same eligible sample divided or sampling interval less than 48 hours, which was de�ned as having paired
mNGS and conventional microbiological culture results in our study. In addition to conventional microbiological culture, additional pathogen detection
methods were only preformed for patients with highly suspected infections (for example, nucleic acid detection of pathogenic microorganism, quantitative-
PCR, enzyme-linked immunospot assay, GeneXpert TB Test, and galactomannan test, T-spot, imaging, orthogonal microbial testing of other sample types
collected contemporaneously from the same patient). Final clinical diagnosis was made by clinicians based on all microbiological testing and a
longitudinal review of the patient's clinical characteristics. Consider the possibility of repeated mNGS testing in the same patient for different period or
reasons including patient monitoring or suspected false-negative results from the �rst mNGS test, the clinical e�cacy and diagnostic value were mainly
evaluated based on the �rst mNGS test per patient. The process of data collection was non-selective and continuous.

Sample processing and Nucleic Acid Extraction
The collected bronchoalveolar lavage samples were sent to the clinical microbiology lab and histopathology lab within 1 h after the collection. Volumes of
0.3ml of cerebrospinal �uid were drawn from patient, placed in a 1.5ml centrifuge tube, centrifuged at 5000g for 10 minutes at 4°C. All other body �uid
samples of 0.3ml were placed in a 1.5ml centrifuge tube, centrifuged at 1600g for 10 minutes at 4°C, then draw 0.25ml supernatant into another 1.5ml
centrifuge tube, centrifuged at 16000g for 5 minutes at 4°C. All samples were transferred to new sterile 1.5-mL centrifuge tubes and DNA was extracted
using the HUGO DNA and RNA Kit (YG-002, Hugo Biotech, Beijing, Beijing, CHINA), following the manufacturer’s operational manual. The extracted nucleic
acid samples were used for the construction of DNA libraries.

Library construction
DNA libraries were constructed through end-repair, adapter ligation, PCR ampli�cation and puri�cation. Library quality inspection including the
determination of Library concentration and Library fragment size. An Agilent 2100 Bioanalyzer (Agilent Technologies, Santa Clara, CA, USA) and A Qubit™ 4
Fluorometer (Thermo Fisher Scienti�c, Singapore) were used for quality control of the DNA libraries length (200-500bp) and the library concentration (no
less than 1 ng/µl), respectively. Libraries were prepared and then sequenced using the NextSeqTM 550Dx (Illumina Technologies, San Diego, CA, USA).

Criteria for Positive mNGS Result
Excluding the normal �ora of oral cavity, respiratory tract or the skin. For common contaminating organisms such as Prevotella pallens, Treponema
maltophilum, Dialister invisus, Neisseria sub�ava, Rothia dentocariosa, etc. was considered negative in this study. The number of sequences standardized
stringently mapped read number at the species level (SDSMRN) of microorganisms in sample is higher than in the negative control group. For different
types of microorganisms, the positive criteria were set as follows: Bacterial (mycobacterium excluded), fungus, virus, mycoplasma, chlamydia, parasite:
mNGS identi�ed a microbe whose SDSMRN 3. Mycobacterium was considered positive when at least 1 SDSMRN due to the di�culty of nucleic acid
extraction and low likelihood for contamination. The detailed sequencing data after processing is described in Supplemental Table S2.

Statistical Analysis
Comparative analysis was conducted by Pearson χ2 test. Discrete variables were analyzed with Fisher's exact test, where appropriate. The 2×2 contingency
tables were established to determine the sensitivity and speci�city of mNGS and culture for different pathogens. The results are presented with 95%
con�dence intervals (CIs). Data analyses were conducted using SPSS 25.0 software (SPSS Inc, Chicago, IL, USA), a two-tailed value of P<0.05 was
considered signi�cant.

