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Human adenoviruses (HAdVs) can cause infection at any age but are most common in the pediatric population, especially young children and infants, with a peak incidence in infants and children from 6 months to 5 years of age. Adenovirus infection can cause severe pneumonia, but pericarditis from adenovirus infection was rare. This article reports a case of a 2-year-old patient with pericarditis caused by adenovirus infection and a moderate pericardial effusion. We detected positive adenovirus nucleic acid in the patient’s blood by polymerase chain reaction assay. In addition, HAdVs were identified by metagenomics next-generation sequencing (mNGS) in blood and pericardial effusion. According to the test results and clinical practice, active symptomatic and supportive treatment was given, and finally the child recovered and was discharged from the hospital. Comprehensive and accurate diagnosis of pathogens is a prerequisite for effective treatment, and mNGS provides an effective means for diagnosing rare adenovirus myocarditis in children.
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Introduction

Human adenovirus (HAdV), a member of the Adenoviridae family, is a medium-sized (70–100 nm) non-enveloped virus with an icosahedral nucleocapsid containing a double-stranded linear DNA genome of 34–36 kbp in length (1). HAdV is a common pathogen of respiratory tract infection in children. Recently, adenovirus has also been reported as a pathogen of viral myocarditis in children, but the occurrence of such myocarditis is rare (1). Although HAdV infection can lead to myocarditis in children, it is extremely dangerous to cause pericarditis with moderate-to-massive pericardial effusion, which usually progresses rapidly and is difficult to detect early, eventually leading to death.

In this case, we reported a rare case of pericarditis due to HAdV infection in a 2-year-old patient. The initial treatment was unsatisfactory, and echocardiography revealed moderate-to-massive pericardial effusion. The patient then presented with cardiac tamponade. His condition improved after pericardiocentesis. After that, adenovirus infection was confirmed by polymerase chain reaction (PCR) and metagenomics next-generation sequencing (mNGS), and the treatment was accordingly adjusted in time. The patient's condition improved, and he was discharged from the hospital. Compared with traditional microbial diagnostic methods, mNGS can achieve early detection and rapid diagnosis, and it will be promising for future pathogen diagnosis, offering unbiased and hypothesis-free properties that makes it a universal pathogen detection method (2).



Case presentation

A 2-year-old male patient was admitted to the Pediatric Intensive Care Unit (PICU) of West China Second University on 10 May 2022. On admission, his chief complaint was fever and listlessness, occasional non-projectile vomiting with anorexia, and shortness of breath. Due to acute onset and rapid progression of the disease, the patient was given oxygen inhalation, empirical ceftriaxone anti-infection (80 mg/kg q.d. for 1 day), and nebulization in pre-hospital emergency center, within the critical symptoms did not ease. Afterward, he developed low blood pressure, increased heart rate, and progressive increased shortness of breath and required assisted ventilation. The patient was then transferred to the PICU for advanced treatment. The child's birth history, personal history, and family history were normal, and there was no history of recurrent respiratory infections and congenital or acquired heart disease.

Physical examination data at admission showed temperature of 36.5°C, respiratory rate of 35 times/min, pulse rate of 141 times/min, blood pressure of 95/52 mmHg, Glasgow Coma Score (GCS) of 13 (E4M5V4), and weight of 15 kg. White secretions were observed on the left buccal mucosa, which was not easy to wipe off. Three-concave sign was negative, the breath sounds of both lungs were rough with a few small moist rales, and no stridor was heard. The heart sounds were slightly low, blunt, and distant, the rhythm was normal, and no murmurs were heard in the valve areas. Routine blood examination showed white blood cell (WBC) count of 16.8 × 109/L, blood platelet (PLT) count of 256 × 109/L, hemoglobin (Hb) of 108 g/L, C reactive protein (CRP) of 109.4 mg/L, and procalcitonin of 0.87 ng/ml. Myocardial markers test showed troponin I (cTnI) of 0.207 μg/L and B-type natriuretic peptide (BNP) of 475.1 pg/ml. Coagulation function showed D-dimer of 2.59 mg/L and fibrinogen degradation product (FDP) of 6.40 μg/ml. Liver and kidney function tests and serum electrolytes were all normal. The electrocardiogram indicated changes in T wave. Echocardiography showed ejection fraction (EF) of 71%, fraction shortening (FS) of 38%, and moderate pericardial effusion (posterior pericardial cavity of 7.6 mm, left pericardial cavity of 8.7 mm, right pericardial cavity of 10.6 mm, apex of 2.8 mm, diaphragm of 5.2 mm, Figure 1). Chest x-ray showed double pneumonia, and the cardiac shadow was significantly enlarged. Enhanced chest computed tomography (CT) showed bilateral lung infection, enlarged heart, moderate pericardial effusion, pericardial thickening and enhancement, and a small amount of bilateral pleural effusion (Figure 2).


[image: Figure 1]
FIGURE 1
Echocardiography (on admission) showed pericardial effusion: (A) posterior pericardial cavity of 7.6 mm. (B) Left pericardial cavity of 8.7 mm. (C) Right pericardial cavity of 10.6 mm. (D) Apex of 2.8 mm. (E) Diaphragm of 5.2 mm.
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FIGURE 2
Enhanced chest CT (the third day of admission): bilateral lung infection with massive consolidation; enlarged heart, moderate pericardial effusion, pericardial thickening, and enhancement; and a small amount of bilateral pleural effusion.


The patient was preliminarily diagnosed with sepsis, pericardial effusion, severe pneumonia with coagulopathy, thrush, and myocardial injury. He was timely given intravenous infusion of ceftriaxone combined with vancomycin for anti-infection, gamma globulin (1 g/kg for 1 day) pulse therapy for anti-inflammatory, creatine phosphate (65 mg/kg q.d. for 5 days), and vitamin C (100 mg/kg b.i.d. for 5 days) for protection against myocardial ischemia. On the 21st hour of admission, the patient’s blood pressure progressively decreased. The heart rate fluctuated at 165–175 beats/min, and the respiratory fluctuation was 60–70 times/min. At that time, the peripheral blood pressure showed 65/55 mmHg, and the pulse pressure difference was only about 10 mmHg, indicating the presence of pericardial tamponade. Physical examination at that time suggested distant heart sounds and moderate-massive moist rales in both lungs. Bedside ultrasound-guided pericardiocentesis was performed upon admission (local anesthesia with lidocaine was administered). The puncture point was 1 cm outside the border of cardiac dullness at the apex of the fifth intercostal space. The needle was inserted 3 cm in the direction of the right scapular region, and 180 ml of pale yellow, clear, non-coagulated pericardial effusion was extracted (Figure 3). We extracted 10 ml of pericardial effusion for mNGS, pathology, routine, and biochemical tests. At the same time, 4 ml of peripheral blood sample was extracted for mNGS. Approximately 10 min after pericardiocentesis, the heart rate of the patient decreased, fluctuating at 120–135 beats/min, and the blood pressure increased to 95/58 mmHg (normal pulse pressure reappeared). On the second day of admission, Mycoplasma pneumoniae and Chlamydia pneumoniae PCR of serum were negative, and serum G [(1–3)-β-d-glucan] test and GM (galactomannan) test were negative. On the third day of admission, HAdV PCR of serum was positive, and cytokines showed interleukin-1β of 6.84 pg/ml, interleukin-2 receptor of 811.00 U/ml, interleukin-6 of 76.60 pg/ml, interleukin-8 of 7.02 pg/ml, interleukin-10 of 17.90 pg/ml, and tumor necrosis factor-alpha of 17.90 pg/ml. A pericardial effusion examination showed a nucleated cell count of 2,033 × 106/L (neutrophil granulocytes of 77.0%, lymphocytes of 3.0%, monocytes of 20.0%). The total protein of pericardial effusion is 52.2 g/L, glucose is 4.70 mmol/L, lactate dehydrogenase (LDH) is 1,145.0 U/L, and adenosine deaminase (ADA) is 32.2 U/L. These results suggested that the pericardial effusion was inflammatory exudate. Coxsackie virus antibody, rheumatism screening, autoantibody, and tumor marker examination showed no obvious abnormality. Echocardiography showed a small amount of pericardial effusion, and left ventricular systolic function was normal. The electrocardiogram test result was normal. According to the test results and the clinical symptoms of the child, the diagnosis was sepsis, severe pneumonia, and adenovirus infection with moderate pericardial effusion. On the fourth day of admission, mNGS of blood and pericardial effusion detected human mammalian adenovirus type C with 102 specific sequences (covering 52.34% of the nucleotide sequences) and 88 specific sequences (covering 48.17% of the nucleotide sequences), respectively. Moreover, the pathological result of pericardial effusion was negative. Based on the known test results, we stopped the use of antibiotics and added methylprednisolone (1 mg/kg q.d. for 5 days) to reduce inflammation. The vital signs of the child were basically normal under non-invasive assisted ventilation, and the ventilator parameters were adjusted down and gradually transitioned to nasal cannula for oxygen inhalation. On the sixth day of admission, the child stopped oxygen inhalation, and the intravenous infusion of methylprednisolone was changed to oral prednisone acetate (5 mg b.i.d. for 14 days). On the 20th day of admission, HAdV PCR of serum we retested was negative, and echocardiography and enhanced chest CT did not show pericardial effusion. The patient was discharged with perfectly normal vital signs. During the outpatient follow-up period of 4 weeks after discharge, the patient only took coenzyme Q10 orally on a regular basis. Physical examination, blood routine, electrocardiogram, and cardiac ultrasound were also completely normal during follow-up. Whole exome sequencing (WES) of this patient and his immediate family members up to three generations also showed no immunodeficiency-related mutations. We have summarized the timeline of patient treatment and disease progression in Figure 4.
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FIGURE 3
Ultrasound-guided pericardiocentesis was performed after bedside local anesthesia. Pericardiocentesis extracted 180 ml of pale yellow, clear, non-coagulated pericardial effusion.
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FIGURE 4
The timeline of patient treatment and disease progression.




Systematic review

We searched in PubMed, Web of Science databases, Embase, and Medline from 1970 to 2023. The keywords used were “adenovirus,” “myocarditis,” and “pericarditis.” We extracted the following details of each article: first author, publication date, country, number of patients, age, symptoms, laboratory methods, diagnosis, treatment, and prognosis. We identified a total of four articles through our literature search, and characteristics of the cases are shown in Table 1 (3–6).


TABLE 1 The reported cases of myocarditis and pericarditis were caused by adenovirus.

[image: Table 1]


mNGS process and bioinformatic analysis

Approximately 200 µl of pericardial puncture fluid and peripheral blood samples were centrifuged at room temperature for 5,000 r/min for 10 min to obtain the supernatant. DNA in the supernatant was extracted and purified using the Tiangen nucleic acid extraction kit. Negative controls without any microorganisms and positive controls with mixed bacteria were set for each batch of samples. Qubit 2.0 (Thermo Fisher, United States) and agarose gel electrophoresis were used for the quality control of DNA extraction. According to the operating manual of Illumina DNA library construction kit (Illumina), known sequence fragments that can be identified with sequencing instruments were added at both ends of the DNA fragment to be tested for amplification and enrichment. Library quality control was completed by using Agilent 2,100 Bioanalyzer (Agilent, United States). A 75 bp single-ended high-throughput sequencing was performed on Illumina second-generation sequencer Pin NextSeq 550Dx.

fastp software was used to remove low-quality and redundant fragments and joint sequences from the original data to obtain high-quality data. Human hosts were removed by Bowtie2 comparison of human reference genome database. The reference used for human genome removal was Genome Reference Consortium human genome (build 38). The positive criteria for the detection of mNGS: In general, the pericardial effusion and blood of normal people were considered to be absolutely sterile, the detection of microorganisms was considered as pathogen detection, and the number of detected sequences of ≥3 is considered positive.




Discussion

The incidence of HAdV infection peaks in infants and children aged 6 months to 5 years. Respiratory infections are the most common disease caused by HAdV in children. Different types of HAdV appear to exhibit different pathogenic properties and cause different diseases, suggesting differences in tissue tropism between HAdVs (7). Pericardial effusion caused by HAdV infection is rarely reported, and no similar case has been reported in China. The patient's condition progressed rapidly, and even cardiac tamponade occurred.

The pathophysiological mechanism of cardiac inflammation induced by viral infection has been an important area of research. Infectious pericarditis is usually the result of a combination of myocardial inflammatory cell infiltration and changes in cell/tissue osmotic pressure. Pericarditis caused by HAdV infection is not a simple myocardial cell inflammation. There are multiple cells in the heart involved in this complex process, such as vascular endothelial cells, monocytes, and fibroblasts (8). Direct damage by the virus and recognition of the virus by immune cells result in cardiomyocyte lysis and necrosis. Cytokine storm ensues, during which IL-1, IL-6, tumor necrosis factor-alpha (TNF-α), and type I and type II interferons (IFN) are released in large quantities, with sustained release of cells factors can cause myocarditis and pericarditis (9, 10). Pericardial effusion may be a secondary response to myocarditis and pericardial inflammation. The coxsackievirus and adenovirus receptor (CAR), a 46-kDa transmembrane protein, are the major receptors for adenoviruses. They are involved in cellular communication, facilitating viral binding and endocytosis. CAR is ubiquitously expressed in tight junctions in epithelial tissues, which are important barriers to prevent the free diffusion of solvents and proteins between the endothelial and epithelial cell layers. The expression of CAR is related to IL-6 (11, 12). Recent research has found that CAR leads to the development of cardiac inflammation independent of viral infection itself through inflammatory mitogen-activated protein kinase (MAPK) cascade signaling (13). At the same time, what had to be considered in our case was the oxidative stress and myocardial injury caused by increased myocardial oxygen demand due to severe hypoxia from acute respiratory injury. As pulmonary capillaries continue to spasm, hypoxia leads to pulmonary hypertension, a process that may lead to cardiac ejection dysfunction and increased capillary hydrostatic pressure, ultimately leading to pericardial effusion. However, not all patients have the same clinical outcome, which is determined by the interplay between pathogen virulence, host response, and therapeutic intervention. In addition, matrix metalloproteinases (MMPs) also deserve our attention; although not part of the immune system, they play a key role in the inflammatory response, including matrix degradation and promotion of leukocyte migration, as well as cytokine processing and regulation. MMPs are upregulated during viral myocarditis, often causing myocardial injury and dysfunction with higher cellular permeability, leading to the production of pericardial effusion (14).The clinical symptoms of cardiotoxic infections are not specific, and diagnosis is often based on the isolation of viruses from different biological samples. However, traditional methods for detecting viral antigens or virus culture have low sensitivity and are time-consuming for virus culture. When diagnosing pericarditis, it is hard to confirm the infection of the heart by the virus through the detection of serum antibodies or PCR. Endomyocardial biopsy (EMB) is the gold standard for the diagnosis of cardiac disease but involves greater risks, especially in pediatric or critically ill children. EMB is inappropriate for pediatric pericarditis, and many centers have abandoned EMB as a diagnostic tool. According to current guidelines, myocardial biopsy is not recommended for routine identification of causative viruses, as it does not affect treatment decisions and prognosis (15). HAdV is a double-stranded, linear DNA virus with genome sizes ranging from 34 to 37 kb, and all HAdVs have a similar genome organization. Molecular evolution of HAdVs through homologous recombination can lead to the emergence of new viruses that exhibit different tissue tropisms. To date, the types of HAdV are still increasing (16, 17), HAdV types 1–51 are characterized by serotyping, while the remaining types identified since 2007 are described by genomic and bioinformatic analyses. In previous studies, most nucleic acid detection methods for HAdV were designed based on hexon or fiber genes. However, due to the high diversity of adenovirus sequences, primers usually contain degenerate bases or use other strategies to overcome mismatched bases, and it is usually impossible to identify adenovirus subtypes, viral loads, and low copy number samples and often produces negative results (18). As noted above, the range of HAdV types has been expanding, so there is a necessity to expand detection methods to facilitate coverage of the entire human adenovirus spectrum. By directly sequencing the DNA or RNA in the sample, mNGS effectively overcomes the shortcomings of traditional detection methods, has extremely high specificity and sensitivity (19, 20), and can type HAdV, which is beneficial to our choice of treatment strategy. The patient in this case was positive for adenovirus nucleic acid in blood by PCR. At the same time, because of the existence of pericardial effusion, we conducted mNGS detection on the initial drainage fluid of pericardiocentesis and drainage. This corroborated with the positive result of serum adenovirus PCR, which helped us confirm the infection of the heart by adenovirus. Due to the extremely high sensitivity of mNGS, it is important to distinguish between true-positive and false-positive pathogens when interpreting mNGS results. Different from sputum and blood, pericardial effusion is a sterile body fluid, so when a positive pathogen is detected, even if the viral load/sequence number is small, we still consider it to be indicative of disease.

Treacy et al. once reported the first cases of sudden death from myocarditis caused by adenovirus serotype 3 in children and fatal cases of myocarditis caused by adenovirus subgenus C in children, respectively (4, 5). Consistent with these reports, our case presented with clinical manifestations such as fever, dyspnea, and increased heart rate, and the disease progressed rapidly. However, in contrast to the aforementioned cases, which were often diagnosed through serum PCR and postmortem cardiac tissue biopsy, we utilized mNGS to identify the pathogen, enabling a definitive diagnosis and subsequent treatment. The European Society of Cardiology (ESC) guidelines recommend the use of anti-inflammatory drugs for acute pericarditis, such as non-steroidal anti-inflammatory drugs (NSAIDs) and colchicine. Corticosteroids as second-line therapy for patients who are unresponsive or intolerant to NSAIDs and colchicine (15). Glucocorticoids are second-line therapy for patients who are unresponsive or intolerant to NSAIDs and colchicine. (21). Considering that the patient's pericardial effusion is not related to systemic inflammatory diseases, we did not choose aspirin, NSAIDs, or colchicine for treatment. Othman and Eldadah reported a case of intrapericardial corticosteroid injection (22). The patient's pericardial effusion completely resolved after injection and did not recur after intrapericardial steroid administration, which may be a new direction for the treatment of pericardial effusion in the future. However, in patients with massive pericardial effusion and cardiac tamponade, prompt pericardiocentesis is the first life-saving measure. In addition to this, to reduce the possible evolution to constrictive pericarditis and cardiomyopathy, underlying pathogenic mechanisms, such as viral infection or persistent and autoimmune-mediated myocardial injury, should be addressed. The immunosuppressive treatment of viral myopericarditis remains controversial, with some suggesting that immunosuppression may be beneficial in patients with systemic disease-related or autoimmune myocarditis but may increase viral replication and exacerbate myocardial injury in viral myocarditis (23, 24). There is currently a lack of worldwide guidelines to support such treatment options. However, there are no clinical studies to show whether patients will respond to this treatment. It is worth noting that any type of pericarditis has the potential to recur. As for children, pericardial disease may lead to impaired cardiac development, which must be taken seriously. Regular and dynamic follow-up echocardiography is necessary.

It is extremely rare for HAdV to cause moderate-to-massive pericardial effusion in children, and this is the first reported case in China. Pericarditis caused by HAdV infection progresses rapidly, so early identification and treatment are extremely important. The good sensitivity and specificity of mNGS in the detection of HAdV in pericardial effusion are satisfactory, which can help us identify specific pathogens well. Although major advances in the diagnosis and treatment of acute pericarditis are currently being made, there is still room for further research.



Conclusion

The good sensitivity and specificity of mNGS in the detection of HAdV in pericardial effusion are satisfactory, which can help us accurately identify the rare critical disease in children. Although major advances in the diagnosis and treatment of acute pericarditis are currently being made, there is still room for further research.
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Background

The complicated spectrum of rapidly progressive diffused parenchymal lung diseases (RP-DPLD) creates obstacles to the precise diagnosis and treatment. We evaluated the differential diagnostic value of transbronchial cryobiopsy (TBCB) based clinic-radiologic-pathologic (CRP) strategy combined with bronchoalveolar lavage fluid (BALF) metagenomic next-generation sequencing (mNGS) in RP-DPLD patients.





Methods

RP-DPLD patients who underwent the diagnostic strategy of TBCB-based CRP combined with BALF mNGS at Shanghai East Hospital from May 2020 to Oct 2022 were retrospectively analyzed. Clinical characteristics were summarized, including demographic data, high-resolution computed tomography (HRCT) findings, histopathology of TBCB and microbiological results. Diagnostic value of the combined strategy, as well as the sensitivity, specificity, and positive detection rates of mNGS were evaluated.





Results

A total of 115 RP-DPLD patients were enrolled, with a mean age of 64.4 years old and a male proportion of 54.8%. The pulmonary imaging findings in most patients were complex and diverse, with all patients showing bilateral lung diffuse lesions in HRCT, and progressively aggravated imaging changes within one month. After combining TBCB-based CRP strategy with mNGS, all participants received a corresponding diagnosis with 100% diagnostic yield. In these patients, 58.3% (67/115) were diagnosed with noninfectious RP-DPLD and 41.7% (48/115) with infection-related RP-DPLD. There were 86.1% of cases with known etiology according to the DPLD classification. BALF mNGS and traditional pathogen detection methods were performed in all patients, the positive detection rates were 50.4% (58/115) and 32.2% (37/115), respectively. Meanwhile, the mNGS showed significantly higher sensitivity and negative predictive value than the traditional pathogen detection methods for the diagnosis of infection-related RP-DPLD (100% vs 60.4% (p<0.001), 100% vs 75.6% (p<0.001), respectively). Among noninfectious RP-DPLD patients, the true negative rate of mNGS was 85.1% (57/67). All patients had their treatment regimen modified and the 30-day mortality was 7.0%.





Conclusion

The novel strategy of TBCB-based CRP combined with mNGS provided dependable and sufficient evidence for the diagnosis, meanwhile further improved the accuracy of RP-DPLD treatment, as well as the prognosis of patients. Our results highlight the significant value of combined strategy in determining whether the RP-DPLD patients were infection associated or not.





Keywords: rapidly progressive diffuse parenchymal lung diseases, transbronchial cryobiopsy, metagenomic next-generation sequencing, high-resolution computed tomography, pulmonary histopathology





Introduction

Diffuse parenchymal lung diseases (DPLD) are heterogeneous lung disorders presented with diffused lesions of pulmonary parenchyma on chest HRCT, which mainly involve pulmonary interstitium and alveolar cavity (Travis et al., 2013). Idiopathic interstitial pneumonia (IIP), connective tissue disease-associated interstitial (CTD-ILD), sarcoidosis and hypersensitivity pneumonitis (HP) are the common types of DPLD (Meyer, 2014). Rapidly progressive DPLD (RP-DPLD) exhibits deteriorating clinical presentations within one month, such as aggravated dyspnea, restrictive ventilatory dysfunction, reduced diffusion capacity and hypoxemia, which in turn lead to progressive loss of lung function, respiratory failure and eventually poor prognosis or even death within a short period of time (Mikolasch et al., 2017; Amundson et al., 2019). Therefore, accurate diagnosis of RP-DPLD is of significant importance for the prognosis of RP-DPLD.

Classical diagnostic modality of DPLD is based on clinic-radiologic-pathologic (CRP) pattern, including clinical evaluation, radiological imaging and pulmonary histopathology. The chest high-resolution computed tomography (HRCT) is the imaging reference standard and an essential part of the assessment of DPLD (Kifjak et al., 2022). Surgical lung biopsy (SLB), transbronchial forcep biopsy (TBFB), percutaneous lung biopsy (PNLB) and transbronchial cryobiopsy (TBCB) are main methods used to obtain histopathological specimens from specific parts of the lung parenchyma (Radu et al., 2012; Arya et al., 2020; Yoon et al, 2020; Ronaghi and Oh, 2022). SLB, due to the risks of thoracotomy, significant complication, great surgical trauma and increased costs, is not recommend in RP-DPLD patients (Molin et al., 1994; Hutchinson et al., 2016), even though it had been the gold standard of histopathology for the etiological diagnosis. TBFB and PNLB often provide insufficient samples, resulting in poor sensitivity and low diagnosis rate. However, acquisition of sufficiently large tissue with minimal injury is critical for precise diagnosis. Recent evidence demonstrated that the promising technique TBCB raised the diagnostic yield of DPLD (Lentz et al., 2018; Ravaglia et al., 2019). Therefore, TBCB-based CRP diagnostic strategy are gradually applied in clinical practice.

Even so, the available CRP evidence cannot provide adequate diagnostic information, resulting in a poor prognosis. A precise diagnosis remains challenging especially when confounders of infectious diseases are present. Previous research suggested that infection caused DPLD or co-infections following original DPLD are the common factors that trigger acute exacerbation of the disease (Vanfleteren and Linssen, 2010; Collard et al., 2016; Ye et al., 2020). Moreover, infections may play a considerable role in the complex interaction between a susceptible host and the environment, leading to the development or progression of interstitial lung disease (ILD) (Azadeh et al., 2017). Therefore, accurate and comprehensive pathogen information is of great significance for the precise treatment and better prognosis of RP-DPLD. Metagenomic next-generation sequencing (mNGS) has emerged as a comprehensive, high throughput tool for clinical infectious agent detection and noninfectious disorders identification (Wei et al., 2019; Zhou et al., 2022). However, there has been little discussion about the application of mNGS in RP-DPLD to date. Hence, we proposed TBCB-based CRP combined with mNGS as a novel strategy for differential diagnosis of RP-DPLD, providing more comprehensive and reasonable information about histopathology and pathogens. In this study, the application of TBCB-based CRP strategy combined with mNGS was evaluated in RP-DPLD patients.





Methods




Study subjects

This is a single center retrospective study involved 115 RP-DPLD patients admitted to the Department of Respiratory and Critical Care Medicine of Shanghai East Hospital from May 2020 to October 2022. The inclusion criteria for patients’ enrollment are as follows: 1) only adults (age≥18 years old) were included; 2) all subjects underwent thoracic HRCT and met the imaging features of DPLD, meanwhile all patients presented with radiographic aggravation in one month; 3) all patients were initially diagnosed as severe pneumonia and given anti-infective treatments before admitted to our department, but the disease continued to progress; 4) left heart failure or fluid overload could not be used for interpretation of the exacerbation of the disease; 5) all patients underwent TBCB, bronchoscopy biopsy brushes, and bronchoalveolar lavage; 6) all specimens were sent for pathological examination, traditional microbiological detection and mNGS. The present study excluded any subjects who could not tolerate the bronchoscopy procedure or patients with incomplete information.





Specimens collection

Bronchoscopy (BF-260, Olmpus, Japan) was performed to collect specimens. Lung tissue specimens were obtained through TBCB under general anesthesia. Transbronchial brushing (TBBr) biopsy was collected via brushing the lung mucosa three times. Four flasks of bronchoalveolar lavage fluid (BALF) were collected using PBS buffer. After collection, one of the lung biopsy tissue was immediately fixed in formalin and sent for histopathology. TBBr biopsy was used for rapid on-site evaluation (ROSE). BALF samples were subjected to cytometric analysis and mNGS testing.





Transbronchial cryobiopsy

TBCB method was carried out in accordance with Expert Consensus on Transbronchial Cryobiopsies (Medicine Branch of Interventional Respiratory et al., 2019). All patients underwent preoperative examinations such as blood routine, coagulation function, electrocardiogram, pulmonary function and chest HRCT. To avoid bleeding, antiplatelet agents were discontinued for 1 week before TBCB. TBCB was conducted in general anesthesia and the vital signs of patients were monitored.





Metagenomic next-generation sequencing and bioinformatics analysis

BALF was collected and transported to perform mNGS detection. The mNGS and bioinformatics analysis were conducted similarly to our previous publication (Sun et al., 2022). The DNA was extracted and purified by taking 200 μL of BALF sample according to the instructions of QIAamp DNA Micro Kit (QIAGEN, Hilden, Germany). DNA concentration and quality were checked through Qubit 3.0 Fluoremeter (Invitrogen, Q33216) and agarose gel electrophoresis (Major Science, UVC1-1100). DNA library construction was performed according to the Qiagen library construction kit (QIAseq Ultralow Input Library Kit) operating instructions. Library quality control was performed by Qubit 3.0 Fluoremeter (Invitrogen, Q33216) and Agilent 2100 Bioanalyzer (Agilent Technologies, Palo Alto, USA). Qualified DNA libraries with different barcode tags were pooled and then sequenced using the Nextseq 550 platform (Illumina, San Diego, USA) and a SE 50bp sequencing strategy.

After obtaining the sequencing data, high quality data were generated by filtering out connectors, low quality, low complexity and shorter sequences. Next human-derived sequences matching to the human reference database (hg38) were removed by using SNAP software. The remaining data were then aligned to the microbial genome database using Burrow-Wheeler Alignment. The microbial composition of the samples was finally determined.





Clinical data collection

Data collected included demographic data (gender, age, hospitalization time, ICU stay time etc.), underlying diseases, vital signs (oxygenation index, PaO2/FiO2), lab examination (white blood cell, WBC) count, platelet, C-reactive protein, procalcitonin (PCT), cytokine levels, imaging findings, histopathology features, microbiological identification (smear microscopy, culture, 1,3-β-D-Glucan testing, Gene Xpert of BALF, mNGS results), other clinical characteristics (non-invasive ventilation, NIV) and high-flow humidified oxygen, intubation and invasive ventilation (IV), ECMO, continuous renal replacement therapy (CRRT)), treatment, and prognosis.





Diagnostic procedure of RP-DPLD

TBCB based CRP diagnostic workflow includes the following steps. Firstly, an exhaustive clinical history (past medical history, contact history, medication history, and smoking history) should be obtained, followed by laboratory investigations and pulmonary function tests. Secondly, chest HRCT are performed to collect the imaging features, which further help to define the etiology. Thirdly, a sufficiently large tissue is obtained through TBCB for histopathology, immunohistochemistry staining, and special stains in clinical practice. The clinical diagnosis of DPLD is determined based on multidisciplinary team (MDT) evaluation that includes clinical data, radiographic outcomes, and histopathology findings. In this study, all patients were diagnosed by combining TBCB-based CRP strategy with mNGS findings (Adegunsoye and Ryerson, 2021). Diagnoses were carried out based on relevant international or domestic diagnostic guidelines for these disease classification, including connective tissue disease-related interstitial lung disease (CTD-ILD) (Sjögren syndrome (SS), antisynthetase syndrome (ASS), anti-neutrophil cytoplasmic antibody associated vasculitis (AAV), eosinophilic pneumonia (EP), IgG4 related diseases (IgG4-RD), sarcoidosis, lymphangioleiomyomatosis (LAM), interstitial pneumonia with autoimmune features (IPAF), systemic lupus erythematosus (SLE), HP, drug-induced lung injuries (DLI), dermatomyositis (DM), eosinophilic pulmonary diseases (EPD), organizing pneumonia (OP), and idiopathic pulmonary fibrosis (IPF). Treatment was adjusted after definite diagnosis.





Statistical analysis

SPSS 22.0 statistical software was applied for data processing, the counting data were expressed by case number and rate (%), and measurement data were expressed as mean ± standard deviation (SD). The Chi-squared (χ2) test was used for comparisons between groups, p < 0.05 was taken as statistically significant.






Results




Basic characteristics of the RP-DPLD patients

Between May 2020 and Oct 2022, 118 RP-DPLD patients were screened, and a total of 115 patients participated in the study. Of the patients enrolled, 63 (54.8%) were males and 52 (45.2%) were females, with a mean age of 64.41 ± 13.71 years (range: 18-92 years). All patients had various degrees of fever during the previous month, and presented aggravated dyspnea with cough. All enrolled patients had a history of anti-infective use within 30 days prior to enrollment. As for laboratory findings, the mean C-reactive protein, IL-6 and PCT increased in all patients. All showed a decreased oxygenation index, including 38 (33.04%) cases with an oxygenation index between 200 and 300 mmHg; 59 (51.30%) between 100 and 200 mmHg; 18 (15.66%) below 100 mmHg. Ninety (78.26%) patients had been on high-flow humidified oxygen and non-invasive ventilation, and 21 (18.26%) patients received intubation and invasive ventilation. CRRT was used in four (3.48%) patients, and ECMO was used in three (2.61%). The baseline values are given in Table 1.


Table 1 | Baseline characteristics of RP-DPLD patients.



Although all patients had bilateral lung diffuse lesions confirmed by chest HRCT, the imaging findings presented distinct diversity and complexity. Most chest HRCT revealed increased lung markings, coarsening and disorder in both lungs, with some showing a grid image, stripe and nodular shadow, or cystoid shadow. Majority of the RP-DPLD patients with underlying diseases and infection presented acute exudation and consolidation, with partly pleural effusion. The imaging characteristics of different RP-DPLD patients were summarized in Supplementary Table 1.





Differential diagnosis of RP-DPLD

Combining TBCB-based CRP strategy with mNGS to establish a final diagnosis, all diagnoses were based on relevant international or domestic diagnostic guidelines. In this study, all participants received a corresponding diagnosis, the diagnostic yield was 100%. All patients were divided into two groups according to whether or not they have an infection, 67 (58.3%) patients were classified as the noninfectious RP-DPLD and 48 (41.7%) as the infection-related RP-DPLD. The diagnostic flow chart is shown in Figure 1. Further diagnostics were performed according to the etiologic classification of DPLD, and 16 (13.9%) cases were of unknown cause of RP-DPLD, including 12 patients with IPAF, 3 with OP and 1 with IPPFE. Among 86.1% of cases with known etiology, CTD-ILD (n=17, 14.8%) was the most noninfectious RP-DPLD followed by metastatic malignant tumors of the lung (n=13, 11.3%), HP (n=10, 8.7%), DLI (n=7, 6.1%) and others (n=4, 3.6%). The infection-related RP-DPLD (n=48, 41.7%) was further divided into two subgroups, infection-induced RP-DPLD (n=29, 25.2%) and RP-DPLD co-infection (n=19, 16.5%) (13 with CTD, 6 with IPF). These patients had distinct histopathological characteristics and clinical features; the representative histopathological findings are shown in Figure 2. Table 2 shows the final diagnoses and histopathological features in RP-DPLD patients.




Figure 1 | The diagnostic flow chart.






Figure 2 | Representative images of TBCB of RP-DPLD patients. (A) SLE with SS and co-infection patient showed a chronic inflammation of the lung tissue, focal lymphocytic infiltration, widening of alveolar septum and capillary distention with hyperplasia of elastic fibers, macrophage accumulation in part of alveolar cavity; (B) Patient of dermatomyositis and co-infection showed a chronic inflammation and fibrosis, localized fibroblastic proliferation, protruding into the luminal surface of coated respiratory epithelium; (C) Patient with AAS exhibited the pulmonary septum was widened, mild hyperplasia of alveolar epithelial cells, as well as cellulose-like exudate, lymphocytes and foamy histiocytes were visible in alveolar cavities; (D) Biopsy of SS patient presented focal organizing pneumonia, atypical hyperplasia of alveolar epithelium and fibrous thickening of interalveolar septa; (E) EPD patient showed a chronic bronchiolitis with peritubula fibrous tissue hyperplasia and collagenization, focal infiltrates of eosinophils; (F) LAM patient showed a multifocal hyperplasia of interstitial immature smooth muscle cells, and cystic lumen was seen; (G) AAV patient showed a vascular malformation and proliferation, organizing pneumonia was seen in peripheral lesions, macrophage accumulation in the alveolar space; (H) Patient with IgG4-RD showed a fibrous tissue hyperplasia in the focal alveolar septum along with infiltration by lymphocytes and plasma cells, the ratio of IgG4-positive cells to plasma cells was 30%; (I) Sarcoidosis patient exhibited a few granuloma tissue formed in the lung, but necrosis was not found; (J) Patient of amiodarone-induced lung injury exhibited a fibrous hyperplasia in the bronchiolar walls along with inflammatory cell infiltration, peripheral lung and interstitial fibrosis, as well as focal vascular sclerosis; (K) Patient with PD-1-related pneumonitis revealed a few lung tissue and alveolar septum were slightly widened and a small amount of lymphocyte infiltration was observed; (L). HP patient showed the bronchiolar lumen occlusion and peribronchial lymphocyte aggregates; (M). Patient with pulmonary lymphoma showed a interstitial round cells in vessels wall and interstitium; (N). Patient with smoking related ILD showed a localized organizing pneumonia around the pneumatic cavity; (O). IPPFE patient showed a chronic inflammation in the lungs with tissue hyperplasia of elastic fibers (elastic fiber staining).




Table 2 | Diagnoses and histopathological features of RP-DPLD patients.



The clinical characteristics of infection-related group and noninfectious group were evaluated. There were no significant difference between the two groups in terms of age, gender, oxygenation index, ventilation and vasoactive medication. However, the serum C-reactive protein, IL-6, PCT level of infection-related group were significantly higher than that of noninfectious RP-DPLD patients (all p<0.05) (Table 1).





