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Introduction: Hospital-acquired pneumonia (HAP) remains a major challenge in clinical practice, particularly due to polymicrobial 
infections and antimicrobial resistance. Traditional diagnostic methods, such as culture and PCR, are limited by low sensitivity, slow 
turnaround time, and inability to detect fastidious or novel pathogens. Metagenomic next-generation sequencing (mNGS) offers an 
unbiased approach to pathogen detection and may improve diagnostic accuracy and clinical decision-making.
Methods: We conducted a retrospective study of 300 adult HAP patients admitted to Beijing Rehabilitation Hospital, China. 
Bronchoalveolar lavage fluid samples were analyzed using the Illumina sequencing platform for mNGS. Detection rates, pathogen 
spectrum, resistance gene identification, and treatment modifications were compared with conventional culture methods.
Results: mNGS achieved a pathogen detection rate of 92%, significantly higher than the 72% achieved by culture. It identified 
a broader spectrum of bacteria, fungi, and viruses, including Pseudomonas, Klebsiella, and Aspergillus, which were often missed by 
culture. Polymicrobial infections were detected in 28% of cases, and antibiotic resistance genes were identified in 30% of samples. The 
median turnaround time for mNGS results was 48 hours after BAL sampling. Based on mNGS findings, treatment regimens were 
adjusted in 26% of patients.
Conclusion: mNGS demonstrated superior diagnostic performance compared with culture by increasing pathogen detection rates, 
identifying resistance genes, and guiding treatment adjustments in HAP patients. Despite its promise for precision medicine, further 
studies are needed to assess cost-effectiveness and generalizability, given the retrospective and single-center design of this study.
Keywords: hospital-acquired pneumonia, metagenomic next-generation sequencing, mNGS, hospital-acquired pneumonia, HAP, 
pathogen detection, antimicrobial resistance

Introduction
Traditional diagnostic methods for pneumonia, including culture-based techniques and polymerase chain reaction (PCR), 
have long been the standards for pathogen detection. Culture methods involve growing pathogens from clinical samples 
on selective media, which can provide information on antimicrobial susceptibility but often require several days to yield 
results. Moreover, these methods may fail to detect fastidious or slow-growing organisms, leading to delayed or 
inadequate treatment. PCR offers a faster alternative by amplifying specific genetic sequences of targeted pathogens, 
allowing for quicker identification. However, PCR is limited by its reliance on predefined primers, restricting its ability to 
detect unexpected or novel pathogens. Additionally, both culture and PCR methods struggle to identify polymicrobial 
infections, which are prevalent in hospital-acquired pneumonia (HAP) and can complicate treatment strategies.1,2 In 
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contrast, metagenomic next-generation sequencing (mNGS) provides an unbiased, comprehensive approach to pathogen 
detection by sequencing all nucleic acids in a sample, thereby overcoming many limitations of traditional methods.

In contrast, mNGS is an unbiased approach that can detect all potential pathogens, including bacteria, viruses, fungi, 
and parasites, from a single sample. mNGS sequences the entire nucleic acid content of a sample, offering a more 
comprehensive view of the infection profile. Studies have demonstrated that mNGS not only improves pathogen 
detection in cases where traditional methods fail but also identifies antimicrobial resistance genes, providing crucial 
information for targeted therapy.2–4

The clinical application of mNGS has been largely unproblematic, with studies demonstrating its superior sensitivity 
and specificity compared to traditional methods, particularly in complex infections or when initial diagnostics are 
inconclusive.1,5 This was especially crucial for identifying rare or novel pathogens, often implicated in emerging 
infectious diseases and pandemics like SARS-CoV, MERS-CoV, and SARS-CoV-2. The rapid identification of causative 
agents is paramount in mitigating the threat of infectious disease outbreaks, and mNGS has proven instrumental in this 
regard, as evidenced by its pivotal role in the identification and genomic surveillance of the SARS-CoV-2 virus during 
the COVID-19 pandemic.3,4,6

In spite of these benefits, there are barriers to the incorporation of mNGS into routine clinical diagnostics–not the 
least of which is the added cost of sequencing and the requirements for bioinformatics support. Interpretation of mNGS 
data also requires in-depth knowledge of genomics, which is unlikely to exist in all clinical settings, as well as expertise 
in managing voluminous sequencing data containing a high proportion of human host DNA, which requires sophisticated 
computational tools to mine for pathogen-related information.3

Several studies have already evaluated the clinical utility of mNGS in different medical areas, such as the diagnosis of 
respiratory, central nervous system and bloodstream infections, reporting its potential to critically modify clinical 
management and prognosis by providing rapid and reliable diagnoses. In particular, mixed infections have been identified 
as one of the most significant advantages of mNGS for directing therapy and impacting patient prognosis. This supports 
the hypothesis that mNGS could hold a novel and important role in clinical microbiology.7,8

mNGS also yields valuable epidemiological information, such as which infections are spreading, and how pathogens 
are evolving or adapting to antibiotics, information that is vital for controlling outbreaks and developing prophylactic 
measures. That became crystal clear when the world was reeling from recent global health crises, when suspect 
specimens from hospitalised patients were routed through mNGS for real-time surveillance and quick responses.1,2,9

HAP and community-acquired pneumonia (CAP) represent two distinct clinical challenges in terms of diagnosis and 
management. CAP typically arises outside of healthcare settings, and its causative pathogens are often susceptible to 
commonly used antibiotics, making standard culture-based diagnostic methods relatively effective in identifying the 
responsible organisms. However, CAP diagnosis is not without challenges; the overlap of symptoms with other 
respiratory illnesses and the presence of atypical pathogens can complicate the diagnostic process.10

In contrast, hospital-acquired pneumonia (HAP), which occurs 48 hours or more after hospital admission, presents 
distinct challenges compared to community-acquired pneumonia (CAP). HAP is often associated with a higher incidence 
of multidrug-resistant (MDR) organisms, making accurate etiological diagnosis more complex. The pathogens respon
sible for HAP can be fastidious or have slow replication rates, leading to frequent misses by traditional culture methods. 
Additionally, HAP frequently involves polymicrobial infections and co-infections with fungi and viruses, particularly in 
immunocompromised patients, which further complicates diagnosis. This necessarily depends on advanced diagnostic 
techniques such as mNGS, which offers a comprehensive and unbiased identification of pathogens by sequencing all 
nucleic acids in a sample, thereby improving diagnostic accuracy and informing targeted treatment strategies.11

This study aims to address the critical diagnostic gap in HAP by evaluating the clinical efficacy and diagnostic value 
of mNGS, particularly in detecting MDR organisms and polymicrobial infections that are often missed by standard 
diagnostic techniques. By comparing mNGS with traditional culture methods, we aim to demonstrate the superiority of 
mNGS in providing rapid, accurate, and actionable data for the management of HAP, ultimately improving patient 
outcomes. Given the global rise of antibiotic resistance, this study holds significance in advancing pathogen detection 
methods, not only in hospital settings but also for cases where traditional methods fail, such as in CAP.
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Materials and Methods
Study Design and Setting
This retrospective cohort study was conducted in the Beijing Rehabilitation Hospital, affiliated to Capital Medical 
University, Department of Respiratory and Critical Care Medicine, China, from August 2021 to January 2024. It 
addressed adult patients admitted to hospital for HAP to evaluate the diagnostic value of mNGS versus culture. The 
study was approved by the institutional review board at the hospital. Given the retrospective design, individual consent 
for this study was waived by the institutional review board. All methods were performed in accordance with the relevant 
guidelines and regulations and the Declaration of Helsinki. However, all patients or their families had previously 
provided consent for the acquisition of samples for medical purposes. This study was approved by the Institutional 
Review Board of Beijing Rehabilitation Hospital. All data were kept anonymous, under strict confidentiality and an 
ethical framework.