Results
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Accuracy Validation
The sensitivity of sequencing-based tests depends on the number of sequencing reads obtained. In validation tests, all different concentrations of
pathogens were detected. The number of sequencing reads were determined for each of the ten reference microorganisms in each of the high-human-
DNA(D1-D3), medium-human-DNA(D4) and low-human-DNA(D5) plasma matrices. At a typical sequencing depth and the concentration of human DNA up
to 100,000 cells/ml, our sequencing platform can still detect pathogens at concentration of 400 CFU/ml. When the concentration of human DNA was 10000
or 1000 cells/ml and the concentration of pathogen remained 1000 CFU/ml, the number of readings increased signi�cantly (D4 and D5). This suggests that
human DNA concentration indeed can affect the sensitivity of sequencing. The results of accuracy validation were presented in Table 1.

Sample and Patient Characteristics
The demographic features and characteristic baselines in the current study were presented in Table 2. Within the 518 patients included, 341 were males and
177 were females. 139 patients (26.83%) were admitted into the intensive care unit. All patients had infection-related symptoms, with the most common
symptoms being fever (47.30%), cough (20.66%), and increased sputum production (14.29%) (Table 2). Among them, 46.91% (243/518) patients had
underlying diseases, including hypertension (125 cases), diabetes (53 cases), chronic liver diseases (51 cases), chronic lung diseases (30 cases),
cerebrovascular diseases (24 cases), cardiovascular diseases (13 cases), chronic kidney diseases (13 cases), organ transplantation (6 cases),
autoimmunity diseases (5 cases). A total of 94.59% (490/518) patients with �nal diagnosis of infection and 5.41% (28/518) patients were diagnosed as
non-infectious diseases. Most of our sample types are blood, with 200 of 518 (38.61%) from blood, 154 of 518 (29.73%) from bronchoalveolar, 62 of 518
(11.97%) from cerebrospinal, 29 of 518 (5.60%) from sputum, 29 of 518 (5.60%) from peritoneal, 17 of 518 (3.86%) from bone marrow, 7 of 566 (1.35%)
from pleural and 20 of 566 (3.28%) from other body �uids (Fig. 1b). Of 518 samples, 16.79% (87 of 518) had no microorganisms reported, a single species
was detected in most cases (Fig. 1c). More than two pathogens were detected in samples of 266 patients (51.35%) using mNGS. Based on Illumina data,
the ratio of microbial reads in sputum and bronchoalveolar lavage �uid was higher than that in other types of samples, indicating that sputum and
bronchoalveolar lavage �uid had a higher pathogen load (Fig. 1d).

Comparison of Pathogenic Detection Between mNGS and culture
From sample collected to result analysis, the time consumption of mNGS test was shorter than that of the culture (Fig. 1e). In order to compare the
diagnostic e�ciency of mNGS and culture, 407 samples with paired culture test were included for further study. In our results, mNGS and conventional
microbiological culture were both positive in 78 of 407 (19.16%) cases and were both negative in 75 of 407 (18.43%) cases (Fig. 2a). Two hundred and �fty-
three samples were positive by mNGS only (62.16%) and 1 was positive by culture only (0.25%). For double-positive samples, the 8 results were completely
matched and 9 results were totally mismatched. The remaining 61 cases were found to be partly matched which means at least 1 overlap of pathogens
when multi-microbial results were observed. Among pathogens detected by mNGS and culture, Klebsiella pneumoniae (n = 60) and Candida (n = 65) were
the most frequently detected bacteria and fungus, respectively (Fig. 2b). The bacteria and fungus, apart from candida, demonstrated a superior positivity
rate in mNGS than that in culture (P < 0.01).