Diagnostic efficacy of mNGS

BALF mNGS and traditional pathogen detection methods were performed in all RP-DPLD patients, and the positive detection rates were 50.4% (58/115) and 32.2% (37/115), respectively. The sensitivity, specificity, positive predictive value (PPV) and negative predictive value (NPV) of mNGS was 100%, 85.1%, 82.8% and 100%, respectively. The diagnostic efficacy of mNGS were compared to that of traditional pathogen detection methods. The mNGS showed significantly higher sensitivity and NPV than the traditional pathogen detection methods (100% vs 60.4%, 100% vs 75.6%, both p<0.001) (Figure 3A).




Figure 3 | Results of the pathogenic microorganisms for RP-DPLD patients. (A). Contingency tables for the clinical diagnosis with BALF mNGS and conventional methods sets, respectively; (B). Classification of infection type by mNGS detection in infection-related RP-DPLD patients; (C). The distribution of predominant pathogens in infection-related RP-DPLD patients.



Among the 48 infection-related patients, all patients had positive mNGS results with 100% accuracy. Further analysis of 67 noninfectious RP-DPLD revealed that the true negative rate of mNGS was 85.1% (57/67), indicating that mNGS can efficiently distinguish noninfectious RP-DPLD from infection-related group. Notably, all negative results of mNGS were true negative patients and NPV was 100% (57/57). The leading diagnoses of true negative patients were CTD-ILD (n=13), metastatic malignant tumors of the lung (n=12), IFAF (n=12), HP (n=10), DLI (n=5), OP (n=2), smoking related ILD (n=1), pulmonary lymphoma (n=1), and IPPFE (n=1). These data suggest that mNGS have value for distinguishing noninfectious RP-DPLD.

Moreover, in the infection-related group, bacterial infection was identified in 10 (20.83%) patients, virus infection in 1 (2.08%) patient, mycobacterium infection in 5 (10.42%) patients, and mixed infections in 32 (66.67%) patients, including bacteria-virus (n=9), bacteria-fungi (n=8), bacteria-virus-fungi (n=4), virus-fungi (n=4), mycobacterium and viruses (n=3), and other mixed infections (n=4). The proportion of mixed infections was significantly higher than that of single bacteria, virus or mycobacterium infection (Figure 3B). Pseudomonas aeruginosae (n=10) was the most commonly detected bacterium, followed by Klebsiella pneumonia (n=8), Mycobacterium tuberculosis complex (n=7), Acinetobacter baumannii (n=5), and Escherichia coli (n=5). Torque teno virus (TTV) (n=11), Human gamma herpes virus 4 (EBV) (n=9) and Human beta herpes virus 5 (CMV) (n=9) were the most frequently detected viruses. The most common fungus was Pneumocystis jirovecii (n=9), followed by Candida albicans (n=7), and other fungi (n=6). We conducted pathogen spectrum comparisons between infection-induced RP-DPLD subgroup and RP-DPLD co-infection subgroup, and found that infection-induced RP-DPLD subgroup had a higher frequency of Mycobacterium tuberculosis complex, Pneumocystis jirovecii, TTV, EBV, CMV (Figure 3C).





Treatment strategies and prognosis

After differential diagnosis by TBCB-based CRP strategy combined with mNGS, all patients had their treatment regimen modified. Sixty-seven (58.3%) cases stopped empiric antibiotic therapy, twenty-nine (25.2%) adjusted antibiotic regimen, nineteen (16.5%) adjusted antibiotics plus hormones and immunosuppressant therapies. The relevant information of treatment regimens is shown in Supplementary Table 2. Average total hospital stay was 15.6 ± 11.7 days, and stay in the ICU for patients requiring aggressive monitoring (n=41, 35.7%) averaged 14.3 ± 10.7 days. ICU admission for patients with infection-related RP-DPLD had a higher proportion than the noninfectious group (68.8% vs 11.9%; P<0.05). Four patients (3.5%) had been cured, and the conditions of 103 (89.5%) improved. Eight (7.0%) patients died within 30 days of confirmed diagnosis. Regarding the clinical outcomes, the noninfectious RP-DPLD exhibited a significant higher number of improved patients compared with the infection-related group (97.0% vs 79.2%; P<0.05). The medication adjustments and clinical outcomes are provided in Table 3.


Table 3 | The medication adjustments and clinical outcomes of RP-DPLD patients.








Discussion

This study demonstrated the utility of TBCB-based CRP strategy combined with mNGS for the diagnosis of RP-DPLD and for the antibiotic stewardship. It suggested that TBCB can assist clinicians to obtain high-quality lung specimens for histopathological examination. In addition, concomitant usage of TBCB-based CRP strategy and mNGS may distinguish infection from non-infection and identify the causative pathogen to reduce the misuse of antibiotics.

RP-DPLD is a life-threatening event with poor prognosis and high mortality, as high as 43.9% (Sato et al., 2014). Acute exacerbation of IPF patients had high mortality rate of 50%~80%, and the median survival was approximately 3~4 months (Collard et al., 2016). Except for this, patients with RP-DPLD can develop acute alveolar damage, pulmonary edema and inflammation and progress into acute respiratory distress syndrome (ARDS), which leads to a high mortality rate (Rubenfeld et al., 2005). Early diagnosis and timely treatment are keys to reducing the mortality associated with DPLD. As a consequence, we sought to find an efficient approach for the diagnosis of RP-DPLD. TBCB-based CRP strategy is widely used in the diagnosis of DPLD, the use of which has been standardized through expert recommendations (Hetzel et al., 2018). Prior studies that have evaluated the validity of TBCB for diagnosing DPLD, with the overall diagnostic yield of 80% (Kropski et al., 2013; Bondue et al., 2017). However, most of the studies were conducted on noninfectious DPLD diagnosis, there was little literature on the application of TBCB-based CRP strategy in the diagnosis of all DPLD including infection-related and non-infection related DPLD. To our knowledge, this study was the first to describe the approach of TBCB-based CRP combined with mNGS for differential diagnosis in patients with infection-related or noninfectious RP-DPLD. The novel strategy on RP-DPLD patients showed a diagnostic yield of 100%, higher than previously reported. Notably, the mortality rate in this study was 7%, which is much lower than those in some results reported before. Together, the new combined strategy demonstrated a solid diagnostic performance.

Some of the patients achieved a definitive diagnosis through a particular histopathological feature. However, in a considerable proportion of the cases, no infectious agents or other etiologies can be determined and the DPLD is then classified as idiopathic. Recently, mNGS played a major role in detecting pathogens and confirming the etiology, especially combining with ROSE, endobronchial ultrasound-guided transbronchial lung biopsy and other methods (Li et al., 2020; Zhang et al., 2021). Infection-related RP-DPLD (41.7%) was the most diagnosis by performing the novel strategy in our study. BALF mNGS demonstrated a high sensitivity (100%) and PPV (82.8%) in diagnosing infection-related RP-DPLD patients, with the sensitivity higher than previous reports of 61.11%~97.1% (Liu et al., 2019; Hongbin et al., 2020; Jiang et al., 2022). Meanwhile, the results demonstrate that the sensitivity of mNGS is better than conventional detection techniques, we believed that mNGS is appropriate for diagnosis of RP-DPLD.

The abuse of antibiotics is a universal problem. Over half of the antibiotic prescriptions were inappropriate in secondary-level and tertiary-level hospitals in China, suggesting urgent measures are necessary to restrict the events (Zhao et al., 2021). Exclusion of infection remains important. Ma et al. explored the clinical significance of negative results of BALF mNGS, demonstrated that negative results of mNGS can help to exclude infection (Ma et al., 2022). Qian et al. evaluated the clinical value of negative mNGS results and found that when the mNGS test is negative, the negative prediction accuracy rate of the original specimen is significant (Qian et al., 2022). In our study, all patients were initially diagnosed with pneumonia and given anti-infective treatments before admitted to our department. The final diagnosis of all patients was revised after using the new diagnostic modality. Therein, mNGS exhibited a high specificity (85.1%) and NPV (100%) in diagnosing noninfectious RP-DPLD patients, and 58.3% of cases stopped empiric antibiotic therapy. Our data suggested that mNGS had a good diagnostic value in excluding infections of RP-DPLD, and rapid diagnostics of noninfectious illness by mNGS reduced empiric antibiotic use.

Viral, bacterial, or mycoplasma infections are suggested to be one of the triggers for DPLD. A prospectively study found that viral infections (CMV and HHV-7) were identified in both patients with acute exacerbation of IPF and non-IPF ILDs, but the clinical significance on short-term mortality remains undetermined (Saraya et al., 2018). In a retrospective review by Xu, multiple pathogen infection occupied approximately 60% in patients with infectious interstitial pneumonia, and the most common pathogens were G- bacteria, followed by mycoplasma pneumoniae, G+ bacteria, fungus and CMV (Xu, 2020). Several reports have shown that, in some situation, patients with an acute exacerbation of interstitial lung disease are caused by a viral infection, such as VZV or Enterovirus D68 (Vassallo, 2003; Matsumoto et al., 2016; Ueno et al., 2021). Our findings enriched the pathogen spectrum in infection-related RP-DPLD. The percentage of mixed infections reaches up to 66.7%, G- bacteria and virus were predominant among infections, which was consistent with previous reports. Surprisingly, Mycobacterium and Pneumocystis jirovecii were detected multiple times and were recognized as an important pathogens, especially in infection-induced RP-DPLD. Also, Aspergillus was not observed in our study, we guessed that the cause may be due to small number of patients enrolled and population selection. Further study is needed to explore the pathogenic characteristics.

There was an increased risk of ICU admission in patients with infection-related RP-DPLD. This finding was similar to that reported by Song et al., in which they suggested that infection is a frequent factor for IPF patient with rapid deterioration (Song et al., 2011). Moreover, the prognosis of infection-related RP-DPLD were worse than those of noninfectious RP-DPLD, indicating a significant impact of infection on the outcome in RP-DPLD patients. This means that clinicians should pay more attention to the detection of infectious agents in RP-DPLD patients. We are convinced that the novel diagnostic methods we presented from this study could be successfully used in differential diagnosis of RP-DPLD, improving the prognosis of these patients.





Limitations

The present study must be cautiously interpreted with respect to some limitations. Firstly, there is no uniform standard for interpretation of mNGS results, and the judgment of causative pathogen was carried out in accordance with clinical experience. Secondly, the present study did not include a separate detection control group, there were no comparative cohorts between combined diagnosis and separate methods. Lastly, this was a single-center retrospective study and there might be selection bias, and prospective, multi-centered, large-scale studies are warranted.





Conclusions

Our study indicated that TBCB-based CRP strategy combined with mNGS presented excellent feasibility for RP-DPLD of rapidly and accurately diagnosis. We highlight the importance of the novel strategy for diagnosing infection-related and noninfectious RP-DPLD. Meanwhile, the novel diagnostic strategy had an instructive effect on the optimization of treatment regimen, and it appears to have significantly decreased mortality of RP-DPLD.
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Lower respiratory tract infections are common in children. Bronchoalveolar lavage fluid has long been established as the best biological sample for detecting respiratory tract infections; however, it is not easily collected in children. Sputum may be used as an alternative yet its diagnostic accuracy remains controversial. Therefore, this study sought to evaluate the diagnostic accuracy of sputum for detecting lower respiratory tract infections using metagenomic next-generation sequencing. Paired sputum and bronchoalveolar lavage fluid samples were obtained from 68 patients; pathogens were detected in 67 sputum samples and 64 bronchoalveolar lavage fluid samples by metagenomic next-generation sequencing, respectively. The combined pathogen-detection rates in the sputum and bronchoalveolar lavage fluid samples were 80.90% and 66.2%, respectively. For sputum, the positive predictive values (PPVs) and negative predictive values (NPVs) for detecting bacteria were 0.72 and 0.73, respectively, with poor Kappa agreement (0.30; 95% confidence interval: 0.218–0.578, P < 0.001). However, viral detection in sputum had good sensitivity (0.87), fair specificity (0.57), and moderate Kappa agreement (0.46; 95% confidence interval: 0.231–0.693, P < 0.001). The PPVs and NPVs for viral detection in sputum were 0.82 and 0.67, respectively. The consistency between the sputum and bronchoalveolar lavage fluid was poor for bacterial detection yet moderate for viral detection. Thus, clinicians should be cautious when interpreting the results of sputum in suspected cases of lower respiratory tract infections, particularly with regards to bacterial detection in sputum. Viral detection in sputum appears to be more reliable; however, clinicians must still use comprehensive clinical judgment.
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Introduction

Lower respiratory tract infections (LRTIs) are the most common infectious causes of death globally, whereof pneumonia is the primary cause of death in children under five years of age (Bryce et al., 2005). Bacteria, viruses, mycoplasma, fungi, and parasites cause LRTIs which each require distinct infection control strategies and therapies. Pathogen-specific therapy is the most effective technique to cure pneumonia. However, in the absence of an identifiable cause, doctors often administer empirical medications based on experience which may easily lead to antimicrobial overuse and the spread of antibiotic-resistant bacteria.

Pathogen identification in bronchoalveolar lavage fluid (BALF) is the gold standard for lower respiratory tract infections; unfortunately, BALF must be retrieved during bronchoscopy which is typically conducted under anesthesia. Therefore, it is reserved for patients with complicated or severe illnesses. Indications include those patients who are admitted to intensive care units, immunocompromised children, and children with severe and recurrent respiratory symptoms (Wurzel et al., 2013). In contrast, sputum is often the specimen of choice for identifying pathogens in children with LRTIs due to its accessibility, simplicity, and lower risks. Sputum analysis results affect the choice of therapy, particularly antimicrobial (Zar et al., 2012). However, whether pathogen detection in sputum is an accurate representation of the causative pathogen of the LRTI remains controversial.

In clinical practice and research, rapid and accurate pathogen identification is essential. Despite the availability of several detection techniques, pathogen identification remains challenging. Culture - the gold standard for microbiological identification - is time-consuming, has limited sensitivity, particularly for fastidious species, and is readily influenced by antimicrobial use. Furthermore, the culture process only applies to bacteria and fungi; viruses cannot be cultivated in the absence of a suitable host (Li et al., 2018; Chen et al., 2020). Although culture-independent approaches, such as immunological tests and nucleic acid testing utilizing PCR, are fast and precise, previous information or assumptions about the species of the pathogenic microorganisms are required. Metagenomic next-generation sequencing (mNGS) uses unbiased sampling and permits the simultaneous detection of all potentially infectious organisms; thus, it may serve as a breakthrough diagnostic tool capable of overcoming the limitations of existing methods (Wang et al., 2019; Diao et al., 2022). Therefore, this study sought to evaluate and compare the diagnostic performance of mNGS for detecting pathogens (bacteria, fungi, and viruses) in children with LRTIs in BALF and sputum specimens.





Materials and methods




Study design and patient selection

From September 1, 2020 to March 31, 2021, we prospectively included pediatric patients with LRTIs treated at The Third Affiliated Hospital of Zhengzhou University. Specific diagnostic criteria for LRTIs included the presence of fever; respiratory symptoms, such as cough, shortness of breath, wheezing, or rattling chest; and suggestive features on chest X-ray or CT scan. The study comprised 68 hospitalized patients with LRTI treated for at least 72 hours without clinical improvement, or persistent elevated infectious markers in blood or deterioration on chest radiographs. All participants fulfilled the indications to undergo bronchoscopy (Experts Group of Pediatric Respiratory Endoscopy et al., 2018). After obtaining written informed consent from the participants’ legal guardians to undergo the procedure, BALF collection was performed using bronchoscopy. The prospective cohort study design was approved by the ethics committee of The Third Affiliated Hospital of Zhengzhou University (Ethics approval no. 2021-058-01). Written informed consent was obtained from the legal guardians of all participants prior to enrolment in the study.

All participants had undergone conventional microbiological testing upon admission, including blood sampling for antibody detection against Mycoplasma pneumoniae, Epstein-Barr virus (EBV), and cytomegalovirus (CMV); PCR analysis for EBV and CMV; and pharyngeal swabs for influenza A, influenza B, adenovirus (ADV), respiratory syncytial virus (RSV), and M. pneumoniae for PCR analyses. Sputum specimens were preserved for smear microscopy, staining, and microbiological culture. Expectorated sputum samples were obtained from children who could expectorate. An attendant nurse collected sputum samples using nasotracheal suctioning from children who could not expectorate. Senior clinical laboratories conducted and interpreted the Gram stain. Samples were assessed to be of good quality if each low power field included at least 25 polymorphonuclear cells and 10 squamous epithelial cells. Samples were otherwise considered to be of low quality. Bronchoscopies were performed by trained bronchoscopists according to standard protocols in patients with suitable indications. Paired sputum and BALF specimens were collected contemporaneously to undergo mNGS testing. Additionally, the BALF was routinely tested for microbiological smears, cultures, and M. pneumoniae by PCR (Figure 1). The paired sputum and BALF specimens for mNGS testing were stored at −80°C from within one hour after collection. Each sample was analyzed for DNA and RNA using DNBSEQ-T7 platforms (MGI Tech Co., Ltd, Shenzhen, China) with 150 bp paired-end mode.




Figure 1 | Study design. MP, M. pneumoniae; EBV, Epstein-Barr virus; CMV: cytomegalovirus; Flu, influenza; RSV, respiratory syncytial virus; ADV, adenovirus; mNGS, metagenomic next-generation sequencing.







Conventional microbiological testing methods

Mycoplasma pneumoniae, EBV and CMV antibodies were detected by enzyme-linked immunosorbent assay using a detection kit (Beijing Beier Bioengineering Co., Ltd., Beijing, China). PCR analysis for CMV, EBV and M. pneumoniae were performed using a kit from Amplly Biotech (Xiamen Amplly Biotechnology Co., Xiamen, China). Using GENESIS antigen kits (Hangzhou Genesis Biodetection & Biocontrol Co., Ltd, Hangzhou, Zhejiang, China), influenza A, influenza B, ADV, and RSV were detected. Gram-stain was determined by using the BaSO Gram-staining kit (BaSO Medical Devices Co., Ltd., New Taipei City, Taiwan). Specimens were sent to the laboratory for screening of pathogens using semiquantitative culture (Autobio Diagnostics Co., Zhengzhou, China) and to determine their antimicrobial susceptibility using VITEK®2 (BioMérieux, Craponne, France).





mNGS and analysis

According to the manufacturer’s instructions, DNA/RNA was extracted from 200–300 μL sputum and BALF samples using the TIANMicrobe Magnetic Patho-DNA/RNA Kit (TIANGEN Biotech Co., Ltd., Beijing, China). The extracted DNA/RNA samples were subjected to quality inspection by Qubit 4.0 Fluorometer/NanoDrop One (Thermo Fisher Scientific Inc., Waltham, MA, USA). The cutoff concentration of DNA ≥ 0.05 ng/μL and the A260/A280 of RNA was 1.9–2.1. The next analysis was continued after quality confirmation. RNA was reverse-transcribed into full-length cDNA using the Full-length cDNA Synthesis Kit (YEASON, Shanghai, China). The reverse-transcribed cDNA and DNA were used for library construction using the Universal Plus DNA Library Prep Kit for MGI V2 (Vazyme Biotech Co., Ltd., Nanjing, China). The constructed library was subjected to quality inspection by the Qubit 4.0 Fluorometer (Thermo Fisher Scientific Inc., US) and Qsep400 fragment analyzer (BiOptic BIO-TECH Inc., Jiangsu, China). High-throughput sequencing through the DNBSEQ-T7 sequencing platform (MGI Tech Co., Ltd., Shenzhen, China) was then completed by the Chigene Translational Medical Research Center Co. Ltd. (Beijing, China).

	1. Data Quality Control: We first performed quality control on the raw sequencing data by removing low-quality bases and adapters using Trimmomatic (version 0.39). The data volume, Q30, and GC content were then calculated. If the number of clean data reads was less than 10 million, the sample was flagged for retesting. Additionally, if Q30 was less than 80% or GC content was less than 30%, the sample was subjected to further experimentation.

	2. Host Removal: After quality control, we removed human sequences using snap-aligner (version 1.0.20) and bowtie2 (version 2.4.4) alignment software. Ribosomal rRNA sequences were removed using SortMeRNA (version 4.3.4). We then calculated the proportion of non-host sequences.

	3. Species Identification, Filtering, Annotation, and Genome Coverage Calculation:

	a. After obtaining relatively clean non-host sequences, we performed BLASTn (version 2.11.0) alignment to identify the species information for the non-host sequences.

	b. For sequences that matched the pathogenic microorganism database, we classified them into two groups based on coverage and identity. Sequences with coverage ≥95% and identity ≥90% were classified as Group A, and those with coverage ≥85% and identity ≥85% were classified as Group B. We performed LCA filtering for Group A to select species-specific sequences, counted the number of sequences for each species, and annotated the species in the knowledge base. For Group B, we calculated the genome coverage for each species.

	c. We then applied a filtering rule for species belonging to the same genus, as follows:

	i. If a genus had only one species, that species passed the filtering rule, and its ‘genus_pass’ flag was set to 1.

	ii. If the most abundant species accounted for more than 75% of the total reads in a genus, only that species passed the filtering rule, with ‘genus_pass’ set to 1, while other species did not pass, and their ‘genus_pass’ was set to 0.

	iii. If the most abundant species accounted for more than 40% of the total reads in a genus, and the second most abundant species accounted for more than 30%, both species passed the filtering rule, with ‘genus_pass’ set to 1, while other species did not pass, and their ‘genus_pass’ was set to 0.

	iv. If none of the above conditions were met, all species in that genus passed the same genus filtering rule, with ‘genus_pass’ set to 1.

	4. Summarizing Species Annotation Results and Generating Report Data: We combined the species annotation results and generated a comprehensive report, which included information on the identified species, their relative abundance, genome coverage, and annotations from the knowledge base.







Data collection

During hospitalization, baseline characteristics such as name, age, sex, symptoms, underlying diseases, medication history, and epidemiological history were collected. Furthermore, data such as laboratory test results (e.g., blood routine and biochemical tests), imaging findings, and treatments (e.g., antimicrobial) used, were obtained. Clinical outcomes were also recorded, including hospital stay duration and overall medical expenditure.





Statistical analyses

Enumeration data were displayed as numbers and percentages, whereas measurement data were shown as means with standard deviations or medians (ranges). We used 2 × 2 contingency tables to ascertain the PPVs, NPVs, sensitivity, and specificity of mNGS in sputum and BALF samples for patients with paired findings. A Kappa analysis was used to measure the degree of agreement between sampling methodologies. A two-tailed P-value of less than 0.05 was deemed statistically significant. SPSS V20.0 was used for the statistical analyses (IBM SPSS Statistics for Windows, IBM Corp., Armonk, NY, USA).






Results




Baseline characteristics

This study included 68 pediatric patients with LRTIs consisting of 47 males (69.1%) and 21 females (30.9%). The median age was one year three months (range: 1 month to 11 years); most were younger than three years (70.6%). Four patients had tracheomalacia, six had airway stenosis, and twelve had congenital heart disease. Foreign bodies were found in the trachea of eight individuals. Eleven individuals had a vitamin D deficiency, and eight patients were anemic. Furthermore, one patient had a skin fistula, one had hydronephrosis, and one had a subglottic hemangioma. The average time from admission to sampling was three days (range: 3 to 20 days), and all patients were treated with antibiotics before bronchoscopy (Table 1).


Table 1 | Baseline data characteristics of children with LRTIs.







Pathogen detection by mNGS in paired BALF and sputum samples

Overall, 64 (94.1%) and 67 (98.5%) patients were pathogen-positive by mNGS in the paired BALF and sputum specimens, respectively (P = 0.366). In the BALF samples, 19 (27.9%) cases were found to have a single pathogen, and 45 (66.2%) had a mix of pathogens. However, for the paired sputum samples, 12 (17.6%) cases had a single pathogen, and 55 (80.9%) cases had a mix of pathogens.

In the BALF samples and the paired sputum specimens, the most common bacterial species and mycoplasma were (in descending order): Streptococcus pneumoniae, Haemophilus influenzae, Haemophilus parainfluenzae, Moraxella catarrhalis, and M. pneumoniae. In descending order, the most common viruses in the BALF samples were RSV, CMV, metapneumovirus, rhinovirus, and EBV, while in the sputum samples, the most common viruses were RSV, CMV, rhinovirus, metapneumovirus, and EBV. Additionally, three fungi were detected: Pneumocystis jirovecii (BALF: 4 cases; sputum: 3 cases), Aspergillus fumigatus (BALF: 3 cases; sputum: 0 cases), and Candida albicans (BALF: 2 cases; sputum: 2 cases) (Figure 2).




Figure 2 | Metagenomic next-generation sequencing results from bronchoalveolar lavage fluid samples. The horizontal coordinates represent each patient from 1 to 68. The vertical coordinates represent positive (red) and negative (blue) results for pathogen detection.







Consistency of mNGS pathogen detection in paired BALF and sputum samples

Using the BALF pathogen results as the reference, we calculated the sensitivity, specificity, PPV, NPV, and Kappa agreement value of the sputum pathogen results, which are presented in Table 2.


Table 2 | A comparative detection of pathogens by mNGS from BALF and paired sputum samples in LRTI patients.



For bacterial detection in sputum, the overall sensitivity, specificity, PPV, and NPV were 0.93, 0.33, 0.72 and 0.73, respectively. The Kappa value was 0.30 (95% confidence interval [CI]: 0.218–0.578, P < 0.001). However, various microorganisms yielded different outcomes. H. influenzae had the highest Kappa value (0.73) of the four most common bacteria, while M. catarrhalis had the lowest (0.24). Statistical analyses were not performed for the remaining four bacterial species with low detection rates due to the limited number of cases. Additionally, one case of Escherichia coli was identified in the sputum and BALF of the same patient. Furthermore, one case of Pseudomonas aeruginosa and one case of Tropheryma whipplei were detected in the BALF samples, although neither was detected in the sputum samples. Finally, three instances of Staphylococcus aureus were identified in the sputum, but none were detected in the BALF.

For viral detection in sputum, the sensitivity, specificity, PPV, and NPV were 0.87, 0.57, 0.82, and 0.67, respectively. The Kappa value was 0.46 (95% CI: 0.231–0.693, P < 0.001), slightly higher than that for bacteria. The Kappa value for RSV was 0.80, indicating a very high level of consistency. The Kappa values for CMV, metapneumovirus, and rhinovirus, which had high detection rates, were 0.76, 0.77, and 0.67, respectively. Six patients tested positive for M. pneumoniae on both the BALF and sputum samples. Furthermore, C. albicans was detected in two patients’ BALF and sputum samples, and A. fumigatus was detected in the BALF of three individuals but not identified in the sputum. Finally, P. jirovecii was detected in the BALF of four cases, of which three were also positive in the sputum.





Conventional culturing versus mNGS for bacterial detection in BALF

The conventional microbial cultures of BALF samples from 68 patients yielded positive bacterial results in 12 individuals (positivity rate: 17.6%) with five types of single-pathogen bacteria. However, 44 patients tested positive for bacteria using mNGS (positivity rate: 64.7%), demonstrating a statistically significant difference from the conventional method (P < 0.01). Of the 12 patients with positive conventional bacterial cultures, one patient had Enterobacter cloacae detected on culture yet no bacteria were detected by mNGS, one patient had a culture result of S. pneumoniae yet mNGS detected H. influenzae, and the remaining 10 patients had the same pathogenic bacteria detected by mNGS. (Table 3).


Table 3 | The distinction between the conventional culture approach and mNGS for BALF bacterial detection.



In this study, we conducted a comparison between the outcomes of conventional microbiological culture and mNGS of BALF. Additionally, we evaluated the results of conventional microbial investigation of BALF in conjunction with paired sputum mNGS for the purpose of bacterial detection. (Figure 3) Among the 56 patients who had negative conventional BALF culture, only 7 individuals were negative for both BALF and sputum by mNGS. However, 31 patients were positive for both, suggesting that mNGS had a superior positive detection rate in comparison to conventional microbiological culture.




Figure 3 | mNGS pathogen identification in BALF and sputum samples (A) Identification of pathogens in BALF and sputum samples in patients with negative culture results. (B) BALF culture results from 68 patients: 12 positives (blue), 56 negatives (yellow) (C) Identification of pathogens in BALF and sputum samples in patients with positive culture results.







Conventional microbial culturing for bacterial detection in sputum and BALF

The sputum of 68 patients was collected for conventional bacterial culture on admission; 14 (20.6%) and 12 (17.6%) patients had positive sputum and BALF culture results, respectively (P = 0.66; Table 4). The interval between the initial sputum collection and the BALF collection was three days (range: 3 to 13 days). The sensitivity, specificity, PPV, and NPV of the initial sputum culture to predict BALF were 0.42, 0.84, 0.36, and 0.87, respectively. The Kappa value was 0.24 (95% CI: −0.034 to 0.514, P < 0.047), indicating low agreement (Table 5).


Table 4 | Bacterial culture results of sputum and BALF.




Table 5 | Number of pathogens in sputum and BALF by conventional microbial test in LRTIs patients.








Discussion

The identification of a causative pathogen of an LRTI in children is crucial to ensure administration of appropriate treatment, but suitable specimen selection and implementation of appropriate detection methods has always been a clinical challenge. The most prevalent clinical specimens for respiratory tract infections are sputum samples, which are easier to obtain than BALF samples. However, their diagnostic value is debatable. Previous studies have primarily assessed the differences in predilection between the upper and lower airways for infections with certain viruses (Soccal et al., 2010; López Roa et al., 2012; Bogoch et al., 2013; Wurzel et al., 2013; Hakki et al., 2014; Lachant et al., 2017; Boonyaratanakornkit et al., 2020) or bacteria (Dubourg et al., 2015; Lu et al., 2017). Most of the studies have been performed in unique patient populations, such as those who are immunocompromised due to immunodeficiencies (Azadeh et al., 2015), cystic fibrosis (Burns et al., 2012), or those who have undergone transplantation requiring immunosuppressants (Hakki et al., 2014; Boonyaratanakornkit et al., 2020). Thus, guidance for patients with ordinary respiratory tract infections is limited. mNGS has the potential to detect all infections in a clinical sample (Diao et al., 2022). Therefore, to the best of our knowledge, we present the first study to comprehensively assess the diagnostic usefulness of mNGS to detect bacteria, viruses, fungi, and mycoplasmas in sputum samples from children with LRTIs.

Tao et al. (Tao et al., 2022) reported that mNGS detected pathogens in BALF and sputum at rates of 82.7% and 75.8%, respectively, which were lower than the pathogen detection rates in our study (BALF: 94.1%; sputum: 98.5%). Furthermore, our detection rates were higher than those previously reported in adult patients (Duan et al., 2021; Diao et al., 2022). Moreover, the co-infection rates in BALF and sputum were high in our study, reaching 80.9% in sputum and 66.2% in BALF, which were again higher than that previously reported (53.3%) (Tao et al., 2022). The overall pathogen detection rate and mixed infection rate may have been higher in our study as we only included a small number of participants with a definite diagnosis of LRTI. Additionally, while some patients had unspecified pathogens, other had definitive ones, such as M. pneumoniae pneumonia, with solid lung lesions which required bronchoscopy. Thus, these selection biases likely influenced the pathogen detection rates in this study.

A meta-analysis revealed that conventional molecular methods identified one or more respiratory viruses in 55% of pediatric pneumonia cases worldwide. Children under the age of five years had the greatest rate of pediatric community-acquired pneumonia with a confirmed respiratory virus (Pratt et al., 2022). In our study, the viral detection rate using mNGS was 73.5% for sputum and 69.1% for BALF, which is higher than previous reports. Identification differences of viruses in upper and lower airway specimens have been discussed in several previous works (Renaud et al., 2013; Wurzel et al., 2013; Hakki et al., 2014; Azadeh et al., 2015; Lu et al., 2017; Boonyaratanakornkit et al., 2020). For example, a retrospective study found that the PPV and NPV of viral detection in upper airway specimens for the lower respiratory tract were 86% and 94%, respectively, suggesting that the upper airway detection results can accurately reflect the causative pathogen of a lower respiratory tract infection to a high degree (Hakki et al., 2014). Another study of patients who were immunosuppressed also found a high concordance between upper airway viral testing and BALF (PPV: 88%, NPV: 89%, Kappa = 0.729) (Lachant et al., 2017). Our study found that the overall PPV and NPV for viruses were 0.82 and 0.67, respectively, which is lower than previous reports. Further, the agreement was moderate (Kappa = 0.46). However, the concordance of sputum and BALF was significantly dependent on the identification of the virus. RSV ranked foremost among viruses detected in sputum and BALF, which is consistent with prior studies (Shi et al., 2015). In our study, RSV detection was highly concordant in the upper and lower airways (Kappa = 0.8), which is similar to the study by Boonyaratanakornkit et al. who investigated respiratory infections in hematopoietic stem cell transplant patients (92% concordance) and by Hakki et al. (100% concordance) (Hakki et al., 2014; Boonyaratanakornkit et al., 2020). These studies imply that in cases of positivity of upper respiratory tract testing for RSV, in combination with clinical and imaging evidence, that RSV infection of the lower respiratory tract should be considered.

In our study, human rhinovirus (HRV) detection was much higher in the sputum samples than in the BALF samples. Consistent with earlier findings (Wurzel et al., 2013), all positive BALF specimens were detectable in sputum specimens; however, there were five instances of a positive sputum sample with a negative BALF sample. Another study found a significant prevalence of HRV discordance in the upper and lower airways, with a Kappa value of 0.199 (Boonyaratanakornkit et al., 2020). Furthermore, previous studies have found that HRVs are more likely to replicate at colder temperatures, making the nasopharynx and upper airways more susceptible to infection (Mosser et al., 2005; Killington et al., 1977).

Two studies reported a high inconsistency rate between the upper and lower airways regarding ADVs, with Kappa values of 0.001 (Boonyaratanakornkit et al., 2020) and 0.213 (Luo et al., 2021). However, other studies have drawn opposite conclusions, reporting that upper airway specimens had a sensitivity of 69% and a specificity of 90% for detecting ADV and a moderate agreement (Kappa = 0.561). Furthermore, another study reported that ADV has a high specificity in children younger and older than three years of age (Lu et al., 2017). Herein, we found a low ADV positivity rate; however, all BALF-positive patients were also sputum-positive. Therefore, a negative upper airway test suggested that lower airway ADV isolation was unlikely, while a positive result did not consistently predict infection.

Few studies have documented the variations in the detection rates of bacteria in the upper and lower airways. Luo et al. (Luo et al., 2021) studied the consistency of bacteria detection rates in nasopharyngeal aspirate and BALF samples in 533 patients; however, the Kappa value was only 0.013, suggesting that the consistency between the two for bacterial detection was very poor. However, that study included patients who had already taken antibiotics on admission, which reduces the specimens’ positivity rate and indirectly affects the detection ability. However, two other studies reported good consistency between bacteria detected in the upper and lower airways, with Kappa values of 0.813 and 0.767 (Rong et al., 2020; Shi and Zhu, 2021). Therefore, they concluded that sputum samples should be given precedence in clinical practice under specific circumstances. Nonetheless, the participants in these two studies were adults. Thus, further study is required to see if this result can be applied to children. In our study, every patient underwent antibiotic treatment before undergoing bronchoscopy. Surprisingly, when we analyzed the conventional bacterial culture results of BALF, we found that only 17.6% of cases tested positive for bacterial presence. In contrast, the bacterial positivity rate of mNGS was significantly higher at 64.7%, showing a clear statistical difference. Notably, mNGS exhibited a higher capability to detect bacteria even in the presence of antibiotic therapy, aligning with findings from earlier research (Diao et al., 2022). While the total incidence of bacterial consistency in the upper and lower airways was low (Kappa = 0.3) in our study. Therefore, doctors should proceed with caution when diagnosing LRTIs based on bacteria identified in the sputum.

M. pneumoniae is a common pathogen that causes community-acquired pneumonia in children (Kutty et al., 2019), accounting for 10–40% of cases (Jain et al., 2015). Luo et al. (Luo et al., 2021) reported moderate consistency for M. pneumoniae detection between upper airway and BALF samples (Kappa = 0.407), implying that M. pneumoniae positivity from nasopharyngeal samples could be evidence of an M. pneumoniae infection. In our study, M. pneumoniae detection in the upper and lower airways were highly consistent, despite possible selection bias due to a limited sample size. This result also implies that in patients with suspected pneumonia caused by M. pneumoniae infection, that further testing for an upper airway infection with M. pneumoniae may be used to confirm the diagnosis.