Study Population
Patients eligible for inclusion in the study were those diagnosed with HAP based on the criteria defined by the Infectious 
Diseases Society of America (IDSA) and American Thoracic Society (ATS), which include being aged 18 years or older, 
pneumonia that develops 48 hours or more after hospital admission, new or progressive infiltrates on chest imaging, and 
clinical signs such as fever, leukocytosis, or purulent respiratory secretions. Radiological assessments included chest 
X-ray or CT (computerized tomography) scans as per standard clinical practice. An adjudication committee comprising 
three independent pulmonologists reviewed each case to confirm the diagnosis of HAP. All patients exhibited persistent 
symptoms, including fever, elevated inflammatory markers, and respiratory distress, despite initial antibiotic treatment 
based on sputum culture results, yet still had a poor prognosis characterised by fever and high inflammatory markers 
persisting two to three days after treatment. Patients were excluded if baseline or 72–96-hour inflammatory markers, 
respiratory parameters, or 7-day clinical outcomes were missing. Additionally, individuals with severe liver or kidney 
dysfunction or unstable vital signs were excluded. By further screening patients with HAP who met these criteria and had 
subsequently undergone mNGS pathogen diagnosis, a total of 250 responders and 50 non-responders were finally 
included.

Bronchoalveolar lavage fluid (BALF) samples were collected upon clinical diagnosis of HAP, following standard 
bronchoscopy procedures. Each sample consisted of 200 mL of saline instilled and retrieved. Positive controls (spiked 
with known quantities of Pseudomonas aeruginosa and Candida albicans) and negative controls (saline blanks) were 
included in each batch of mNGS testing to monitor for contamination and ensure sequencing accuracy.

To maintain focus on pathogen detection and drug resistance, we streamlined the clinical evaluation indicators. Key 
indicators included: Oxygenation Index, a measure of lung function, defined as the ratio of arterial oxygen partial 
pressure to fractional inspired oxygen (PaO2/FiO2); Pneumonia Severity Index (PSI), a widely used scoring system to 
assess the severity of pneumonia; Clinical Pulmonary Infection Score (CPIS), a scoring tool used to gauge the severity of 
pneumonia based on clinical, radiological, and microbiological findings. Other health indices like frailty (measured using 
the FRAIL scale: Fatigue, Resistance, Ambulation, Illness, and Loss of weight), comorbidity burden (Charlson 
Comorbidity Index), and daily living activities (Barthel Index) were recorded but simplified for clarity in the analysis 
of the primary focus, which was pathogen detection and treatment adjustments.

Patients who were excluded were those with serious liver or kidney dysfunction, patients discharged or died before 
receiving next-generation sequencing (NGS) results, those without consent for collection of bronchoalveolar lavage fluid 
for NGS testing, those with unstable vital signs, those with incomplete clinical data and unclear prognosis.

Data Collection
Clinical and laboratory data was obtained from the electronic medical records which had record of demographics, clinical 
scoring indices, as well as routine haematological and biochemical parameters. Pneumonia-related laboratory tests such 
as hemoglobin A1c (HbA1c), albumin (ALB), prealbumin (PA), white blood cell count (WBC), C-reactive protein 
(CRP), interleukin-6 (IL-6) and creatinine (Cr) were also collected. Key clinical indicators were selected based on 
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international guidelines for HAP management, including patient age, gender, Pneumonia Severity Index (PSI), Clinical 
Pulmonary Infection Score (CPIS), Charlson Comorbidity Index, Barthel Index (BI), and Acute Physiology and Chronic 
Health Evaluation II (APACHE II). Additionally, routine biochemical parameters such as hemoglobin A1c (HbA1c), 
albumin (ALB), prealbumin (PA), white blood cell count (WBC), C-reactive protein (CRP), interleukin-6 (IL-6), and 
creatinine (Cr) were recorded.

Traditional Culture Methods
Bronchoalveolar lavage fluid (BALF) samples were cultured using both aerobic and anaerobic conditions following the 
Clinical and Laboratory Standards Institute (CLSI) guidelines. Aerobic cultures were incubated on Blood Agar and 
MacConkey Agar plates at 35°C for 48 hours, while anaerobic cultures were performed using Bacteroides Bile Esculin 
(BBE) Agar under anaerobic conditions for up to 7 days. Bacterial identification was conducted using the Vitek-2 
automated system (bioMérieux, France), and antimicrobial susceptibility testing was performed according to CLSI 
standards to guide antibiotic treatment prescriptions.

Analysis and Result Interpretation of mNGS
BALF samples (200 mL) were collected from each patient under sterile conditions and processed for DNA extraction 
using the Qiagen QIAamp DNA Mini Kit, following the manufacturer’s protocol to ensure consistent performance and 
prevent cross-contamination. The extracted DNA was quantified using a Qubit Fluorometer to assess concentration and 
purity. Library preparation was performed using the Illumina Nextera XT DNA Library Preparation Kit, which involves 
random fragmentation of the DNA followed by adapter ligation. Sequencing was conducted on the Illumina NextSeq 550 
platform, generating paired-end reads of 150 bp in length. Rigorous quality control measures were implemented at each 
step, including the use of positive controls (spiked with known quantities of Pseudomonas aeruginosa and Candida 
albicans) and negative controls (saline blanks) to monitor for contamination and ensure sequencing accuracy. Each batch 
of testing included negative controls (sterile water) and positive controls (spiked with known pathogens) with strict 
thresholds: batches were re-evaluated if any microbe exceeded >10 reads in the negative control, and reported pathogens 
were required to have a reads per million (RPM) value at least 10-fold higher than that in the negative control. The 
positive control was required to be effectively detected (>1000 reads), otherwise the entire experiment was considered 
invalid. Raw sequencing data were quality-controlled using Fastp, and human sequences were filtered out using Bowtie2 
(average removal rate: 92.5%). The remaining non-human sequences (averaging 20 million per sample) were subjected to 
microbial taxonomic classification using Kraken2 and Bracken. Pathogen identification followed composite criteria: for 
bacteria/fungi, a positive call required either absence in the negative control or an RPM ratio >10 with top 10 coverage 
within the genus/species; for viruses, ≥3 unique sequences with absence in the negative control or an RPM ratio >5; for 
M. tuberculosis and Cryptococcus, ≥1 specific sequence was reported. Final results were comprehensively interpreted by 
clinical microbiologists incorporating pathogen load, resistance genes, and clinical presentation.