Diagnostic Performance Comparison of mNGS and Culture
A composite standard was applied in the evaluation of diagnostic Performance that incorporated additional results from (1) microbial culture and
orthogonal microbial testing of other sample types collected contemporaneously from the same patient (2) quantitative-PCR, imaging, GeneXpert (3) clinical
adjudication by infectious disease specialists. The performance of mNGS and culture in diagnosis of infectious disease is shown in Table 3. The sensitivity
and speci�city of mNGS (all samples) for diagnosing infectious diseases were 79.49% (95% con�dence interval (CI) 75.20–83.20%) and 82.20% (95% CI
74.32–88.06%), respectively. As for conventional test, the sensitivity and speci�city of diagnosing infectious disease were 21.25% (95% CI 17.25–25.87%)
and 92.86% (95% CI 75.04–98.75%), respectively. As expected, mNGS increased the sensitivity rate by approximately 60% in comparison with that of culture
(79.49% vs 21.35%; P<0.01), while the speci�city difference was not signi�cant (83.20% vs 88.06%; P>0.05). Excluding blood, the sensitivity of mNGS
testing were comparable overall among different sample types. ROC analysis of all samples mNGS for the diagnosis of infectious disease yielded an AUC
of 0.8823 (95% CI, 0.8453–0.9192) (Fig. 3b). Additionally, ROC analysis of blood-mNGS and CSF-mNGS for the diagnosis of infectious disease yielded an
AUC of 0.8116 (95% CI, 0.7456–0.8757) and 0.7882 (95% CI, 0.6713–0.9051), respectively. The highest accuracy of detection from sputum (AUC = 0.9630
(95% CI, 0.7776–1.1428)) and broncho alveolar lavage �uid (AUC = 0.9586 (95% CI, 0.8917–1.0256)). When the threshold was greater than 8.500, the
sensitivity and speci�city of mNGS (all samples) were 79.49% and 82.20%, respectively. The sensitivity and speci�city of mNGS testing for bacterial
detection based on the composite standard were 78.36% and 95.31%, respectively, for culture (n = 397 samples) compared to 18.03% and 98.06%,
respectively (Fig. 3a). For fungal pathogen detection, the sensitivity and speci�city of mNGS were 73.83% and 94.00%, respectively, for culture (n = 397
samples) compared to 34.78% and 100%, respectively. For Others pathogen detection, including MTB, NTM and atypical pathogens (mycoplasma,
chlamydia, rickettsia, spirochete), the sensitivity and speci�city of mNGS were 72.22% and 97.67%, respectively. As for virus pathogen detection, 22 viruses
were detected, Epstein Barr virus (n = 61) was the most frequently detected virus, followed by Herpesviridae (n = 55) and Cytomegalovirus (n = 44). The
majority of detected viruses were likely concurrent infection unassociated with the clinical presentation. Due to lack of conventional orthogonal testing for
viruses and no uni�ed standard for judging whether a virus is pathogenic or virus-carrying, viruses were not separately included in the diagnostic
performance assessment.

Comparison of relative pathogen reads of mNGS testing from other samples versus
blood
Sixteen patients in our study had paired other samples and blood samples available for comparative mNGS testing. The number of reads standardized
stringently mapped read number at the species level (SDSMRN) was a median 195-fold higher (IQR 33-10748) in the paired other samples than in blood
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from the same patient (Fig. 3c). For the same pathogen, �fteen paired other sample (sputum, bronchoalveolar lavage �uid, cerebrospinal �uid and urine)
mNGS detected more sequences than blood mNGS in �fteen patients (Fig. 3d). Another patient’s blood mNGS identi�ed more Pseudomonas aeruginosa
sequences then peritoneal mNGS. Notably, of those 15 patients, there was one patient’s sputum mNGS identi�ed more Aspergillus �avus sequences then
blood mNGS, but blood mNGS identi�ed E. coli which not identify by sputum mNGS, then E. coli con�rmed by culture.