The number of identified fungal cases was limited in our study; thus, a consistency analysis was not performed. However, P. jirovecii and C. albicans were highly consistent in the distribution of the four detected fungi in the upper and lower airways, despite the limited sample size. Hence, further research is needed.

There are some limitations to this research. First, selection bias is possible since this was a single-center study, and the expense of mNGS testing restricted the sample size. Furthermore, all patients received antibiotics prior to bronchoscopy, and after three days of empirical treatment, none of the patients showed signs of improvement. Therefore, whether our results apply to most patients with LRTIs requires confirmation in a prospective multicenter study using a larger sample of patients. Second, the mNGS-detected pathogens were not confirmed by other molecular tests on a genetic level due to the limitations of traditional techniques to detect infections. Lastly, the research period was only seven months, which does not represent differences in the incidence of various diseases, particularly viruses, across seasons, nor does it accurately reflect the total incidence of viruses.





Conclusion

Viral detection in sputum and BALF samples were in moderate concordance; thus, clinicians can reliably diagnose lower respiratory tract viral infections based on sputum. However, such decisions should also consider underlying patient characteristics, clinical presentation, and the specific pathogen. Conversely, clinicians should cautiously diagnose a bacterial infection of the lower respiratory tract based on sputum samples only since bacterial identification was inconsistent and the concordance of results between BALF and sputum samples was poor.
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Objective

To assess the diagnostic efficacy of metagenomic next generation sequencing (mNGS) for proven invasive pulmonary aspergillosis (IPA).





Methods

A total of 190 patients including 53 patients who had been diagnosed with proven IPA were retrospectively analyzed. Using the pathological results of tissue biopsy specimens as gold standard, we ploted the receiver operating characteristic (ROC) curve to determine the optimal cut-off value of mNGS species-specific read number (SSRN) of Aspergillus in bronchoalveolar lavage fluid (BALF)for IPA. Furthermore, we evaluated optimal cut-off value of mNGS SSRN in different populations.





Results

The optimal cut-off value of Aspergillus mNGS SSRN in BALF for IPA diagnosis was 2.5 for the whole suspected IPA population, and 1 and 4.5 for immunocompromised and diabetic patients, respectively. The accuracy of mNGS was 80.5%, 73.7% and 85.3% for the whole population, immunocompromised and diabetic patients, respectively.





Conclusions

The mNGS in BALF has a high diagnostic efficacy for proven IPA, superioring to Aspergillus culture in sputum and BALF and GM test in blood and BALF. However, the cut-off value of SSRN should be adjusted when in different population.





Keywords: metagenomic next generation sequencing, BALF, invasive pulmonary aspergillosis, ROC curve, diagnostic efficacy




1 Introduction

The genus Aspergillus, consisting of 350 species, can be divided into six subgenera, of which Aspergillus is the most common subgenus. Aspergillus is a saprophytic fungus found in a variety of habitats, such as soil, compost, and dust (Houbraken et al., 2020). Aspergillus species are the most common cause of pulmonary mycosis with a broad spectrum of clinical presentations. The most common causative subgenus is the A. fumigatus species complex, followed by Aspergillus flavus, Aspergillus terreus and Aspergillus niger (Lass-Florl et al., 2021). Because Aspergillus is widespread in the environment, Aspergillus conidia easily enter the body through the respiratory tract, and infection can occur locally or spread to adjacent or distant sites by aspiration of the spores. Pulmonary aspergillosis includes allergic bronchopulmonary aspergillosis (ABPA), chronic pulmonary aspergillosis (CPA), and invasive pulmonary aspergillosis (IPA). ​IPA occurs primarily in immunocompromised individuals, but also in some immunocompetent individuals. ​It is a major cause of morbidity and mortality in patients, especially in patients with neutropenia following glucocorticoid therapy, immunosuppressive therapy, bone marrow transplantation, or chemotherapy.​ Diagnosis of IPA is graded according to probability (possible, probable, or proven), due to the lack of typical clinical signs and the variable sensitivity and specificity of radiological and mycological tests. According to The European Organization for Research and Treatment of Cancer and Mycoses Study Group Education and Research Consortium (EORTC-MSGERC), probable IPA can be diagnosed according to host, clinical and mycological criteria, and only in immunocompromised patients. Possible IFD can be considered if the cases only meet the host and clinical criteria, although the definition of possible IFD is still controversial. A diagnosis of proven IPA can be made by the presence of hyphal or melanized yeast-like forms in histopathology accompanied by evidence of associated tissue damage. The definition of proven IPA applies to any patient, regardless of the patient's immune status (Donnelly et al., 2020). 

Fungal detection methods for the diagnosis of IPA include fungal culture, specific polymerase chain reaction (PCR) or galactomannan antigen(GM)test. Despite all these mycological trials, diagnosis of IPA is challenging. The GM test is a relatively specific biomarker for IPA diagnosis, which can be detected in serum and BALF. Data on the sensitivity and specificity of this test vary. Relevant studies showed that the sensitivity and specificity of this test in serum was 58%-92% and 85%-95%, respectively. The sensitivity and specificity of this test in BALF was 75%-86% and 93%-100%, respectively (Zhou et al., 2017). But all of those studies were performed in specific cohorts, such as immunosuppressed population and typically in probable IPA, not for proven IPA. The positive rates of sputum culture and BALF culture were low (Lamoth and Calandra, 2022). PCR has been used to assist in the diagnosis of invasive aspergillosis for more than 20 years and has been included in EORTC/MSG definitions of IPA since 2020. However, the performance of PCR was similar to GM test (White et al., 2015). Microscopy and culture in sputum or BALF are routine microbiological methods for identifying fungi, but culture is time-consuming and both of them are relatively insensitive. Evidence of fungal infection in histopathology is the gold standard for the diagnosis of IPA. However, lung biopsy is an invasive test that is not suitable for all patients.

Metagenomic next-generation sequencing (mNGS) produces millions to billions of readings per instrument run by directly sequencing several individual DNA molecules in parallel, regardless of their composition. Adenine, guanine, thymine, and cytosine are the four continuous bases that make up reads, the fundamental product of DNA sequencing (Simner et al., 2018). Following the completion of the sequencing, offline data were automatically identified using software for analyzing pathogenic microorganism sequencing data, data quality control was carried out on the raw data, human hosts were eliminated, and comparisons with a self-built pathogen database were made for species identification (Chiu and Miller, 2019).​ The sequencing data were analyzed for species specific read number (SSRN) and genome coverage (%), and the Aspergillus depth with SSRN≥1 was considered positive. The data interpretation method has been described in detail elsewhere (Xing et al., 2020).

At present, mNGS technology is increasingly used in the clinical diagnosis of infectious diseases, especially when the pathogens of infectious diseases are not available or the anti-infective treatment is not effective. Many studies have shown the diagnostic value of mNGS in virus infections, but little research has been done on pulmonary fungal infections, especially Aspergillus infections. Interpretation of mNGS results is also difficult due to the frequent presence of oral microbiota and colonized micro-organismsin the respiratory specimens (S. et al., 2017; L. et al., 2018; Miao et al., 2018). To the best of our knowledge, the diagnostic efficacy of mNGS for pulmonary aspergillosis has not been investigated using histopathological findings as the gold standard. Hence, we conducted this study to evaluate the diagnostic efficacy and cut-off value of mNGS for proven invasive pulmonary Aspergillosis and the differences among different populations.




2 Methods



2.1 Study design

Inclusion, exclusion and diagnostic criteria

This research was a retrospective study. First, the electronic medical records system was searched to collect 768 patients with suspected invasive pulmonary fungal disease who were hospitalized in the First Affiliated Hospital of Zhengzhou University from October 1, 2020 to October 1, 2022. According to the inclusion and exclusion criteria, 190 patients were finally enrolled in the study. Inclusion criteria:1. Age≥ 18 years. 2. Patients who had taken both lung biopsy and BALF for mNGS and the detection time of lung biopsy and BALF mNGS wasn’t more than one week. 3. The lung biopsy and BALF mNGS were performed before antifungal administration. Exclusion criteria: the type of fungus cannot be distinguished by lung histopathology. Finally, 190 patients were finally selected (Figure 1). According to EORTC/MSG (Donnelly et al., 2020), the positive of septate hyphae in histopathological staining and in the culture in sterile site are the criteria for proven case. ​Proven IPA diagnosis criteria in our study: pathological results of lung tissue specimens obtained from needle aspiration or surgical biopsy revealed septate hyphae, confirmed as Aspergillus by two independent pathologists based on Aspergillus morphological features, and accompanied by evidence of associated tissue damage.​ ​The risk factors for immunocompromised patients are as follows: administration of steroids for more than 3 months or at doses greater than 0.5 mg/kg/d or other immunosuppressants, transplantation of a solid organ, chemotherapy for solid tumors within 5 years, diagnosis of hematological malignancy, and primary immunodeficiency. The diagnosis of diabetes was made according to the WHO diabetes diagnosis standard in 1999. We defined the mNGS result as positive when the species-specific read number (SSRN) of Aspergillus was greater than or equal to 1. We also performed GM test and fungal culture in BALF for auxiliary diagnosis. The diagnostic efficacy of mNGS in BALF were analyzed in all patients, and then in immunocompromised population and diabetes population (Figure 1). All clinical procedures were performed according to the Declaration of Helsinki’s principles. The First Affiliated Hospital of Zhengzhou University’s institutional ethics committee gave its approval for this study(2023-KY-0365).




Figure 1 | Flow chart of the research design. A total of 768 patients with suspected invasive pulmonary fungal diseases were screened out. Finally190 patients were finally selected by inclusion and exclusion criteria. We take the mNGS as positive when the reads number of the strict mapping reads number genus was no less than 1. IPA, invasive pulmonary aspergillosis; non-IPA-PD, non-invasive pulmonary aspergillosis-pulmonary disease; mNGS, metagenomic next generation sequencing; BALF, bronchoalveolar lavage fluid.






2.2 Methods of obtaining bronchial lavage solution

The bronchoalveolar lavage was performed according to standard procedures. After clearing the airway, the end of the bronchoscope was embedded in the opening of the bronchial or sub-segment. The total amount of 37 degrees Celsius saline was rapidly injected through the operating aperture, and the total amount of 40ml was injected twice. After each injection, BALF was obtained by appropriate negative pressure suction, and the total recovery rate was ≥30%. The second collected BALF was collected for mNGS.




2.3 mNGS procedures for specimens

The collected BALF was sent to the laboratory for mNGS testing within 2 hours and the procedures were performed according to the routine operation of mNGS in our gene hospital Laboratory, which includes sample pretreatment, nucleic acid extraction, library preparation, sequencing and data analysis. In simple terms, first, the experimental instruments were cleaned, disinfected, and treated with nucleic acid scavenger. A total of 800 μL of alveolar lavage solution was taken (the sticky sample was liquefied with enzyme liquefaction solution), transfer the samples to a 2 mL Lysing Matrix E tube (manufactured by MP Company) with 1 g of 0.5 mm glass bead. Utilize the Jingxin JXFSTPRP-4D wall-breaking instrument (Shanghai Jingxin Industrial Development Co., Ltd.) to initiate the treatment program at 18 m/s for a duration of 420 seconds, aiming to physically break the sample cell walls. Then the Humoral microbial DNA Kit (PMD101, Nanjing Practice Medicine Diagnostics Co., Ltd) was used to extracted DNA. After that, the Qubit® 1×dsDNA HS Assay Kit and Qubit 4.0 fluorometer were used to measure the nucleic acid concentration. According to the standard process quality control standard, the quality control concentration of DNA in BALF was 0.2 to 100 ng/μL. Qubit concentration, the concentration of DNA extracted from all samples in our research met the quality control standards. DNA fragments were enzymatically sheared into 200-300 bp lengths using the MGI VAHTS Universal Plus DNA Library Prep Kit (NDM617, Vazyme, China). Following fragment size optimization, end-repair was performed. Subsequently, DNA libraries were constructed through adapter ligation and PCR amplification. Quality control of the DNA libraries was conducted using the Qubit 2.0 fluorometer (Thermo Fisher Scientific, USA) to ensure library concentration exceeded 1 ng/μl.

Eligible double-stranded DNA libraries were converted into single-stranded circular DNA libraries by DNA denaturation and cyclization. Then the DNA nanospheres (DNB) were prepared according to available formulations. Finally, each DNB was loaded into a lane for sequencing on the BGISEQ-200 platform (BGI, Shenzhen, China) (Drmanac et al., 2010). For quality control, raw reads were filtered by fastp v.2.20.0 with default parameters (Chen et al., 2018). After adapter trimming and filtering low-quality sequences, the clean reads that mapped to human reference assembly GRCh38 with bowtie2 v2.5.1 (Langmead and Salzberg, 2012) were removed. Here, we designed a curated pathogen reference databases for selecting representative genomes from the NCBI GenBank genome database (Shi et al., 2020). For each species, only one typical strain sequences were selected from the assembly_summary.txt file, when annotated with the refseq_category= ‘reference genome’ or ‘representative genome’ and the assembly_level= ‘Complete genome’, ‘Chromosome’ or ‘scaffold’ (Jing et al., 2021). Currently, our curated database contains 12,895 bacterials, 11,120 viral taxa, 1,582 fungal taxa, 312 parasites, 184 mycoplasma chlamydia taxa, and 177 mycobacteriums. The remaining reads were aligned to the pathogen reference databases with parameters ‘-Y -h 1000’ by BWA v0.7.17 (Li and Durbin, 2010). Then, we implemented the lowest common ancestor (LCA) annotation strategy to define taxon-specific reads by an in-house python pipline, as previously reported (Jing et al., 2021). Finally, the species-specific read number (SSRN) of Aspergillus was obtained.




2.4 Statistical analysis of the data

The chi-square test was used for categorical variables. The Kolmogorov-Smirnov test was used to check the normality of the data distribution. A t-test was applied to the normally distributed variables. The Wilcoxon signed rank test was used for non-normally distributed variables. The diagnostic performance of mNGS was measured by area under the curve (AUC) of receiver operating characteristic (ROC). Sensitivity, specificity, positive predictive value, negative predictive value, positive likelihood ratio, negative likelihood ratio, accuracy, and the AUC were calculated for comparisons among different subpopulations. Statistical data were processed and analyzed using SPSS 26.0 (IBM Corp.). A P value of <.05 (2-sided) was considered statistically significant.





3 Results



3.1 General characteristics

A total of 190 patients were enrolled, including 53 patients with proven IPA and 137 patients with proven non-invasive pulmonary aspergillosis-pulmonary disease (non-IPA-PD). Among the specimens with histologically proven non-IPA-PD, 89 were nonspecific inflammation, 20 were lung cancer, 14 were Mucor, 9 were Cryptococcus, 3 were Candida Albicans, 1 was Marneffei basket bacteria and 1 was pulmonary alveolar proteinosis (Figure 2). The general characteristics of the two groups of patients are shown in Table 1. The variables of hemoptysis, CRP and Lymphocytes had significant differences between the proven IPA and proven non-IPA-PD patients. The mNGS had good differential diagnosis value between proven IPA and proven non-IPA-PD (P < 0.05), while the variables of GM test in serum, GM test in BALF, sputum-culture and BALF-culture had no significant difference between two groups (P > 0.05; Table 1).




Figure 2 | The distribution of lung histopathological in 190 patients.




Table 1 | The general characteristics of patients.






3.2 Diagnostic efficacy of mNGS in BALF for all patients

ROC curve was plotted according to the Aspergillus SSRN of mNGS in BALF for all patients enrolled (Figure 3A). When the youden index was at its maximum point, the cut-off value of mNGS SSRN was 2.5, and the mNGS in BALF had a high diagnostic efficiency with AUC of 0.790(95%CI: 0.712,0.867), sensitivity of 73.6%, specificity of 83.2%, PPV of 62.9%, NPV of 89.1%, PLR of 2.788, NLR of 0.317, and diagnostic accuracy of 80.5% (Table 2). ​A cut-off value of 1 would generate the ultimate sensitivity with 75.5% while a cut-off value of 372238 would generate the ultimate specificity with 100%.




Figure 3 | (A) The ROC curve of the whole populationwith cut-off value of the SSRN of mNGS was 2.5. (B) The ROC curve of the population with different immune states. The optimal cut-off value was 2.5 in immunocompetent population while the optimal cut-off value was 1 in immunocompromised population when the Youden index is at its maximum. (C) In the immunocompromised population, the AUC was 0.7417 when the cut-off value was 2.5 (blue line), while the AUC was 0.7875 when the cut-off value was 1 adjusted according to the maximum Youden index (red line). (D) The ROC curve of the population with and without diabetes. The optimal cut-off value was 2.5 in the population with no diabetes while the optimal cut-off value was 4.5 in the population with diabetes when the Youden index is at its maximum. (E) In the diabetes population, the AUC was 0.7929 when the cut-off value was 2.5 (blue line), while the AUC was 0.8321 when the cut-off value was 4.5 adjusted according to the maximum Youden index (red line).




Table 2 | Diagnostic efficacy of mNGS in BALF in different populations.






3.3 Diagnostic efficacy of mNGS in BALF for different populations

The mNGS in BALF also had a high diagnostic efficiency when applied to different populations. The population was divided into immunocompromised and immunocompetent groups based on immune status, and into diabetic and non-diabetic groups based on the presence or absence of diabetes. Then we also plotted the ROC curve (Figures 3B, D). The AUC was 0.787(95% CI: 0.617,0.958) in the immunocompromised group and was 0.795 (95% CI: 0.710,0.881) in the immunocompetent group. The AUC was 0.823(0.663,0.983) in the diabetes group while the AUC was 0.786(95% CI: 0.696,0.876) in the non-diabetes group. When the cut-off value was taken as 2.5 in all different groups, the sensitivity, specificity, and accuracy of immunocompromised group were 75.0%, 73.3% and 73.7%, respectively, and of immunocompetent group were 73.3%, 86.0% and 82.2%, respectively; the sensitivity, specificity, accuracy of diabetes group was 78.6%, 80.0% and 79.4%, respectively, and of non-diabetes was 71.8%, 83.8% and 80.8%, respectively.

Interestingly, when cut-off value was adjusted according to the Youden Index at its maximum point, the immunocompetent group and the non-diabetes group had the same cut-off value, consistent with the whole patients. However, the cut-off values were different according to the Youden Index at its maximum point in immunocompromised group and the diabetes group. In the immunocompromised group, when the cut-off value was adjusted as 1 according to the Youden, the AUC, sensitivity, specificity, and accuracy were 0.788, 87.5%, 70.0% and 73.7%, respectively. Compared with the cut-off value of 2.5, the accuracy had no shift, but the AUC and sensitivity had a significant increase, and the specificity had a slight decrease (Table 2; Figure 3C). For the diabetes group, when the cut-off value was 4.5 adjusted by the Youden Index, the sensitivity, specificity, and accuracy were 71.4%, 95.0% and 85.3%, respectively. Compared with the cut-off value of 2.5, the AUC, accuracy and the specificity had a remarkable increase with a mild decrease in sensitivity (Table 2; Figure 3E).





4 Discussion

Fungal infections, including IPA, have always been a major threat to human health (Fisher et al., 2018). Timely and accurate diagnosis of IPA remains a great challenge, which facilitates precision treatment (Thompson and Young, 2021). With the aging of the population, the application of broad-spectrum antibiotics, antineoplastic drugs, immunosuppressants, as well as the widespread use of invasive examinations and organ transplantation, the incidence of IPA has increased (Sindhu et al., 2019; Cabrera et al., 2022; Hlophe et al., 2022). The diagnosis of IPA includes three levels: proven, probable, and possible. The proven diagnosis depends on histopathological biopsy, microscopic analysis of sterile material, culture of sterile material, blood culture, tissue nucleic acid diagnosis (Donnelly et al., 2020). Due to absence of typical clinical presentation, the low vigilance of IPA in clinical practice, and the difficulty in obtaining qualified specimens, IPA is easily underdiagnosed and misdiagnosed (Davies et al., 2022; Ekeng et al., 2022), resulting in patients missing treatment opportunities and even death (Lowes et al., 2017). Therefore, it is urgent that novel detection methods are needed to meet the clinical requirements.

The mNGS technology has been developing for several years (Inglis and Edwards, 2022). With the development of technology, the diagnostic efficiency of mNGS has been greatly improved, which has greatly enhanced the ability of clinicians to diagnose infectious diseases (Miao et al., 2018). Traditionally, auxiliary examination methods for the diagnosis of IPA include chest imaging findings, direct evidence of Aspergillus infection (such as microscopy or culture of biopsy, strong galactomannan positive in serum or bronchoalveolar lavage fluid, or Aspergillus polymerase chain reaction) (El-Baba et al., 2020). Chest imaging findings are often atypical, and it is frequent appearance that the same disease present with different images and the same image represent different diseases (Hage et al., 2019). Tissue biopsy procedure, an invasive examination method, can lead to great damage to the patient, especially in critically ill patients, causing a large proportion of patients’ tissue specimens cannot be obtained (Yu et al., 2020). Fungal culture of upper respiratory tract secretions lags clinical practice because of the long culture period and high false positive and false negative rates (Saubolle and McKellar, 2001). Aspergillus PCR is a confirmatory test that relies on existing nucleic acid sequences, with a narrow detection range (White et al., 2015). The mNGS technology, an exploratory detection method, is based on the sequencing and analysis of microorganisms and host nucleic acids in clinical samples, which can detect a variety of pathogenic microorganisms without bias. It can directly, rapidly, and objectively identify a large number of pathogenic microorganisms (viruses, bacteria, fungi, parasites) in clinical samples (Miao et al., 2018; Gu et al., 2019). However, due to its high sensitivity, it also brings certain clinical troubles, especially for opportunistic pathogens. When the number of mNGS sequence is relatively low, it is hard to determine whether the pathogens is pathogenic, such as Aspergillus. Therefore, our research used the histopathological results of admitted patients as the gold standard to evaluate the diagnostic efficacy of mNGS for IPA.

Our research indicated that mNGS in BALF for IPA had a good diagnostic efficacy in whole patient population when the cut-off value of SSRN of mNGS was 2.5. At this point, the Youden index was the largest, and the sensitivity, specificity and accuracy synthesis is optimal (AUC, 0.790; sensitivity, 73.6%; specificity, 83.2%; accuracy, 80.5%, respectively). However, when applying the SSRN of mNGS in different populations, the cut-off values should be adjusted accordingly (the cut-off values of mNGS sequences in immunosuppressed subgroup and diabetic subgroup were 1 and 4.5, respectively). In the immunocompromised population, when the cut-off value was adjusted from 2.5 to 1, the corresponding AUC increased from 0.742 to 0.788, the balance accuracy (sensitivity + specificity/2) increased from 74.15% to 78.75%, and the accuracy did not alter. While the ROC curve after adjusting the cutoff value by the Youden index showed that the balance accuracy was higher than the accuracy, several studies reported accuracy rather than balance accuracy (Subasi, 2012; Wei and Dunbrack, 2013), which could be more realistic indicator. In the diabetic population, when the cut-off value was adjusted from 2.5 to 4.5, the corresponding AUC increased from 0.793 to 0.832, and the accuracy increased from 79.4% to 85.3%. Moreover, our study found culture in sputum and BALF and GM test in blood and BALF had no statistically significant difference between Proven IPA and Proven non-IPA-PD groups (P > 0.05). This may be due to the low positive rate (9/176) and sensitivity (1/50) of sputum culture. Meanwhile, the positive rate and the sensitivity of BALF culture were also low (31/170 and 7/43, respectively). Because of additional fungal diseases in the Proven non-IPA-PD group, including mucormycosis, cryptococcosis, candidiasis, etc. (27/89), which contributed to an increased positive rate of GM test, there was no statistically significant difference in GM test in serum and BALF between the two groups (P > 0.05). In addition, the samples were almost all from non-neutropenic patients in our study and neutrophils can clear GM in serum (Koulenti et al., 2014), and this could also lead to no statistically significant difference in GM test in serum between two groups, which was consistent with previous studies (Vergidis et al., 2020; Arastehfar et al., 2021). Although studies on the diagnostic performance of mNGS for IPA were plentiful (Hoenigl et al., 2023), studies using histopathology as the gold standard are still lacking (Peng et al., 2021). To the best of our knowledge, this research is the first comparative study of the diagnostic efficacy of mNGS using histopathology as the gold standard.

Despite the rigorous design and careful analysis, our study has limitations. The diagnosis of invasive pulmonary aspergillosis based on histological microbial morphology is not sufficiently accurate. A definitive diagnosis still requires confirmation by positive Aspergillus culture or positive Aspergillus specific PCR test on biopsy tissue. Because of the tiny amount of tissue obtained by lung biopsy, it was difficult to obtain enough tissue for Aspergillus culture and PCR testing, but our proven IPA cases were mutually verified by two experienced independent pathologists according to the characteristic morphology of Aspergillus. The mNGS can detect many microorganisms, including parasitic bacteria, colonizing bacteria, background bacteria and pathogenic bacteria, but it cannot determine which is the pathogenic bacteria or which is the dominant pathogen, and there are no drug sensitivity results to guide clinical practice (Miao et al., 2018; Simner et al., 2018). Therefore, mNGS cannot replace traditional pathogen culture. Making clinical decisions, clinicians must accord to the specific clinical condition, which need to combine the patient’s immune status, symptoms, physical examination, comprehensive conventional microbiological tests, inflammatory, serological, imaging, and other indicators.




5 Conclusions

The mNGS in BALF has a high diagnostic efficacy for proven IPA, superioring to Aspergillus culture in sputum and BALF and GM test in blood and BALF. However, the cut-off value of SSRN should be adjusted when in different population.
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Introduction

The advent of metagenomics next-generation sequencing (mNGS) has garnered attention as a novel method for detecting pathogenic infections, including Non-Tuberculous Mycobacterial (NTM) and tuberculosis (TB).However, the robustness and specificity of mNGS in NTM diagnostics have not been fully explored.





Methods

In this retrospective study, we enrolled 27 patients with NTM genomic sequences via mNGS and conducted a comprehensive clinical evaluation.





Results

Pulmonary NTM disease was the most commonly observed presentation, with a subset of patients also presenting with extrapulmonary NTM infections.mNGS analysis identified six distinct NTM species, primarily Mycobacteriumavium complex (MAC), followed by Mycobacterium intracellulare andMycobacterium abscessus. Conventional routine culture methods encountered challenges, resulting in negative results for all available 22 samples. Among the 10 patients who underwent quantitative polymerase chain reaction (qPCR) testing, five tested positive for NTM.





Discussion

It is important to note that further species typing is necessary to determine the specific NTM type, as traditional pathogen detection methods serve as an initial step. In contrast, when supplemented with pathogen data, enables the identification of specific species, facilitating precise treatment decisions. In conclusion, mNGS demonstrates significant potential in aidingthe diagnosis of NTMdisease by rapidly detecting NTM pathogens and guiding treatment strategies. Its enhanced performance, faster turnaround time (TAT), and species identification capabilities make mNGS a promising tool for managing NTM infections.
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Introduction

Non-tuberculous mycobacteria (NTM), previously referred to as atypical mycobacteria, are a group of bacteria commonly found in the environment that can cause disease under specific conditions (Johansen et al., 2020). NTM encompasses mycobacterial species other than Mycobacterium tuberculosis, Mycobacterium bovis, and Mycobacterium leprae. While sharing some antigenic characteristics with M. tuberculosis, NTM exhibit distinct properties, such as increased susceptibility to pH changes (acids and bases)(Gopalaswamy et al., 2020). Additionally, NTM display greater tolerance to commonly used anti-tuberculosis drugs and can grow at temperatures less stringent than those required by M.tuberculosis, potentially leading to tuberculosis-like lesions (Cowman et al., 2019; Ratnatunga et al., 2020).

Pulmonary NTM infections account for 90% of all NTM cases, emphasizing the importance of focusing on pulmonary NTM infections (Falkinham, 2016; Wassilew et al., 2016). While NTM infections primarily affect the lungs and cause bacillary pneumonia, they can also occur in other parts of the body. Symptoms and signs of NTM pulmonary disease (NTM-PD) are nonspecific. CT examinations typically reveal various manifestations in the lungs, including bronchiectasis, nodules, cavities, and solid lesions, often presenting with multiple CT findings (Gopalaswamy et al., 2020; Kumar and Loebinger, 2022; Pathak et al., 2022; Varley and Winthrop, 2022).

Conventional microbial culture methods used for diagnosing NTM infections present challenges due to their long culture time and low positive culture rate. To overcome these limitations, metagenomic next-generation sequencing (mNGS) technology has emerged as a promising DNA/RNA sequencing method. mNGS offers higher throughput by amplifying all nucleic acid sequences in the sample with the potential to detect all possible pathogens without bias (Han et al., 2019; Diao et al., 2022). This unbiased approach is particularly valuable for the early diagnosis of difficult-to-detect infections. Consequently, mNGS is increasingly being employed in clinical practice, playing a significant role in improving diagnostic capabilities (Li et al., 2021; Gökdemir et al., 2022). However, the diagnostic potential and specificity of mNGS in NTM diagnosis are still being evaluated in clinical practice. While mNGS has shown promise as a novel method for detecting respiratory pathogenic infections, including NTM, further research and validation studies are needed to assess its specificity and reliability compared to traditional diagnostic methods.

In this retrospective study, we acknowledge the need for further species typing and the importance of combining mNGS with other pathogen detection methods as an initial step. This approach allows for the identification of specific NTM species, which is crucial for guiding precise treatment decisions. While mNGS can rapidly detect NTM pathogens and provide species identification, it should be supplemented with other diagnostic tools to confirm and validate the findings. We aimed to assess the diagnostic potential of mNGS in 27 patients with NTM genomic sequences identified at our hospital from March 2021 to March 2023. Our objective was to evaluate the effectiveness and accuracy of mNGS as a diagnostic tool for NTM by integrating the patients’ clinical characteristics. We comprehensively analyzed the patients’ clinical data, including symptoms, medical history, and imaging findings, in conjunction with mNGS results to determine the performance of mNGS in diagnosing NTM infections.





Materials and methods




Patient recruitment

A retrospective study was conducted at the First Affiliated Hospital of Zhengzhou University to evaluate the diagnostic potential of metagenomic next-generation sequencing (mNGS) for non-tuberculous mycobacterial (NTM) infections. Patients with NTM detected in clinical specimens using mNGS between March 2021 and March 2022 were included in the study. Diagnosis of NTM infection was made by clinical experts based on diagnostic criteria, including the Guidelines for the diagnosis and treatment of non-tuberculous mycobacterial disease (2020 edition), clinical presentation, laboratory examination, microbiological examination, and radiological examination. A total of 27 patients who met the entry criteria were enrolled in the study. Demographic characteristics, clinical history, laboratory tests, mNGS results, polymerase chain reaction (PCR) results, and microbiological culture information were collected and recorded in the hospital information system.





Specimen collection

Four types of specimens were collected, including 21 bronchoalveolar lavage fluid (BALF) samples, 4 lung tissue specimens, 1 abscess specimen, and 1 pleural fluid specimen. BALF, pleural fluid, and abscess samples were collected in quantities of 5ml or more and stored in 50ml cryopreservation tubes. Lung tissue samples larger than 3 x 3 x 3 mm³ were placed in 5 ml dry ice cryopreservation tubes for transport.





Diagnostic process efficiency

To assess the efficiency of the diagnostic process, several time points were defined. The sample time was the duration from the date of admission to the date of sample collection. Turnaround time (TAT) referred to the period from sample submission for mNGS or microbial culture to the receipt of the report. Result time was calculated as the time elapsed from the date of admission to the receipt of the mNGS or microbial culture report.





Metagenomics NGS and bioinformatics

Samples were processed using the NGSmaster™ (Hangzhou Jieyi) automated workstation for nucleic acid extraction, reverse transcription (for RNA samples), nucleic acid fragmentation, end-complementation, terminal adenylation, sequencing adapter ligation, and purification, resulting in the formation of sequencing libraries. Library quantification was performed using fluorescent quantitative PCR, and the libraries were subsequently sequenced using the Illumina Nextseq™ 550 high-throughput sequencing platform with a targeted output of 20 million 50 bp single-end sequence data per read.

Bioinformatic analysis was conducted to analyze the library sequence data. Human genomic sequence data were filtered out, and the remaining sequence data were compared to a microbial reference database to determine microbial species, sequence number, and relative abundance.

Quality control measures included the inclusion of negative controls (dummy samples containing human-derived nucleic acids) and positive controls (inactivated pseudovirus particles) to monitor background microorganisms and RNA sequencing quality.

Reporting rules for mNGS analysis included meeting quality control requirements for sequence data and discrimination between background and true microorganisms using negative control analysis.

The mNGS reporting rules are: 1) the sequence data meet the quality control requirements (library concentration > 50 pM, Q20 > 85%, Q30 > 80%); 2) the negative control (NC) does not contain the species detected in the same microarray or has an RPM (sample)/RPM (NC) ≥ 5, thus discriminating between background and true microorganisms.





Routine culture

Pre-treatment of sputum specimen culture: add equal volume of diluted sputum digest to the sputum, vortex the specimen for 20-30 seconds and leave it at room temperature for 15 minutes; vortex again to further liquefy the specimen, and prepare it for immediate inoculation of the specimen. Take the suspension with a swab into the culture medium and draw a line.

General bacterial culture: inoculate the treated specimen on Columbia blood plate and chocolate plate, put it into 35°C, CO2 incubator environment, observe the characteristics of colonies and smear for gram staining after 18-24 hours, and make preliminary identification according to the morphology of the organism. According to the morphology and characteristics of the organism, the preliminary identification will be made.

Mycobacterium tuberculosis culture: before the first sputum inoculation of stray bacteria in the modified Roche medium, placed in 35°C culture, generally the first week to observe the peal times, and then once a week to observe the time of colony appearance, morphology, positive results at any time. Morphology, positive results at any time to send a report, the negative 6 weeks later to send a report. (4) Fungi with sand Paul plate and Komaja fungi color plate culture, after inoculation put 28 °C ordinary incubator.





Statistical analysis

Statistical analyses were performed using R version 3.6.1. Categorical variables were presented as counts and percentages and compared using Fisher’s exact test. Continuous variables were expressed as means with standard deviations (SD) and compared between groups using the Wilcoxon rank sum test. Statistical significance was defined as a two-tailed p-value less than 0.05.






Results




Patients’ characteristics

	1. Baseline information and clinical characteristics of all patients are summarized in Table 1.

Among the 27 patients included in the study, 9 were male, and 18 were female. The age range of the patients varied from 30 to 79 years, with a mean age of 58.41 years. 14 patients were aged over 60 years, comprising approximately 52% of the total patient cohort. Regarding hospitalization details, only one patient among the 27 had been admitted to the intensive care unit and was on a ventilator for an extensive duration of 2787 hours. The remaining patients did not require intensive care or ventilation. In terms of the length of hospital stay, most of the NTM patients had relatively shorter stays of less than 20 days. However, four patients experienced a longer length of stay, exceeding 20 days. Clinical symptoms reported by the patients revealed that cough was the most prevalent symptom, followed by fever, chest tightness, chest pain, and hemoptysis. Additionally, 17 out of the 27 patients had one or more underlying medical conditions, including chronic lung diseases such as bronchiectasis and COPD, post-surgical conditions (lung tumor, lung transplant, and gynecological tumor), and other medical conditions such as hypertension, diabetes mellitus, and coronary heart disease. Regarding the type of NTM infection, 25 patients were diagnosed with intrapulmonary NTM infection, while the remaining 2 patients had extrapulmonary NTM infection.




Table 1 | Patients’ characteristics.



	2. The mNGS and microbial culture information is summarized in Table 2.

Among the 27 patients included in the study, samples were collected from four different types: 21 patients provided bronchoalveolar lavage fluid (BALF), three patients provided lung tissue samples, one patient provided thyroid tissue, one patient provided pleural effusion, and one patient provided an abscess sample. Microbiological cultures were conducted in 22 of these 27 patients, but all of the cultures yielded negative results. The turnaround time (TAT) for mNGS was only 1 day in 23 patients, while only 1 out of the 22 cultures had a TAT of 1 day. This indicates that the average TAT for mNGS was significantly shorter compared to culture-based methods (1.19 days vs. 3.86 days, respectively, p<0.001).

The mean time to receive the mNGS result from the time of admission to the hospital was 14.19 days, while the mean time for the culture result was 8.14 days. However, there was no statistically significant association between the two (p>0.05). It is worth mentioning that among the 27 patients, a few individuals required admission to the intensive care unit and ventilator support for an extended period due to severe underlying diseases. Consequently, their time to receive mNGS and culture results was significantly prolonged, impacting the overall statistics of mNGS and culture result times.