Pathogen Detection and Analysis
The study evaluated the spectrum and frequency of pathogens detected by mNGS compared to traditional methods. The 
efficacy of each technique in identifying causative agents in patients with complex clinical presentations was assessed, 
with particular attention to the detection of polymicrobial infections and antibiotic resistance markers.

The positive results from mNGS were determined using both quantitative and qualitative criteria. For each sample, 
the microbial load was calculated based on the proportion of microbial reads out of the total sequenced reads. A pathogen 
was considered significant if its relative abundance exceeded 1% of the total microbial reads. This threshold has been 
validated using a large number of BALF samples in our laboratory and shows high concordance with conventional 
culture and qPCR results, indicating that this level is associated with clinically relevant infections. The clinical 
significance of detected pathogens was assessed through several factors: pathogen abundance, virulence (evaluated 
through known pathogenicity databases such as the NCBI Pathogen Database), and the presence of polymicrobial 
infections, where multiple pathogens exceeding the 1% threshold suggested a higher likelihood of clinical relevance. 
Additionally, mNGS results were cross-referenced with the detection of antibiotic resistance genes, with resistant 
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pathogens prioritized for significance, especially in cases where these were missed by traditional culture methods. 
Finally, pathogen identification was corroborated with the clinical presentation of each patient, including symptom 
severity and inflammatory markers, ensuring that only pathogens consistent with the clinical course were considered as 
causative agents. This multi-factor approach minimized the risk of false positives from commensal organisms or 
contaminants often found in respiratory samples, ensuring a higher diagnostic accuracy.

Definition of Responders and Non-Responders
Patients were classified as responders or non-responders based on their clinical outcome following treatment adjustments 
informed by mNGS results. Responders were defined by the attainment of clinical stability within 7 days of initiating 
mNGS-guided therapy, characterized by: resolution of fever (axillary temperature <37.3°C for >48 hours), significant 
improvement in respiratory signs and symptoms, and a pronounced decline in systemic inflammatory markers (>50% 
reduction in CRP level). Non-responders failed to meet these criteria within the same timeframe, showing persistent or 
worsening clinical signs, ongoing fever, and inadequately controlled inflammatory response despite tailored antimicrobial 
treatment based on mNGS findings.

Statistical Analysis
Statistical analyses were performed using SPSS software. We used descriptive statistics to summarise patient demo
graphics and clinical characteristics. We defined sensitivity and specificity of mNGS versus traditional culture methods to 
compare using Chi-square tests for categorical data and t-tests for continuous variables. Statistical significance was set at 
a p-value less than 0.05. Adjustments in antibiotic therapy based on mNGS findings were also analyzed to evaluate the 
impact on patient outcomes.

Results
Demographic and Clinical Characteristics
Analysis of demographic data (Table 1) revealed that the mean age of responders was significantly lower than that of 
non-responders, with responders averaging 64.7 years compared to 69.1 years for non-responders (p=0.005). Gender 
distribution across the groups showed a majority of males in both responders (67.2%) and non-responders (74%), 
however the difference was not statistically significant (p=0.4371).

A range of clinical scores and health indices were assessed (Table 1), revealing notable differences between 
responders and non-responders. The median oxygenation index was significantly higher in responders. Critical clinical 
scores such as the PSI and CPIS were considerably lower in responders, suggesting less severe clinical presentations 
compared to non-responders. The PSI scores ranged from 50 to 165 for responders and 105 to 165 for non-responders, 
showing a significant difference (p<0.0001). Similarly, CPIS scores also differed significantly, with responders averaging 
lower scores indicative of better clinical status.

Health indices further demonstrated disparities between the two groups. The FRAIL scale, used to assess frailty, 
showed that responders were less frail compared to non-responders, with scores significantly differing (p<0.0001). The 
Charlson Comorbidity Index and the BI, which measures daily living activities, also reflected better health status in 
responders. Likewise, the APACHE II scores, which estimate ICU mortality risk, were lower in responders, suggesting 
a better prognosis (p<0.0001).

Laboratory findings complemented these clinical assessments, with several key biomarkers showing significant 
differences between the groups. Notably, ALB and PA levels were lower in non-responders, reflecting potentially poorer 
nutritional status or more severe disease states. Inflammatory markers such as CRP and IL-6 were significantly elevated 
in non-responders, indicating higher levels of systemic inflammation and potentially more severe or uncontrolled 
infectious processes (p<0.0001 for both). However, no significant differences were observed in HbA1c and Cr levels 
between the groups, suggesting similar baseline metabolic and renal functions (Table 1).
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Pathogen Detection
The analysis revealed that mNGS identified a higher diversity of pathogens compared to traditional culture methods, 
achieving a pathogen detection rate of 92%, significantly higher than the 72% detection rate with traditional culture. 
Traditional culture methods detected pathogens in 216 out of 300 samples, with the most frequently identified bacteria 
being Pseudomonas, Klebsiella, Acinetobacter, Streptococcus, and Staphylococcus. In contrast, mNGS detected a broader 
range of bacteria, fungi, and viruses, including Candida, Aspergillus, Pneumocystis, Rhizopus, HSV1, human cytome
galovirus (CMV), Epstein-Barr virus (EBV), varicella zoster virus, Primate erythroparvovirus 1, human herpesvirus 7, 
and human adenovirus B (Figures 1 and S1).

mNGS detected a wide range of pathogens in both responder and non-responder groups. The frequency of bacterial 
detection was higher in the responder group compared to non-responders (Figure 1). Notably, Pseudomonas and 
Klebsiella were the predominant bacteria found in both groups. Candida was the most frequently detected fungus in 
both groups. Aspergillus and Pneumocystis were more prevalent in the non-responder group. HSV1, CMV, and EBV 
were among the most common viruses detected. The presence of these viruses was higher in non-responders compared to 
responders (Figure 1).

Venn diagrams were used to illustrate the overlap and unique detections between mNGS and standard methods. They 
highlighted the added value of mNGS in identifying additional pathogens, which played a crucial role in guiding targeted 
antimicrobial therapy (Figure 2).