Clinical Impact of mNGS Results on Diagnosis and Treatment
Consider the possibility of repeated mNGS testing in the same patient for different period or reasons including patient monitoring or suspected false-
negative results from the �rst mNGS test, the clinical impact was evaluated based on the �rst mNGS test per patient. A total of 518 mNGS tests were
evaluated, mNGS positivity rate was 436/518 (84.17%). When examining the impact of mNGS results on patient diagnosis and treatment, mNGS results
showed a positive or no impact in 267 (51.54%) and 192 (37.07%) cases, respectively, whereas a negative impact was observed in 4 cases (0.77%), which
lead to unnecessary antibiotic treatment (Table 4). Positive clinical impact was categorized as empirical treatment continued (n = 105), antibiotic escalated
(n = 79), antibiotic adjust and avoid unnecessary antibiotic treatment (antibiotics were terminate or changed to a narrower range, n = 47), rule out infection
diseases (n = 20), earlier diagnosis and initiation of appropriate therapy (n = 16). Among the cases without impact(n = 192), mNGS results were considered
false or insigni�cant in 122 cases, of which 47 did not �nd any additional pathogens and 75 due to identi�cation of a new organisms or deemed
contaminants but of no signi�cance. The 70 cases had improved before mNGS results is available, and these patients were de�ned as having no effect. In
terms of patient antibiotic management, mNGS results directly led to a change in treatment (142 of 267 positive impact cases). Among the 142 cases
whose treatment changed, almost all patients (118/142) were achieved clinical cure or improvement, while the rest were still seriously due to serious
comorbidities despite appropriate treatment. Notably, the 16 early diagnoses made by mNGS test included detection of pathogens encompassing
Mycobacterium tuberculosis(n = 10), Chlamydia psittaci(n = 2), Coxiella burnetiid(n = 2), Kaposi sarcoma virus(n = 1), Mycobacterium shinjukuense(n = 1).
This highlights the strength of mNGS in certain cases requiring speci�c targeted treatment.

To evaluate the potential clinical impact of mNGS for diagnosis of infectious diseases, we selectively enrolled 10 patients with clinically suspected infection
but negative in culture (Table 5). An infectious clinical diagnosis had been made by microbial culture and orthogonal microbial testing. Of these 10 mNGS
tests, 9 had organisms detected while 1 had no organism detected. Impact was positive in 8 tests and negative in 2. The details of 10 cases are shown in
Table 4. These cases included detection of one to four presumptive causative pathogens including bacteria (eg, Pseudomonas aeruginosa, Mycobacterium
tuberculosis), atypical bacteria (eg, c. psittaci), fungus (eg, Cryptococcus, Aspergillus, P. jirovecii), and virus (eg, HRV, EB virus), highlighting the advantage of
mNGS in diagnosis complexed etiologies of infection in certain cases.

Discussion
Here we describe the clinical accuracy validation and practical clinical application of metagenomic next-generation sequencing. Key advances in our
research include (1) The accuracy of quantitative microbial cfDNA sequencing tests validated that platform's analysis and interpretation of sequencing
date. (2) Detect a wide range of sample types include Sputum, Bronchoalveolar lvge �uid, Cerebrospinal �uid, Blood et al. (3) The mNGS tests were an in-
house microbiology laboratory, which increases the accuracy of results because of preserves the vitality of the microbes due to reduced turnaround time
from bedside to bench. (4) All samples combined both RNA and DNA sequence, most of other studies using DNA sequence only. This approach allowed for
simultaneous host transcriptional pro�ling, enriched for actively transcribing microbes (versus nonviable taxa or latent)(17).

In this study, we systematically compared mNGS identi�cation and culture in a pairwise manner. The founding that mNGS detection rate was signi�cantly
higher than culture is in contrast to that recently reported in California where mNGS are not more sensitive than culture when detected Klebsiella
pneumoniae(17). The differences between studies may have been driven by discrepancy in the overall level of microbiology laboratory service. Results from
different laboratories may not be universally applicable. In addition, culture often reported a single microorganism or negative, which may be due to the
competition between the different species of microorganisms or to the administration empirical antibiotics to patients prior to obtaining samples(18).
However, mNGS is less affected by prior antibiotic exposure because it does not depend on pathogen survival(19, 20), and for most BALF and sputum
samples, mNGS reports up to 5 + microorganisms. The high detection rate in the present study was closer to that reported in a retrospective study where
mNGS-positive samples was signi�cantly higher than that of culture-positive samples(19).