Table 2 | mNGS and microbiological culture information.



	3. The imaging characteristics of the patients are summarized in Table 3.

We collected imaging data from a total of 27 patients, with CT scans available for all except two patients who had their CT scans performed outside the hospital. Analysis of the CT scans revealed several common patterns of NTM infection distribution. Most patients exhibited lesions in the upper regions of both lungs, near the pleura. However, in some patients, the infection was observed in the lower lung regions, while in others, the infection involved the hilar lymph nodes. Lung nodules were detected in 18 out of 25 patients (72%), and 20 patients (80%) displayed patchy or solid lung shadows. Approximately 30% of the patients exhibited various imaging findings, including ground-glass opacities, fibrous ground-glass opacities, bronchiectasis, and the tree-bud sign. Additionally, a few individual patients displayed positive pleural cavities, pleural thickening, and emphysema. Notably, none of the 25 patients showed signs of pulmonary atelectasis.




Table 3 | Patient’s imaging characteristics.







Results for mNGS

	1. All 27 patients had NTM infections detected by mNGS and the type of NTM infection is shown in Figure 1A.

Among the 27 patients included in the study, 74% had a single NTM infection. The most prevalent single NTM infection was Mycobacterium avium complex (MAC), accounting for 44% of all infections. Other single NTM infections included Mycobacterium abscessus (11%), Mycobacterium occasionalis (7%), Mycobacterium wolframei (4%), Mycobacterium intracellulare (4%), and Mycobacterium torulare (4%).

Regarding mixed NTM infections, which involve one or more NTMs along with other bacteria, fungi, or viruses, all the mixed infections observed in the 27 patients consisted of one type of NTM along with other microorganisms. The most common mixed infections were NTM + fungus, accounting for 11% of all infections. This was followed by NTM + other bacteria (7%), NTM + fungus + other bacteria (4%), and NTM + other bacteria + virus (4%).

In our analysis of mNGS results from the 27 patients, we detected a total of six different types of NTM. Mycobacterium avium complex (MAC) was the most frequently detected, occurring 16 times. Mycobacterium abscessus was detected five times, while Mycobacterium avium and Mycobacterium intracellulare were each detected twice. Mycobacterium turtle and Mycobacterium wolfram were detected once each. These findings suggest that MAC is likely the most common type of NTM infection detected in our hospital (Figure 1B).






Figure 1 | Summary of NTM infections. (A) Types of NTM infection; (B) Detection frequency of NTM.



	2. A comparison of mNGS, PCR, and conventional culture results is presented in Table 4.

Among the 27 patients included in the study, conventional culture was performed on samples from 22 patients. However, all of these culture results were negative. 10 patients also underwent qPCR testing using a universal NTM primer, 5 tested positive for NTM infection, indicating the presence of NTM DNA in their samples.




Table 4 | Comparison of mNGS, PCR, and conventional culture.







Prognosis of patients

During the follow-up period, we monitored the prognosis of the 27 patients who participated in the study. Out of the 26 surviving patients, one patient unfortunately passed away due to severe underlying diseases, specifically paraplegia and respiratory and circulatory failure. For the remaining patients, we collected data on their follow-up CT scans to assess the progression of the disease. The follow-up period varied from half a month to nine months, with the majority of patients having follow-up scans between one and three months after the initial assessment. Among the patients with available follow-up CT data (12 patients), we compared the pre- and post-treatment CT findings.

Out of these 12 patients, nine showed either complete resolution or apparent improvement of lung lesions in their follow-up CT scans. This indicates a positive response to treatment. On the other hand, three patients did not show any resolution of their lung lesions in the follow-up CT scans. These patients had their follow-up CT scans at different time intervals: half a month, three months, and six months, respectively. Upon reviewing the medical records, we found that five out of the 12 patients underwent changes in their medication regimen, including the administration of specific antibiotics, after the detection of NTM infection by mNGS. This suggests that tailored treatment interventions based on mNGS results were implemented for these patients (Figure 2).




Figure 2 | (A–X) Imaging features of some NTM patients before and after treatment.








Discussion

In this retrospective study, our primary objective was to assess the utility and specificity of metagenomic next-generation sequencing (mNGS) in diagnosing and managing non-tuberculous mycobacterial (NTM) disease. We enrolled a total of 27 patients based on the detection of NTM genomic sequences through mNGS. Additionally, we thoroughly evaluated the patients’ clinical characteristics, underlying diseases, site of infection, treatment history, and prognosis, along with other laboratory tests including qPCR. All 27 patients included in the study were diagnosed with NTM infection based on a combination of clinical presentation and examination results, as determined by specialists. This comprehensive approach ensured a reliable diagnosis and enhanced the accuracy of our findings. Consistent with previous studies, we found that mNGS had a faster turnaround time (TAT) compared to microbial culture. Moreover, the positive predictive value of mNGS was higher than that of culture, aligning with existing studies (Miao et al., 2018; Chen et al., 2021). Another key advantage of mNGS over PCR assays is its ability to provide specific typing of NTM strains, enabling clinicians to make well-informed medication decisions more rapidly.

Non-tuberculous mycobacteria (NTM) are mycobacterial species excluding Mycobacterium avium complex (MAC), Mycobacterium leprae, and Mycobacterium abscessus complex (MABC) as the primary types (Haworth et al., 2017; Daley et al., 2020) The incidence of NTM infections has been gradually increasing globally, with Asian populations experiencing a rising incidence rate of approximately 39.6 cases per 100,000 person-years, increasing at a rate of 19 cases per 100,000 person-years annually (Shteinberg et al., 2018). In China, as tuberculosis control measures have improved, the incidence of NTM infections has also been gradually increasing. Clinical data from Miao et al. (2018) indicates that approximately 47% of patients with infectious diseases are infected with Mycobacterium avium, of which approximately 50% are attributed to NTM. However, it is worth noting that the detection rate of NTM is lower than its actual incidence due to limitations in diagnostic techniques (Raju et al., 2016). Addressing the challenges associated with the diagnosis of NTM infections is crucial for accurate identification and appropriate management. Advancements in diagnostic techniques, such as mNGS, hold promise in enhancing the detection and typing of NTM, enabling more effective diagnosis and treatment.

The distribution of non-tuberculous mycobacteria (NTM) in nature is influenced by various factors, including geographical location and climate, resulting in variations in the incidence of NTM disease across different regions (Sharma and Upadhyay, 2020). In our institution, the most commonly detected NTM species among NTM infections was the Mycobacterium avium complex. Out of the 27 patients with NTM infections in this study, Mycobacterium avium nontuberculosis complex was found in 16 patients, followed by Mycobacterium abscessus, Mycobacterium occasionalis, and Mycobacterium intracellulare. However, it is important to note that the predominant NTM species may vary by region. For example, in Beijing, China, Mycobacterium intracellulare and Mycobacterium kansasii were the most common, while in Shanghai, Mycobacterium kansasii was the most prevalent, followed by Mycobacterium intracellulare and Mycobacterium tortugae/abscessus.

The pathogenesis of non-tuberculous mycobacterial (NTM) infections is characterized by its occurrence at any age, with a higher prevalence in women and the elderly, particularly menopausal women. Several underlying lung diseases, such as tuberculosis, bronchiectasis, chronic obstructive pulmonary disease (COPD), cystic fibrosis, pneumoconiosis, primary ciliary dyskinesia, alpha1-antitrypsin deficiency, allergic bronchopulmonary aspergillosis, chest deformities, chest tumors, and post-lung transplantation, have been identified as important risk factors for NTM infection (Billinger et al., 2009; Cassidy et al., 2009; Prevots et al., 2010; Ratnatunga et al., 2020).

In our study, out of the 27 patients included, 20 were female and 13 were over 50 years of age. Furthermore, 18 of the 27 patients had varying degrees of underlying diseases, such as post-operative lung tumors, post-lung transplantation, post-operative gynecological tumors, and chronic obstructive pulmonary disease. The clinical manifestations of NTM infection are similar to those of tuberculosis, including systemic toxicity and local damage, but the symptoms of systemic toxicity are generally less severe than those of tuberculosis. Patients with NTM infection may present with a range of symptoms, from no obvious symptoms for an extended period to cough and sputum production. Some patients may experience rapid disease progression with symptoms such as cough, sputum production, hemoptysis, chest pain, chest tightness, shortness of breath, night sweats, low-grade fever, weakness, and wasting (Gopalaswamy et al., 2020).

The diagnosis of non-tuberculous mycobacterial (NTM) infections can be challenging, and the guidelines mentioned highlight the importance of NTM cultures and molecular biological testing in the diagnostic process (Pennington et al., 2021). However, it is noted that the positive rate of microbiological cultures for NTM can be low, and the culture process itself can be time-consuming and difficult, especially considering the growth requirements of some NTM strains. Additionally, there is currently no widely available technique for directly identifying NTM species from clinical specimens. While culture remains the primary step for identification, further diagnostic methods are necessary to determine the species (Pennington et al., 2021). IOngoing research aims to develop methods for the direct identification of NTM organisms from clinical samples. Polymerase chain reaction (PCR)-based methods are being explored for rapid identification of NTM species in respiratory samples, but their accuracy for strain typing is still limited (Kim and Park, 2019). In our study, none of the 27 patients had positive results in microbiological cultures. This underscores the challenges associated with culture-based identification of NTM. However, qPCR testing was performed in 10 patients, with five showing positive results. Further identification of the specific infecting NTM species is necessary for these patients. Continued advancements in diagnostic techniques for NTM infections are important to improve the accuracy and efficiency of identification, which, in turn, will aid in appropriate management and treatment decisions.

mNGS is an innovative technology increasingly utilized for the detection of infectious agents. It represents a breakthrough in pathogen detection due to its use of random primers for unbiased amplification and its higher sensitivity compared to traditional detection methods (Street et al., 2017; Chiu and Miller, 2019; Lee et al., 2019; Miller et al., 2019). One of the key advantages of mNGS is its high sensitivity, enabled by the ability to sequence DNA at a sufficient depth, allowing for the accurate detection of pathogens even when they are present in low numbers. Additionally, mNGS has the capability to simultaneously and independently sequence large amounts of DNA, without prior knowledge of the specific pathogen. This is particularly advantageous in the context of NTM infections, as a significant proportion of patients with NTM infections often have underlying lung diseases such as bronchiectasis and chronic obstructive pulmonary disease (COPD). These patients may harbor multiple infections that are challenging to detect using conventional culture or molecular techniques targeting a single pathogen. Consequently, misdiagnosis or missed diagnoses can occur (David, 1987). In the case of NTM infections, sputum is the most accessible specimen for repeated testing. However, invasive procedures like bronchoscopy or tissue puncture to obtain specimens can be difficult for some patients. Therefore, the development of a method that can detect pathogens from a single specimen would be highly beneficial, as it would provide valuable guidance for clinical diagnosis and treatment.

Our study findings highlight the advantages of mNGS in diagnosing NTM infections with co-infections by other pathogens, as well as its shorter detection time compared to traditional culture-based methods. The ability of mNGS to detect co-infections involving Pseudomonas aeruginosa, Aspergillus, and viruses demonstrates its superiority over other molecular detection techniques in identifying multiple pathogens concurrently. The rapid turnaround time of 2-3 days for obtaining pathogenic evidence with mNGS is particularly advantageous compared to the average feedback time of 7-14 days for culture-based methods. This expedited diagnosis supports the recognition of mNGS as a valuable tool for early and rapid disease diagnosis in clinical practice (Aoki and Kushimoto, 1987; Swenson et al., 2018; Han, 2022). Additionally, our study highlights another advantage of mNGS, which is its ability to directly target specific NTM strains without the need for further strain typing. This feature saves time and cost while enabling clinicians to guide precise dosing decisions for NTM infections (Gopalaswamy et al., 2020) (Gökdemir et al., 2022). By providing information on the specific NTM strain, mNGS facilitates tailored antibiotic treatment, which can lead to improved patient outcomes. Medication adjustments based on mNGS results led to improved prognosis for five patients during follow-up.

It’s also important to acknowledge the limitations of our study, including the small sample size of 27 patients. The limited prevalence of NTM may have contributed to the small sample size. Additionally, as mNGS is a relatively new technology in our institution, the retrospective nature of this single-center study further restricts the sample size. It’s crucial to validate the diagnostic efficacy of mNGS for NTM in larger sample sizes to establish more reliable conclusions. (Nayak, 2010). Furthermore, the complexity of NTM cultures prevented the screening of patients with positive NTM cultures, which is another limitation to consider.





Conclusion

In our study, the clinical characteristics and infection status of patients with clinically diagnosed NTM disease who tested positive for mNGS were evaluated. The turnaround time (TAT) of mNGS was found to be faster compared to microbial cultures, which is beneficial in the timely diagnosis of NTM infections. The complexity of NTM culture resulted in all NTM cultures being negative, underscoring the challenges associated with conventional culture-based methods for NTM detection.

An important advantage of mNGS is its ability to directly type NTM infections without the need for further strain identification, which is required with culture or PCR-based methods. This direct typing enables immediate initiation of targeted treatment based on the identified pathogen type. This aspect of mNGS facilitates the precise clinical use of drugs and optimizes the treatment process for NTM infections.

Overall, our study suggests that mNGS can rapidly and accurately identify NTM pathogens, leading to improved clinical management by guiding precise drug selection. The advantages of mNGS, including its faster TAT and direct typing capabilities, make it a valuable tool in the diagnosis and treatment of NTM infections.
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Background

Severe community-acquired pneumonia (sCAP) is life-threatening and characterized by intensive care unit (ICU) admission and high mortality. And they are vulnerable to hospital-acquired infection. In such a severe condition, metagenomic next-generation sequencing (mNGS) outperforms for short turnaround time and broad detection spectrum.





Case presentation

A 15-year-old male with severe influenza and methicillin-resistant Staphylococcus aureus (MRSA) pneumonia progressed rapidly, initially misdiagnosed as influenza co-infected with Aspergillus for misleading bronchoscopy manifestations. The turnaround time of mNGS is 13 h, which has the potential to expedite the clinical medication process. With the powerful support of mNGS and extracorporeal membrane oxygenation (ECMO), anti-infective therapy was adjusted accordingly, and vital signs gradually stabilized. After tortuous treatment and unremitting efforts, the patient recovered well.





Conclusions

Rapid mNGS applications, timely medication adjustments, strong ECMO support and active family compliance contribute to this miracle of life. False-negative or false-positive results are alarming, anti-infective medications should be adjusted after a comprehensive review of physical status and other indicators.
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Introduction

Severe community-acquired pneumonia (sCAP) is the most dangerous form of community-acquired pneumonia (CAP) (Niederman and Torres, 2022). CAP is mainly caused by Streptococcus pneumoniae (Said et al., 2013) and some respiratory viruses, including influenza virus and rhinovirus (Jain et al., 2015), 21% of the CAP patients required intensive care unit (ICU) admission (Cavallazzi et al., 2020). Unfortunately, these patients are also susceptible to hospital-acquired infection during ICU stay (Markwart et al., 2020). The tortuous treatment course and complicated medication adjustment always result in prolonged hospitalization and unaffordable expenditure (Niederman and Torres, 2022). Even with active treatment, the in-hospital mortality remains high (Cavallazzi et al., 2020). Under this circumstance, early and adequate anti-infective treatment is crucial in severe pneumonia management (Garnacho-Montero et al., 2018). However, traditional pathogen detection methods (culture or specific tests for certain pathogens) seem inadequate for timely comprehensive pathogen identification.

Metagenomic next-generation sequencing (mNGS), an unbiased hypothesis-free detection method, extracts all nucleic acids (DNA or RNA) directly from samples and compares them to reliable database (Chiu and Miller, 2019). Given the broader coverage it provides and the shorter time it requires (Li et al., 2021), mNGS may be valuable in assisting in the diagnosis of rapidly progressing severe pneumonia.

This report describes a case of sCAP caused by Influenza A virus and methicillin-resistant Staphylococcus aureus (MRSA), which later progressed to hospital-acquired pneumonia and blood stream infection (BSI), suggesting the powerful support of mNGS in rapidly progressing severe pneumonia.





Case presentation

A 15-year-old Chinese male developed fever (up to 40.0°C), cough and expectoration 7 days prior to admission (December 23, 2019), while symptomatic treatment at the school clinic was not effective. Three days before admission (December 27, 2019), symptoms worsened, chest tightness and dyspnea occurred. Chest CT showed consolidation in the middle lobe of the right lung and nodular shadows in the lower lobes of both lungs (Figure 1A). Therefore, he was diagnosed with “sCAP” at the local hospital and was treated with piperacillin. However, his dyspnea aggravated heavily and blood pressure dropped suddenly. After receiving vasopressors and high-flow nasal oxygen (HFNO), he was transferred to our hospital for sepsis shock on December 29, 2019.




Figure 1 | Chest CT and bronchoscopy manifestations, inflammatory indicators and pathogen detection results. (A), 3 days before admission, chest CT. (B), Day 2, bronchoscopy. (C–G), Day 5, 14, 21, 36, 57, chest CT. (H), 6 months after discharge, chest CT. (I), Variation of inflammatory indicators (CRP and PCT) (above horizontal axis). Results of pathogen detections (bellow horizontal axis). BALF and blood were collected on Day 2, 7 and 14; only blood was collected on Day 21 and 32, which were all sent for DNA mNGS and culture. Throat swab was sent for PCR testing for Influenza A virus. CRP, C-reactive protein, normal range, <5.00 mg/L. PCT, procalcitonin, normal range, <0.046 ng/mL. BALF, bronchoalveolar lavage fluid.



On admission, he had an increased respiratory rate (24 breaths/min), increased heart rate (127 beats/min), unstable blood pressure (122/69 mmHg, vasopressor applying), and decreased oxygen saturation (92%, HFNO, 6 L/min). Laboratory investigations showed: white blood cell count, 1.7×109 cells/L; hemoglobin content, 122.5 g/L; platelet count, 77×109 cells/L; partial pressure of carbon dioxide, 29.0 mmHg; partial pressure of oxygen, 56.0 mmHg (HFNO, 6 L/min); blood lactate, 3.0 mmol/L; procalcitonin, 61.69 ng/mL; C-reactive protein, 363.33 mg/L; erythrocyte sedimentation rate, 77.0 mm/h; Influenza A virus based on PCR testing of throat swab, positive. On Day 2 of hospitalization, fiberoptic bronchoscopy was performed. A large amount of pseudomembranous necrosis was seen in the airway (Figure 1B), and then paired bronchoalveolar lavage fluid (BALF) and peripheral blood were sent for culture and mNGS. Taking the progression rate, epidemiologic characteristics and bronchoscopic manifestations into consideration, he was clinically diagnosed with sCAP caused by influenza virus and Aspergillus. Therefore, we started empirical intravenous anti-infective therapy (peramivir 0.15 g every 24 h, voriconazole 0.20 g every 12 h and biapenem 0.30 g every 6 h) and inhalation of amphotericin B 25 mg every 12 h.

On Day 3, symptoms deteriorated dramatically with an increased respiratory rate (40 breaths/min), increased heart rate (150 beats/min), increased blood pressure (170/90 mmHg) and he developed confusion. To maintain oxygenation, non-invasive ventilation (NIV) through facemasks, nasotracheal intubation were applied successively, however, the patient remained hypoxic. Therefore, he was transferred to ICU for veno-venous extracorporeal membrane oxygenation (VV-ECMO) support. After the immediate and successful application of ECMO, the vital signs stabilized and consciousness was regained. Simultaneously, mNGS results were obtained within 24 h: Staphylococcus aureus was detected in both BALF and peripheral blood. Regarding to the mNGS results, intravenous vancomycin 0.40 g every 6 h was given, while antifungal drugs were discontinued gradually. As a result, the patient’s inflammatory markers showed a decline. Subsequently, the diagnosis of MRSA was affirmed by BALF culture after an additional 36 h. On Day 5, chest CT indicated right pneumothorax (Figure 1C), so closed thoracic drainage was performed, which successfully drained yellow pus.

On Day 7, in order to assess the effectiveness of the treatment, a second pair of BALF and peripheral blood was sent for mNGS and culture respectively, only a small number of sequences were reported via BALF mNGS, but some Gram-negative bacteria were newly detected via blood mNGS. It rose doubts whether the blood sample was contaminated, so anti-infective drugs were not adjusted immediately. However, Acinetobacter baumannii and Pseudomonas aeruginosa were newly cultured in BALF culture, and the CRP and PCT levels increased (Figure 1I). On Day 14, the body temperature had risen to 38.3°C. Although the abundance of Staphylococcus aureus in BALF mNGS and blood mNGS was low, it was cultured in the pleural fluid, linezolid 0.60 g every 12 h was applied. On Day 21, Acinetobacter baumannii and Pseudomonas aeruginosa were detected via blood mNGS, which were later confirmed by blood culture. Therefore, we gradually adjusted the antibiotic regimen to piperacillin-tazobactam 4.5 g every 8 h, aztreonam 1.0 g every 8 h and polymyxin 50 WIU every 24 h. The inflammatory markers decreased (Figure 1I), the pulmonary inflammation alleviated (Figures 1C–G) and the symptoms improved.

On Day 19 and Day 32, ECMO and intubation were weaned respectively. On Day 64, the patient was able to engage in simple physical activities and was soon discharged to study in school soon later. After 6 months, a repeat chest CT showed that the exudation was absorbed completely and the inflammation resolved well, with only a small amount of bronchiectasis remaining (Figure 1H).





Discussion

sCAP is the most life-threatening form of CAP, characterized as ICU admission and high mortality (Cavallazzi et al., 2020). With advances in viral detection methods, the role of the virus in CAP has been increasingly recognized (Xu et al., 2020). Influenza is caused by influenza A and influenza B viruses, characterized as seasonal and population-based, with most of the severe infections occurring in very young or elderly patients (Krammer et al., 2018). Co-infection with bacteria is one of the main reasons for the high pathogenicity and mortality of Influenza. MRSA is one of the pathogens outside the core microorganisms of CAP, its incidence in CAP is low (Torres et al., 2019). However, in recent years, community-associated MRSA (CA-MRSA) infections in healthy young individuals have emerged, and linezolid is recommended for CA-MRSA cases (He and Wunderink, 2020). Unfortunately, these patients being admitted to ICU are vulnerable to hospital-acquired pneumonia (HAP) and other infections, due to severity of illness and exposure to multidrug-resistant (MDR) organisms, which leads to a worse prognosis (Zaragoza et al., 2020).

Prompt initiation and adequate dose of anti-infective treatment is of great importance in severe pneumonia (Garnacho-Montero et al., 2018; Markwart et al., 2020). In the beginning of the treatment, empirical therapy without definite pathogen detection results is feasible and recommended (Zaragoza et al., 2020). However, there are possible omissions in empirical treatment, the support of pathogen detections is necessary. However, culture takes a long time and is unable to detect viruses, PCR testing of specific pathogens relays on the suspicion of clinicians, relatively rare pathogens are likely to be missed, so they are limited in such critical situation. Compared to mNGS and PCR testing, mNGS shows advantages in rapid pathogen detection for serious infectious diseases. With continuous improvement, the sensitivity and specificity of mNGS have improved and the time required has decreased (Cheng et al., 2022). In this case, the patient is a 15-year-old male with no known diseases, relevant family history or bad habits. The co-infection of Influenza A virus and MRSA in such a healthy male is relatively rare in clinical management, so we initially ignored the possibility of MRSA but we adjusted the anti-infective therapy timely according to mNGS results within 24 h. Subsequently, mNGS rapidly indicated HAP and bloodstream infection (BSI), the short turnaround time and broad organism spectrum of mNGS greatly saved the time and resulted in satisfactory outcome. Along with the high sensitivity comes unsatisfactory specificity, the possibility of colonization and contamination should be alarmed and it is important to note the potential risk of overuse of broad-spectrum antibiotics. Simultaneously, false-negative results due to unqualified samples or faulty algorithms must also be considered. Therefore, anti-infective drugs should be adjusted according to a comprehensive consideration of physical condition and other indicators.

Additionally, prompt ECMO application for patients with severe pneumonia and acute respiratory distress syndrome (ARDS) can improve the survival rate (Park et al., 2019). And research from other institutions suggested that patients with younger age (less than 45 years) and influenza-related ARDS benefit more from ECMO (Dancer, 2014). The patient was a 15-year-old high school student with influenza. On Day 2 of admission, his condition deteriorated rapidly, so he was immediately transferred to ICU for ECMO support. The application of ECMO allowed time for anti-infective treatment, which is also the main reason for the patient’s recovery.

The mortality of severe influenza pneumonia complicated by MRSA infection is very high. Prompt pathogen detections, timely medication adjustments, powerful ECMO application and active family compliance contribute to this miracle of life.
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Introduction

Immunosuppression predisposes allogeneic hematopoietic stem cell transplantation (allo-HSCT) recipients to infection. Prompt and accurate identification of pathogens is crucial to optimize treatment strategies. This multi-center retrospective study aimed to assess the ability of metagenomic next-generation sequencing (mNGS) to detect causative pathogens in febrile allo-HSCT recipients and examined its concordance with conventional microbiological tests (CMT).





Methods

We performed mNGS and CMT on samples obtained from 153 patients with suspected infection during allo-HSCT.  Patients were grouped based on their neutropenic status at the time of sampling.





Results

The mNGS test was more sensitive than CMT (81.1% vs. 53.6%, P<0.001) for diagnosing clinically suspected infection, especially in the non-neutropenia cohort. mNGS could detect fungi and viruses better than bacteria, with a higher sensitivity than CMT. Immune events were diagnosed in 57.4% (35/61) of the febrile events with negative mNGS results, and 33.5% (48/143) with negative CMT results (P=0.002). The treatment success rate of the targeted anti-infection strategy was significantly higher when based on mNGS than on empirical antibiotics (85% vs. 56.5%, P=0.004).





Conclusion

The mNGS test is superior to CMT for identifying clinically relevant pathogens, and provides valuable information for anti-infection strategies in allo-HSCT recipients. Additionally, attention should be paid to immune events in patients with negative mNGS results.





Keywords: metagenomic next-generation sequencing, conventional microbiological tests, diagnostic efficiency, clinical infection, immune events




1 Introduction

Allogeneic hematopoietic stem cell transplantation (allo-HSCT) is a potentially curative therapy for various hematological disorders (Copelan et al., 2019). However, this life-saving procedure poses considerable challenges to patients. Post-transplant immunodeficiency, including severe neutropenia, increases the risk of life-threatening infection, one of the main causes of non-relapse mortality (Neofytos, 2019). The intensive conditioning regimens and immunosuppressive agents used in graft-versus-host disease (GVHD) prophylaxis and treatment further contribute to prolonged immune reconstitution (Zeiser and Blazar, 2017; Gagelmann and Kroger, 2021; Martinez-Cibrian et al., 2021). However, infection signs during transplantation are usually covert and difficult to differentiate from other non-infectious events, such as GVHD. On the other hand, infection, particularly virus infection, play an important role in the occurrence of immune events (Khosla et al., 2018; Ghobadi et al., 2019). Therefore, infection after allo-HSCT is a markedly intricate and multifactorial, distinguishable from infection following chemotherapy, and is the leading risk factor in different phases resulting from different responsible pathogens infection (Sahin et al., 2016). Hence, rapid and accurate identification of causative pathogens is urgently needed to facilitate timely therapy.

Smear microscopy, polymerase chain reaction (PCR) and culture are the conventional microbiological tests (CMT) most commonly used to identify pathogens. However, these methods are relatively insensitive, and pathogen culture is time-consuming. In last 5 years, metagenomic next-generation sequencing (mNGS) has emerged as a powerful alternative method to overcome suchchallenges (Lu et al., 2020), as it can efficiently detect pathogenic microorganisms which are difficult to detect via CMT and distinguish etiologic microorganisms from background commensals with high efficiency and short turnaround time(Huang et al., 2020). However, the diagnostic value of mNGS has not been well evaluated for infection in the context of allo-HSCT, in which more than 80% of febrile events with negative CMT results. In this study, we evaluated the ability of mNGS to detect pathogens in febrile allo-HSCT recipients and examined its concordance with CMT.




2 Materials and methods



2.1 Study design

We retrospectively analyzed the medical records of patients who received allo-HSCT at Ruijin Hospital, the First Affiliated Hospital of Zhejiang University, and Liquan Hospital, GoBroad Medical Institute of Hematology (Shanghai Center) from April 2021 to January 2023. Institutional databases were retrospectively reviewed to extract demographic, clinical and genetic data. All procedures complied with the tenets of the Helsinki Declaration. The requirement for written informed consent was waived, owing to the non-interventional and retrospective nature of the study.




2.2 Infection prophylaxis after allo-HSCT

For herpes simplex virus (HSV) prophylaxis, acyclovir was given at the dose of 400 mg twice a day for 12 months after transplantation (Henze et al., 2022). For pneumocystis jirovecii pneumonia (PJP) prophylaxis, sulfamethoxazole was administrated at a dose of 480mg thrice a week from 2 months to 12 months (Maschmeyer et al., 2016). Between April 2021 and August 2022 (before the introduction of letermovir in China), 111 allo-HSCT recipients were treated with ganciclovir with 5mg/kg twice a day for 7 days prior to transplantation as cytomegalovirus (CMV) prophylaxis (Ljungman et al., 2019). After August 2022, 42 allo-HSCT recipients were treated with letermovir at a dose adjusted to calcineurin inhibitors for at least 3 months. For primary fungal prophylaxis, all patients received posaconazole oral suspension at an initial dose of 200mg thrice a day at the start of the conditioning regimens (Maertens et al., 2018). The efficacy of posaconazole treatment was determined based on therapeutic drug monitoring. The optimal serum trough concentration is>0.5mg/ml for prophylaxis (Chen et al., 2018). In case the trough concentration did not reach the prophylactic concentration, we prefer to increment the dosing frequency to 200mg every 4-6 hours, or switching to tablets or intravenous formulation. The duration of fungal prevention is up to 6 months for allo-HSCT with haploidentical donors (HID) or matched/mismatched unrelated donors (MUD/MMUD) and 3 months for allo-HSCT with matched sibling donors (MSD).




2.3 Standards for mNGS and CMT detection

The criteria for determining positive mNGS detection varied depending on the type of microbes being detected (Xu et al., 2023). A microbe was considered a positive result for bacteria and fungi when the stringently mapped read number (SMRN) at the species level was ≥3 and relative abundance at the genus level was >30%. A microbe was considered a positive result for viruses when the SMRN was ≥3. A microbe was considered positive for parasites when the SMRN was ≥100.

All patients underwent CMT as indicated by the treating physicians. Different specimens were collected for testing based on the type of suspected infection (i.e., blood samples, puncture fluids, BALF, and CSF). Positive CMT results was verified when bacteria, fungi were detected via smear microscopy, culture, and (1,3)-β-D-glucan test (G test), or galactomannan test (GM test). Viruses including CMV and Epstein-Barr virus (EBV), were verified with plasma twice a week via the quantitative real-time PCR. HSV1 was verified by PCR with oropharyngeal swab samples.”




2.4 Definition for mNGS and CMT results assessment

The diagnosis was made by an independent clinical committee comprising two hematologists, one pulmonologist and one radiologist. We comprehensively evaluated the clinical symptoms, radiological manifestations, CMT, and responses to anti-infection therapy to classify the final diagnosis into four categories: clinically significant infection, infection without clinical significance, immune events, mixed events of clinically significant infection and immune events. Also, the identification of final causative pathogens was made based on comprehensive consideration. The mNGS results was classified as definite, probable, possible, unlikely, or false-negative causes of infection. (1) Definite: microbes detected were consistent with those detected by CMT; (2) Probable: microbes detected were probably causative pathogens; (3) Possible: microbes detected showed potential to cause infection, but not as a common cause based on the consideration of clinical medical records; (4) Unlikely: microbes detected by mNGS were non-causative pathogens; (5) False negative: mNGS result was negative, but the case was diagnosed with infection. On the condition of “Definite”, “Probable” and “Possible”, mNGS results were judged as true positive, while on the condition of “Unlikely” they tended to be false positive. The positive predictive value (PPV) and negative predictive value (NPV) of mNGS were calculated as the ratio of true positive or negative mNGS detection to all practical mNGS detection. Initial empirical antibiotic therapy was performed within 24-48 h of clinical signs (Wang et al., 2020). Treatment success was defined as the resolution or reduction of clinical symptoms. CMV detection is defined as the detection and quantification of CMV DNA by either mNGS or PCR in plasma (Ljungman et al., 2017). The definition of clinically significant CMV infection requires clinical symptoms and CMV DNA viremia, necessitating the initiation of anti-CMV therapy by a treating physician (Chemaly et al., 2020).




2.5 Statistical analysis

Data analysis and visual representation of the results were performed using IBM SPSS Statistics for Windows, version 25.0 (IBM Corp., Armonk, N.Y., USA) and R 4.2.0 software (R Foundation for Statistical Computing, Vienna, Austria). Continuous and categorical variables were presented as medians and rang variables, as well as counts and percentages, respectively. Comparative analysis was conducted by Pearson χ2 test and Fisher exact test for discrete variables where appropriate. P-value <0.05 was considered to be statistically significant.





3 Results



3.1 Patient demographics and sample collection

Based on the inclusion or exclusion criteria (Figure 1), we included 271 samples with parallel results for mNGS and CMT from 153 participants. General characteristics of 153 patients were summarized in Table 1. The median age was 47 (range, 15-69) years. We divided these samples into two cohorts based on neutropenic status at the time of sampling: cohort A (neutropenia [n=92]) and cohort B (non-neutropenia [n=179]) (Table 2). The most frequent mNGS sampling specimen was peripheral blood (78.2%), followed by BALF (10.7%), CSF (8.5%), and others (2.6%). Peripheral blood specimen was more common in cohort A than cohort B due to the non-invasive and easily accessible nature.




Figure 1 | Flow chart of the study.




Table 1 | Baseline characteristics description of 153 patients receiving allo-HSCT.




Table 2 | mNGS samples.






3.2 Performance of mNGS and CMT for pathogen detection

We excluded 13 paired mNGS samples collected from different tissues in the same febrile event, and a comparison of the diagnostic results of mNGS with those of CMT methods was made for all 153 participants with 258 samples. The positive detection rate of mNGS was 76.4%, significantly higher than 43.8% of CMT (P<0.001). The positive detection rate was much higher with mNGS when compared with CMT in both cohort A (70.7% vs. 39.1% P<0.001) and cohort B (79.5% vs. 46.4% P<0.001). mNGS and CMT were concordant for 50 of 92 (54.3%) patients (kappa=0.128) in cohort A, and 91 of 166 (54.8%) patients (kappa=0.130) in cohort B (Table 3).


Table 3 | Comparison of positive results and agreement among mNGS and CMT in different specimens.



The detection rate of mNGS in peripheral blood specimens was 75.0%, higher than 41.5% with CMT methods (P<0.001). In non-blood specimens, the detection rates with mNGS and CMT were 79.7% and 54.2%, respectively (P=0.003).




3.3 Microbes landscape detected with mNGS and CMT

Regarding the clinical causative pathogens, bacteria accounted for 57.4% of infection in cohort A, followed by viruses (29.4%) and fungi (13.2%). In cohort B, viruses accounted for 61.1%, followed by bacteria (24.8%) and fungi (14.1%).

For bacteria, mNGS reached a 22.9% positivity rate compared with CMT (16.7%, P=0.077). There was no significant difference in the detection rates of bacteria using mNGS and CMT in cohorts A and B (Figure 2A). Similar results were observed when peripheral blood specimens were analyzed (Figure 2B). Among the 31 suspected bacterial infection cases in cohort A, mNGS results for 16 cases were consistent with CMT methods, with a concordance rate of 51.6% (16/31), and the concordance rate was 35.7% (10/28) in cohort B (Figure 3). Distribution of microbes detected by mNGS and CMT is shown in Supplemental Figure S1.




Figure 2 | Comparison of detection sensitivities of the specific pathogens with mNGS and CMT in two cohorts. (A) Total specimens (B) Blood specimen. * P<0.05 *** P<0.001.






Figure 3 | Summary of the relationship between mNGS and CMT results in cohort A (A) and cohort B (B). Cohort A: neutropenia; Cohort B: non-neutropenia.



For suspected fungi, the detection rate with mNGS was similar to that of CMT (9.3% vs. 6.2% P=0.188) in all cases, but was higher than that of CMT in cohort A (9.8% vs. 2.2% P=0.03, Figure 2A). In cohort A and cohort B, 77.8% and 53.3% of the fungal infection verified by mNGS were not confirmed by CMT, respectively (Figure 3). Of the 14 cases of Aspergillus infection, thirteen cases (92.9%) were detected via mNGS, and only one case (A7, Supplemental Table S1) was detected via CMT method. A1 patient had respiratory symptoms and radiologic manifestation one month after mNGS-positive detection with peripheral blood in the neutropenic stage (Supplemental Figure S2).