Table 1 Demographic and Clinical Characteristics of Study Participants

Response (n=250) Non-Response (n=50) p value Statistical Test

Age (years, mean (SD)) 64.7 (11.3) 69.1 (9.773) 0.005 t-test

Gender (n(%)) Chi-square

Female 82 (32.8) 13 (26) 0.4371

Male 168 (67.2) 37 (74)

Oxygenation Index (median(range)) 270.5 (48~762) 234.5 (58~450) 0.008 Rank-sum test

PSI score (median(range)) 105 (50~165) 142.5 (105~165) <0.0001

CPIS score (median(range)) 8 (6~12) 11 (8~13) <0.0001

FRAIL (median(range)) 3 (2~4) 4 (3~5) <0.0001

Charlson index CCL (median(range)) 5 (1~11) 6 (2~11) <0.0001

Barthel Index BI (median(range)) 27 (0~100) 0 (0~65) <0.0001

APACHE II (median(range)) 15 (6~26) 20 (11~35) <0.0001

HbA1c (median(range)) 5.7 (3.7~9.7) 5.85 (4.3~9.9) 0.199

ALB (g/L, (median(range))) 31.75 (19~47.9) 30.9 (22.7~38.6) 0.015

PA (g/L, (median(range))) 0.16 (0.02~16.3) 0.125 (0.03~0.22) <0.0001

WBC (109, (median(range))) 9.78 (1.27~24.78) 9.67 (2.88~28.58) 0.911

CRP (mg/L, (median(range))) 26.65 (0~240.2) 91.7 (5.7~363.6) <0.0001

IL-6 (pg/mL, (median(range))) 35.21 (0~1395.55) 62.53 (20.04~428.52) <0.0001

Cr (umol/L, (median(range))) 58.65 (16.3~210.3) 58.75 (25.9~126.8) 0.703
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Treatment Adjustments
Based on the results of mNGS, treatment regimens were adjusted for both responders and non-responders. Treatment 
regimens were modified in 64 (25.6%) of the 250 responders and 14 (28%) of the 50 non-responders, showing no 
significant difference between the groups (p=0.86). The addition of antimicrobial agents was necessary in a majority of 
cases, with 186 (74.4%) of responders and 36 (72%) of non-responders receiving additional agents (Table 2).

Clinical Outcomes
Clinical outcomes were assessed and compared between responders and non-responders. The median duration of ICU 
stay was 18 days for responders (range: 0–55 days) compared to 15.5 days for non-responders (range:2–31 days), 
although this difference was not statistically significant (p=0.786). Responders required a significantly shorter duration of 
mechanical ventilation (median: 3.5 days, range: 0–30 days) compared to non-responders (median: 12 days, range: 0–26 
days) (p=0.014). Additionally, a higher proportion of responders underwent tracheostomy (64.8%) compared to non- 
responders (46%) (p=0.019) (Table 3). These findings suggest that mNGS-guided treatment adjustments may contribute 
to more efficient respiratory support and procedural interventions, potentially improving patient outcomes.

Figure 1 Pathogen Profiles Detected in Responders and Non-Responders. The distribution of detected pathogens between responders and non-responders is shown, with 
mNGS consistently identifying a broader spectrum of bacterial, fungal, and viral pathogens in both groups. However, in non-responders, mNGS was particularly valuable, 
identifying critical pathogens that traditional methods missed, including drug-resistant strains. This higher detection rate in non-responders underscores mNGS’s role in 
guiding more precise treatment adjustments for patients who fail to respond to initial therapies.
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Resistance Genes
Our analysis identified a variety of resistance genes associated with the pathogens detected in both responders and non- 
responders (Table 4). The analysis revealed the presence of multiple resistance genes, highlighting the complexity of 
treating infections in these patients.

Figure 2 Overlap and Unique Detections Between mNGS and Culture-based Methods. Among the pathogens detected, 1 was uniquely identified by culture-based methods, 
17 were uniquely detected by mNGS-based methods, and 7 were detected by both methods.

Table 2 Treatment Adjustments Based on mNGS Results

Modifications, n (%) Response (n=250) Non-Response (n=50) p value

Treatment change 64 (25.6%) 14 (28%) 0.86

Add agent 186 (74.4%) 36 (72%)

Table 3 Clinical Outcomes in Responders and Non-Responders

Response (n=250) Non-Response (n=50) p value

Time in ICU (days, median (range)) 18 (0~55) 15.5 (2~31) 0.786

Duration of mechanical ventilation (days, median (range)) 3.5 (0~30) 12 (0~26) 0.014

Tracheostomy (n (%)) 162 (64.8) 23 (46) 0.019
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Table 4 Distribution of Resistance Genes Among Detected Pathogens

Patient ID Bacteria and Fungus Resistance Gene(s)

P8 Pseudomonas, Klebsiella, Acinetobacter, Candida, Stenotrophomonas, 
Enterococcus

tetM, ErmB, sul1, armA, AAC(3)-Ia, APH(3′)-Ia, catB8, OXA beta- 
lactamase, AAC(6′), ANT(3″)

P9 Pseudomonas, Klebsiella, enterococcus, aspergillus APH(3′)-llb, APH(3′)-la, APH(6)-Id, pseudomonas aeruginosa catB7

P14 Streptococcus sul1, sul2, armA, APH(3″)-Ib

P20, P21 Pseudomonas, Klebsiella, Candida, Stenotrophomonas, aspergillus sul1, rmtB, TEM-206, AAC(3)-IIc, APH(3′)-Iib, KPC beta-lactamase, AAC 
(6′), ANT(3″)

P25 Pseudomonas, Klebsiella, Acinetobacter, Candida, Stenotrophomonas, 
staphylococcus

tetM, rmtB, OXA-50, APH(3″)-Ib, APH(3′)-la, APH(3′)-llb, pseudomonas 
aeruginosa catB7, TEMbeta-lactamase, OXAbeta-lactamase, CTX-Mbeta- 

lactamase, KPC beta-lactamase

P29, P31 Klebsiella, Acinetobacter, Candida sul1, CTX-Mbeta-lactamase, ANT(3″)

P30, P265, 
P266, P269

Klebsiella, Acinetobacter sul1, sul2, CTX-Mbeta-lactamase, ANT(3″), armA, TEM-206, AAC(3)-la, 
AAC(3)-IIc, APH(3′)-la, APH(6)-Id, catB8, TEMbeta-lactamase, OXAbeta- 

lactamase

P35 Klebsiella, Acinetobacter, Corynebacterium, Candida, Nakaseomyces, 
Stenotrophomonas

tet(A), tetM, sul1, sul2, armA, rmtB, AAC(6′)-Ia, APH(3′)-IIa, tetracycline- 
resistant ribosomal protection protein, TEMbeta-lactamase, OXAbeta- 

lactamase, ANT(3″)

P36 Klebsiella, Corynebacterium, Candida, Stenotrophomonas sul1, sul2, armA, rmtB, AAC(6′)-Ia, APH(3′)-IIa, tetracycline-resistant, 
TEMbeta-lactamase, OXAbeta-lactamase

P37, P38 Pseudomonas, Klebsiella, Candida, Nakaseomyces, Stenotrophomonas, 
aspergillus

sul1, rmtB, TEM-206, AAC(3)-IIc, APH(3′)-Iib, SHVbeta-lactamase, ACT 
beta-lactamase, KPC beta-lactamase, AAC(6′), ANT(3″)

P39, P40 Pseudomonas, Candida, Stenotrophomonas, aspergillus sul1, rmtB, TEM-206, APH(3′)-Iib, ACT beta-lactamase, KPC beta- 
lactamase