Not surprisingly, mNGS exhibited better diagnostic performance than conventional microbiological culture for detecting bacteria and fungus. The mNGS test
was able to detect a possible pathogen in the vast majority of cases. This was consistent with previous research. But among these “mNGS false-negative”
cases, mNGS testing failed to detect �fteen cases of M. tuberculosis, a higher number than other false-negative bacteria. This may be due to the di�culty of
breaking M. tuberculosis during nucleic acid extraction. Although bead tapping can increase the detection rate of certain bacteria and fungi that contain
rigid cell walls, it can simultaneously decrease detection sensitivity by increasing host background release of human DNA(7). Excluding blood samples, the
sensitivity of mNGS testing were highly in other samples (ranging from 88.89 to 93.79%), which may be due to the low pathogen burden in blood compared
with other types of specimens. We showed here that, there was a detected 195-fold higher microbial reads in the paired other samples than in blood from
the same patient. Higher level of pathogen load in samples can increase the credibility of mNGS results. The mNGS of sputum and bronchoalveolar lavage
�uid outperformed that for other types of samples in the sensitivity of detection of pathogens, the number of reads, the ratio of microbial reads and the rate
of genome coverage.

However, multiple probable pathogens were identi�ed in many cases whose clinical symptoms were not concordance with pathogens. The additional
detections complicate the interpretation of microbiological reports. Our accuracy validation tests ruled out contamination as the source of these reads, we
speculate that the additional pathogens detected were primarily components of the human microbiome and possibly derived from mucosal barrier, cfDNA
residue from previous infections and transient bacteremia caused by colonizing bacteria. Dead microorganisms don’t cause disease, but they may remain to



Page 6/14

secret detectable small nucleic acid fragments. Therefore, it is recommended that “probable” pathogens should be comprehensively judged by
professionals who have certain bioinformatics knowledge and are engaged in clinical infection or clinical microbiology, combined with the reading length of
the detected pathogenic microorganisms as well as the differences in the sample types, the phylogeny and underlying molecular biology of the pathogens,
the clinical background of patients, imaging data and other laboratory examination results. Considering antimycobacterial, antifungal and antiviral
therapies can be toxic and costly, clinicians must be comprehensively judged before initiating antimicrobials therapy for pathogens with few sequences
detected, such as M. tuberculosis, Aspergillus and Nocardia. Without correct interpretation, blind use of antimicrobials based on mNGS results will inevitably
lead to unnecessarily broaden or prolong antibiotic therapy.

The �nding that 84 of 200 (42.0%) blood mNGS results, 89 of 154 (57.8%) bronchoalveolar lavage �uid mNGS results lead to positive impact, which
indicated alveolar lavage �uid mNGS had a higher positive impact than blood mNGS. Our result is different from recently published in a multicenter in USA
where 6/82 (7.3%) plasma mNGS results were considered positive impact(9). In our study, clinical impact based on the decision made by the treatment
team after interpretating the mNGS results and whether leading to a favorable clinical outcome. Another retrospective study on pediatric patients was
performed at USA showed mNGS added little diagnostic value when conducted simultaneously with conventional testing, there was no change in
management when additional organisms were identi�ed by mNGS in the majority of cases(21), but this study was only assessed the use of mNGS for
pediatric patients. In short, the reason why we are inconsistent with the above studies may be due to differences in sample types, patient populations,
testing indication and the proportion of critically ill patients. In the past, mNGS has been used as the last test resort for critically ill patients due to price as
high as 500 US dollars(22). However, for critically ill patients, the clinical outcome may be poor, although mNGS results may be useful in guiding antibiotic
management. In our study, we tend to order mNGS as a �rst-line test for critically ill patients and patients with suspected atypical pathogen infection. This
may explain why this study has higher positive clinical impact versus previous study. Nevertheless, 16 of 518 (3.1%) cases included condition were very
critically and clinical impact was di�cult to ascertain.