More viruses had been identified via mNGS than via CMT because of its high sensitivity (cohort A: 62.0% vs. 14.1% P<0.001; cohort B: 72.3% vs. 36.1% P<0.001) (Figure 2). The concordance rates between mNGS and CMT for viral detection were 22.8% (13/57) in cohort A and 45.8% (55/120) in cohort B (Figure 3). CMV was the most frequently detected virus in both cohorts (cohort A: 33.7%; cohort B: 45.2%). As shown in Figure 4, the peak CMV detection rate using mNGS and the clinically significant CMV infection rate were concentrated between 30 and 60 days after allo-HSCT.




Figure 4 | CMV detection and clinically significant CMV infection in different time periods after allo-HSCT.






3.4 Microbes in non-blood specimens

In BALF specimens (29 cases, Supplemental Table S2), Pneumocystis jirovecii (P. jirovecii) and viruses constituted 79.3% of the microbes detected (Supplemental Figure S3A). Notably, P. jirovecii was detected only by mNGS. In patients with confirmed infectious pneumonia, the mNGS-positive detection rates were 89.3% (25/28 cases) and 64.2% for CMT (18/28 cases). In cases with PJP, the positive rate of the G test in the BALF was 83.3% (5/6 cases), and 12.5% in the peripheral blood (1/8). In 11 cases with positive BALF G/GM results, fungi were detected by mNGS in 6 cases (54.5%), including Candida in 16.7% (1 case) and P. jirovecii in 83.3% (5 cases). In 13 cases with Aspergillus infection verified by mNGS, five of which (38.5%, 5/13) was detected in BALF with mNGS test.

Viruses accounted for 69.6% of causative pathogens in suspected encephalitis (Supplemental Table S3 and Figure S3B). Four patients (27.7%, C2, C5, C6, C18, C23) had simultaneous viremia when diagnosed with viral encephalitis, indicating that CSF testing is pivotal when encephalitis is suspected.




3.5 Diagnostic efficacies of mNGS and CMT on clinically suspected infection and immune events

A total of 168 patients (65.1%) were eventually diagnosed with clinically significant infection, 12 (4.7%) with infection but without clinical significance, 28 (10.9%) with mixed events, and 50 (19.4%) with immune events. The diagnostic capabilities of mNGS, CMT, and the combined protocols for different samples are shown in Table 4. The mNGS test yielded a higher sensitivity (77.4% vs. 52.9%, P<0.001) than the CMT for diagnosing clinically significant infection in peripheral blood samples, and the effect was more prominent in cohort B. In non-peripheral blood specimens, mNGS tended towards higher sensitivity than in peripheral blood specimens. (88.7% vs. 77.4%, P=0.075).


Table 4 | The diagnostic efficacy of mNGS and CMT on clinical suspected infections.



Among the febrile events with negative mNGS results (61 samples), 35 patients (57.4%) were eventually diagnosed with immune events. Among the patients with negative CMT results (143 samples), 48 (33.5%) were diagnosed with immune events (P=0.002). The detailed immune events types are displayed in Supplemental Table S4.




3.6 mNGS in patients with negative CMT results

The spectrum of microorganisms in CMT negative cases were displayed in Supplemental Figure S5. In cohort A, 30 cases with negative CMT results were clinically diagnosed with an infection. Among the 30 cases, mNGS detected pathogens matched the final causative pathogens in 20 cases, including 10 cases of bacterial infection, 2 of fungal infection, 5 of viral infection and 3 of polymicrobial infection. In cohort B, mNGS verified 7 cases of bacterial infection, 3 of fungal infection, 26 of viral infection, and 5 of polymicrobial infection in infected participants with negative CMT results.

Lastly, we retrospectively reviewed the antibiotic regimen and clinical outcomes of the 86 patients. The overall treatment success rate (TSR) was 85% (34/40) for patients treated based on the mNGS results, and 56.5% for those receiving empirical therapy (26/46, P=0.004, Supplemental Figure S4).





4 Discussion

Developing targeted and precise antibiotic therapies without pathogenic evidence remains a substantial challenge in allo-HSCT recipients with underlying infection. In this retrospective study, we evaluated two approaches for microbial detection in allo-HSCT recipients: mNGS and CMT. Few studies have explored the clinical application of mNGS in allo-HSCT recipients (Liu et al., 2021; Zanella et al., 2021; Qu et al., 2022). Our study revealed the diagnostic efficacy superiority of mNGS in immunocompromised patients regardless of their neutropenic status.

The positivity rate of mNGS (76.4%) in our study was approximately 30% higher than that of CMT, consistent with a previous report (Xu et al., 2023). CMT is typically limited by its low coverage rate or restricted detection of a number of suspected microbes (Duan et al., 2021). Real-time metagenomics methods can identify pathogens faster than traditional culture-based techniques and potentially identify pathogens that cannot grow in cultures (Pendleton et al., 2017). Based on the final clinical diagnosis, our results showed that the sensitivity of mNGS (81.1%) was significantly higher than that of CMT (53.6%) for clinical infection requiring intervention. Other groups have reported similar results, highlighting the potential of mNGS to provide etiological evidence in CMT-negative patients (Miao et al., 2018; Wang et al., 2020). However, the specificity was lower than that reported previously (Miao et al., 2018), possibly because of false-positive results of low-quality virus readings. Nevertheless, the combination of mNGS and CMT increased diagnostic accuracy to 88.3%. We compared different antibiotic regimens with or without reference to mNGS results and demonstrated that mNGS had a positive impact on antibiotic adjustment decisions, especially in cases with negative CMT results. Additionally,immune events accounted for a higher proportion of mNGS-negative cases (52.6%) after allo-HSCT, indicating that negative mNGS might hint the presence of immune events, spanning acute GVHD, haplo-fever, engraftment syndrome (ES) and cryptogenic organizing pneumonia (COP, Supplemental Table S4). When physicians make a diagnosis of immune events and initiate steroid therapy, mNGS is recommended to rule out infection events, particularly for non-blood specimens.

Risk factors in the pre-engraftment phase include the presence of neutropenia, lasting for approximately 15–30 days (Sahin et al., 2016). Compared with patients with neutropenia after chemotherapy (Zhu et al., 2018), allo-HSCT recipients with neutropenia presented with a similar pathogen spectrum, with bacteria accounting for 57.4%. Viral infection was observed in all phases after allo-HSCT, but was the dominant causative pathogen in the non-neutropenia phase. In our study, mNGS could detect more virus than PCR. This may be explained by the technical limitations of PCR. The use of PCR in viral detection relies on genetic sequences of known pathogens and high pathogens loads. There are difficulties in detecting viruses with a copy number of less than 103 copies. However, due to the high sensitivity of mNGS, it is easy to identify non-causative viruses that did not require clinical intervention. CMV infection is a serious complication after allo-HSCT. In our study, CMV reactivation was observed throughout the course of allo-HSCT. Previous studies have reported that CMV reactivation incidence ranges from 18% to 85%, with a median onset time of 32 to 41 days after allo-HSCT (Chang et al., 2020; Shen et al., 2022). It was documented that CMV reactivation after allo-HSCT was initiated approximately two weeks after engraftment (Talaya et al., 2020). Our results showed that clinically significant CMV infection was initiated before engraftment (< 12 days) in four cases. However, the incidence of clinically significant CMV infection peaked at 30 to 60 days.

Patients with neutropenia or those undergoing allo-HSCT are at high risk of fungi infection (Chien et al., 2019; Busca et al., 2021). In the present study, the fungi detection rate was 11.6%, which was lower than the 14.9% reported in another study (Qu et al., 2022). This difference may be due to the general prophylactic and pre-emptive therapy during allo-HSCT. It is worth noting that the mNGS test had higher sensibility than CMT on fungi-detection. Histopathological analysis is rarely performed in allo-HSCT recipients because of its invasive nature. In our study, nearly all patients (92.8%) were diagnosed with Aspergillosis using mNGS (including peripheral blood and BALF). Traditionally, Aspergillus cannot grow in peripheral blood, but its hyphae penetrate the air and blood barrier, thus eroding capillary endothelial cells and invading small arteries (Duan et al., 2021). Seven patients (7/14, 50%) were diagnosed with aspergillosis via mNGS with peripheral blood, six in cohort A (the neutropenic stage) and one in cohort B (non-neutropenic stage). P. jirovecii in BALF could only be detected with mNGS. The serum G test has been reported to be used as a reference index for PJP (Tasaka et al., 2007). In our study, of the six patients with PJP who received bronchial lavage for diagnosis, five patients (83.3%) were positive with the G test in the BALF sample, and only one patient (16.7% [1/6]) had a positive G test in peripheral blood.

This study has certain limitations. First, the sample size was small, and further studies with a larger cohort of allo-HSCT recipients are warranted. Second, the mNGS results could be influenced by many factors. In allo-HSCT procedures, fungi prophylaxis is generally performed for up to 3-6 months after transplantation. Prophylaxis could alter the atlas of causative pathogens detected by mNGS. Last, as we mentioned, in the non-neutropenia group, we were more predisposed to use non-blood samples for mNGS, which conferred a higher specificity than blood samples. Immune events were unique to allo-HSCT recipients. Whether mNGS would be used as a negative reference for immune events require further evaluation in future studies.

In summary, our study demonstrated that mNGS holds great potential for detecting causative pathogens of suspected infection and optimizing antibiotic treatment, through comparing the clinical efficacy of mNGS and CMT in allo-HSCT recipients. Further, we analyzed the differences on causative pathogen spectrum in different phases. Similar to the pathogen spectrum in patients with neutropenia after intensive chemotherapy, bacteria were most frequently detected in the neutropenic stage, while viruses were the dominant pathogens in the non-neutropenic stage. Immune events were unique for allo-HSCT recipients, with haplo-fever being commonly observed in the pre-engraftment phase, and GVHD in the post-engraftment phase. Therefore, immune events should be considered in patients with negative mNGS results.
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Objectives

This study aims to explore the pathogen-detected effect of mNGS technology and its clinical application in non-immunocompromised patients with severe pneumonia supported by vv-ECMO.





Methods

A retrospective analysis was conducted on a cohort of 50 non-immunocompromised patients who received vv-ECMO support for severe pneumonia between January 2016 and December 2022. These patients were divided into two groups based on their discharge outcomes: the deterioration group (Group D), which included 31 cases, and the improvement group (Group I), consisting of 19 cases. Baseline characteristics and clinical data were collected and analyzed.





Results

Among the 50 patients enrolled, Group D exhibited a higher prevalence of male patients (80.6% vs. 52.6%, p < 0.05), more smokers (54.8% vs. 21.1%, p < 0.05), and were older than those in Group I (55.16 ± 16.34 years vs. 42.32 ± 19.65 years, p < 0.05). Out of the 64 samples subjected to mNGS detection, 55 (85.9%) yielded positive results, with a positivity rate of 83.7% (36/43) in Group D and 90.5% (19/21) in Group I. By contrast, the positive rate through traditional culture stood at 64.9% (74/114). Among the 54 samples that underwent both culture and mNGS testing, 23 (42.6%) displayed consistent pathogen identification, 13 (24.1%) exhibited partial consistency, and 18 (33.3%) showed complete inconsistency. Among the last cases with complete inconsistency, 14 (77.8%) were culture-negative, while two (11.1%) were mNGS-negative, and the remaining two (11.1%) presented mismatches. Remarkably, mNGS surpassed traditional culture in pathogen identification (65 strains vs. 23 strains). Within these 65 strains, 56 were found in Group D, 26 in Group I, and 17 were overlapping strains. Interestingly, a diverse array of G+ bacteria, fungi, viruses, and special pathogens were exclusive to Group D. Furthermore, Acinetobacter baumannii, Pseudomonas aeruginosa, and Klebsiella pneumoniae were more prevalent in Group D compared to Group I. Importantly, mNGS prompted antibiotic treatment adjustments in 26 patients (52.0%).





Conclusions

Compared with the conventional culture, mNGS demonstrated a higher positive rate, and emerges as a promising method for identifying mixed pathogens in non-immunodeficient patients with severe pneumonia supported by vv-ECMO. However, it is crucial to combine the interpretation of mNGS data with clinical information and traditional culture results for a comprehensive assessment.
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1 Introduction

Severe pneumonia stands as a pressing health concern, marked by heightened short and long-term mortality rates (Bein et al., 2018; Sangla et al., 2020). This illness can manifest as community-acquired pneumonia (CAP), hospital-acquired pneumonia (HAP), or ventilator-associated pneumonia (VAP). Identifying the etiology of severe pneumonia can be particularly challenging in patients with prior antibiotic exposure or mechanical ventilation. Timely and accurate administration of antimicrobial therapy plays a pivotal role in optimizing outcomes among critically ill patients (Kalil et al., 2016; Torres et al., 2017; Metlay et al., 2019).

Veno-venous extracorporeal membrane oxygenation (vv-ECMO) has emerged as a life-support technique gaining traction in critically ill patients grappling with reversible refractory respiratory failure. The timely and precise implementation of ECMO has been proven to be a significant enhancement in survival rates and overall prognosis (Oh et al., 2021; Kochanek et al., 2022). However, when considering invasive procedures like continuous kidney replacement therapy (CRRT), deep vein puncture, tracheal intubation, and even ECMO intubation, the potential for infection should not be underestimated, these procedures can increase patients’ vulnerability to infections(Kühn et al., 2020). The decision to initiate vv-ECMO is primarily made in patients who have already undergone antibiotic therapy and mechanical ventilation, and the occurrence of HAP and VAP can further complicated antimicrobial therapy. Additionally, nosocomial infections occurring in vv-ECMO patients are associated with elevated mortality risk (Grasselli et al., 2017).

Presently, various methods for pneumonia etiological detection, encompassing morphological examination, isolation culture, and immunological techniques, exhibit distinct merits (Mazloomirad et al., 2021). However, conventional approaches have limitations concerning the time required for detection, positive identification rates, and specificity, particularly in severe infection scenarios. Metagenomic Next Generation Sequencing (mNGS), also known as high-throughput sequencing, presents several advantages, including shorter turnaround times and enhanced accuracy in pathogen identification (Lu et al., 2020). This technique can be applied to an array of specimen types, including bronchoalveolar lavage fluid (BALF), sputum, blood, pleural effusion, and tissue, and requires only a modest quantity of DNA/RNA extraction for efficient pathogen detection and identification (Han et al., 2019; Miller and Chiu, 2021). Moreover, mNGS allows for quantitative or semi-quantitative assessment of organism concentration in a sample through sequencing reads, which proves particularly advantageous in detecting multiple microbial strains and rare pathogens (Salipante et al., 2014). Importantly, mNGS demonstrates relatively lower susceptibility to the effects of prior antibiotic exposure compared to conventional methods (Chiu and Miller, 2019; Huang et al., 2020; Tang et al., 2021). Furthermore, the treatment adjustments guided by mNGS has shown rapid symptom alleviation, improved lung imaging, reduced hospitalization durations, and mitigation of antibiotic-related adverse reactions (Wang et al., 2020; Sun et al., 2021; Zhou et al., 2021).

In this study, we conducted a comprehensive review of non-immunocompromised patients with severe pneumonia who underwent vv-ECMO at the First Affiliated Hospital of Zhengzhou University. Our investigation assessed the value of mNGS technology in both identifying the etiology of pneumonia and guiding clinical strategy.




2 Materials and methods



2.1 Study population and design

We conducted a retrospective study involving non-immunocompromised patients who underwent vv-ECMO support for severe pneumonia at the First Affiliated Hospital of Zhengzhou University between January 2016 and December 2022. The inclusion criteria encompassed the following aspects: 1) Patients with severe pneumonia necessitating ECMO treatment (duration exceeding 24 hours) (Tonna et al., 2021); 2) Patients who underwent both mNGS and traditional culture at least once. The exclusion criteria included: 1) Age below 18 years; 2) Pregnancy; 3) Incomplete data; and 4) Immunocompromised patients. The category of immunocompromised patients encompassed those with acquired immunodeficiency syndrome (AIDS/HIV), individuals undergoing continuous (>3 months) or high-dose (>0.5 mg/kg/day) corticosteroid or immunosuppressive therapy, recipients of solid-organ transplants, individuals with rheumatic autoimmune diseases, patients with solid-organ malignancies necessitating chemotherapy within the last 5 years, individuals with a history of hematological malignancies, or those with primary immune deficiencies.

Throughout study period, a total of 151 non-immunocompromised patients with severe pneumonia required vv-ECMO intervention. Ultimately, 50 patients, comprising 35 men and 15 women, were successfully enrolled and stratified into two distinct groups based on their discharge status: the deterioration group (Group D) with 31 patients and the improvement group (Group I) with 19 patients.

Blood samples or BALF were systematically collected and routinely cultured from all enrolled patients prior to and within 24 hours after vv-ECMO initiation. Additionally, independent mNGS testing was conducted within the same 24-hour window following vv-ECMO assistance. This allowed us to analyze baseline characteristics and clinical data, including pathogens and antibiotic regimens, among non-immunocompromised patients with severe pneumonia receiving vv-ECMO support. Relevant clinical data of ECMO patients were sourced from the electronic medical record system. Patient condition evaluation included the Murray Lung Injury Score, Sequential Organ Failure Assessment (SOFA) score, and Acute Physiology and Chronic Health Evaluation II (APACHE II) score.




2.2 ECMO application

All enrolled patients received vv-ECMO support for refractory reversible respiratory failure due to severe pneumonia, in alignment with the indications and contraindications set forth by the Extracorporeal Life Support Organization (ELSO) 2021 guidelines (Tonna et al., 2021). Each patient opted for percutaneous venous catheterization through the femoral vein-internal jugular vein access. The employed ECMO system kit encompassed a centrifugal pump, an oxygenator, and their respective connecting pipelines. Specifically, the centrifugal pump utilized the Rotaflow pump head and controller provided by either Medtronic or MAQUET. As for the oxygenator, options catering to adults from both Medtronic and MAQUET were taken into consideration. The pipeline configuration encompassed ECMO-specific tubing alongside standard PVC tubing, with arteriovenous thin-walled cannulae serving as an integral component. The management of the ECMO procedure adhered to the following key principles:



2.2.1 Mechanical ventilation management

The primary goal was to minimize the risk of ventilator-associated lung injury while concurrently fostering alveolar recruitment.




2.2.2 Anticoagulation

Unfractionated heparin was administered to sustain an activated coagulation time (ACT) that was 1.5 times the upper limit of normal, alongside an activated partial thromboplastin time (APTT) maintained within the range of 40 to 55 seconds.




2.2.3 Flow management

Flow adjustments were orchestrated in accordance with the patient’s monitoring indicators, striving to uphold blood oxygen saturation (SaO2) within the range of 85% to 95% and maintaining a PaO2 level surpassing 60 mmHg. In specific respiratory support scenarios (FiO2 < 50%, positive end-expiratory pressure (PEEP) ≤ 10 cmH2O, peak airway pressure < 30 cmH2O), the vv-ECMO pump flow was regulated to 2 to 3 L/min and the vv-ECMO airflow was temporarily suspended for a monitoring period of 2 to 4 hours. If SaO2 exceeded 95% and PaCO2 fell below 50 mmHg, consideration could be given to the weaning of vv-ECMO.





2.3 The mNGS procedures

Samples were collected from infected patients within a time window of 24 hours from the initiation of ECMO support. Subsequently, these samples earmarked for mNGS underwent a multi-step process managed by specialized testing company. This process included nucleic acid extraction, library construction, high-throughput sequencing, bioinformatics analysis, result presentation, and the interpretation of pathogen-related data.



2.3.1 Nucleic acid extraction

In a systematic batch process, 300μl of blood samples and 600μl of preprocessed BALF samples were subjected to nucleic acid (both DNA and RNA) extraction.




2.3.2 DNA library construction

DNA libraries were meticulously constructed through a sequence of steps encompassing DNA fragmentation, end-repair, adapter ligation, and PCR amplification. Subsequently, these libraries underwent a quality assessment using an Agilent 2100 bioanalyzer and ABI StepOnePlus Realtime PCR System. Only qualified libraries advanced to the next stages.




2.3.3 Sequencing

The qualified DNA libraries were subjected to sequencing on the NextSeq 550Dx platform (Illumina), employing a sequencing read length of 75-bp.




2.3.4 Metagenomics sequencing

For metagenomic sequencing, the Illumina NextSeq 550 sequencer was employed. Each sequencing batch accommodated 15 to 20 samples, including a negative control. An internal reference derived from Arabidopsis thaliana was provided by the sequencing manufacturers.




2.3.5 Data processing and analysis

Through a meticulous process of data curation, high-quality sequencing data were generated by eliminating low-quality and short reads (<35 bp in length). The retained reads were then rigorously aligned to both pathogen species (SDSMRN) and pathogen genus (SDSMRNG). This alignment process yielded a curated list of microorganisms.




2.3.6 Comparison and validation

The curated list of microorganisms was subsequently cross-referenced with an internal background database housing microorganisms present in over 50% of samples from the laboratory over the past three months. Any microorganisms suspected to be background contaminants were excluded from further analysis.




2.3.7 Identification of suspected pathogens

Microorganisms meeting specific criteria were considered suspected pathogens. Those with SDSMRN > 50 and at least three times higher abundance compared to the control group were deemed as such. For suspected pathogens with SDSMRN < 50, they needed to exhibit at least a fivefold increase in abundance compared to the control group to be considered.





2.4 Ethics statement

The studies involving human participants were reviewed and approved by the Ethics Committee of the First Affiliated Hospital of Zhengzhou University (2022-KY-0272).




2.5 Statistical analysis

All collected data were statistically analyzed using SPSS 21.0 (IBM Corp., Armonk, NY, USA). Continuous variables were expressed as mean ± standard deviation and compared using unpaired t-test. If continuous variables were skewed, they were expressed as quartiles and compared using the Mann-Whitney U test. Categorical variables were expressed as frequency (composition ratio) and compared using Pearson’s χ test or Fisher’s exact test. A significance level of p < 0.05 was considered statistically significant.





3 Results



3.1 Characteristics and laboratory examinations of ECMO patients

The experiment’s flowchart is presented in Figure 1. Table 1 outlines the characteristics of enrolled patients, revealing that 70.0% of them were male. Notably, there were no substantial differences between the two groups in terms of various parameters. These encompassed body mass index (BMI), baseline vital sign data (heart rate, respiratory rate, and mean arterial pressure), and comorbidities such as chronic obstructive pulmonary disease (COPD), interstitial lung disease (ILD), hypertension, type 2 diabetes, and coronary heart disease. Additionally, no significant disparities were observed in pre-ECMO system scores, including the Murray Lung Injury Score and sequential organ failure assessment (SOFA) score. Similarly, the system scores 24 hours after ECMO initiation (SOFA scores and APACHE II scores), exhibited no noteworthy differences between the two groups (all p > 0.05, Table 1).




Figure 1 | Flowchart of analyzed patients. VV-ECMO, veno-venous extracorporeal membrane oxygenation; mNGS, metagenomic next-generation sequencing; Group D, deterioration group; Group I, improvement group.




Table 1 | Baseline characteristics of non-immunocompromised patients with severe pneumonia supported by vv-ECMO.



Likewise, there were no notable discrepancies between the two groups in parameters such as PaO2/FiO2 ratio, positive end-expiratory pressure (PEEP), mechanical ventilation duration before and after ECMO assistance, length of stay in the intensive care unit (ICU), percentages of vasoactive drug usage, occurrences of complications like pneumothorax, prone position ventilation, multiple organ dysfunction syndrome (MODS), continuous renal replacement therapy (CRRT), and ECMO-related complications including pulmonary hemorrhage, coagulation dysfunction, disseminated intravascular coagulation (DIC), cerebral infarction, cerebral hemorrhage, limb complications, renal insufficiency, and hepatic insufficiency (all p > 0.05, Table 1).

However, certain distinctions emerged when examining the Group D. Notably, this group had a higher proportion of males (80.6% vs. 52.6%, p < 0.05, Table 1) and a greater prevalence of smoking (54.8% vs. 21.1%, p < 0.05, Table 1). Moreover, individuals in Group D were significantly older than those in Group I (55.16 ± 16.34 years vs. 42.32 ± 19.65 years, p < 0.05, Table 1). Importantly, Group D exhibited higher APACHE II scores before ECMO initiation (20.13 ± 6.52 vs. 15.63 ± 5.19, p < 0.05, Table 1), indicating a more severe condition. Furthermore, Group D had a notably extended duration of ECMO support [240 (161.75-339.00) hours vs. 166 (120-211) hours, p < 0.05, Table 1], while their hospital stay was significantly shorter compared to Group I (17.5 ± 7.87 days vs. 26.95 ± 9.87 days, p < 0.001, Table 1), indicating patients in the deterioration group were considered to have deteriorated earlier and were automatically discharged from the hospital.

In comparison to Group I, Group D exhibited distinct biochemical profiles throughout different phases of the experiment (Table 2). Logistic regression analysis showed that lactate level at ECMO weaning was an independent risk factor for deterioration in patients.


Table 2 | Comparison of laboratory examinations at three different time points.






3.2 Strain differences of mNGS detection and traditional culture

Among the 50 ECMO patients included in the study, a total of 64 samples were subjected to mNGS analysis. These samples encompassed 13 (20.3%) blood samples and 51 (79.7%) BALF samples. Among these, a substantial 55 (85.9%) returned positive results. Of these positive samples, 36 (83.7%) were from Group D, 19 (90.5%) were from Group I; 9 (69.2%) were blood samples, and 46 (90.2%) were BALF samples. Note that there were no statistically significant differences in the positive rate of mNGS between the two groups and the different samples (P=0.729, P=0.135).

In contrast, a total of 114 samples underwent traditional culture analysis, resulting in 74 (64.9%) of them being classified as positive. Even though a greater number of samples were subjected to traditional culture compared to mNGS detection, the latter method revealed a wider array of identified pathogenic microorganisms (65 strains vs. 23 strains) (Figure 2A). More specifically, among the 65 strains, 56 were identified in Group D, 26 in Group I, and 17 were found to overlap (Figure 2B). For a single sample mNGS detects two and more pathogens at a higher.




Figure 2 | (A): A total of 65 kinds of pathogenic microorganisms were detected by mNGS, 23 were cultured from conventional culture, and 15 kinds of pathogenic microorganisms were found in both mNGS and conventional culture, which accounted for 23.1% and 65.2% of the total, respectively, proving that the mNGS assay can detect more pathogenic microorganisms. (B): 65 strains were detected by mNGS, including 56 in group D, 26 in group I and 17 overlapping strains. mNGS, metagenomic next-generation sequencing; Group D, deterioration group; Group I, improvement group.






3.3 Pathogenic microorganisms

The diversity in the spectrum of pathogenic microorganisms detected by the two techniques stemmed from the fact that only 15 pathogenic microorganisms were common to both methods. These accounted for 65.2% of the organisms identified through traditional culture and 23.1% of those identified via mNGS (Figure 2A). Notably, the traditional culture method lacked the capacity to cultivate viruses and specialized microorganisms that mNGS could detect, as illustrated in Figure 3.




Figure 3 | The heat map of pathogenic microorganisms details in different methods (mNGS and conventional culture). mNGS, metagenomic next-generation sequencing.



Within the realm of traditional culture, the most frequently detected microorganisms were Acinetobacter baumannii, Klebsiella pneumoniae, and Pseudomonas aeruginosa, all of which fell under the classification of Gram-negative bacteria. On the other hand, the prevalent representatives among Gram-positive bacteria, Gram-negative bacteria, and fungi were Staphylococcus aureus, Acinetobacter baumannii, and Candida albicans, respectively. In contrast, the organisms with the highest frequency of mNGS detection were Klebsiella pneumoniae, Cytomegalovirus, and Acinetobacter baumannii (Figure 3).

Group D displayed a broader spectrum of detected pathogens, including various Gram-positive bacteria, fungi, viruses, and specific pathogens. Notably, Acinetobacter baumannii, Pseudomonas aeruginosa, and Klebsiella pneumoniae exhibited higher frequencies in Group D compared to Group I (Figure 4). Figure 4 delved into the nuanced details of pathogenic microorganisms present in different sample types (BALF and Blood) within distinct time frames (prior to ECMO assistance and within 24 hours of ECMO assistance) for both the deterioration and improvement groups. Notably, Figure 4 underscored how mNGS could play a pivotal role in diagnosing specific infections, encompassing mixed infections and those arising from special pathogens.




Figure 4 | The heat map of pathogenic microorganism details from different samples (BALF and Blood) in group D and group I in different time periods (before ECMO assistance, within 48 h of ECMO assistance, after 24 h of ECMO assistance). Group D, deterioration group; Group I, improvement group; ECMO, extracorporeal membrane oxygenation; mNGS, metagenomic next-generation sequencing; BALF, bronchoalveolar lavage fluid.






3.4 Comparison of mNGS results and culture results during ECMO assistance

The present study highlights the superior pathogen detection capabilities of mNGS compared to the conventional culture method. Our investigation delved into the congruence of pathogen identification outcomes yielded by both techniques during ECMO assistance. In this analysis, we categorized test results as consistent when the pathogens identified by mNGS aligned precisely with those isolated through culture. Furthermore, if mNGS unveiled more pathogens than the culture method, we deemed the results as consistently aligned. Partial consistency was considered when pathogens identified by both techniques were partially congruent. Conversely, results were classified as inconsistent when the pathogens identified by both approaches diverged entirely.

Among the 50 patients enrolled, a total of 54 samples underwent both culture and NGS testing during ECMO assistance. The comparison yielded intriguing results: 23 samples (42.6%) exhibited consistent pathogen identification, 13 samples (24.1%) were partially consistent, and 18 samples (33.3%) demonstrated complete inconsistency. In instances of complete inconsistency, 14 (77.8%) were negative when subjected to the culture method, while 2 (11.1%) yielded negativity when examined using mNGS. Additionally, 2 (11.1%) showcased mismatched results between the two techniques (Figure 5).




Figure 5 | The consistent analysis comparing culture and mNGS pathogen detection during ECMO assistance. Identified pathogens 23(42.6%) were consistent, 13(24.1%) were partially consistent, and 18(33.3%) were completely inconsistent. In the inconsistent ones, 14(77.8%) were negative for the culture method, while 2(11.1%) were negative for mNGS, and 2(11.1%) were mismatched.






3.5 Application of mNGS in non-immunocompromised patients with severe pneumonia supported by vv-ECMO for antibiotic therapy

In our study, our focus extended to evaluating the practical implications of the assay’s findings within a clinical context. Among the participants, a notable 26 patients (52.0%) saw adjustments made to their antibiotic therapy based on mNGS results. This adjustment was observed in 17 cases (54.8%) within Group D and 9 cases (47.4%) within Group I. Despite the slightly higher percentage of antibiotic adjustments in Group D, statistical analysis revealed no significant disparity between the two groups (P=0.608). For a comprehensive view of the impact, details of the antibiotic treatment adjustments for 16 pathogens can be found in Table 3.


Table 3 | Pathogens initiate targeted antimicrobial treatment after acquiring the results of mNGS.







4 Discussion

Severe pneumonia presents a critical challenge with high mortality rates, primarily attributed to the limitations of current diagnostic techniques in pathogen identification and the escalating issue of antibiotic resistance (Costelloe et al., 2010; Currie et al., 2014; Jain et al., 2015). Consequently, timely and precise pathogen identification has emerged as a paramount necessity. In our retrospective study, we undertook an assessment of mNGS’s efficacy in pathogen detection and personalized antibiotic therapy for non-immunocompromised severe pneumonia patients receiving vv-ECMO support. Our findings substantiated that mNGS boasted a superior pathogen detection rate (85.9%) compared to traditional culture methods, identifying a broader array of pathogenic types (65 strains vs. 23 strains) – a remarkable achievement even in patients who had undergone prolonged antibiotic treatment before mNGS sample collection. Importantly, our study unveiled that mNGS results could contribute crucial insights for clinical decision-making regarding antibiotic therapy.

Non-immunocompromised severe pneumonia patients, despite initially normal or near-normal immune status, could develop acquired infections due to associated conditions and ECMO-induced immune dysfunction. This phenomenon underscored the significance of acquired infections during ECMO support, affecting up to 55% of patients (Al-Fares et al., 2019; Frerou et al., 2021). The pivotal role of infections in the prognosis of ECMO patients has been highlighted in earlier research (Biffi et al., 2017; Grasselli et al., 2017). While traditional diagnostic methods such as G/GM testing, bacterial culture, and quantitative polymerase chain reaction (qPCR) are commonly used, they often possess inherent limitations (Haneke et al., 2016) and can struggle to accurately detect mixed pathogens (Crotty et al., 2015). This context calls for a revolutionary diagnostic approach to enable timely and precise pathogen detection, crucial for averting uncontrolled infections that significantly influence the prognosis of critically ill patients undergoing ECMO treatment.

In addition to its heightened sensitivity, rapid detection cycles, and versatile applications, mNGS technology circumvents the need for bacterial isolation and remains unaffected by prior antibiotic usage, effectively reducing the false-negative rate (Brown et al., 2018; Carpenter et al., 2019). Recent studies even demonstrate mNGS’s capability to detect potential pathogens in samples that routine tests classify as negative, thereby enhancing diagnostic accuracy for infections (Zinter et al., 2019; Chen et al., 2021). Theoretically, mNGS has the potential to detect a comprehensive range of nucleotide sequences and pathogens, expanding the scope of infection diagnostics. Consequently, mNGS is particularly advantageous in detecting mixed pathogen infections (Wang et al., 2019). Given that patients treated with vv-ECMO have often undergone prior antibiotic treatment and mechanical ventilation, mNGS holds special value in this context. Our findings in this study echoed previous research (Cheng et al., 2019), indicating that the positive rate of traditional culture (64.9%) was lower than that of mNGS detection (85.9%). Notably, our study reinforced the robustness of mNGS in detecting a wide variety of viruses, as well as specific pathogens like Mycoplasma pneumoniae, Mycobacterium spp., and Neisseria neocaledoniensis, reaffirming its ability to identify special pathogen infections and mixed infections.

Among the organisms frequently detected through mNGS, Klebsiella pneumoniae, Cytomegalovirus, and Acinetobacter baumannii emerged as predominant pathogens in non-immunocompromised severe pneumonia patients supported by vv-ECMO. Interestingly, various Gram-positive bacteria, fungi, viruses, and specific pathogens were exclusively detected in Group D, while Acinetobacter baumannii, Pseudomonas aeruginosa, and Klebsiella pneumoniae exhibited higher prevalence in Group D compared to Group I. These organisms are commonly associated with Hospital-Acquired Pneumonia (HAP) and Ventilator-Associated Pneumonia (VAP). Research suggests that initial viral or bacterial infections can trigger a dysregulation of cytokine and chemokine production, setting off an overactivated signaling cascade that leads to excessive immune cell recruitment and inflammatory processes. Consequently, this cascade may inflict severe lung damage, providing a gateway for pathogens to penetrate deep tissues and perpetuate viral and bacterial replication (Wilden et al., 2021). Furthermore, compromised immune responses in later stages may be attributed to pathogen-mediated inhibition of immune cells or signaling pathways, resulting in diminished pathogen clearance. These mechanisms provide insights into the increased morbidity and mortality associated with viral and bacterial co-infections (Aguilera and Lenz, 2020; Wilden et al., 2021).

The management of pneumonia remains complex due to shifting epidemiological patterns. Owing to the lack of point-of-care diagnostic tests that can accurately pinpoint microbial etiology (excluding viral pneumonia), initial antibiotic treatment often relies on empirical methods. While empirical antibiotic treatment plays a crucial role in controlling disease progression, inherent limitations persist, potentially leading to inadequate microbial antibiotic coverage and inappropriate use of broad-spectrum antibiotics. Such limitations can impact prognosis, drive drug resistance, heighten drug toxicity, and escalate treatment-related expenses (Maertens et al., 2005; Polgreen et al., 2007; Tumbarello et al., 2015). Additionally, a considerable proportion of patients (ranging from 38.0% to 60.8%) require adjustments to their antibiotic regimen due to inappropriate empirical antibiotic therapy (Alvarez-Lerma, 1996; Kollef and Ward, 1998). Amid the realm of empirical antibiotic use, early incorporation of mNGS holds the promise of targeted therapy initiation, thus enhancing clinical antibiotic management to counteract resistance. Moreover, by reducing hospital stay durations, ICU admission lengths, ventilation periods, and minimizing the occurrence of antibiotic-related complications while significantly curtailing ICU costs, mNGS can have a favorable impact on clinical outcomes (Wang et al., 2020; Zhang et al., 2020; Shen et al., 2021; Sun et al., 2021; Xie et al., 2021). In our study, 26 out of 50 patients underwent antibiotic adjustments based on mNGS results, even though there was no statistically significant difference in clinical outcomes. This could be attributed to the higher number of pathogenic microorganisms detected in Group D, where the number of antibiotic adjustment cases was higher. Moreover, mNGS testing occurred after ECMO initiation, relatively late in detection timing, possibly having less influence on patients’ conditions. Despite these limitations, the guiding role of mNGS in antibiotic treatment remains noteworthy. Further prospective studies are needed to explore whether mNGS can guide the optimization of antibiotic therapy.