P45, P48 Pseudomonas, Acinetobacter, Stenotrophomonas sul1, sul2, mecAAAC(6′)-Ia, APH(3″)-Ib

P51 Klebsiella, Acinetobacter, Streptococcus, Candida, Stenotrophomonas, 
staphylococcus

tetM, ErmA, ErmB, sul1, sul2, mecA, AAC(6′)-Ia, APH(3″)-Ib, APH(3′)-la, 
APH(6)-Id, AAC(6′)-Ie-APH(2″)-Ia, TEMbeta-lactamase, OXAbeta- 

lactamase, KPC beta-lactamase, ANT(3″), major facilitator 
superfamily(MFS) ant-ibiotic efflux pump

P52 Pseudomonas, Acinetobacter, Streptococcus, Candida, staphylococcus tetM, sul1, sul2, mecA, AAC(6′)-Ia, APH(3″)-Ib, APH(3′)-la, APH(6)-Id, 
TEMbeta-lactamase, OXAbeta-lactamase, KPC beta-lactamase, ANT(3″)

P57, P59 Pseudomonas, Acinetobacter, Candida, mycobacterium FosA, armA, APH(3″)-Ib, APH(3′)-la, APH(3′)-Iib, APH(6)-Id, AAC(3), 
pseudomonas aeruginosa catB7, TEMbeta-lactamase, OXAbeta-lactamase

P60, P67 Pseudomonas, Acinetobacter, Candida FosA, armA, APH(3″)-Ib, APH(3′)-la, APH(3′)-Iib, pseudomonas 
aeruginosa catB7, TEMbeta-lactamase

P62, P63, P84 Pseudomonas, Acinetobacter APH(3′)-Iib, sul1, sul2, APH(3″)-Ib

P75 Pseudomonas, prevotella, Fusobacterium TEMbeta-lactamase

P80, P81, 
P126, P278

Pseudomonas, Klebsiella, Acinetobacter, Achromobacter, 
Stenotrophomonas

sul1, armA, OXA-114a, APH(3″)-Ib, APH(3′)-la, TEMbeta-lactamase, 
OXAbeta-lactamaseANT(3″), rmtB, SHVbeta-lactamase, CTX-Mbeta- 

lactamase, DHA beta-lactamase, KPC beta-lactamase, AAC(3), 
fosfomycin thiol transferase, catB8

P82, P130, 
P131, P149, 
P150, P151

Pseudomonas, Klebsiella, Acinetobacter sul1, sul2, armA, APH(3″)-Ib, APH(3′)-la, TEMbeta-lactamase, ANT(3″), 
APH(6)-Id, OXAbeta-lactamase, adeJ, abeM, TEM-19, OXA-23

P83, P285, 
P286, P287

Acinetobacter sul1, APH(3″)-Ib, OXA beta-lactamase

P87 Pseudomonas, Klebsiella, Corynebacterium, Stenotrophomonas, 
staphylococcus

tetM, AAC(6′)-Ie-APH(2″)-Ia, APH(6)-Id

(Continued)
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Table 4 (Continued). 

Patient ID Bacteria and Fungus Resistance Gene(s)

P88 Pseudomonas, Klebsiella, Stenotrophomonas, staphylococcus tetM, AAC(6′)-Ie-APH(2″)-Ia, APH(6)-Id

P89 Pseudomonas, Candida, Stenotrophomonas, enterococcus, 
staphylococcus

tet(K), msrA, mecA, AAC(6′)-Ie-APH(2″)-Ia, APH(3′)-IIIa, major 
facilitator superfamily(MFS) ant-ibiotic efflux pump

P90 Pseudomonas, Stenotrophomonas, enterococcus, staphylococcus tet(K), msrA, mecA, AAC(6′)-Ie-APH(2″)-Ia, APH(3′)-IIIa

P91, P95 Klebsiella, Escherichia, aspergillus OXA-114a

P94 Achromobacter, Stenotrophomonas, Escherichia, aspergillus OXA-114a

P98 Pseudomonas, Klebsiella, Streptococcus, Candida, Achromobacter, 
Stenotrophomonas

FosA, tetM, ErmB, OXA-50, AAC(6′)-Ie-APH(2″)-Ia, APH(3′)-Iib, 
pseudomonas aeruginosa catB7

P99, P260, 
P261

Pseudomonas, Klebsiella, Candida, Stenotrophomonas FosA, tetM, OXA-50, AAC(6′)-Ie-APH(2″)-Ia, pseudomonas aeruginosa 
catB7, APH(3′)-llb

P100 Pseudomonas, Acinetobacter, Streptococcus, Corynebacterium, 
Stenotrophomonas

FosA, tetM, APH(3′)-la, APH(3′)-Iib, APH(6)-Id, pseudomonas aeruginosa 
catB7, OXA-488, chloramphenicol acetyltransferase(CAT)2

P101 Pseudomonas, Acinetobacter, Corynebacterium, Stenotrophomonas FosA, tetM, APH(3′)-la, APH(3′)-Iib, APH(6)-Id, pseudomonas aeruginosa 
catB7, chloramphenicol acetyltransferase(CAT)2

P108 Pseudomonas, Klebsiella, Acinetobacter, Streptococcus, 
Stenotrophomonas

tetM

P109 Pseudomonas, Acinetobacter, Streptococcus tetM

P110 Pseudomonas, Klebsiella, Acinetobacter, Candida, Stenotrophomonas FosA, ANT(2″)-Ia, sul1, armA, OXA-50, AAC(6′)-Ie-APH(2″)-Ia, APH 
(3″)-Ib, APH(3′)-la, APH(3′)-IIb, APH(6)-Id, pseudomonas aeruginosa 

catB7, OXA −488, OXAbeta-lactamase, AAC(3), ANT(3″)

P111 Pseudomonas, Klebsiella, Acinetobacter, Candida FosA, sul1, armA, OXA-50, AAC(6′)-Ie-APH(2″)-Ia, APH(3″)-Ib, APH(3′)- 
la, APH(3′)-IIb, APH(6)-Id, pseudomonas aeruginosa catB7, AAC(3), ANT 

(3″)

P114 Pseudomonas, Klebsiella, Acinetobacter, Escherichia pseudomonas aeruginosa catB7

P115 Pseudomonas, Klebsiella, Escherichia pseudomonas aeruginosa catB7

P118 Pseudomonas, Acinetobacter, Corynebacterium, Candida, 
Stenotrophomonas, staphylococcus, Elizabethkingia, Clavispora

FosA, sul1, OXA-50, APH(3′)-Iib, APH(3′)-Iic, tetracycline-resistant 
ribosomal pro-tection protein

P119 Pseudomonas, Acinetobacter, Corynebacterium, staphylococcus, 
Elizabethkingia, Clavispora

sul1, OXA-50, APH(3′)-Iic, tetracycline-resistant ribosomal pro-tection 
protein

P127 Pseudomonas, Klebsiella, Acinetobacter, Achromobacter sul1, rmtB, TEMbeta-lactamase, SHVbeta-lactamase, CTX-Mbeta- 
lactamase, DHA beta-lactamase, KPC beta-lactamase, AAC(3)