The limitations of this study include the following. First, the number of some sample types like sputum and peritoneal is low. Second, this study is a single-
central study with limited representativeness, which conclusion cannot be generalized to a broader scale of laboratory. Third, some patients were given
empirical antimicrobic treatment before sampling, we did not conduct a longitudinal assessment of the effects of antimicrobial administration before and
after on mNGS and culture results.

In summary, here we present a retrospective study to fully evaluate the utility of mNGS for the diagnosis of suspected infectious diseases and the real-world
clinical impact. More data are needed to determine the clinical impact of mNGS and to instruct which types of samples and patient populations are more
favorable for mNGS testing. Nonetheless, this study suggests that mNGS testing may be practical in these scenarios: (1) as �rst-line detection tool for
critically ill patients and immunosuppression patients who need to identify pathogens as soon as possible, (2) for identi�cation of unknown, rare and
atypical pathogens. (3) as a complementary test for culture-negative pathogens.

Conclusion
mNGS signi�cantly improved sensitivity for bacteria and fungi identi�cation, is a valuable tool for for identifying infectious patients and could optimize
antimicrobial therapy to improve the clinical outcomes. Multicenter and prospective studies with larger samples will be necessary to validate the clinical
e�cacy and diagnostic value of mNGS in the future.

Abbreviations
mNGS: Metagenomics next‐generation sequencing; SDSMRN: standardized stringently mapped read number at the species level; BAL: Bronchoalveolar
lavage �uid; CSF: cerebrospinal �uid; MTB: Mycobacterium tuberculosis; NTB: Non-tuberculous mycobacteria.
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Tables

Table 1 Accuracy validation for the mNGS assay

Pathogen  D1 (Reads) D2 (Reads) D3 (Reads) D4 (Reads) D5 (Reads) Did mNGS detected this pathogen?

Listeria grayi Genus 12182 1633 86 932 2179 Y

Species  12173 1632 86 929 2179

Haemophilus parain�uenzae Genus 14289 1875 102 909 2482 Y

Species 13394 1765 102 909 2482

Acinetobacter junii Genus 12724 1772 162 2885 11109 Y

Species 11614 1593 110 1294 3192

Rhodococcus equi Genus 3505 435 22 135 260 Y

Species 3483 432 22 135 260

Micrococcus luteus Genus 4389 584 36 367 1549 Y

Species 4340 577 36 359 1126

Neisseria sicca Genus 6317 910 80 370 1176 Y

Species  5349 724 57 294 885

Pseudomonas �uorescens Genus 46383 6055 1535 20586 81858 Y

Species 43931 5328 557 3224 12020

Aeromonoas hydrophila Genus 14814 1623 217 887 3234 Y

Species 13911 1582 169 818 3030

Legionella pneumophila Genus 31243 4065 371 2185 7911 Y

Species 31243 4009 363 2098 7594

Candida lusitaniae Genus 3061 304 26 221 518 Y

Species 2790 304 26 219 518
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Table 2 Patient and sample characteristics

Characteristics Value

Patient demographics (n = 518)

Gender, n (%)  

 Female 341(65.83)

 Male 177(34.17)

Age (years)  

 Median (IQR) 56(43-67)

 Range 1-96

Hospitalization n (%)  

In hospital 518(100.0)

In intensive care unit 139(26.83)

Primary clinical symptoms n (%)

Fever 245(47.30)

Cough 107(20.66)

Increased sputum production 74(14.29)

Fatigue 58(11.20)

Chest congestion 57(11.00)

Dizziness 52(10.04)

headache  50(9.65)

Shortness of breath 40(7.72)

Basic illness n (%)  

Hypertension 125(24.13)

Diabetes 53(10.23)

Chronic liver diseases 51(9.85)

Chronic lung diseases 30(5.79)

Cerebrovascular diseases 24(4.63)

Cardiovascular Diseases 13(2.51)

Chronic kidney diseases 13(2.51)

Organ transplantation 6(1.16)

Autoimmunity disease 5(0.97)
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Table 4. Clinical Impact and Role of mNGS Result