While mNGS detection presents numerous benefits, traditional culture remains indispensable. In our single-center study, 34.8% of pathogens identified through traditional culture went undetected by mNGS. Therefore, a combination of traditional culture and mNGS detection for pathogen identification and drug sensitivity testing offers a more comprehensive and effective approach for guiding clinical treatment in real-world scenarios.

This study is not without limitations. The retrospective nature of our study might constrain the generalizability of the outcomes, emphasizing the necessity for broader cohort studies to validate our findings. Furthermore, not all samples underwent RNA and DNA virus detection, and the influence of mechanical ventilation on pathogen results cannot be ignored. Finally, ECMO, being an invasive procedure, could potentially affect post-ECMO treatment outcomes.




5 Conclusion

In conclusion, our results indicated that mNGS has a higher positive rate than the conventional culture and can be used to effectively identify mixed pathogens in non-immunocompromised patients with severe pneumonia supported by vv-ECMO, especially in those patients with negative cultures due to infections with special pathogens or prior antibiotic exposure. However, it is important to note that the interpretation of mNGS data should be complemented by clinical data and conventional culture results due to the lack of uniform diagnostic criteria.
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Objective

The Omicron BA.5.2 variant of SARS-CoV-2 has undergone several evolutionary adaptations, leading to multiple subvariants. Rapid and accurate characterization of these subvariants is essential for effective treatment, particularly in critically ill patients. This study leverages Next-Generation Sequencing (NGS) to elucidate the clinical and immunological features across different Omicron BA.5.2 subvariants.





Methods

We enrolled 28 patients infected with the Omicron variant, hospitalized in Zhangjiajie People’s Hospital, Hunan, China, between January 20, 2023, and March 31, 2023. Throat swabs were collected upon admission for NGS-based identification of Omicron subvariants. Clinical data, including qSOFA scores and key laboratory tests, were collated. A detailed analysis of lymphocyte subsets was conducted to ascertain the extent of immune cell damage and disease severity.





Results

Patients were infected with various Omicron subvariants, including BA.5.2.48, BA.5.2.49, BA.5.2.6, BF.7.14, DY.1, DY.2, DY.3, and DY.4. Despite having 43 identical mutation sites, each subvariant exhibited unique marker mutations. Critically ill patients demonstrated significant depletion in total lymphocyte count, T cells, CD4, CD8, B cells, and NK cells (P < 0.05). However, there were no significant differences in clinical and immunological markers across the subvariants.





Conclusion

This study reveals that critically ill patients infected with different Omicron BA.5.2 subvariants experience similar levels of cellular immune dysfunction and inflammatory response. Four mutations - ORF1a:K3353R, ORF1a:L3667F, ORF1b:S997P, S:T883I showed correlation with immunological responses although this conclusion suffers from the small sample size. Our findings underscore the utility of NGS in the comprehensive assessment of infectious diseases, contributing to more effective clinical decision-making.
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1 Introduction

Since the discovery of the ‘coronavirus disease 2019’ (COVID-19) towards the end of 2019, the novel coronavirus (SARS-CoV-2) has continued to evolve and has given rise to mutant strains such as Alpha, Beta, Gamma, Delta, Lambda, and Omicron. Currently the Omicron strain is predominant all over the world. Compared to the previous strains such as Alpha and Delta, Omicron appears to cause less severe clinical symptoms and is more likely to infect the upper respiratory tract. As a result, the proportion of severe cases, hospitalizations, and mortality rates have decreased (Sievers et al., 2022). However, the Omicron strain’s infectivity and immune evasion continue to increase as a considerable number of mutations in the S protein (Polatoğlu et al., 2023). On November 26, 2021, the WHO classified it as a variant of concern (VOC).

The genome sequences of the SARS-CoV-2 detected in China between September 26, 2022 and April 13, 2023 were all Omicron variants, covering 106 evolutionary branches, with the most prevalent strains being BF.7.14, DY.2, DY.4, BA.5.2.48, and DY.1, DY.3 (Chinese Center for Disease Control and Prevention). BA.5.2 was caused by the mutation BA.5+ORF9b:D16G;BA.5.2.48, BF.7.14, and DY variants were derived from BA.5.2, containing novel mutation sites S:A57S, ORF1a:T1788M, and S:C124F. Virus mutations often result in modifications to the disease manifestation, symptoms, and defining characteristics. Previously it was assumed that BA.5.2.48 strain and BF.7 strain might be different in their ability to cause disease, however, A comprehensive search was conducted on Web of Science, PubMed, and China National Knowledge Infrastructure to identify relevant literature on Omicron BA.5.2 subvariants. limited studies were found on the clinical characteristics of BA.5.2.48, BA.5.2.49, and BF.7.14. until now no report is available to describe the clinical features of the DY subvariant.

T lymphocytes were discovered to be crucial in the process of the novel corona virus’s resistance (Toor et al., 2020; Tirelli et al., 2023). Despite a significant number of mutations in the virus, the Omicron strain is still attacked by the T cell immune response. However, patients with severe COVID-19 frequently have a cytokine storm, which results in excessive T cell activation and exhaustion, a large number of T cells being destroyed, and patients could die from immune function failure. It is currently unclear, nevertheless, if distinct Omicron variants (BA.5.2 evolutionary strains) could produce different harm to human immune function. In this study, the nucleic acids were extracted from the throat swabs of all enrolled patients and sequenced to determine the type of variation. General patient data and laboratory examination (including lymphocyte subsets, etc.) data were collected to investigate the relationship between subvariants of Omicron BA.5.2.and clinical characteristics, immune function, and disease severity.




2 Materials and methods



2.1 Study participants

The present study was an observational study of patients with SARS-CoV-2 infection were admitted to Zhangjiajie People’s Hospital (Hunan, China) between January 20, 2023, and March 31, 2023 were included in this study. All patients met the diagnosis criteria of SARS-CoV-2 infection, as outlined in the National Health Commission of China’s Trial Ninth Edition (National Health Commission State Administration of Traditional Chinese Medicine, 2022). Patients were excluded if they had following conditions:1).Patients with severe immunodeficiency such as HIV, end-stage tumors, and long-term use of immunosuppressants; 2).The quality of samples did not meet the detection standards (such as nucleic acid PCR CT value >32, etc.); 3).Patients who cannot cooperate to complete the sample collection; 4).Patients who did not have sufficient clinical data; 5).Patients who refuse to participate in this study. A total of 28 people were included in this study (Supplementary Figure 1), including 10 patients with severe COVID-19 (clinically diagnosed as severe or critical) and 18 non-severe patients (clinically diagnosed as mild or moderate). (Supplementary Table 1). This study was approved by the Medical Ethics Review Committee of Zhangjiajie People’s Hospital (IRB-2022237), and all patients signed informed consent.




2.2 Data and sample collection

Throat swabs were collected from enrolled patients to detect and identify the Omicron subvariants. The collected samples were stored in a -20°C refrigerator with RNA preservation solution for a short period of time to maintain the integrity of nucleic acids and prevent degradation. Upon admission, the patient’s general health was thoroughly reviewed, other information of underlying diseases, potential complications, and clinical symptoms was gathered. Additionally, the qSOFA score and laboratory tests, including lymphocyte subsets, were assessed to reflect the patient’s immune function. The qSOFA score is a tool used to evaluate the risk of sepsis in patients. The score is calculated based on three criteria: systolic blood pressure of 100 mmHg or lower, shortness of breath of 22 breaths per minute or more, and mental status changes. Each criterion is worth one point, and a score of 2 or higher indicates a high likelihood of sepsis and requires close monitoring (Song et al., 2018).




2.3 Flow cytometric analysis

Peripheral blood lymphocytes were detected using a flow cytometer called BriCyte E6, which was purchased from China Mindray Biomedical Electronics Co., Ltd. The flow cytometer collected parameter information such as forward scattered light (FSC), side scattered light (SSC), and fluorescence signals of cells. It then analyzed the subpopulations of T lymphocytes (CD3+), the auxiliary/inducible classification and counting of T lymphocytes (CD3+CD4+), the suppressor/cytotoxic T lymphocytes (CD3+CD8+) subpopulation, the B lymphocytes (CD3-CD19+) and NK cells (CD3-CD16+CD56+). The reagents used consisted of a four-color reagent for CD3-FITC/CD8-PE/CD45-PerCP/CD4-APC and another four-color reagent for CD3-FITC/CD16 + 56-PE/CD45-PerCP/CD19-APC. All tests were performed strictly following the instructions and standard operating procedures provided with the kit to ensure accurate test results.




2.4 Sequencing and mutation analysis of Omicron subvariants

RNAs were extracted from the 300 µL of samples of throat swabs using a QIAamp Viral RNA Mini Kit. The cDNA synthesis, SARS-CoV-2 sequence enrichment, library amplification, and indexing were performed by using the SARS-CoV-2 Nucleic Acid Diagnosis Kit (Sequencing by Reversible Termination, Sansure Biotech, China). An elution volume of 20-50 μL for each RNA sample was used for cDNA synthesis. After the cDNA reaction, A multiplex PCR reaction was done to amplify the entire SARS-CoV-2 genome using specifically designed primers. The product DNA was diluted to approximately 0.5 ng/μL and 1 ng of DNA was added to the reaction system for DNA fragmentation and library construction. After the reaction was completed, it was purified using 80% fresh ethanol and DNA Clean Beads. The quality of the library was analyzed using the LabChip GX Touch™ DNA 1K Chip®. Next-generation sequencing was done by using SE150 of GeneMind’s sequencer (SansureSeq1000, China), at least 8M reads were obtained for each sample. All the sequencing data (FastQ files) of samples can be downloaded from cncb.ac.cn with accession number PRJCA019496.

Low quality and adapter sequences were removed using trim_galore, more than 99% of the remaining raw reads (so-called clean reads) were used for analysis. More than 98% of the clean reads could be mapped to the SARS-CoV-2 reference genome Wuhan-Hu-1(NC_045512.2) using Burrows-Wheeler Alignment tool (BWA-MEM v0.7.17). Subsequently, the mapped reads were assembled into a consensus sequence using samtools (v1.9) and ivar (v1.2.1) tools, and the sites whose depth is lower than the threshold parameter (20x) will be output as N. For phylogenetic analysis, full-length SARS-CoV-2 reference sequences were selected according to the categories of novel coronavirus labels in GISAID database, in which 2 reference sequences were selected respectively from 10 categories: Alpha, Beta, Gamma, Delta, Epsilon, Zeta, Eta, Theta, Iota and Kappa, and the patient’s consensus sequences were classified into lineages using PANGOLIN and into clades using NextClade (v0.10.0). Multi-sequence alignment was performed with MAFFT (v7.271), FastTee was used to construct phylogenetic tree. The mutation frequency of the site was calculated by VarScan (v2.4.4).




2.5 Statistical analysis

Measurement data were described by median (interquartile range), Count data were expressed as frequencies with percentages. Comparative analysis between groups was conducted using Kruskall, Mann-Whitney non-parametric rank sum test, Fisher chi-square test and Wilcoxon test. All statistical analyses were performed using SPSS 22.0, and a P value less than 0.05 was considered statistically significant.





3 Results



3.1 Clinical characteristics of patients

This study included a total of 28 Omicron-infected patients; there were 17 males (60.7%) and 11 females (39.3%); 10 patients (35.7%) were classified as severe, and median qSOFA score was 1.0 (0,1.0); median age was 59.0 (50.0, 76.0), Fifty percent of the patients were over 60 years old; Twenty four patients (85.7%) had underlying diseases, mainly hypertension (42.9%), diabetes (17.9%), and coronary heart disease (21.4%); The most prevalent clinical manifestations were fever (42.9%), cough and expectoration (92.9%), shortness of breath (50.0%), sore throat (28.6%), and headache (28.6%); some patients also experienced chills, anorexia, fatigue, diarrhea, muscle ache, and other symptoms. Fifteen patients (53.6%) had complications by the time they were discharged. Common complications included respiratory failure (35.7%), acute respiratory distress syndrome (ARDS) (10.7%), renal insufficiency (10.7%), hepatic insufficiency (14.3%), heart failure (14.3%), hypoalbuminemia (25.0%), acidosis (14.3%), sepsis (17.9%), multiple organ dysfunction syndrome (MODS) (17.9%), and others (Table 1).


Table 1 | General information and clinical characteristics.






3.2 Laboratory findings and lymphocytes subsets detection

The lymphocyte counts were found to decline in patients, and the levels of C-reactive protein, interleukin-6, procalcitonin, D-dimer, and troponin in patients were all significantly higher than the normal ranges. (Table 2). Median nucleic acid PCR CT value of Lab is 26.86 (22.23,29.69), and the median value of N is 24.05 (20.05,26.75).


Table 2 | Laboratory findings and qSOFA score.



Lymphocyte subsets were used to assess a patient’s immune system. In patients with Omicron infection, total T lymphocyte count, CD4+ lymphocyte count, CD8+ lymphocyte count, B lymphocyte count, and NK cell count were all below normal values, only the corresponding percentage and CD4+/CD8+ ratio were essentially within the normal range (Table 3).


Table 3 | Lymphocyte subsets and CT value of the nucleic acid.






3.3 Relationship between disease severity and lymphocyte subsets

We categorized all patients as severe or non-severe Omicron infection. Total 18 of them had non-severe conditions, while 10 had severe conditions. Severe patients had significantly lower total lymphocyte counts 389.00 (231.00, 579.00) μ/l, total T lymphocyte counts 165.00 (121.00, 360.00) μ/l, CD4 Lymphocyte counts 85.00 (43.00, 149.00) μ/l, CD8 lymphocyte counts 82.00 (38.00, 185.00) μ/l, and the NK cell counts 52.00 (20.00, 64.00) μ/l. The levels had significantly different between the two groups (P<0.05). Additionally, severe patients had higher IL-6 levels and qSOFA score than those of patients with no-severe Omicron infection (P <0.001). Severe patients’ nucleic acid PCR CT values were marginally lower than those of non-severely unwell patients at admission, but these differences were not statistically significant.(Table 4)


Table 4 | Lymphocyte subsets, IL-6 and PCR CT value of the nucleic acid.



Box plots comparing the disease severe or non-severe groups for numerical laboratory testing results are illustrated in Figure 1. Wilcoxon p values are labeled for each comparison, which are consistent with the p values in Table 4.




Figure 1 | Box plots comparing disease severe and non-severe groups for numerical laboratory testing results.






3.4 Mutation sites of Omicron subvariants BA.5.2.48, BA.5.2.49, BA.5.2.6, BF.7.14 and DY

The consensus sequences of 28 SARS-CoV-2 samples were obtained with the sequence length ranging from 29842 to 29854bp. The average sequencing depth was 32200x and the genome average coverage of sequencing was 99%. The NextClade analysis showed that the 28 SARS-CoV-2 sequences belonged to 22B (Omicron); With Pangolin typing, the subvariants were classified 5 to Omicron BA.5.2, 8 to Omicron BF.7, 1 to Omicron DY.1, 4 to Omicron DY.2, 5 to Omicron DY.3, 5 to Omicron DY.4. An evolutionary tree was built based on the complete genome sequences of COVID-19 samples. We calculated a maximum-likelihood phylogeny, including all SARS-CoV-2 genomes of interest, genomes of viruses from patients in this study were shown in red. The patients phylogenetic tree showed 3 defined clusters BF, DY and DZ (Figure 2). The Pangolin typing with different depth threshold (20X, 100X) showed consistent classification results.




Figure 2 | Phylogenetic tree of SARS-CoV-2 genomes representing strains and subvariants from the patients (in red).



By comparing with the Wuhan-Hu-1 reference genome (NC_045512.2), there were 72 to 90 amino acid mutations (Supplementary Table 2) among the 28 SARS-CoV-2 consensus sequences. There were 43 identical amino acid mutation sites shared by all samples distributed in 8 regions: 23 in S region (Y505H, V213G, T478K, S477N, T19I, Q954H, Q498R, P681H, N969K, N764K, N679K, N501Y, N440K, L452R, K417N, H655Y, G142D, F486V, E484A, D796Y, D614G, D405N, A27S), 2 in ORF9b region (P10S, D16G), 1 in ORF3a region (T223I), 3 in ORF1b region (R1315C, P314L, I1566V), 7 in ORF1a region (T842I, T3255I, T3090I, S135R, P3395H, L3027F, G1307S), 3 in N region(S413R, R203K, G204R), 3 in M region (Q19E, D3N, A63T), and 1 in E region(T91I). A heat map was drawn for the 86 specific mutations of the 28 SARS-CoV-2 consensus sequences, the hierarchical classification based on the mutations can separate the strains and subvariants into clusters consistent to the Pangolin typing (Figure 3).




Figure 3 | Hierarchical classification heatmap of SARS-CoV-2 specific mutations (in black) representing strains and subvariants from the patients (in color).



Referring to the mark mutation databases of the Cov-Lineages.org Lineage Report (https://cov-lineages.org/lineage_list.html), the marker mutations of the BA.5.2.48 strain were C2710T, C8626T and T17209C; the BA.5.2.49 strain were C24210T, A14673G and T16456C; the BA.5.2.6 strain was S:R346T; the DZ.1 strain was S:D1146Y; the BF.7.14 strain was S:C1243F; the BF.7.14.1 strain was S:V83F; the DY.1 strain was S:A570S; the DY.2 strain isN:Q241K; the DY.3 strain was ORF1a:T1788M; the DY.4 strain is ORF1b:T2432I. The marker mutations of 28 SARS-CoV-2 clinical samples were consistent with the mutations of each Omicron strain. Four mutations of ORF9b:V30L, ORF9b:A29I, ORF7a:H47Y and N:S33F only existed in 8 BF.7 samples; seven mutations of S:N1125S, S:A570S, ORF7a:F63H, ORF1b:Y1648C, ORF1b:I2664V, ORF1a:T2967I, ORF1a:L3352F and ORF1a:L3116F only existed in 1 DY.1 sample; one mutation of N:Q241K only existed in DY.2; 1 mutation of ORF1a:T1788M only existed in DY.3; Three mutations of ORF1b:T2432I, ORF1a:T4175I, ORF1a:T1840I and ORF1a:S3949N only existed in 6 DY.4 samples.




3.5 Comparison of clinical severity and lymphocyte subsets among (BA.5.2.48+BA.5.2.49+BA.5.2.6), BF.7.14 and DY subvariants

Clinical characteristics and laboratory test results of patients were analyzed in different Omicron subvariant groups, including BA.5.2.48+BA.5.2.49+BA.5.2.6 (n=5), BF.7.14 (n=8), and DY subvariant (n=15). The results showed that in all three groups patients had similar clinical manifestations, including fever, cough, expectoration, shortness of breath, headache, and fatigue, with no statistical significance between them. Most patients had pre-existing conditions such as hypertension and diabetes. Although some patients experienced complications, there was no significant difference in the distribution of severe cases among the three groups (P>0.05) (Table 1).

Patients with Omicron subvariants (BA.5.2.48+BA.5.2.49+BA.5.2.6), BF.7.14 and DY subvariants all had reduced lymphocyte counts and the levels of CRP, IL-6, PCT, DDT, and troponin were all higher than normal (Table 2). total lymphocyte counts, total T lymphocyte counts, NK cell counts, were all lower than normal. There was no statistical significance between the groups for most parameters (P>0.05) except Leukocyte and Neutrophils with P value of 0.002 and 0.009 (Table 2); there was also no significant difference in the PCR CT values between groups (Table 3).

Box plots comparing the three subvariant groups for numerical laboratory testing results are shown in Figure 4. Wilcoxon p values are labeled for each comparison, which are consistent with the p values in Tables 1–3.




Figure 4 | Box plots comparing the three subvariant groups for numerical laboratory testing results.






3.6 Correlation between mutation sites and immunological parameters

For the 86 specific mutations in the consensus sequences of 28 samples, we selected 23 of them which has at least 3 samples with mutation or non-mutation. Spearman Rank Correlation was performed between the mutations (1 representing mutation and 0 representing non-mutation) and the laboratory testing parameters. A heatmap of Spearman correlation coefficients between the mutations and testing parameters is displayed in Figure 5.




Figure 5 | Heatmap of Spearman correlation coefficients between specific mutation sites and immunological parameters.



20 pairs of mutations and testing parameters are selected with Spearman correlation coefficient greater than 0.5, which include 8 specific mutations. Box plots comparing the mutation and non-mutation groups for the selected pairs are illustrated in Figure 6. Wilcoxon test p values are labeled for each comparison, which showed statistical significance(P<0.05). Four mutations - ORF1a:K3353R, ORF1a:L3667F, ORF1b:S997P, S:T883I showed consistent correlation with four parameters: CRP, Leukocyte, Neutrophils, Total T cell count. Other four mutations (ORF1a:S3949N, ORF1a:T1840I, ORF1a:T4175I, ORF1a:T1788M) showed correlation with Hemoglobin or ALT only, and they only exist in DY.4 samples.




Figure 6 | Boxplots comparing the mutation and non-mutation groups for the selected mutation sites and immunological parameters with Spearman correlation coefficient greater than 0.5.







4 Discussion

Currently, the Omicron BA.5.2 subvariant is getting rampant in China and there are numerous studies available concerned with Omicron. However, there are no articles examining whether there are differences between clinical features, immune function, and disease severity among BA.5.2 subvariants (BA.5.2.48, BA.5.2.49, BF.7.14 and DY). Our study aims to fill this gap in knowledge.

SARS-CoV-2 attaches to the ACE2 receptor via the receptor-binding domain (RBD) on its surface, and then invades the host cells. The peripheral blood lymphocytes have been found to decrease significantly in patients with severe COVID-19 infections. Recent studies found SARS-CoV-2 potentially attacked and destroyed T lymphocytes, similar to the way human immunodeficiency virus (HIV) operates. It resulted in a decline or failure of the immune function, and in severe cases, even lead to the death of patients (Jafarzadeh et al., 2021). The severity and prognosis of the clinical condition were correlated with T cell destruction and immune response (Huang et al., 2020). However, ACE2 receptors are rarely present on the surface of T lymphocytes. It was speculated that SARS-COV-2 may bind to the CD147 receptors or integrins on the surface of T lymphocytes (Kuklina, 2022; Huang et al., 2023), leading to their invasion and subsequent destruction. This can result in a significant decrease of T lymphocyte count in the bloodstream. In present study, we found that the total lymphocyte counts, total T lymphocyte counts, CD4 cell counts, CD8 cell counts, B cell counts, and NK cell counts in patients with Omicron infection were significantly lower than normal. Compared to non-critically ill patients, critically ill patients exhibited higher levels of IL-6 and might subject to more severe cellular immunity attacks, and the level of lymphocytes decreases significantly, which was consistent with the findings of early research conducted by Liu et al (Liu et al., 2020; Liu et al., 2021). This phenomenon may be related to the hyperactivation of inflammatory factors and the excessive activation and abnormal apoptosis of lymphocytes. However, Our study found no significant difference in the lymphocyte subsets among the BA.5.2 evolutionary strains of Omicron, although all strains showed lower lymphocyte counts than normal. It may indicate that BA.5.2 evolutionary strains have roughly the same affinity and attack power toward lymphocytes, In addition, there was no significant difference in nucleic acid PCR CT values of all patients, which was consistent with the study by Shi et al (Yin et al., 2021). suggesting that their viral loads were similar, and viral load was not a reliable indicator for distinguishing disease severity and different subvariants of the Omicron.

The clinical manifestations of most patients were similar to those reported in previous studies (Huang et al., 2020). The most common symptoms on admission were fever, cough, expectoration, shortness of breath, sore throat and headache. Previous studies have identified various risk factors that were closely associated with the prognosis of patients (Shi et al., 2020; Zhou et al., 2020). These included an increase in neutrophil counts, a decrease in lymphocyte counts, higher levels of inflammatory factors such as CRP and IL-6, increased troponin, creatinine and DDT levels, as well as a higher qSOFA score. In our study, the lymphocyte counts of patients have decreased, and the levels of C-reactive protein, IL-6, procalcitonin, D-dimer, troponin, were higher than normal values. Undoubtedly, these laboratory indicators often indicate the severity of the disease, as they reflect a hyperactivation of inflammatory factors within the patient’s body, which can even result in multiple organ dysfunction. Therefore, clinicians need to be highly vigilant when the above indicators change. Furthermore, it has been observed that critically ill patients exhibit significantly higher qSOFA scores (p<0.001). It is important to note that the severity of organ function damage is directly proportional to the qSOFA score, indicating a higher likelihood of sepsis and septic shock. Consequently, patients with these characteristics tend to have a poorer prognosis. Previous reports have indicated that BA.5.2.48 is more likely to result in severe diseases and has a higher proportion of severe cases compared to BF.7 (Wang et al., 2023). However, our study found no significant differences in laboratory tests and qSOFA scores between different evolutionary strains of Omicron BA.5.2. Additionally, the proportion of patients with severe Omicron infection was similar across different subvariants, indicating that the disease severity and prognosis resulted by each evolutionary strain of Omicron BA.5.2 were analogical.

Mutations in the N-terminal domain (NTD) of the spike protein can alter the antigen structure of Omicron. Additionally, mutations in the RBD have been found to enhance the affinity of the virus for the human ACE2 receptors (Wang et al., 2023).The mutations can increase the infectiousness and immune escape of Omicron significantly. In this study, genomic sequences and mutation sites of viruses were identified in all patients, revealing 43 identical mutation sites across all samples, which were consistent with known mutation sites of the Omicron subvariants. We also found that specific mutations were present in different samples. The ORF9b:V30L, ORF9b:A29I, ORF7a:H47Y, and N:S33F mutations were exclusively found in the BF.7.14 sample. Similarly, S:N1125S, S:A570S, ORF7a:F63H, ORF1b:Y1648C, ORF1b:I2664V, ORF1a:T2967I, ORF1a:L3352F, and ORF1a:L3116F mutations were only present in the DY.1 samples. The N:Q241K mutation was exclusive to the DY.2 sample, while the ORF1a:T1788M mutation was found only in the DY.3 sample. And the ORF1b:T2432I, ORF1a:T4175I, ORF1a:T1840I and ORF1a:S3949N mutations were exclusively present in the DY.4 samples. We found there was no statistical significance between the three subvariant groups for most parameters (P>0.05) except Leukocyte and Neutrophils. Four mutations - ORF1a:K3353R, ORF1a:L3667F, ORF1b:S997P, S:T883I showed correlation with four parameters: CRP, Leukocyte, Neutrophils, Total T cell count, and there was no knowledge found about these four mutations. Another four mutations - ORF1a:S3949N, ORF1a:T1840I, ORF1a:T4175I, ORF1a:T1788M showed correlation with Hemoglobin or ALT only, and they only exist in DY.4 samples.

This study is limited by the lack of B lymphocyte percentage and count, as well as NK cell percentage and count in certain patients with the DY subvariant, meant that the immune function of these patients cannot be fully displayed. Additionally, the study has a small sample size, with only 28 patients with Omicron infection included, and it would be more persuasive if the sample was larger.




5 Conclusions

As far as we know, there are few articles discussing the various evolutionary branches of Omicron BA.5.2. it would assume that there were differences in clinical characteristics and disease severity among the evolutionary branches of Omicron BA.5.2, but the evidence is insufficient. Our study analyzed the genomic sequences of Omicron viruses from all enrolled patients, and explored whether there were differences in clinical characteristics, immune function, and disease severity among Omicron BA.5.2 subvariants. Four mutations - ORF1a:K3353R, ORF1a:L3667F, ORF1b:S997P, S:T883I showed correlation with immunological responses although this conclusion suffers from the small sample size. In our study, the clinical characteristics, immune function damage, and disease severity of different subvariants of Omicron BA.5.2 appeared to be similar. However, we found that critically ill patients experienced a more severe cellular immune attack and inflammatory response. In conclusion, this study presented clinical characteristics of Omicron subvariants infection in COV-19 patients and systematically analyzed important lymphocytes subsets in each clinical subgroup. It would help clinician to better management of Omicron infections in future.
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Background

Most of malignant external otitis (MEO) cases reported in the literature are attributed to Pseudomonas aeruginosa. Fungal infections in MEO are also likely but extremely rare. And conventional microbiology tests is difficult to diagnose.





Case description

Two patients were diagnosed with Fungal malignant external otitis (FMEO) due to Aspergillus by metagenomic Next-Generation Sequencing (mNGS) and recovered after comprehensive treatment including operation and voriconazole. The antifungal treatment was delayed due to repeated cultures of secretions being negative and pathological examination showed granulation tissue proliferation with extensive neutrophil infiltration.





Conclusion

mNGS might be helpful for patients suspected with FMEO, especially when conventional microbiology tests were negative.





Keywords: fungal malignant external otitis, Aspergillus, metagenomic next-generation sequencing, case report, voriconazole





Introduction

MEO is an aggressive and potentially life-threatening infection. The main feature is the diffusion from the external auditory canal to adjacent anatomical structures, including soft tissue, cartilage, and bones (Vennewald and Klemm, 2010). Approximately 95% of MEO cases reported in the literature are attributed to Pseudomonas aeruginosa (Carfrae and Kesser, 2008). Fungal infections in MEO are also likely but extremely rare, which could be caused by Aspergillus and Candida species. Risk factors include uncontrolled diabetes and immunocompromised patients. Culture of ear canal secretions and pathological examination may fail to identify fungal infections. On the other hand, mNGS has been increasingly used in the diagnosis of infectious diseases, particularly when conventional tests were negative.

Here we report two cases of FMEO due to Aspergillus infections, in which the diagnosis was eventually established with the help of mNGS. Microbiological culture of ear canal secretions and pathological examination were negative and antifungal treatment was delayed.





Case presentation




Case 1

On November 4, 2022, a 73-year-old male with diabetes presented with otalgia for 1 month. The otalgia was severe and the patient could not sleep. Analgesics can only relieve the symptom for 2-3 hours. Upon physical examination, there was suppurative mucous discharge and granulation tissue in the left ear canal. Culture of secretion yielded no growth of bacteria or fungi. Examination of blood showed a CRP of 130 mg/l and WBC of 12.45 x 109/l. MRI revealed thickening and strengthening of the wall of left external auditory canal cavity and left mastoiditis (Figure 1). CT scan confirmed the lesion of the temporal bone external auditory canal-tympanic wall (Figure 1). The patient was treated with cefoperazone sulbactam 2g (q12h) and levofloxacin ear drops, and sodium bicarbonate solution for ear canal irrigation. However, no improvement of symptoms was seen after one week. Debridement of the external auditory canal and mastoid were carried out to remove the infected and necrotic tissues on November 10th and 17th. Pathological examination showed granulation tissue proliferation with extensive neutrophil infiltration (Figure 1). As a result, ceftazidime was administered (2g, q8h) but again failed to relieve the symptoms and the patient developed facial paralysis. Debridement of the temporomandibular joint was performed on December 5th. During the operation, a large amount of inflammatory granulation tissue in the bilateral plate area, bone defect in the anterior wall of the external auditory canal were found. The symptoms persisted after surgery and mNGS was performed on granulation tissue on December 16th, which reported Aspergillus flavus (Figure 2). Voriconazole was administered intravenously twice on the first day at a dose of 400 mg, followed by 200 mg intravenously (BID). Following one month of antifungal therapy, the patient’s earache showed significant clinical improvement. After discharge, voriconazole was taken orally (200 mg twice a day for 2 months) and the patient recovered despite that facial paralysis persisted. The entire treatment process is summarized in Figure 3.




Figure 1 | (A) MRI showed thickening and strengthening of the wall of the left external auditory canal cavity and left mastoiditis. (B) Axial CT showing soft tissue involvement of the left external and the middle ear, with external auditory canal - tympanum wall bone erosion. (C) 11-10 Postoperative pathology: granulation tissue proliferation with extensive neutrophil infiltration.






Figure 2 | mNGS results. (A) Aspergillus and Lymphocryptovirus were detected in case 1 by mNGS. Aspergillus was accounting for 14.11% of all microbial reads. The others were considered Probable normal flora. (B) Aspergillus and Staphylococcus were detected in case 2 by mNGS. Aspergillus was accounting for 32.51% of all microbial reads. Veillonella was considered Probable normal.






Figure 3 | The treatment timeline of the patient.







Case 2

A 56-year-old female with diabetes presented with otalgia and otorrhea for 40 days. Repeated cultures of secretions were negative, and the symptoms were not relieved after empirical antibiotic treatment at the local hospital. Physical examination showed suppurative mucous discharge and granulation tissue in the right ear canal, as well as mild facial paralysis. CT scan showed the lesion in the temporal bone external auditory canal - tympanic wall (Figure 4). MRI showed irregular tissue masses in the external auditory canal, with unclear boundaries (Figure 4). Pathological examinations showed granulation tissue (Figure 4). mNGS on ear canal secretions and granulation tissue was performed immediately upon admission, and the results showed presence of Aspergillus flavus and Staphylococcus (Figure 2). Voriconazole was administered at a dosage of 400 mg intravenously twice for the first day, followed by 200 mg intravenously (BID). Linezolid was taken orally (600 mg twice a day for two weeks). Two weeks later, the patient was discharged and switched to oral voriconazole, which lasted for 3 months. The patient fully recovered after the treatment. The entire treatment process is summarized in Figure 3.




Figure 4 | (A) MRI showed irregular tissue masses in the external auditory canal, with unclear boundaries. (B) Axial CT showing soft tissue involvement of the right external, with temporomandibular joint and eustachian tube bone erosion. (C) pathology: granulation tissue proliferation with extensive neutrophil infiltration.








Discussion

FMEO occurs in immunocompromised patients, such as AIDS, acute leukemia, uncontrolled diabetes mellitus. The first case of FMEO was described in 1985 in a 68-year-old patient with recurrent acute myeloid leukemia (Petrak et al., 1985).

Clinical signs of FMEO include severe otalgia, purulent otorrhea, granulation and neurologic deficits (especially facial nerve involvement), previously diagnosed otitis externa not responsive to therapy.

The progression of the FMEO has been divided into 3 clinical stages (Bovo et al., 2012). Stage I: infection of the external auditory canal and adjacent soft tissues with severe pain, with or without facial nerve palsy. Stage II: extension of infection with osteitis of skull base and temporal bone, or multiple cranial nerve neuropathies. Stage III: intracranial extension with meningitis, epidural empyema, subdural empyema or brain abscess. Meningitis, large vessel septic thrombophlebitis or rupture, septicemia, aspiration pneumonia due to vagal paralysis, and cerebrovascular accident are the most frequent causes of death. The examination of invasive fungal infection includes direct microscopic examination of fungi, fungal culture and identification, serological examination, histopathological examination, and Polymerase chain reaction(PCR). Fungal culture and antifungal susceptibility test are helpful to guide clinical treatment. However, conventional culture-based techniques have a typically low detection rate and culture is time consuming (Weiss et al., 2019). Direct microscopic examination of fungi is a simple and rapid method. But Aspergillus is also frequently isolated from external auditory canal smears and diagnosis of FMEO should be based on histopathologic confirmation on deep tissue biopsy (Martínez-Berriotxoa et al., 1997). A deep tissue specimen is necessary to diagnose the fungi: this could reduce the risk of contamination or isolation of pathogenic saprophytes (Tuzcu et al., 2006). Tissue biopsies were taken from the external ear canal revealed nonspecific chronic inflammation in our cases. The advantages of mNGS sequence-based detection of microbes associated with a disease state include high throughput evaluation that can accommodate many samples at once compared to traditional PCR-based detection, the quantity of data provided by sequence is potentially much higher because bacterial, fungal, and viral community members can be detected simultaneously, and the reliability of sequence data surpasses that of traditional morphological and physiological assays for microbial identification (Jiang et al., 2021). The cost of mNGS is expensive, which is not conducive to widespread promotion. Compared with traditional cultivation methods, mNGS cannot perform drug sensitivity and is not conducive to drug screening. mNGS might be recommended for high-risk patients, who can benefit from early diagnosis and treatment. At the same time, it is recommended to use deep tissue for mNGS sampling materials.