P140, P141 Klebsiella, Acinetobacter, Stenotrophomonas, staphylococcus tetM, sul1, mecA, armA, AAC(6′)-Ie-APH(2″)-Ia, Erm23Sribosomal RNA, 
methyltransferase, OXAbeta-lactamase, ANT(3″), major facilitator 

superfamily(MFS) ant-ibiotic efflux pump fosfomycin thiol t-ransferase

P145, P146 Klebsiella, Acinetobacter, Corynebacterium, Candida, Nakaseomyces, 
Stenotrophomonas, staphylococcus

msrA, APH(3′)-la, APH(6)-Id, tetracycline-resistant ribosomal protection 
protein, AAC(3), ANT(3″), fosfomycin thiol transferase

P152, P153 Escherichia tetM

P154 Klebsiella, Acinetobacter, Stenotrophomonas, Mycotoruloides adeB

P155, P158 Klebsiella, Acinetobacter, Mycotoruloides adeB

P163 Pseudomonas, Klebsiella, Acinetobacter, Corynebacterium, Candida, 
Stenotrophomonas, proteus

ErmB, sul1, AAC(6′)-Iz, AAC(6′)-Ie-APH(2″)-Ia, APH(3″)-Ib, APH(3′)-la, 
APH(6)-Id, pseudomonas aeruginosa catB7, OXA beta-lactamase, AAC(3)

P164 Pseudomonas, Acinetobacter, Corynebacterium, Candida, 
Stenotrophomonas

ErmB, sul1, AAC(6′)-Iz, AAC(6′)-Ie-APH(2″)-Ia, APH(3′)-la, APH(6)-Id, 
pseudomonas aeruginosa catB7, OXA beta-lactamase

(Continued)
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Table 4 (Continued). 

Patient ID Bacteria and Fungus Resistance Gene(s)

P165 Pseudomonas, Stenotrophomonas, Mycotoruloides, proteus, 
Elizabethkingia

sul1, OXA-

P166 Pseudomonas, Achromobacter, Stenotrophomonas, Escherichia, 
Mycotoruloides, proteus, Elizabethkingia

sul1, OXA-

P167 Pseudomonas, Achromobacter, Stenotrophomonas, Burkholderia, 
Elizabethkingia

sul1, OXA-

P168 Pseudomonas, Stenotrophomonas, Burkholderia, Elizabethkingia sul1, OXA-

P169 Pseudomonas, Klebsiella, Acinetobacter, Streptococcus, 
Corynebacterium

AAC(6′)-Ie-APH(2″)-Ia

P170 Pseudomonas, Klebsiella, Streptococcus, Corynebacterium AAC(6′)-Ie-APH(2″)-Ia

P171, P172 Klebsiella, Nakaseomyces, enterococcus, staphylococcus vanA, tet(A), tetM, ErmB, AAC(6′)-Ii, AAC(6′)-Ie-APH(2″)-Ia, APH(3′)- 
IIIa, vanZA, SHV beta-lactamase, CTX-Mbeta-lactamase

P177 Pseudomonas, Klebsiella, Corynebacterium, Candida, Achromobacter, 
Stenotrophomonas

tetM, ErmB, sul1, AAC(6′)-Ie-APH(2″)-Ia, APH(3″)-Ib, APH(3′)-la, APH 
(6)-Id, pseudomonas aeruginosa catB7

P178 Pseudomonas, Klebsiella, Corynebacterium, Candida tetM, ErmB, sul1, AAC(6′)-Ie-APH(2″)-Ia, APH(3′)-la, APH(6)-Id, 
pseudomonas aeruginosa catB7

P179, P180 Klebsiella, Stenotrophomonas, Haemophilus tet(A), sul2, aadA2, TEM-88, SHV-9, QnrS8, OXA-1, KPC-14, CTX-M-90, 
AAC(6′)-Ib

P187 Pseudomonas, Acinetobacter, Achromobacter, Stenotrophomonas, 
Mycotoruloides, staphylococcus, aspergillus, bordelella

sul1, aadA11, SHV-2A, OXA-10

P189 Pseudomonas, Acinetobacter, Stenotrophomonas, Mycotoruloides, 
staphylococcus, aspergillus

sul1, aadA11, SHV-2A, OXA-10

P19 Pseudomonas, Klebsiella, Corynebacterium, Candida, Stenotrophomonas, 
Elizabethkingia

tetM, ANT(2″)-Ia, APH(3′)-llb, APH(3′)-la, APH(6)-Id, pseudomonas 
aeruginosa catB7, OXAbeta-lactamase, AAC(3), AAC(6′)

P192 Pseudomonas, Achromobacter, Stenotrophomonas, Mycotoruloides, 
proteus, Burkholderia, Kerstersia

sul1, aadA6/aadA10, OXA-10

P193 Achromobacter, Stenotrophomonas, Mycotoruloides, proteus, 
Burkholderia

sul1, aadA6/aadA10, OXA-10

P200, P201 Pseudomonas, Acinetobacter, Escherichia, Mycotoruloides, 
staphylococcus, chryseobacterium

sul1 adeJ, abeM, TEM-147, TEM-19, OXA-23, OXA-51

P208 Pseudomonas, Acinetobacter, Corynebacterium, Achromobacter, 
Stenotrophomonas, Escherichia, Mycotoruloides, staphylococcus, 

proteus, Elizabethkingia, Morganella, Clavispora

sul1, mecA, adeJ, abeM, aadA, TEM-19, TEM-116, OXA-51, OXA-23, 
ErmB, AAC(6′)-Ib, AAC(6′)-Ie_x0002_APH(2″)-Ia

P209 Pseudomonas, Acinetobacter, Corynebacterium, Achromobacter, 
Mycotoruloides, staphylococcus, proteus, Elizabethkingia, Clavispora

sul1, adeJ, abeM, aadA, TEM-116, OXA-51, OXA-23, ErmB, AAC(6′)-Ib, 
AAC(6′)-Ie_x0002_APH(2″)-Ia

P217, P218 Pseudomonas, Acinetobacter, Achromobacter, Stenotrophomonas, 
Mycotoruloides, proteus, Elizabethkingia, Haemophilus, bordelella, 

Enterobacter

sul1, aadA11, OXA-10

P230 Pseudomonas, Klebsiella, Acinetobacter, Achromobacter, 
Stenotrophomonas, Elizabethkingia, Enterobacter

sul1, adeJ, abeM, aadA, TEM-132, SHV-2A, OXA-23, OXA-51, KPC-3, 
CTX-M-104, AAC(6′)-Ib′