Clinical impact Treatment changes based on mNGS

Positive impact n=267; 51.54% Empirical treatment continued (n=105; 20.27%)

Antibiotic escalated (n=79; 15.25%)

Antibiotic adjust and avoid unnecessary antibiotic treatment (n=47; 9.07%)

Ruled out active infection (n=20; 3.86%)

Earlier diagnosis and initiation of appropriate therapy (n=16; 3.09%)

Negative impact (n=4; 0.77%) Unnecessary antibiotic treatment (n=4; 0.77%)

No impact (n=192; 37.07%) Results considered false or insigni�cant (n=122; 23.55%)

Patient has improved before result is available (n=70; 13.51%)

Indeterminate (n=55; 10.62%) Earlier discharge (n=27; 5.21%)

Patient's condition is critically (16; 3.09%)

Patient's information is incomplete (n=12; 2.32%)

Table 3 Diagnostic performance of Pathogen for mNGS and traditional methods compared with the clinical �nal adjudication

 Sensitivity (95% CI) Speci�city (95% CI)

All samples  

mNGS 79.49% (75.20-83.20%) * 82.20% (74.32-88.06%)

culture 21.25% (17.25-25.87%) 92.86% (75.04-98.75%)

AMT 41.42% (36.36-46.65%) 96.43% (79.76-99.81%)

Blood    

mNGS 67.44% (58.95-74.92%) * 82.81% (71.79-90.12%)

culture  7.03% (3.47%-13.31%) 100.0% (69.87%-100.0%)

AMT 32.81% (24.93-41.75%) 100.0% (69.87%-100.0%)

BALF    

mNGS 93.79% (88.63-96.70%) * 87.50% (52.91-99.36%)

culture 36.29% (27.99-45.46%) 50.00% (2.67-97.33%)

AMT 57.25% (48.06-65.99%) 50.00% (2.67-97.33%)

CSF     

mNGS 88.89% (74.69-95.59%) * 62.50% (42.71-78.84%)

culture  6.52% (1.70-18.93%) 100.0% (56.09-100.0%)

AMT 17.39% (8.32-31.95%) 100.0% (56.09-100.0%)

Sputum  

mNGS 92.59% (76.63-98.68%) * 100.0% (17.77-100.0%)

culture 64.00% (42.62-81.29%) 100.0% (5.46-100.0%)

AMT 68.00% (46.44-84.27%) 100.0% (5.46-100.0%)

annotation: AMT: all microbiological tests

* The sensitivity of mNGS reached statistical signi�cance compared to culture (McNemar-test P < 0.001)
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Table 5 Case series of mNGS testing in patients with probable infection but negative in culture

case
ID

Sample
type

presentation mNGS result culture
result

Clinical diagnosis Clinical
impact

Detail

S28 BAL cough and
expectoration

Human rhinovirus A28 negative viral pneumonia Positive mNGS result prompted
anti-viral therapy with
ribavirin.

S40 BAL pulmonary shadow cryptococcus neoformans negative pulmonary
cryptococcosis 

Positive mNGS diagnosed
pulmonary cryptococcosis,
which enabled targeted
antifungal therapy.

S56 BAL fever chlamydia psittaci  negative pneumonia (c. psittaci ) Positive mNGS result prompted
early de�nite diagnosis
and targeted therapy with
doxycycline

S62 BAL back pain Pseudomonas aeruginosa,
candida peridosmooth,
pneumocystis jirovecii,
Epstein-Barr virus

negative Bacterial, fungal, viral
pneumonia

Positive mNGS identi�ed mixed
infections, which allowed
narrowing of targeted
therapy with ganciclovir
and Sulfamethoxazole

S218 Blood fever Klebsiella pneumoniae,
parvovirus

negative Septic shock  (K.
pneumoniae)

Positive mNGS not detected Gram-
positive bacteria. This
prompted discontinuation
of empiric linezolid.