Treatment for FMEO usually involves extensive surgical debridement, intensive long-term antifungal treatments, aggressive control of diabetes, and improvement of immunocompetency when possible (Halsey et al., 2011). However, there are neither guidelines nor definite recommendations with regards to surgical treatment of FMEO. Some authors emphasize that extensive surgery may be counterproductive because of the risk of exposing healthy bone to infection (Carfrae and Kesser, 2008). Amphotericin B and itraconazole were favored for treatment of FMEO in the earlier case reports, whereas voriconazole has played a role in the therapy of the majority of reported cases since 2008 (Walton and Coulson, 2014). Voriconazole is currently recommended as first-line treatment in cases of invasive aspergillosis (Walton and Coulson, 2014). Treatment failure may also be due to discontinuation or reduction of treatment due to antifungal toxicity (Perrine et al., 2009). In the review by M. Mion et al. (2015), 64% of patients were treated with a single antifungal agent (Voriconazole or amphotericin B) for an average course of 178.4 days. The proportion of antifungal combination therapy was 36% (9/25), and the mean treatment time was 151.62 days. The rate of surgical debridement was 56%. Fully recovered patients accounted for 60% (15/25). The most common adverse effects were renal impairment, increased blood urea nitrogen and creatinine, decreased creatinine clearance and renal failure. Voriconazole is currently considered the first-line treatment option for invasive aspergillosis with good clinical and biological tolerability. Voriconazole showed better fungicidal activity against Aspergillus fumigatus than itraconazole (Lewis et al., 2005). Its oral bioavailability is greater than 90%, which means that patients treated with this drug do not require long-term hospitalization (Muijsers et al., 2002). Hsu-Chueh Ho et al (Hsu-Chueh. et al., 2014). reported three cases of FMEO treated by Voriconazole. One required surgical detoxification after discontinuation, and two recovered after conservative treatment. The main side effects of voriconazole were liver damage, therefore, liver function should be monitored every 2 weeks. Concentrations of liver markers can be used to assess the dosage to minimize side effects.

The diagnosis and treatment of FMEO in our report serves as a reference for clinical management of these patients. For high-risk patients suspected of FMEO, mNGS tests are recommended when conventional microbiological tests are negative. The clinician’s experience is important for early diagnosis, and the key to its treatment is antifungal therapy, surgical debridement, and primary disease control.
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Introduction

There is a clinical challenge in diagnosing tuberculous pleurisy accurately and promptly, highlighting the urgent need for a rapid and sensitive diagnostic method. This study aimed to evaluate the diagnostic accuracy of metagenomic next-generation sequencing (mNGS) and GeneXpert Mycobacterium tuberculosis (MTB) for identifying tuberculous pleurisy and analyzing the microbial profiles of both tuberculous and non-tuberculous pleural effusions.





Methods

The study enrolled 31 patients with suspected tuberculous pleurisy, of which 15 were confirmed to have tuberculous pleurisy and subsequently allocated to the tuberculous pleurisy group (TP group), while the remaining 16 individuals were assigned to the non-tuberculous pleurisy group (NTP group). mNGS and GeneXpert MTB were performed on pleural effusion samples, and the diagnostic accuracy of both tests was compared. We employed established formulas to compute crucial indicators, including sensitivity, specificity, missed diagnosis rate, misdiagnosed rate, positive predictive value (PPV), and negative predictive value (NPV).





Results

The results showed that both tests had high specificity (100%) and positive predictive value (100%) for detecting tuberculous pleurisy, along with comparable sensitivity (46.67% for mNGS and 40.0% for GeneXpert MTB). Further analysis of the combined efficacy of mNGS and GeneXpert MTB showed that the combined test had a sensitivity of 66.67% and a specificity of 100%. mNGS analysis revealed that MTB was detected in 7 out of 15 patients with tuberculous pleural effusions, while non-tuberculous pleural effusions were associated with a diverse range of microbial genera and species. The most frequently detected genera at the microbial genus level in the NTP group were Microbacterium spp. (6/16), Prevotella spp. (5/16), and Campylobacter spp. (5/16).





Discussion

These findings suggest that mNGS and GeneXpert MTB are useful diagnostic tools for identifying patients with tuberculous pleurisy, and mNGS can provide valuable insights into the microbial profiles of both tuberculous and non-tuberculous pleural effusions.





Keywords: metagenomic next-generation sequencing, tuberculous pleurisy, pleural effusion, Mycobacterium tuberculosis, diagnostic techniques and procedures, sensitivity and specificity




1 Introduction

Tuberculous pleurisy is a significant cause of death worldwide, imposing a huge medical burden as the most common form of extrapulmonary tuberculosis (TB) (WHO, 2021). Approximately 50% of extrapulmonary TB patients are diagnosed with tuberculous pleurisy (Kang et al., 2020), which is characterized by a severe immune response with high exudation of adenosine deaminase (ADA), lymphocyte enrichment, and local exudation of neutrophils (Shaw et al., 2018). The disease can lead to serious complications, such as pleural thickening or adhesions, tuberculous empyema, and bronchopleural fistula, which can severely impact the patient’s health and quality of life if not detected and treated promptly (Barbas et al., 1991; Sonmezoglu et al., 2008; Shaw et al., 2019).

The current diagnostic methods for tuberculous pleurisy include imaging, sputum smear microscopy, mycobacterium tuberculosis (MTB) culture, MTB nucleic acid testing, pleural biopsy, and immunologic testing (Ferreiro et al., 2020). The MTB culture is widely regarded as the gold standard, however, the process is time-consuming, typically requiring 4-8 weeks. Additionally, it exhibits limited sensitivity. The sensitivity in pleural effusion, as reported by various literature, ranges from 20% to 40% (Gopi et al., 2007; Light, 2010; Shaw et al., 2019). The diagnostic accuracy of pleural tissue biopsy for tuberculous pleurisy is substantial, reaching 69%-97%. This can even achieve 100% sensitivity through thoracoscopic biopsy, and it’s even higher in HIV-positive individuals (Lewinsohn et al., 2017; Casalini et al., 2018). Despite its high accuracy, pleural tissue biopsy is invasive and technically challenging, often accompanied by potential risks, rendering it unavailable in certain situations. Although immunological diagnostic methods such as ADA, interferon-γ, and interleukin-27 in pleural effusion are simple and fast, their accuracy is limited (Mollo et al., 2017; Lo Cascio et al., 2021). Recently, molecular diagnostic technology has brought breakthroughs to the diagnosis of tuberculous pleurisy, with GeneXpert MTB nucleic acid amplification technology (GeneXpert MTB) being recommended by WHO for confirming pulmonary and suspected extrapulmonary tuberculosis patients (Nhu et al., 2014). However, its sensitivity, particularly in extrapulmonary TB, remains low, and it can only target specific mycobacterial antigens or antibodies of known gene sequences. In addition, the lack of MTB in pleural fluid is also a great challenge for ordinary PCR detection methods to capture MTB information (Antonangelo et al., 2019). Therefore, there is a need to develop rapid, convenient, and accurate diagnostic methods that can facilitate the timely and precise diagnosis and treatment of tuberculous pleurisy.

Metagenomic next-generation sequencing (mNGS) is a powerful sequencing technique that can simultaneously sequence thousands to billions of DNA fragments, enabling the detection of nucleic acid sequence information for all species present in a sample, without being dependent on bacterial culture or antigen/antibody levels (Simner et al., 2018). This technique is fast, convenient, and has a wide detection range, making it particularly useful for detecting rare, novel, and unknown pathogen sequences. mNGS has been successfully used to diagnose pathogen infections in various sites, such as the central nervous system, lungs, blood, skin, and abdomen (Gu et al., 2019). In addition, mNGS can also be used for microbiome studies of pulmonary diseases. Research has shown that tuberculosis patients have a complex microbial environment, and there are differences in microbial flora composition and distribution between healthy individuals and tuberculosis patients, which may affect the development and treatment of the disease (Hong et al., 2018; Hu et al., 2020; Xiao et al., 2022). However, the diagnostic value of mNGS in tuberculous pleurisy has not been fully established yet.

The purpose of the study was to evaluate the diagnostic accuracy and efficacy of mNGS and GeneXpert MTB in the diagnosis of tuberculous pleurisy and to analyze the microbial profiles of tuberculous and non-tuberculous pleural effusions using mNGS. Our results may help improve the accuracy of diagnosis for tuberculous pleurisy, which can aid in the timely initiation of appropriate treatment and ultimately improve patient outcomes.




2 Materials and methods



2.1 Patients and sample collection

This study was approved by The Ethics Committee of The First Affiliated Hospital of Zhengzhou University (approval number: 2022-KY-1276-002). A total of 31 patients with suspected tuberculous pleurisy who visited The First Affiliated Hospital of Zhengzhou University and Chest Hospital of Henan Province Chest Hospital between September 2021 and September 2022 were included in this study. Pleural effusion samples were collected for mNGS and GeneXpert MTB detection. The inclusion criteria were as follows: 1) participants must be at least 18 years old; 2) participants must be suspected of having tuberculous pleurisy, with clinical symptoms related to pleurisy such as fever, cough, chest pain, and dyspnea, and chest imaging suggesting pleural effusion; 3) complete clinical data must be available for participants; 4) specimens of pleural effusion must have been submitted for mNGS sequencing; 5) participants must have understood the purpose and significance of the study and voluntarily signed the informed consent form. The exclusion criteria were: 1) patients who have received anti-tuberculosis treatment before admission; 2) patients with underlying congenital or acquired immunodeficiency diseases; 3) pregnant or lactating patients; 4) mNGS sequencing results showing that the quality control did not meet the standard.

Confirmed tuberculous pleurisy was defined as a positive result for MTB detected by bacterial or molecular methods in sputum, bronchoalveolar lavage fluid (BALF), pleural effusion, lung or pleural tissue specimens, or the biopsy of lung or pleural showing caseous granuloma. Non-tuberculous pleurisy was defined as confirmation of a diagnosis other than tuberculosis through microbiology, histopathology, or serology examination. Based on the diagnostic criteria, patients were classified into two groups: the tuberculous pleurisy group (TP group) and the non-tuberculous pleurisy group (NTP group). Demographic and clinical data, including age, gender, symptoms, and laboratory and radiological results, were collected from their medical records (Table 1). Specimens were obtained through thoracentesis or closed drainage of the pleural cavity. Twenty milliliters of pleural fluid were collected using EDTA anticoagulation tubes and transported to the laboratory under refrigeration within 4 hours for subsequent mNGS and Genexpert MTB testing.


Table 1 | Clinical characteristics of patients with tuberculous and non-tuberculous pleurisy.






2.2 mNGS

Each pleural fluid sample (1.2 mL) was meticulously aspirated and transferred into a 2 mL shock tube. Subsequently, the shock tube underwent efficient disruption of cell walls by a sample shock breaker (BSP-100; Hangzhou Matridx Biotechnology Co., Ltd., China). Then it was centrifuged at 12,000 rpm for 3 minutes. 400 μL of supernatant was pipetted into the cartridge (MD013, Hangzhou Matridx Biotechnology Co., Ltd., China) with pre-loaded reagents. Finally, the cartridge was inserted into the device of NGSmasterTM (MAR002; Hangzhou Matridx Biotechnology Co., Ltd., China), which could automatically complete nucleic acid extraction, PCR-free library preparation (enzymatic fragmentation, end repairing, terminal adenylation and adaptor ligation) and purification. Finished libraries were quantified by real-time PCR (KAPA) and pooled for sequencing. Shotgun sequencing was carried out on illumina Next seq platform. Approximately 20 million of 75 bp single-end reads were generated for each library. Bioinformatic analysis was conducted. Briefly, after filtering out the sequences of human origin (hg38) and removing adaptors, the remaining reads were aligned to a reference database (NCBI Nt, Patric, ViPR, EupathDB, fungibank and in-house curated microbial genomic data) to identify microbial species, reads count and relative abundance. For each run, one negative control (artificial plasma mixed with fragmented human genomic DNA) was included for quality control. The test results of microbial species identified from a sample were reported according to the following criteria: (a) the results passed quality control filters (library concentration >50 pM, Q20 > 85%, Q30 > 80%); (b) negative control (NC) in the same sequencing run does not contain the species or the ratio of reads per million in NC (RPMNC) to reads per million in sample (RPMsample) is less than 5.




2.3 GeneXpert MTB

The pleural effusion samples were treated with 4% NaOH solution (NaOH solution to sample ratio of 2:1), followed by centrifugation at 3000 r/min and subsequent removal of the supernatant. The resulting centrifugal precipitate was resuspended in a 67mM PBS solution. Subsequently, the experimental procedure was conducted according to the Xpert MTB/RIF reaction kit (Cepheid, USA). Briefly, 1.5 ml of sample reagent (SR) was added to 0.5 ml of suspended sediment (SR to sample ratio of 3:1). The test tube containing SR and sample was vigorously shaken for 10-20 times (one back and forth movement constitutes a single shake) or vortexed, then incubated at room temperature for 10 minutes. After an additional vigorous shaking and incubation for 5 minutes, 2 ml of the material were transferred into the test cartridge which was inserted into the MTB-RIF test platform. An automated test then commenced including automatic filtration and washing of the sample, lysis of filter-captured organisms to release DNA, seminested real-time PCR amplification and detection. finally, the test result could be automatically printed within approximately 2 hours.




2.4 Statistical analysis

The enumeration data were reported as “number of cases” and “rate”. Values of sensitivity, specificity, misdiagnosis rate (false positive rate), missed diagnosis rate (false negative rate), positive predictive value (PPV), and negative predictive value (NPV) for both mNGS and GeneXpert MTB were calculated through established formulas. The differences between the two methods were compared using the Chi-square test and Fisher’s exact test through the SPSS 19.0 version software. A significance level of P value set at 0.05 guided these comparative assessments.





3 Results



3.1 Clinical characteristics of patients with suspected tuberculous pleurisy

A total of 31 patients, including 28 males and 3 females with a minimum age of 18 years old and a maximum age of 86 years old, were enrolled in this study due to suspected tuberculous pleurisy (Table 1). The majority of pleural effusions occurred on the right side (19 patients), followed by the left side (7 patients) and bilateral (5 patients). Common clinical symptoms included cough (13 cases), fever (12 cases), chest or back pain (12 cases), chest tightness (16 cases), and in rare cases, bloody phlegm (1 case) and dyspnea (1 case) were reported. Imaging tests revealed that pulmonary infiltration was characterized by exudation (patchy and floccus) in 17 cases, nodules in 9 cases, consolidation in 8 cases, fibro stripe shadows in 6 cases, atelectasis in 5 cases, mass shadows in 3 cases, and cavity in 3 cases.

Among these patients, 15 individuals were diagnosed with tuberculous pleurisy (Figure 1). The confirmation process unfolded as follows: One case was unequivocally confirmed through the detection of a positive pleural fluid culture, and one by a positive sputum smear microscopy. The diagnosis in two cases was corroborated by a positive sputum Xpert test. Importantly, mNGS detected the mycobacterium tuberculosis complex group in the bronchoalveolar lavage fluid (BALF) of four cases, further solidifying their diagnoses. An additional seven cases were substantiated through tissue biopsies, each providing unique perspectives for confirmation: one case found validation through a bronchial mucosal tissue biopsy; lymph node biopsy firmly established the diagnosis for one case; pleural biopsies were instrumental in confirming two cases; and finally, lung biopsy was utilized to confirm three other cases. 15 patients were assigned to TP group (cases 17–31 in Table 2), while the remaining 16 patients were assigned to NTP group (cases 1–16 in Table 2). More information can be found in Figure 1 and Table 2.




Figure 1 | Flow chart of the study design.




Table 2 | Patient characteristics and diagnostic results of tuberculous and non-tuberculous pleurisy cases.






3.2 Diagnostic accuracy of mNGS and GeneXpert MTB in tuberculous pleurisy

Diagnostic accuracy of mNGS and Xpert MTB was evaluated in patients with suspected tuberculous pleurisy using confirmed diagnosis as the gold standard. MTB detection was performed on pleural effusion samples using both methods. The results showed that in the TP group, 7 cases were positive and 8 cases were negative by mNGS, with a sensitivity of 46.67%, specificity of 100%, missed diagnosis rate of 53.33%, misdiagnosis rate of 0%, PPV of 100%, and NPV of 66.67% (Table 3; Figure 2). Similarly, 6 cases were positive and 9 cases were negative by GeneXpert MTB, with a sensitivity of 40.0%, specificity of 100%, missed diagnosis rate of 60.0%, misdiagnosis rate of 0%, PPV of 100%, and NPV of 64.0% (Table 3; Figure 2). In the pursuit of robust comparisons between mNGS and Xpert diagnostic performances, the statistical examination was meticulously conducted using the Fisher’s exact probability method, resulting in a bilateral test P value of 1. This outcome indicates the absence of statistical significance, affirming the consistency of the observed data. The results suggest that both mNGS and GeneXpert MTB demonstrate high specificity and PPV, along with comparable sensitivity, for detecting MTB in pleural effusion samples.


Table 3 | Diagnostic accuracy of the two methods alone and combined detection of mNGS and Xpert for tuberculous pleurisy and non-tuberculous pleurisy (N=31).






Figure 2 | The sensitivity of mNGS, Xpert alone and combined.






3.3 Diagnostic accuracy of combined mNGS and GeneXpert MTB for tuberculous pleurisy

Further analysis of the diagnostic efficacy of mNGS combined with GeneXpert MTB was performed in patients with suspected tuberculous pleurisy. The results showed that out of the 15 patients with confirmed tuberculous pleurisy, 10 were positive and 5 were negative by the combined test of mNGS and GeneXpert MTB. In contrast, all 16 patients with non-tuberculous pleural effusion were negative by the combined test. The combined test had a sensitivity of 66.66%, specificity of 100%, missed diagnosis rate of 33.33%, and misdiagnosis rate of 0 (Table 3; Figure 2). The results suggest that the combined test of mNGS and GeneXpert MTB can increase the overall sensitivity of each test and improve the accuracy of the diagnosis.




3.4 mNGS analysis reveals microbial profiles of tuberculous and non-tuberculous pleural effusions

To analyze the characteristics of pathogens in patients with tuberculous pleurisy and non-tuberculous pleurisy, we collected mNGS test reports (Table 4). The results showed that MTB was detected in 7 out of 15 patients with tuberculous pleurisy, while Aspergillus fumigatus was detected in 2 cases. Among the 16 patients with non-tuberculous pleurisy, 6 showed no evidence of any pathogens. One patient was found to have a single pathogen, while 3 patients had two detected pathogens. The remaining 6 patients were found to have multiple (≥ 3) pathogens. In the 10 cases where pathogens were detected, all 10 patients showed the presence of Gram-staining positive organisms, with 8 of them showing the presence of both Gram-staining positive and negative organisms. The most frequently detected genera at the microbial genus level were Microbacterium spp. (6/16), Prevotella spp. (5/16), Campylobacter spp. (5/16), Clostridium spp. (4/16), Streptococcus spp. (4/16), Campylobacter spp. (3/16), Staphylococcus spp. (2/16), Enterococcus spp. (2/16), and Porphyromonas spp. (2/16) (Figure 3). The most frequently detected species at the microbial species level were Microsomonas microti (6/16), Clostridium perfringens (4/16), Streptococcus mirabilis (3/16), Heparinolytic Bacteroides (3/16), Prevotella intermedia (2/16), Prevotella oralis (2/16), Campylobacter showa (2/16), and Porphyromonas pulpalis (2/16) (Figure 4). These data suggest that mNGS can detect a diverse range of microbial genera and species in patients with non-tuberculous pleurisy.


Table 4 | The results of microbial profiles detected by mNGS test.






Figure 3 | The genus-level identification of the most frequently detected microorganism in the non-tuberculous pleurisy group.






Figure 4 | The species-level identification of the most frequently detected microorganism in the non-tuberculous pleurisy group.







4 Discussion

Rapid and accurate diagnosis of tuberculous pleurisy is clinically challenging. This study found that both mNGS and GeneXpert MTB exhibited high specificity and PPV in detecting MTB in pleural effusion samples, while demonstrating comparable sensitivity. The combination of mNGS and GeneXpert MTB improved the sensitivity for the diagnosis of tuberculous pleurisy. Furthermore, mNGS revealed diverse microbial profiles in patients with non-tuberculous pleurisy. The results suggest that mNGS can effectively identify MTB in pleural effusions, potentially contributing to the diagnosis and management of tuberculosis.

In earlier studies, cultures of MTB in pleural effusions were often negative, and tuberculin-induced type 1 helper T cells were found in such samples, leading to the definition of tuberculous pleurisy as a delayed allergic response to MTB or its metabolites (Aktas et al., 2009; Porcel, 2009). However, recent improvements in diagnostic assays have shifted the understanding of the pathogenesis of tuberculous pleurisy, with current evidence suggesting that direct infection with MTB and/or stimulation of the pleura by MTB metabolites causes pleural inflammation (Shaw et al., 2018; Shaw and Koegelenberg, 2021). In our study, MTB was detected in multiple pleural effusion specimens, supporting this current view.

Rapid and precise detection of pathogenic microorganisms is essential for early diagnosis, appropriate medication and accurate prognosis assessments of infectious diseases. Currently, the clinical identification of MTB primarily relies on culture, smear microscopy, and nucleic acid amplification detection. Among these methods, culture is considered the gold standard for identifying MTB and can also be used for drug sensitivity testing. However, culture of pleural fluid with Lowenstein-Jensen medium has a low positive rate (less than 30%) and is time-consuming, which hinders early diagnosis and treatment. Conventional smear microscopy using Ziehl-Nielsen or Auramine stains of pleural fluid also exhibits a low positive rate (less than 10%) and cannot identify specific mycobacterial strains (Gopi et al., 2007; Shaw et al., 2019). Notably, mNGS has emerged as an advanced detection technology capable of directly profiling all nucleic acid sequences (DNA and RNA) from clinical samples using NGS. It can provide results within approximately 24 hours while simultaneously enabling strain identification and detection of drug resistance genes. Furthermore, it enables efficient alignment of the obtained sequences with genomic sequences from various species, thereby determining the types and proportions of microorganisms present in the analyzed samples. mNGS has shown great potential for the early etiological diagnosis of thoracic and abdominal infections due to its high sensitivity and broad pathogenic spectrum detection capabilities (Chen et al., 2021). Huang et al. have demonstrated that mNGS is superior to traditional methods, such as MTB culture and PCR detection, in identifying MTB, bacteria, fungi, and mycoplasma in patients with acute respiratory failure (Huang et al., 2021). In clinical studies, mNGS has been found to be rapid and efficient, with a higher sensitivity (62%) for the diagnosis of extrapulmonary tuberculosis compared to smear (5%), MTB culture (18%), and GeneXpert (31%) (Sun et al., 2021). Additionally, mNGS can detect rare, novel and unknown pathogen sequences, making it even more important for diagnosing difficult and complicated diseases. Studies have also demonstrated the potential of mNGS in the rapid and accurate detection and identification of Nocardia species (Ding et al., 2021). By utilizing mNGS, Wilson et al. successfully detected the presence of leptospirosis with central nervous system involvement in a 14-year-old epileptic boy who had experienced recurrent fever of unknown origin (Wilson et al., 2014). Subsequently, the patient received appropriate treatment and achieved complete recovery.

The differential diagnosis of pleural effusion etiology has always been a clinical challenge, particularly for the identification of MTB infection. The clinical utility of the Xpert assay for detecting MTB in sputum is well-established; however, there is a scarcity of studies assessing its diagnostic efficacy in pleural effusion, and the findings are inconclusive. Similar to the study conducted by Du et al., which reported a sensitivity of 43.6% and specificity of 98.6% (Du et al., 2015), our study demonstrated that the Xpert assay exhibited a sensitivity of 40% and specificity of 100% for the detecting MTB in pleural effusions. In contrast, Rufai et al.’s study displayed a higher sensitivity (54.5%) but consistent specificity (100%) with our findings (Rufai et al., 2015). Conversely, both Meldau et al. (Meldau et al., 2014) and Lusiba et al. (Lusiba et al., 2014) found that the sensitivity and specificity of Xpert assay were lower than our study, with the sensitivity was 22.5% and 28.7%, and the specificity was 98% and 96.6%, respectively. The diagnostic performance of the Xpert assay for detecting MTB in pleural effusions demonstrated significant variability, potentially due to regional differences in tuberculosis prevalence and limitations in sample size. Therefore, multi-center and large sample-size studies need to be implemented in the future. Also, there have been few studies investigating the diagnostic efficacy of mNGS for detecting MTB in pleural effusion specimens. Therefore, we conducted this study and evaluated the diagnostic performance of mNGS compared to GeneXpert MTB for the detection of MTB in pleural effusion specimens. Our results demonstrated that both mNGS and GeneXpert MTB exhibited high specificity and PPV in detecting MTB in pleural effusion samples, while demonstrating comparable sensitivity. Although mNGS had a higher positive detection rate of MTB compared to GeneXpert MTB, its cost is considerably higher (Chen et al., 2020). Therefore, a combined approach of mNGS and GeneXpert MTB can be considered in clinical settings where resources allow. Previous studies have also investigated the use of combined tests for the diagnosis of tuberculous pleural effusion. For example, a study by Xu et al. found that combining ADA and interferon-γ release assay tests had a sensitivity of 96.9% and a specificity of 87.5% for diagnosing tuberculous pleural effusion (Xu et al., 2017). A systematic review and meta-analysis showed that the combined test of sTREM-1 and ADA had a sensitivity of 90.4% and a specificity of 82.4% for diagnosing tuberculous pleurisy (Liang et al., 2008). Compared to these previous studies, our study showed that the combined test of mNGS and GeneXpert MTB had a slightly lower sensitivity (66.67%) but a higher specificity (100%) for diagnosing tuberculous pleural effusion. The high specificity of the combined test indicates that it has a low false positive rate and can effectively distinguish tuberculous from non-tuberculous pleural effusion. However, the relatively low sensitivity suggests that the combined test may miss some cases of tuberculous pleural effusion. Therefore, it may be necessary to combine the combined test with other diagnostic methods to improve its diagnostic accuracy. In addition, mNGS had the advantage of detecting a wide range of microbial profiles in tuberculous and non-tuberculous pleural effusion, which can aid in the differential diagnosis of pleural effusion etiology. In this study, two cases of concurrent Aspergillus infection were identified among patients with tuberculous pleurisy. Among patients with non-tuberculous pleurisy, the most frequently detected microbial genera included Microbacterium spp. (6/16), Prevotella spp. (5/16), Campylobacter spp. (5/16), Clostridium spp. (4/16), and Streptococcus spp. (4/16). The most commonly detected microbial species were Microsomonas microti (6/16), Clostridium perfringens (4/16), Streptococcus mirabilis (3/16), and Heparinolytic Bacteroides (3/16). These findings significantly contribute to accurate treatment and provide valuable reference for studying the microbiome of pleural fluid samples. Furthermore, a limited presence of other microbial species was observed in patients with tuberculous pleurisy, with Aspergillus fumigatus being detected in only two individuals. However, it was found that six patients with non-tuberculous pleurisy exhibited a higher prevalence (≥3) of multiple microorganisms. The findings suggest a decrease in microbial diversity and an impairment of microbiome structure in patients with tuberculous pleurisy. Further investigation is warranted to elucidate the underlying mechanism behind this intriguing observation.

According to statistics, approximately 15% to 20% of cases remain etiologically unidentified despite undergoing a series of conventional diagnostic methods. Moreover, certain specific populations, including elderly individuals and those with compromised overall health or inability to undergo lung biopsy and bronchoscopy procedures for obtaining pathological and bronchoalveolar lavage fluid specimens, pose additional challenges. Given the easy retention of pleural fluid samples, it is of great value and advantage to perform Xpert assay and mNGS to assist in the diagnosis of tuberculous pleurisy, particularly in this specific population. Nevertheless, it is important to acknowledge that mNGS still represents a significant advancement in pathogen detection. Specifically, the vast majority of nucleic acid sequence reads (typically exceeding 99%) in patient samples originate from human hosts, thereby limiting the comprehensive analytical sensitivity of pathogen detection methods. Additionally, due to the complex nature of clinical samples, there may be a scarcity of available pathogenic information leading to data loss or confusion between pathogen data and normal flora that are challenging to differentiate. Furthermore, potential microbial contamination during sampling, reagent handling, and laboratory environment can adversely impact pathogenic identification by overestimating microbial diversity within samples and consequently complicating result analysis and interpretation.

The mNGS technology encompasses a diverse range of disciplines and technical components, including sample collection and pretreatment, microbial nucleic acid extraction, library preparation, high-throughput sequencing, bioinformatics analysis, and professional interpretation of detection reports. In comparison to commonly employed methods in clinical diagnosis such as microbial culture, smear microscopy, and PCR which incur relatively lower costs ranging from a few dollars to tens of dollars per sample analysis, the utilization of mNGS involves additional expenses due to factors like training skilled technicians, utilizing expensive instruments, operating and maintaining equipment as well as implementing quality control measures. Consequently, the total expenses for each sample analysis may amount to hundreds or even thousands of dollars. However, advancements in automation and standardization of mNGS protocols are expected to lead to a significant reduction in costs facilitating its widespread adoption in clinical settings for rapid and precise diagnosis.

Our study still has several limitations. First, the relatively smaller sample size of the present study may introduce potential bias in the obtained results. In future investigations, we aim to address this limitation by expanding our sample size and conducting more comprehensive and in-depth research on mNGS in various forms of tuberculosis, including pulmonary tuberculosis as well as extrapulmonary manifestations such as tuberculous pleurisy, tuberculous meningitis, and tuberculous peritonitis. Additionally, to enhance the reliability of our findings for guiding clinical applications, we plan to perform a comprehensive analysis on a broader range of indicators including immunological markers, ADA levels, Mycobacterium tuberculosis culture results, and smear microscopy outcomes through multi-regional and multi-center sampling.

In conclusion, this study suggests that mNGS can effectively identify MTB in pleural effusions and offers the advantage of detecting a wide range of microbial profiles in both tuberculous and non-tuberculous pleural effusions. These findings have the potential to significantly impact the diagnosis and treatment of patients with pleural effusion, ultimately leading to better patient outcomes.
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Introduction

Pneumonia are the leading cause of death worldwide, and antibiotic treatment remains fundamental. However, conventional sputum smears or cultures are still inefficient for obtaining pathogenic microorganisms.Metagenomic next-generation sequencing (mNGS) has shown great value in nucleic acid detection, however, the NGS results for lower respiratory tract microorganisms are still poorly studied.





Methods

This study dealt with investigating the efficacy of mNGS in detecting pathogens in the lower respiratory tract of patients with pulmonary infections. A total of 112 patients admitted at the First Affiliated Hospital of Zhengzhou University between April 30, 2018, and June 30, 2020, were enrolled in this retrospective study. The bronchoalveolar lavage fluid (BALF) was obtained from lower respiratory tract from each patient. Routine methods (bacterial smear and culture) and mNGS were employed for the identification of pathogenic microorganisms in BALF. 





Results

The average patient age was 53.0 years, with 94.6% (106/112) obtaining pathogenic microorganism results. The total mNGS detection rate of pathogenic microorganisms significantly surpassed conventional methods (93.7% vs. 32.1%, P < 0.05). Notably, 75% of patients (84/112) were found to have bacteria by mNGS, but only 28.6% (32/112) were found to have bacteria by conventional approaches. The most commonly detected bacteria included Acinetobacter baumannii (19.6%), Klebsiella pneumoniae (17.9%), Pseudomonas aeruginosa (14.3%), Staphylococcus faecium (12.5%), Enterococcus faecium (12.5%), and Haemophilus parainfluenzae (11.6%). In 29.5% (33/112) of patients, fungi were identified using mNGS, including 23 cases of Candida albicans (20.5%), 18 of Pneumocystis carinii (16.1%), and 10 of Aspergillus (8.9%). However, only 7.1 % (8/112) of individuals were found to have fungi when conventional procedures were used. The mNGS detection rate of viruses was significantly higher than the conventional method rate (43.8% vs. 0.9%, P < 0.05). The most commonly detected viruses included  Epstein–Barr virus (15.2%), cytomegalovirus (13.4%), circovirus (8.9%), human coronavirus (4.5%), and rhinovirus (4.5%). Only 29.4% (33/112) of patients were positive, whereas 5.4% (6/112) of patients were negative for both detection methods as shown by Kappa analysis, indicating poor consistency between the two methods (P = 0.340; Kappa analysis). 





Conclusion

Significant benefits of mNGS have been shown in the detection of pathogenic microorganisms in patients with pulmonary infection. For those with suboptimal therapeutic responses, mNGS can provide an etiological basis, aiding in precise anti-infective treatment.
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Introduction

Pulmonary infection stands as a major global cause of mortality, with antibiotic treatment remaining its cornerstone (Magill et al., 2014). In recent times, there has been a shift toward precise anti-infective therapy, emphasizing the early acquisition of an etiological basis to enable the selection of appropriate antibiotics, enhance therapeutic outcomes, and mitigate antibiotic abuse and drug resistance in bacteria (Caliendo et al., 2013). It has been proven that conventional approaches for detecting pathogenic microorganisms, including bacterial smears of sputum or bronchoalveolar lavage fluid (BALF), culture, or nucleic acid detection of pharyngeal swabs, have only a limited level of effectiveness. Numerous studies indicate that these approaches are only capable of identifying pathogenic microorganisms in between 30 and 40% of patients, with even lower detection rates in those who have previously used antibiotics, posing a challenge to clinical requirements (Jain et al., 2015; Torres et al., 2019).

Metagenomic next-generation sequencing (mNGS), as an advanced molecular method of disease diagnosis, provides a high throughput and sensitivity while also being less impacted by exposure to antibiotics. All microbial fragments in a sample may be directly identified by mNGS (Gu et al., 2019; McCombie et al., 2019; Duan et al., 2021). Recently, mNGS has found increased application in clinical settings, proving valuable both in non-infectious diseases (Kamps et al., 2017; Mellis et al., 2018; Cainap et al., 2021) and infectious diseases, particularly in detecting unique infections and emerging pathogens (Afshinnekoo et al., 2017; Simner et al., 2018; Ai et al., 2020; Chen et al., 2020). Studies indicate that the diagnostic performance of mNGS for infectious diseases is 50.7% in sensitivity and 85.7% in specificity (Miao et al., 2018). Despite this, there is still a paucity of mNGS data concerning pathogenic microorganisms in the lower respiratory tract of patients suffering from pulmonary infections, particularly in BALF obtained through bronchoscopy. The focus of this study is to examine mNGS’s efficacy in detecting pathogens in the lower respiratory tracts of individuals with pulmonary infections, in comparison with conventional detection techniques. It seeks to delineate the characteristics of the pathogen spectrum, providing novel insights into precise anti-infective treatment.





Methods




Study participants

Patients admitted due to pulmonary infections between April 30, 2018, and June 30, 2020, at the First Affiliated Hospital of Zhengzhou University were included retrospectively. The inclusion criteria were as follows: (1) definite diagnosis according to the criteria outlined in the “Diagnosis and Treatment of Adults With Community-acquired Pneumonia 2016” (Metlay et al., 2019) and “Management of Adults With Hospital-acquired and Ventilator-associated Pneumonia:2016 Clinical Practice Guidelines by the Infectious Diseases Society of America and the American Thoracic Society” (Kalil et al., 2016) and (2) During the patient’s stay in the hospital, BALF bacterial smear, culture, and mNGS (BALF) to identify pathogenic microorganisms in the respiratory tract. The exclusion criterion comprised complications with other infections and incomplete clinical data. Low immune function was identified as occurring when at least one of the following conditions was present: hematopathy, use of chemotherapeutic drugs and glucocorticoids for autoimmune disorders, immunosuppressant use for solid organ transplantation, neutropenia or chemotherapy for solid tumors in the past 3 months, and impaired immunity owing to other factors, including hereditary or congenital factors.





Microbiological testing and pathogenic analysis

The bronchoalveolar lavage was performed to obtain BALF. Pathogenic microorganisms were identified using the routine methods of bacterial smear and culture. Simultaneously, mNGS was employed to identify pathogenic microorganisms in BALF. mNGS testing involved immediate storage of 5mL BALF at 4°C, with submission for inspection within two hours. The mNGS procedure for BALF samples includes nucleic acid extraction, library construction, sequencing, and information analysis. mNGS testing is completed by two third party companies(BGI-Huada Genomics Institute, Shenzhen, China;Capital Bio Technology, Beijing, China).