P231 Pseudomonas, Klebsiella, Acinetobacter, Achromobacter, 
Stenotrophomonas, Elizabethkingia

sul1, adeJ, abeM, TEM-132, SHV-2A, OXA-23, OXA-51, CTX-M-104, 
AAC(6′)-Ib′

P234, P235 Pseudomonas, Acinetobacter, Achromobacter, staphylococcus, 
Elizabethkingia

sul1, mecA, adeJ, abeM, aadA, TEM-150, TEM-116, OXA-51, OXA-23, 
AAC(6′)-Ib′

P236, P237, 
P238

Acinetobacter, Mycotoruloides, staphylococcus, Burkholderia mecA, adeJ, OXA-423, ErmA, ADC-25

(Continued)
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Several resistance genes were frequently identified, including tetM, ErmB, sul1, and various beta-lactamases such as 
OXA and TEM. These genes were associated with resistance to tetracyclines, macrolides, sulfonamides, and beta-lactam 
antibiotics, respectively. The detailed distribution of resistance genes among the patients showed that multiple pathogens 
harbored these genes, contributing to multidrug-resistant infections. For example, Pseudomonas, Klebsiella, and 
Acinetobacter were commonly found with resistance genes such as tetM, sul1, and OXA beta-lactamase. 
Staphylococcus species frequently carried mecA, encoding methicillin resistance. Candida and other fungal pathogens 
also exhibited resistance, complicating antifungal therapy (Table 4).

Table 4 (Continued). 

Patient ID Bacteria and Fungus Resistance Gene(s)

P239, P241 Pseudomonas, Acinetobacter, Achromobacter, Mycotoruloides, 
Enterobacter

sul1, aadA, OXA-50

P240 Pseudomonas, Acinetobacter, Achromobacter, Mycotoruloides, 
Elizabethkingia, Enterobacter

sul1, aadA, OXA-50

P242 Pseudomonas, Klebsiella, Acinetobacter, Achromobacter, 
Mycotoruloides, Gardnerella, serratia

sul1, aadA, TEM-213, SHV-5, OXA-50, OXA-114a, KPC-1, AAC(3)-IId

P243 Pseudomonas, Klebsiella, Acinetobacter, Mycotoruloides, Gardnerella, 
serratia

sul1, aadA, TEM-213, OXA-50, OXA-114a, KPC-1, AAC(3)-IId

P246, P247, 
P250

Staphylococcus ErmC

P253, P254 Pseudomonas, Klebsiella, Acinetobacter, Streptococcus tet(A), tetM, tetO, APH(3′)-la, APH(3′)-llb, SHVbeta-lactamase, AAC(3)

P255 Pseudomonas, Klebsiella, Streptococcus tet(A), tetM, tetO, APH(3′)-la, APH(3′)-llb, SHVbeta-lactamase

P256, P257 Pseudomonas, Klebsiella, staphylococcus tetM, APH(3′)-llb, pseudomonas aeruginosa catB7

P258, P259, 
P262, P262, 
P264

Pseudomonas, Klebsiella sul1, rmtB, TEM-214, APH(6)-Id, pseudomonas aeruginosa catB7, 
TEMbeta-lactamase, KPCbeta-lactamase, ANT(3″)

P26, P27, 
P73, P74

Pseudomonas OXA-50, APH(3″)-Ib, APH(3′)-IIb

P28, P46, 
P47, P78

Pseudomonas, Candida, enterococcus FosA, OXA-50, APH(3′)-Iib, pseudomonas aeruginosa catB7

P280 Pseudomonas, Klebsiella, Acinetobacter, Stenotrophomonas sul1, APH(3′)-la, OXAbeta-lactamase, ANT(3″)

P283, P284 Pseudomonas, Klebsiella, Candida, Nakaseomyces, Stenotrophomonas, 
enterococcus, Escherichia, Clavispora

vanA, FosA, tet(A), tetM, ANT(2″)-Ia, ErmB, sul1, sul2, TEM-206, OXA- 
50, AAC(3)-IIc, AAC(6′)-Ii, AAC(6′)-Ie-APH(2″)-Ia, APH(3″)-Ib, APH(3′)- 
IIb, APH(3′)-IIIa, APH(6)-Id, pseudomonas aeruginosa catB7, OXAbeta- 
lactamase, CTX-Mbeta-lactamase, AAC(3), AAC(6′), ANT(3″), major 

facilitator superfamily(MFS) antibiotic efflux pump

P296 Pseudomonas, Klebsiella, Achromobacter, Stenotrophomonas, 
Elizabethkingia

sul1, aadA, KPC-5

P297 Pseudomonas, Achromobacter, Stenotrophomonas, Elizabethkingia sul1, aadA, KPC-5

P298 Pseudomonas, Klebsiella, Stenotrophomonas, Elizabethkingia sul1, KPC-5

P299 Pseudomonas, Klebsiella, Achromobacter, Stenotrophomonas, 
Mycotoruloides, proteus, bordelella

sul1, aadA2, TEM-213, SHV-5, QnrS8, OXA-10, NDM-1, KPC-5, CTX- 
M-90, AAC(6′)-Ib9

P300 Pseudomonas, Klebsiella, Achromobacter, Stenotrophomonas, 
Mycotoruloidesproteus

sul1, aadA2, TEM-213, QnrS8, OXA-10, NDM-1, KPC-5, AAC(6′)-Ib9

Notes: This table lists the various resistance genes identified in pathogens from both responders and non-responders, along with the specific pathogens harboring these 
genes.
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Some patients had complex resistance profiles involving multiple genes. For instance, Patient P8 harbored tetM, 
ErmB, sul1, armA, AAC(3)-Ia, APH(3′)-Ia, catB8, OXA beta-lactamase, and others; Patient P9 had APH(3′)-llb, APH(3′)- 
la, APH(6)-Id, and Pseudomonas aeruginosa catB7. Many patients exhibited mixed infections involving multiple 
resistant pathogens, further complicating treatment strategies (Table 4).

Discussion
As our study shows, mNGS has the potential to change the diagnostic approach to HAP, generating an unbiased detection 
of pathogens that would not be covered by traditional culture methods. This is in line with the increasing literature 
consensus that mNGS will radically change the landscape of infectious disease diagnosis by providing an unbiased 
picture of pathogens.7,8,12,13

In the context of our study, it became clear that i) mNGS had a much greater sensitivity and can detect a much larger 
array of pathogens, including fastidious (difficult-to-culture) bacteria, fungi and viruses, compared with traditional 
culture methods.9 ii) Conventional culture-based diagnostics miss many fastidious organisms which pose challenges to 
culture and often necessitate special growth conditions. Wilson et al found that routine microbiologic testing is often 
insufficient to detect all potential neuroinvasive pathogens in CSF. Herein, they utilised mNGS of CSF collected from 
patients with meningitis or encephalitis to diagnose more neurologic infections and provided actionable information for 
a subset of patients.14 This aligns with your study’s findings on the superiority of mNGS over traditional culture methods 
in detecting a wider array of pathogens, including those in culture-negative samples. This advantage of mNGS offering 
enhanced sensitivity is crucial for accurate and timely diagnosis in critically ill patients.