S387 CSF Recurrent fever Mycobacterium tuberculosis negative Tubercular meningitis
(M.  tuberculosis)

Positive mNGS result prompted
early de�nite diagnosis
and initiate
targetedantituberculous
therapy 

S427 Marrow fever, chills negative negative Autoimmune disease Positive mNGS result prompted
clinician ruled out
infection diseases and
initiate empirical
immunosuppression

S514 Sputum osphyalgia,
kidney stones

Aspergillus �avus, EB virus negative Fungal septicemia, E.
coli sepsis

Positive mNGS result was used to
initiate antifungal therapy
with voriconazole 2 days
earlier than culture

S37 BAL cough,  chest
congestion

Rothia mucilaginos,
Pseudomonas aeruginosa,
Streptococcus australis

negative P.aeruginosa
pneumonia, Fungal
pneumonia

negative mNGS result led to
additional anti-Gram-
positive bacterial therapy
with linezolid

S314 Blood fever Human mastadenovirus B negative Autoimmune disease negative mNGS result led to
additional anti-viral
therapy with ribavirin

Figures
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Figure 1

Study work�ow and sample characteristics

a. Flowchart of subject selection, sample classi�cation, and comparison. From 626 samples, a total of 518 were selected for further analysis. Samples were
divided into with paired culture test and without paired culture test. Samples with paired culture test were used for the comparison analysis of metagenomic
next-generation sequencing (mNGS) and culture, while all patients were used to evaluate the diagnostic performance and the clinical impact of mNGS. b.
The pie chart demonstrates the sample types analyzed in the study. c. The frequency of microbial detection in 518 samples. d. The ratio of microbial reads
is calculated using microbial readings divided by total sequencing readings, strati�ed by sample type. The ratio of microbial reads is shown as boxplots
(with median and interquartile range). e. Comparison of time consumption between mNGS and CMT for pathogen identi�cation. Culture-based pathogen
identi�cation was signi�cantly longer than mNGS test. 
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Figure 2

Comparison of Pathogenic Detection Between mNGS and culture

a. Pie chart demonstrating the positivity distribution of mNGS and culture for samples with paired culture test. For the double-positive subset, a high
proportion of partial matching (61/78) (at least 1 pathogen identi�ed in the test was con�rmed by the other), with 8 complete matching and 9 con�icts
between mNGS and culture results. b. Comparison of culture and mNGS identi�cation in terms of pathogen species. A total of 82 different pathogens were
detected in patients with a �nal diagnosis of infectious disease. The 15 bacteria and 4 fungi with the highest frequency were detected as shown in the
�gure, and their corresponding frequencies were plotted as histograms. Blue bars indicate microbes detected by mNGS only (mNGS+culture-). Green bars
indicate microbes detected by mNGS and predicted to be pathogens by culture (mNGS+culture+). Red bars indicate microbes detected by culture only
(mNGS-culture+).
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Figure 3

Accuracy of mNGS testing and comparison of relative pathogen reads in different samples

a. Contingency tables formatted in a 2 × 2 manner showing the respective diagnostic performance of mNGS and culture testing for bacteria and Fungi. *:
Others including MTB, NTM and atypical pathogens (for example, mycoplasma, chlamydia, rickettsia, spirochete) b. ROC curves of mNGS (n = 518
samples) based on a composite standard. c. Comparison of the number of reads in paired other samples and blood sample mNGS for different pathogens.
The Log10(SDSMRN + 1) of pathogens detected by paired other samples and blood sample mNGS were shown in blue and orange. d. Bar plot of SDSMRN
corresponding to 15 pathogens in paired other samples and blood sample from sixteen patients. The vertical bars represent the number of reads. The �rst
checkbox on the right denotes microorganisms that were con�rmed by culture and/or PCR. The second checkbox on the right denote difference in days
between paired other samples and blood sample collection; for example, 4 days refers to blood sample collection done 4 days before paired other samples
collection. Abbreviations: SDSMRN: standardized stringently mapped read number at the species level.
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