The clinical implications of mNGS are profound, as evidenced by our study’s findings. In responders, 25.6% of cases 
had their treatment regimens adjusted based on mNGS results, and similarly, 28% of non-responders experienced 
treatment changes. This underscores mNGS’s role in facilitating targeted antimicrobial therapy, aligning with our study’s 
objective to evaluate its diagnostic value in HAP. Furthermore, the identification of a broader spectrum of pathogens, 
including polymicrobial infections and antibiotic-resistant strains, directly addresses the diagnostic challenges inherent in 
HAP management. These findings are consistent with those of Gu et al, who demonstrated the value of blood mNGS in 
infectious patients with mild and non-specific symptoms, where therapeutic regimens were altered in 70.3% of cases 
based on mNGS results.15 By enabling the detection of pathogens that traditional culture methods miss, mNGS provides 
critical information that can lead to more effective and timely antimicrobial interventions.

The detection of polymicrobial infections and antibiotic resistance genes through metagenomic mNGS represents 
a significant advancement in the diagnosis and management of HAP. Traditional culture-based diagnostic methods often 
fail to identify polymicrobial infections due to their inability to simultaneously grow multiple pathogens under standard 
laboratory conditions. In our study, mNGS identified polymicrobial infections in 28% of cases, a detection rate 
substantially higher than that of culture-based methods. Polymicrobial infections are clinically significant in the hospital 
setting as they are frequently associated with more severe disease progression and higher rates of treatment failure. This 
underscores the utility of mNGS as a diagnostic tool capable of providing a comprehensive pathogen profile, thereby 
enabling more targeted and effective treatment strategies. Additionally, the detection of antibiotic resistance genes in 
30% of samples highlights mNGS’s ability to inform antimicrobial stewardship by identifying resistance patterns that are 
crucial for selecting appropriate therapies. The simultaneous identification of pathogens and their resistance profiles is 
a distinct advantage of mNGS over traditional methods, which typically require separate assays for antimicrobial 
susceptibility testing. This real-time detection facilitates timely adjustments in antimicrobial therapy, thereby reducing 
the risk of prolonged ineffective treatment and limiting the spread of resistant organisms. These findings not only align 
with our study’s objectives but also contribute meaningfully to the broader context of improving diagnostic accuracy and 
treatment efficacy in hospital-acquired pneumonia management.

Identification of antibiotic resistance genes was the key finding of our study. Resistance genes tetM, ErmB and 
a number of beta-lactamases were picked up, enabling comprehensive data for antibiotic stewardship, in line with another 
mNGS study conducted by Gan et al who reported the ability of mNGS to identify resistance genes targeting different 
antibiotics in the treatment of severe pneumonia in paediatric patients.16

Risk Management and Healthcare Policy 2025:18                                                                              https://doi.org/10.2147/RMHP.S550021                                                                                                                                                                                                                                                                                                                                                                                                   3815

Zhang et al

Powered by TCPDF (www.tcpdf.org)Powered by TCPDF (www.tcpdf.org)



Our work confirms that mNGS has an important impact on patient clinical outcome by identifying the pathologies, 
where conventional methods are frequently negative, leading to an increase in the detection of severe infection-causing, 
and multi-drug resistant (hard-to-treat) bacteria, such as Pseudomonas, Klebsiella and Acinetobacter, as well as fungal 
pathogens such as Candida and Aspergillus. These results are confirmed by the major studies in the field, highlighting the 
key role of broad pathogen detection to decide targeted antibiotic and antifungal therapies.17,18

The identification of viral pathogens, including HSV1, CMV, and EBV, further emphasizes the diagnostic utility of 
mNGS, particularly in immunocompromised patients. While these viruses are commonly found in the population, their 
detection in a hospital setting is clinically significant as they can cause opportunistic infections in immunosuppressed 
individuals. In this study, the presence of these viral pathogens was confirmed in patients with underlying conditions that 
could predispose them to viral reactivation. Their detection provided important information for clinicians to tailor 
antiviral therapies, particularly in cases where bacterial or fungal pathogens alone could not explain the severity of the 
illness. Prompt and accurate identification of these viruses may lead to better patient outcomes, reduced hospital stays, 
and lower healthcare costs.6,19

The cost-effectiveness of mNGS remains a subject of ongoing debate. While the initial capital investment for 
sequencing equipment and the operational costs of high-throughput sequencing are substantial, these may be offset by 
reductions in hospital stays, more targeted antimicrobial therapies, and improved patient outcomes. Jing et al forecast that 
costs will continue to decrease as sequencing technologies advance and become more widely adopted.20 Additionally, the 
implementation of portable sequencing devices and point-of-care mNGS platforms has the potential to revolutionize 
infectious disease diagnostics by enabling rapid pathogen detection directly at the patient’s bedside.21 However, several 
challenges must be addressed to facilitate the widespread integration of mNGS into routine clinical practice. These 
include the need for specialized bioinformatics infrastructure and expertise to analyze and interpret vast amounts of 
sequencing data, ensuring data privacy and security, and developing standardized protocols for sample preparation and 
data reporting. Furthermore, the clinical utility of mNGS must be consistently demonstrated through larger, multicenter 
studies to validate its benefits across diverse healthcare settings. Overcoming these challenges is essential for mNGS to 
transition from a research tool to a standard diagnostic modality in clinical microbiology.

Although currently limited to specialized centers with the required infrastructure and bioinformatics expertise, 
the adoption of mNGS is expected to grow over the next 5 to 10 years as sequencing technology becomes more cost- 
effective and accessible. In addition, ongoing improvements in automated data analysis tools will reduce the need 
for highly specialized bioinformatics staff, further accelerating the integration of mNGS into routine clinical 
microbiology. Public health efforts to combat antimicrobial resistance are likely to drive this shift, as mNGS 
provides rapid, comprehensive data on pathogen detection and resistance profiles. Thus, mNGS is anticipated to 
become a staple in diagnostic laboratories, particularly in hospitals dealing with high-risk infections, as early as the 
next decade.

While these results are promising, several key limitations of our study need to be recognized. The retrospective design 
and our single-center setting are likely to generate selection bias and, therefore, restrict the generalizability of our 
outcomes. Secondly, as this is a retrospective study, very few patients had their BALF samples used for antimicrobial 
susceptibility testing (AST), which is an important assay for evaluating the clinical relevance of genotype-phenotype 
resistance prediction. Another major limitation of this study is the relatively small sample size, particularly in the non- 
response group, which may limit statistical power. In the future, larger-scale, multicenter, prospective cohort studies are 
needed to confirm our findings and to evaluate the cost-effectiveness of mNGS in clinical practice.

Conclusion
In conclusion, our study demonstrated the superior diagnostic performance of mNGS over traditional culture methods in 
HAP. mNGS not only provided comprehensive pathogen detection, identifying a wider array of bacteria, fungi, and 
viruses, but also facilitated the profiling of antibiotic resistance genes, thereby enhancing targeted antimicrobial therapy. 
These capabilities make mNGS a valuable tool in modern infectious disease control and management.
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