Acquisition of clinical data and antibiotic treatments

Medical records were queried for clinical data, which included demographic information, lab test outcomes, intensive care unit (ICU) special treatment records, and antibiotic treatment particulars. The following information was also obtained: antibiotic treatment before ICU admission, initial antibiotics administered upon ICU admission, and adjustments made based on mNGS pathogen data.





Statistical analysis

Data were analyzed statistically utilizing the SPSS 22.0 software. The t-test was used to examine measurement data that conformed to a normal distribution, which were presented as mean ± standard deviation (x ± s). Measurement data that did not conform to a normal distribution were presented as a median (M) and an interquartile range (IQR), with the Mann-Whitney rank sum test applied for comparison. Categorical data were presented as the number of cases and percentages [n (%)], with comparisons conducted using the χ2 test or Fisher’s exact test. Statistical significance was set at P < 0.05.






Results




Participants’ general characteristics

A total of 112 individuals successfully completed the study out of 1,266 patients who received treatment for pulmonary infection between April 30, 2018, and June 30, 2020. Of the total number of participants, 34.0% (34/112) were diagnosed with pulmonary infection for the first time. The mean age of the patients was 53.0 years. Coughing was the most common respiratory symptom, affecting 58.0% of patients (66/112), followed by chest tightness, which affected 39.3% (44/112) of patients. A significant proportion (41.1%) of patients exhibited low immune function. Additionally, 9.8% (11/112) of patients had used glucocorticoids, and 41.1% (46/112) had used antibiotics before admission Furthermore, 39.3% of patients adjusted their antibiotic prescriptions based on pathogenic microorganism results, 4.5% received extracorporeal membrane oxygenation treatment, 59.8% of those patients were admitted to the ICU, and the 30-day hospital mortality rate was 24.1% (Figure 1; Table 1).




Figure 1 | Study flow diagram.




Table 1 | Clinical and demographic features of 112 pneumonia patients.







Difference between conventional tests and mNGS in detecting pathogenic microorganisms

The overall detection rate of mNGS for pathogenic microorganisms demonstrated a significant superiority over conventional methods(93.7% vs. 32.1%, P < 0.05) (Figures 2, 3). mNGS identified bacteria in 75.0% (84/112) of patients, whereas conventional methods detected bacteria in only 28.6% (32/112) of patients. Predominantly identified bacteria included Acinetobacter baumannii (19.6%), Klebsiella pneumoniae (17.9%), Pseudomonas aeruginosa (14.3%), Enterococcus faecium (12.5%), Staphylococcus faecium (12.5%), and Haemophilus parainfluenzae (11.6%). Additionally, mNGS detected fungi in 29.5% (33/112) of patients, encompassing Candida (23 patients, 20.5%), Pneumocystis carinii (18 patients, 16.1%), and Aspergillus (10 patients, 8.9%). In contrast, the conventional method identified fungi in only 7.1% (8/112) of patients. The detection rate of viruses by mNGS significantly surpassed that of conventional methods (43.8% vs. 0.9%).The most commonly detected viruses included Epstein–Barr virus (15.2%), cytomegalovirus (12.5%), circovirus (8.9%), rhinovirus (4.5%), and human coronavirus (4.5%). Notably, mNGS detected two cases of Influenza A virus. It is worth mentioning that rare pathogens Nocardia and cyanobacteria Marneffei were identified in two patients by mNGS.




Figure 2 | Comparing mNGS-based pathogen detection with conventional detection techniques. (* P<0.05).






Figure 3 | Identification of pathogens by use of mNGS as compared to conventional approaches.







Consistency between mNGS and conventional approaches in detecting pathogenic microorganisms

The findings of the Kappa analysis suggested that there was poor consistency between the two methods (P = 0.340). Notably, both methods yielded positive results in 29.4% (33/112) of cases, while 5.4% (6/112) were negative for both methods. Additionally, 64.2% (72/112) of participants tested positive for mNGS only, and a minimal 0.9% (1/112) showed positivity solely for conventional approaches. Out of the 33 cases who tested positive for both methods, only one (0.9%) exhibited complete matching, whereas 4 cases (3.6%) were entirely mismatched and 28 (25.0%) demonstrated partial matching (Figure 4; Table 2).




Figure 4 | Pathogen identification consistency between mNGS and conventional methods.




Table 2 | Consistency analysis of the test outcomes produced by the two methods.







Comparative analysis of clinical features between patients with positive and negative results detected by routine methods

Among the 105 patients whose mNGS findings were positive, 33 were positive according to the conventional techniques, whereas 72 were negative as per the conventional techniques. Notably, the negative group exhibited a significantly lower proportion of smokers, tumor history, prior use of fluoroquinolones before admission, and admissions to the ICU than the positive group. Additionally, Comparisons between the positive and negative groups showed that patients in the negative group had remarkably lower proportion of neutrophils in peripheral blood(all P < 0.05) (Table 3).


Table 3 | Comparative analysis of the clinical features of mNGS (+) patients who obtained positive and negative results outcomes as detected by conventional approaches (n = 105).








Discussion

Comparative analysis of mNGS and conventional detection techniques were performed in this retrospective research to detect pathogens in the BALF of patients with pulmonary infection. The findings highlight the exceptional detection capability of mNGS, identifying pathogens even in cases where routine detection methods yielded negative results, offering significant support for antibiotic selection.

In total, 1,266 patients presenting with pulmonary infection were considered for this study, with 112 patients meeting the inclusion criteria (Figure 1). Notably, 41.1% (46/112) of these patients had immunodeficiency, 59.8% (67/112) were admitted to the ICU, and 39.3% (44/112) altered their antibiotic regimen based on pathogenic microbiological results (Table 1). The study observed that 94.6% of those diagnosed with pulmonary infection obtained pathogenic microorganism results through mNGS or conventional tests (Figure 2), aligning with previous research by Wu et al. (Wu et al., 2020). Further analysis revealed that the conventional approaches identified bacteria in only 28.6% of cases, falling significantly short of clinical needs. In contrast, bacteria were detected in 75% of patients using mNGS (Figure 2), providing crucial insights for application in clinical settings. The most commonly detected bacteria included A. baumannii, K. pneumoniae, P. aeruginosa, S. faecium, E. faecium, and H. parainfluenzae (Figure 3), conforming to typical bacteria prevalent in both hospital- and community-acquired pneumonia (Huang et al., 2020; Wu et al., 2020). With its superior microbial detection rate, mNGS shows great promise for directing antibiotic selection, improving the detection of pathogenic microorganisms, and monitoring the lower respiratory tract in patients who do not respond well to empirical therapy (Chen et al., 2021).

Fungal infections are significant contributors to pneumonia, particularly in patients with risk factors such as immune deficiency, immunosuppressant use, diabetes, organ transplantation, chemotherapy or hormonal therapy, antibiotic misuse, and others (Kauffman, 2015). The study revealed that in comparison to conventional approaches, which only had a 7.1% success rate in detecting fungus, the mNGS detection rate was 29.5% (33/112) (Figure 2). Notably, mNGS significantly outperformed conventional approaches in detecting Pneumocystis carinii and Aspergillus. Given the challenges in detecting fungi, especially with the need for advanced wall-breaking technology and the potential for false negatives, clinicians should interpret results cautiously and consider repeated testing if necessary (Sanmiguel, 2011; Biswas et al., 2017). The study emphasizes the high incidence of fungal infection in patients with immunosuppression, reaching 41.1% (46/112). Conventional methods often face challenges in obtaining an etiological basis for fungal infections in these patients, leading to difficulties in follow-up antifungal treatment. Lack of etiological basis may result in premature discontinuation of antifungal treatment and subsequent recurrence of infection. mNGS proves to be a valuable tool in addressing these challenges. The study reveals that the detection rate of fungi is dramatically increased by mNGS, going from 7.1% (8/112) to 29.5% (33/112), providing clinicians with more references for accurate diagnosis and treatment. Nevertheless, this highlights the need for thorough assessment by clinicians, taking into consideration clinical symptoms, laboratory indicators, imaging results, and the possibility of normal pulmonary fungal colonization, particularly for pulmonary Candida (Zeng et al., 2019). The study emphasizes the importance of considering fungal infections when managing aggravated infections in patients with immunosuppression.

Virus infection indeed plays a crucial role in respiratory tract infections, and conventional methods struggle with low detection rates, even with gene amplification like PCR (Capobianchi et al., 2013; Parker and Chen, 2017). This study underscores that the conventional method’s virus detection rate is a mere 0.9%, while mNGS achieves an impressive 43.8% (Figure 2). The most prevalent viruses identified are still Epstein–Barr virus and cytomegalovirus, followed by parvovirus, rhinovirus, and human coronavirus, in agreement with extensive research findings (Chen et al., 2021). Detecting viruses in BALF holds vital clinical significance, though further investigation is needed to determine its clinical relevance in conjunction with specific epidemiology.

In summary, the use of mNGS results in a significant increase in the detection rate of pathogenic microorganisms in BALF, providing an important point of reference for medical practitioners. When the two approaches are compared, it is found that there is a remarkable lack of consistency in the detection rates of pathogenic microorganisms (Kappa value = 0.030, P = 0.340) (Table 2). Only 29.4% (33/112) of the patients got positive results at the same time,and of the 33 double positive patients, only 1 case (0.9%) was completely matched, 4 cases (3.6%) were completely mismatched, and 28 cases (25.0%) were partially matched (Figure 4). This indicates that mNGS can detect pathogenic microorganisms not identified by conventional methods. However, considering the lung’s non-sterile environment and the presence of numerous microorganisms in healthy individuals, clinicians should apply caution when interpreting mNGS data, as they need to distinguish between colonization and infection to determine the most appropriate antibiotic regimen (Erb-Downward et al., 2011; Dickson et al., 2017; Langelier et al., 2018). As observed by Wang et al. (Wang et al., 2019), 26 out of 55 patients with mixed pulmonary infection tested positive using both mNGS and routine approaches, and only 3 (5.5%) cases exhibited matching results, aligning with the current study’s findings. For rare pathogens, conventional methods often struggle with detection, while mNGS proves effective. In this study, 18 cases of Pneumocystis carinii, 7 cases of Mycobacterium tuberculosis, 1 case of Nocardia, and 1 case of cyanobacteria Marneffei were detected by mNGS (Figure 3). With this knowledge, clinicians may choose appropriate antibiotic treatment plans, particularly when conventional methods encounter obstacles such as low gene load, antibiotic exposures, or deficiencies in routine methods for the detection, particularly culture (Chan et al., 2020). Based on the results of this study, physicians should quickly conduct mNGS to identify the types of pathogenic microorganisms in patients who have not responded well to empirical therapy. According to microbial results, 39.3% (44/112) of patients in this study were able to modify their antibiotic prescription, leading to effective treatment outcomes and precise anti-infective medication. The anti-infective treatment was adjusted depending on microbiological findings when mNGS was used to identify respiratory microbes in 21 patients presenting with severe community-acquired pneumonia and poor immune response, as well as in 23 patients with normal immune function. According to these findings, compared with patients with normal immune function, patients with low immune function received fewer full-coverage anti-infective regimens before obtaining pathogenic microbiological results (14.7% vs. 57.1%, P = 0.022) and more adjusted anti-infective regimens after obtaining microbiological results (87.0% vs. 57.1%, P = 0.027), with >50% of the patients receiving a downgrade in antibiotics.

The analysis of patients who have varying testing results provides valuable insights into the clinical characteristics affecting the detection of pathogenic microorganisms. Patients who had negative findings in the mNGS test showed a significantly lower proportion of smokers, tumor history, prior use of fluoroquinolones before admission and admissions to the ICU than the positive group, and decreased proportion of neutrophils in peripheral blood (Table 3). This shows that clinicians may have a more difficult time finding pathogenic microorganisms in patients who do not smoke, patients with a history of cancer, patients exposured to fluoroquinolones before admission, patients who are treated in general wards, and patients whose inflammatory indices are low. For such patients, the study recommends timely mNGS detection of BALF, especially if the initial anti-infective treatment proves ineffective. The implementation of mNGS in these cases is highlighted as a crucial step to significantly improve the detection rate of pathogenic microorganisms. Critically ill patients in the ICU, with established artificial airways, find it relatively easier to obtain BALF through bedside tracheoscopy. However, patients in general wards with milder illnesses face challenges due to the discomfort caused by tracheoscopy as an invasive procedure (Wu et al., 2020).

At present, new nucleic acid detection techniques have been used to detect pathogenic microorganisms. Droplet digital PCR (ddPCR) is a method of absolute nucleic acid quantification by using Poisson statistical analysis of the number of positive and negative droplets and has been proven to achieve higher accuracy and sensitivity than qPCR (Shirai et al., 2022). It has been used in a lot of clinical fields, such as liquid biopsies for cancer monitoring and noninvasive prenatal testing for genetic abnormality detection(Cainap et al., 2021; Boldrin et al., 2022). However, due to the testing of specimens, it is currently limited to the detection and diagnosis of bloodstream infections (Lin et al., 2023). It has great clinical value in patients with lung infections combined with bloodstream infections, especially because ddPCR detects the same pathogen in the blood as the lower respiratory tract secretions (Wu et al., 2022).

Acknowledging the study’s limitations is crucial. First, the presentation solely focuses on the findings of the examination into the presence of pathogenic microorganisms in the lower respiratory tract, leaving the judgment of whether they are pathogenic or colonized bacteria to clinicians. Second, considering that it was conducted in a single site retrospectively, there is a possibility that it was subjected to selection bias. Prospective and multicenter studies are necessary for further confirmation. Third, mNGS technology has some inherent flaws, with detection results prone to contamination by the kit-related background microorganisms and nucleic acids. Advancements and updates in mNGS technology are expected to address this issue.





Conclusions

In conclusion, mNGS demonstrates significant advantages in detecting pathogenic microorganisms in the lower respiratory tract of individuals suffering from pulmonary infections, offering valuable references for clinicians. As a novel molecular diagnostic tool, the ongoing innovation in mNGS technology is anticipated to provide even more substantial assistance to clinicians.
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Fusobacterium necrophorum (F. necrophorum) infection is rare in pediatrics. In addition, the detection time of F. necrophorum by blood culture is long, and the positive rate is low. Infection with F. necrophorum bacilli usually follows rapid disease progression, resulting in high mortality. In previous reports of F. necrophorum-related cases, the most dangerous moment of the disease occurred after the appearance of Lemierre’s syndrome. We report an atypical case of a 6-year-old female patient who developed septic shock within 24 h of admission due to F. necrophorum infection in the absence of Lemierre’s syndrome. F. necrophorum was identified in a blood sample by metagenomics next-generation sequencing (mNGS) but not by standard blood culture. The patient was finally cured and discharged after receiving timely and effective targeted anti-infection treatment. In the present case study, it was observed that the heightened virulence and invasiveness of F. necrophorum contribute significantly to its role as a primary pathogen in pediatric septic shock. This can precipitate hemodynamic instability and multiple organ failure, even in the absence of Lemierre’s syndrome. The use of mNGS can deeply and rapidly identify infectious pathogens, guide the use of targeted antibiotics, and greatly improve the survival rate of patients.
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Introduction

Fusobacterium necrophorum (F. necrophorum) is an obligate anaerobic, gram-negative rod bacterium commonly located in the oropharyngeal, genitourinary, and intestinal tracts. F. necrophorum can colonize the human body for a long time as a benign, non-pathogenic bacteria. However, in recent years, there have been a few reports that F. necrophorum can transform into community-acquired invasive bacteria, leading to serious infections. It can cause either localized abscesses and throat infections or systemic, life-threatening disease (Almohaya et al., 2020). Lemierre’s syndrome is a rare but potentially fatal complication caused by infection with F. necrophorum, which can be defined as bacteremia, internal jugular vein (IJV) thrombophlebitis, and metastatic septic emboli secondary to acute pharyngeal infections (Lee et al., 2020; Carius et al., 2022). The annual incidence rate of Lemierre’s syndrome is relatively low, estimated at approximately one case per million individuals in the general population (Riordan, 2007; Sheehan et al., 2019; Sacco et al., 2019). Typically, previously healthy young adults suffer more from this disease. The incidence is disproportionately concentrated in adolescent populations aged 16–24 years (Almohaya et al., 2020; Carius et al., 2022; Sacco et al., 2019). The mortality rates of this disease reported in the pre-antibiotic era reached 90%, whereas currently, mortality rates range from 5% to 9% (Almohaya et al., 2020; Riordan, 2007; Nygren and Holm, 2020). Currently, advancements in imaging techniques facilitate the prompt identification of Lemierre’s syndrome in clinical practice, thereby enabling timely therapeutic intervention. However, we have found in clinical practice that the infection of F. necrophorum in young children is often fatal in a short period of time because of a rapidly progressing inflammatory storm and does not wait for Lemierre’s syndrome to develop. Conventional blood culture is time-consuming and has a very low positive rate, which delays the diagnosis of F. necrophorum and timely targeted drug use. Therefore, more rapid and accurate methods are needed to identify F. necrophorum, guide early medication, and prevent the spread of infection.

In this case report, we describe a critical incident involving a 6-year-old female patient who developed fatal septic shock, predominantly attributed to a severe infection dominated by F. necrophorum. The pathogens were swiftly identified in the patient’s blood through the application of metagenomic next-generation sequencing (mNGS). This patient was eventually cured by targeted anti-infective therapy.





Case presentation

A 6-year-old female child was admitted to the pediatric intensive care unit (PICU) of West China Second University in December 2022. One day before admission, the patient’s main clinical symptom was hyperpyrexia (>39°C), accompanied by headache, neck pain, sore throat, dysphagia, occasional non-projectile vomiting, and anorexia. Later, those symptoms worsened with new manifestations, including hoarse voice, shortness of breath, mouth breathing, purple lips, accelerated heart rate, and disturbance of consciousness. After an initial emergency visit, she was quickly admitted to the PICU. The girl’s physical development was normal. She had no history of recurrent respiratory infections or other major illnesses since birth. She was vaccinated against COVID-19 and the flu a year ago. Furthermore, she had no history of prior hospitalizations or surgeries. None of her family members had reported an immunodeficiency or an autoimmune disorder. There was no history of pet ownership in her family.

This patient’s vital signs at admission included an increased body temperature (38.8°C), heart rate of 174 beats per minute, respiratory rate of 68 breaths per minute, and blood pressure of 91/52 mmHg. She has severe cyanosis, dyspnea, and oxygen saturation of 75% without oxygen. The Glasgow Coma score was 9 (E3M5V1). The oropharynx showed a markedly swollen bilateral tonsil with small purulent exudates (Figure 1). Three concave signs were positive. Inspiratory laryngeal stridor was detected on auscultation. Coarse rales were heard in both lungs. Laboratory investigations yielded the following findings: blood gas analysis indicative of type I respiratory failure; white blood cell count (WBC) at 5.43 × 109/L (reference range: 4.0 × 109/L–12.0 × 109/L) with a predominance of neutrophils (87.3% neutrophils and 8.4% lymphocytes). The hemoglobin (Hb) level measured 101 g/L (reference range: 120 g/L–160 g/L), and the platelet count (PLT) was 123 × 109/L (reference range: 100–300 × 109/L). The C-reactive protein (CRP) concentration was elevated to 29.15 mg/L (0 mg/L–6 mg/L), and that of procalcitonin was 29.52 ng/mL (<0.05 ng/mL). The troponin level was 0.55 ng/mL (more than 10 times higher than the normal value). Coagulation function was significantly abnormal: prothrombin time (PT) was 17.1 s, activated partial thromboplastin time (APTT) was 37.7 s, the international normalized ratio (INR) was 1.57, the D-dimer level was 3.13 mg/L, and the fibrinogen degradation product (FDP) level was 20.74 µg/mL (<5 µg/mL). The antistreptolysin O test (ASO) showed negative results. We collected the patient’s cerebrospinal fluid (CSF) by lumbar puncture (5 mL–10 mL). The counting of nucleated cells, cell classification, protein qualitative test, glucose quantification, chloride quantification, protein quantification, lactate dehydrogenase quantification, and culture of the CSF were negative. Chest CT results showed multiple small patchy hyperdense shadows and nodular shadows in both lungs (Figure 2A), and the laryngeal pharyngeal area was slightly narrow (Figure 2B). An abdominal CT revealed no liver abscesses or intestinal abnormalities. A head CT showed no abnormalities. There were no abnormalities on cervical vascular ultrasound or abdominal ultrasound.




Figure 1 | The patient’s oropharynx showed a markedly swollen bilateral tonsil with white, purulent exudates.






Figure 2 | Chest CT in the clinical course of the patient: (A) Multiple small patchy hyperdense shadows and nodular shadows in both lungs (the day of admission). (B) The laryngeal–pharyngeal area was slightly narrow (red arrow, the day of admission). (C) Patchy hyperdense shadows were absorbed, and nodule shadows were significantly reduced (the 14th day of admission). (D) No evidence of internal jugular vein thrombophlebitis or abscess, the morphology of the laryngeal pharyngeal area returned to normal (red arrow, the 14th day of admission).



According to the above clinical symptoms and test parameters, the patient was preliminarily diagnosed with sepsis, severe pneumonia, acute laryngeal obstruction, myocardial damage, and coagulation disorders. She was immediately given a trachea cannula and subsequently treated with invasive mechanical ventilation. Meanwhile, she was empirically given ceftriaxone intravenous drip (50 mg/kg for 1 time, iv drip) combined with vancomycin (15 mg/kg q6h for 2 days, iv drip) for anti-infection, infusion of fresh frozen plasma, gamma globulin (1 g/kg qd for 2 days, iv drip) therapy, and other symptomatic treatments.

Within 24 h of admission to the PICU, the blood pressure decreased to 56/27 mmHg, and sinus tachycardia and cardiac auscultation showed low heart sounds with diastolic gallop rhythm. The capillary refill time (CRT) of the extremities was 4 s. Blood gas analysis suggested metabolic acidosis with hyperlactacidemia (6 mmol/L). Echocardiography indicated a decrease in left ventricular systolic function (EF 55%, FS 22%) with no evidence of endocarditis. The electrocardiogram showed sinus rhythm and incomplete right bundle branch block. Fluid resuscitation with 0.9% normal saline was performed, and vasoactive drugs were continuously pumped through the central vein to maintain hemodynamic stability: noradrenaline (0.05 μg/kg/min–0.1 μg/kg/min, continuous intravenous pumping) and dobutamine (5 μg/kg/min–10 μg/kg/min, continuous intravenous pumping). Based on the above performance and the relevant authoritative international clinical guidelines, the diagnosis was revised to septic shock and septic-associated cardiomyopathy (Singer et al., 2016). We switched from ceftriaxone to meropenem (40 mg/kg q8h for 14 days, iv drip) for anti-infective treatment and added phosphocreatine infusion for myocardial protection. On the second day of admission, reexamination of the laboratory blood report showed that CRP increased to 116.66 mg/L and procalcitonin increased to 56.30 ng/mL. As the coagulation function test suggested a hypercoagulable state, we gave the patient anticoagulation treatment with low-molecular-weight heparin (75 iu/kg q12h for 12 days, subcutaneous injection). The nucleic acid test by PCR of multiple respiratory pathogens, including the human influenza virus, rhinovirus, adenovirus, para influenza virus, metapneumovirus, SARS-CoV-2, Mycoplasma pneumoniae, and Chlamydia pneumoniae, showed negative results. On the third day of admission, Pathogen Capture Engine (PACE) seq mNGS (Hugo Biotech, Beijing, China) of blood detected F. necrophorum with 12 specific sequences and a relative abundance of 1.47%. Meanwhile, a variety of microbes were detected by mNGS in the blood sample (Figure 3). The sepsis and associated diseased condition in this case were likely attributable to a microbial consortium, composed of multiple microorganisms that cooperated with F. necrophorum. Among these, F. necrophorum was identified as the principal pathogenic microorganism responsible for the sepsis in the patient. The patient was referred with a diagnosis of sepsis with a bloodstream infection. We changed the antibiotic regimen to metronidazole (7.5 mg/kg q8h for 12 days, iv drip) and meropenem to suppress F. necrophorum and other pathogens.




Figure 3 | The coverage and abundance of F. necrophorum detected by mNGS using blood on the third day of admission. In the Others section, the total number of sequences was 2,642 reads and the percent was 99.21%, including Prevotella, Acinetobacter, Stenotrophomonas, and Neisseria (the human reads were removed).



On the fifth day of admission, throat swab culture revealed a positive result: a small amount of F. necrophorum and Streptococcus viridans. Throat swabs were collected on the first day of admission (required and anaerobic bacteria; the culture lasted for 5 days). Matrix-assisted laser desorption/ionization-time of flight mass spectrometry (MALDI-TOF MS; bioMérieux, France) was used to identify the cultured microbes. The patient switched to high-flow nasal cannula oxygen therapy as her spontaneous breathing had returned and laryngeal obstruction had resolved. Her heart function recovered (EF 63%, FS 33%), and vasoactive agents were no longer required to maintain blood pressure. Her temperature remained normal for 3 days, and blood tests showed that inflammatory indicators decreased (CRP 20.37 mg/L, PCT 3.48 ng/mL); coagulation function improved significantly. We performed two blood cultures on the first and third days of admission. In each blood culture collection, blood samples of the left peripheral vein and the right central vein (femoral vein) were collected for blood culture at the same time; that is, two vials of blood culture from different parts were collected at the same time. All blood samples were cultured for 7 days, and both aerobic and anaerobic cultures were performed. On the 10th day, the patient’s two blood cultures showed negative results, respectively. Following a 14-day stay in the PICU, there was a notable improvement in the patient’s condition: dependency on supplemental oxygen ceased, vital signs and infection markers normalized, and chest CT scan revealed absorption of previously observed patchy hyperdense shadows and significant reduction in nodule shadows (Figure 2C). Additionally, there was no evidence of internal jugular vein thrombophlebitis or abscess formation. The morphology of the laryngeal pharyngeal area returned to normal (Figure 2D). Then, she was discharged for outpatient follow-up for 3 months. Sequential oral metronidazole was continued at discharge (7.5 mg/kg tid for 14 days, po). During the follow-up, there were no signs of infection such as high fever, angina, and dyspnea. There were no neurological or respiratory complications. The inflammatory indicators of WBC, CRP, PCT, and echocardiography were normal. Bilateral cervical ultrasound showed no internal jugular vein thrombosis, and blood cultures were negative twice. The timeline of disease progression and treatment is shown in Figure 4A.




Figure 4 | (A) The timeline of disease progression and treatment. (B) The flowchart of the mNGS process.







System review

As of 20/05/2022, we have searched the literature of the recent decade in PubMed, Web of Science, Springer Link, and Medline databases with the keywords “Fusobacterium necrophorum” and “sepsis”. Patients aged above 18 years were excluded from the study. Finally, a total of 12 articles were selected, and all the clinical data were collected and analyzed, including baseline data, clinical symptoms, means of detection, complications, treatment, and outcome. The characteristics of reported cases are shown in Table 1 (Sheehan et al., 2019; Gama et al., 2020; Tamura et al., 2020; El Chebib et al., 2020; Repper et al., 2020; Monroe and Amlie-Lefond, 2018; Dal Bo et al., 2019; Whittle et al., 2018; Rana et al., 2017; Sinatra and Alander, 2017; He et al., 2015; Creemers-Schild et al., 2014).


Table 1 | Published data on patients with F. necrophorum sepsis in children under 18 years of age.







Sample collection and nucleic acid extraction

Enough whole blood (children, 2 mL–4 mL) was collected in Cell-Free DNA BCT Streck and then stored or shipped between 6 °C and 35 °C to perform mNGS detection immediately. The DNA was extracted and purified from 200 μL plasma according to the manufacturer’s instructions of QIAamp DNA Micro Kit (50) #56304. DNA concentration and quality were checked through Qubit and agarose gel electrophoresis.





Library generation and sequencing

The DNA was subjected to library construction through an end-repair method. The DNA libraries were constructed using QIAseq™ Ultralow Input Library Kit. The concentration and quality of libraries were checked using Qubit and agarose gel electrophoresis. Qualified libraries with different barcode labelings were pooled together and then sequenced on an Illumina NextSeq platform. Qualified DNA libraries with different barcode tags were pooled and then sequenced using the Illumina NextSeq 550 sequencing platform (Illumina, San Diego, USA) and a SE75bp sequencing strategy. Shotgun metagenomic sequencing was used in this case.





Bioinformation pipeline

After obtaining the sequencing data, high-quality data were generated after filtering out adapter, low-quality, low-complexity, and shorter reads. Next, human reads were removed by mapping reads to the human reference genome using SNAP software. The remaining data were aligned to the microbial genome database using Burrows–Wheeler alignment. The database collected microbial genomes from NCBI. It contains more than 20,000 microorganisms, including 11,910 bacteria, 7,103 viruses, 1,046 fungi, and 305 parasites. Finally, the microbial composition of the sample was obtained. In this case, 14 reads of F. necrophorum were detected by mNGS, of which 12 were mapped to F. necrophorum and 2 reads were mapped to Fusobacterium at the genus level. The identity of detected reads to the reference sequences ranged from 98% to 100%. The average read length was 75bp. The flow chart of the mNGS process is shown in Figure 4B.





Positivity criteria

Sterile deionized water was used as the no template control (NTC) and synthesized fragments with known quantities as a positive control (PC). NTC and PC were included in each wet lab procedure and bioinformatics analysis as quality control steps. The positivity criteria of mNGS were as follows: Viruses with non-overlapping reads mapping three distinct genomic regions were reported as positive. For bacteria and fungi (Mycobacteria and Cryptococcus were excluded), a positive mNGS result was given when its coverage ranked among the top 10 of the same kind of microbes and was absent in the NTC or when its ratio of reads per million (RPM) between sample and NTC (RPMsample/RPMNTC) > 10 if RPMNTC≠0. For M. tuberculosis and Cryptococcus, a positive mNGS result was considered when at least one unique read was mapped to species level and absent in NTC or RPMsample/RPMNTC > 5 when RPMNTC≠0.





Discussion

F. necrophorum constitutes a significant representative species within the Fusobacterium genus. It accounts for a minute fraction (less than 1%) of human infections caused by non-spore-forming anaerobic bacteria, and the literature only contains a few hundred case reports; there are even rarer cases in pediatrics (Carius et al., 2022). However, it is arguably unparalleled among non-spore-forming anaerobes due to its exceptionally strong association with clinically distinctive and severe septicemic infections that are referred to as Lemierre’s syndrome (Almohaya et al., 2020; Lee et al., 2020; Carius et al., 2022; Sheehan et al., 2019). In the pre-antibiotic era, this syndrome had a high mortality rate of up to 90%, with patients succumbing to a fatal course within 7–15 days. However, early and targeted use of antibiotics can greatly reduce the death rate from the disease (Almohaya et al., 2020; Lee et al., 2020; Carius et al., 2022; Riordan, 2007; Sacco et al., 2019; Nygren and Holm, 2020).

Leukocytotoxin, endotoxin, hemolysin, and hemagglutinin are the bacterial virulence factors of F. necrophorum, which have strong biological activity (Brennan and Garrett, 2019). In addition to its role in inducing platelet aggregation, which results in venous thrombosis and septic thrombophlebitis, this entity also plays a pivotal role in the development of metastatic septic embolization and the formation of characteristic abscesses (Riordan, 2007; Sheehan et al., 2019; Sacco et al., 2019). The primary infection site of F. necrophorum is commonly in the oropharynx, from which the infection spreads to surrounding tissues. Once F. necrophorum invades the internal jugular vein and enters the bloodstream, bacteremia can cause platelet aggregation and thrombosis, facilitating the further spread of infection and the development of metastatic septic embolism and metastatic abscess (Lee et al., 2020; Sheehan et al., 2019; Sacco et al., 2019; Tay and Vasoo, 2022). The phenomenon that distant bacterial transmission can directly impair prognosis is considered to be the main cause of severe infection in adult patients (Sacco et al., 2019). However, in addition to its propensity to cause abscesses or thrombosis, F. necrophorum carries strong adhesins and pili, resulting in its remarkable ability to adhere to gram-negative bacteria and gram-positive plaque microorganisms in biofilms, making it a highly invasive opportunistic infectious agent. For pediatric patients, as the immune function was not complete, F. necrophorum was more direct and rapid-invading (Brennan and Garrett, 2019). Due to the high virulence and invasiveness of the bacteria, the body would directly respond to severe sepsis, leading to hemodynamic failure and multiple-organ failure prior to internal jugular vein thrombosis and septic embolism (Sheehan et al., 2019; Tamura et al., 2020; El Chebib et al., 2020; Habib et al., 2019). In this case, in the absence of suppurative thrombophlebitis of the internal jugular vein, the F. necrophorum infection progressed very rapidly, leading to septic shock within 24 h and causing life-threatening failure of vital organs, including respiratory failure and heart failure. It is suggested that the pathophysiological changes and development of the disease in children infected with F. necrophorum may be different from those in adults. In the pathogenesis of sepsis, F. necrophorum exhibits synergistic interactions with other bacterial species, contributing to the disease’s progression. This synergism is primarily facilitated by the bacterium’s adhesin (FadA) and fimbriae, which enable adherence to host cells and soft tissues. Moreover, F. necrophorum can form extensive biofilms with various bacteria, such as Escherichia coli and Streptococcus hemolyticus, enhancing their proliferation. This co-aggregation promotes the invasion of typically non-invasive bacterial species, exacerbating sepsis and leading to multiple-organ dysfunction (Lee et al., 2020; Brennan and Garrett, 2019; Groeger et al., 2022). Additionally, F. necrophorum’s impact extends to disrupting the host’s normal microbiota, such as the intestinal and oral flora. This disruption results in an imbalance of the microbiota, further modulating the host immune response, thereby aggravating the infection and facilitating its spread (Hou et al., 2022). In this case, we considered that the septic shock of the child was due to a complex bacterial infection dominated by F. necrophorum.

The etiological identification of the disease often relies on bacterial culture. Blood culture is important diagnostic evidence. However, it is difficult to make a timely and accurate diagnosis of F. necrophorum infection by blood culture because of its obligate anaerobic condition, harsh culture conditions, long culture time (mean 6–8 days), and low positive rate (Riordan, 2007; Sacco et al., 2019; Sato et al., 2021). Through a review of the literature in Table 1, we found that only 12 cases of F. necrophorum infection have been successfully confirmed in children. Only one patient was under 12 years of age. The detection methods were all conventional bacterial culture methods, and the time from onset to diagnosis of the pathogen was 6–28 days. PCR technology is limited to the detection of anaerobic bacteria. At present, PCR is not routinely used to identify F. necrophorum. Sepsis in children caused by F. necrophorum may occur within 3 days after infection. Earlier recognition and treatment are imperative because of the possible extrapharyngeal sequalae and high mortality in the absence of antimicrobial treatment. Therefore, there is an urgent need for a more sensitive and accurate test to screen for the infection of F. necrophorum.

mNGS refers to high-throughput sequencing of the entire genome of organisms in a specimen, which is a new technology that can deeply and rapidly identify infectious pathogens (Bharucha et al., 2020). Studies have reported that the consistency between mNGS and blood culture results can reach 93.7%, which is more effective than other detection methods in the identification of pathogens causing sepsis (Timsit et al., 2020; Blauwkamp et al., 2019). In addition, the overall positive rate of mNGS sequencing is significantly higher than that of body fluid culture, which can identify potential bacterial pathogens missed by traditional culture methods (Hogan et al., 2021; Li et al., 2021). When interpreting mNGS results, we usually make a comprehensive judgment to distinguish true-positive and false-positive pathogens based on sequence number, coverage, abundance, and documentary evidence. The expert consensus recommended 20 million reads as average sequencing data for mNGS. In this sample, the amount of sequencing data was 45,185,658, which demonstrates that the data volume for mNGS sequencing was sufficient. However, the host abundance ratio achieved as high as 99.89%, leading to a low read number of microbes (<3k reads). Therefore, efficient host depletion is essential to mNGS. In this case, mNGS from the blood showed that the patient was infected with F. necrophorum, indicating moderate confidence. mNGS had further identified an array of additional pathogens. Significantly, F. necrophorum was recognized as the relative dominant species in the clearly defined species, followed by Alishewanella aestuarii and Pseudoramibacter alactolyticus. The entire microbial consortia promoted the development of sepsis. Throat swab culture results obtained 5 days after admission indicated F. necrophorum and Streptococcus viridans, which verified the accuracy of the mNGS results. Streptococcus vermicularis, as the most common colonizing bacteria in the human throat, was not considered a pathogenic bacterium here. In addition, the detection time of mNGS is shorter than that of culture, so infection can be confirmed as soon as possible and targeted medication can be directed. Currently, mNGS testing time can be cut down to 24 h. In addition to mNGS, 16S amplicon sequencing can quickly and efficiently identify bacteria as well, such as anaerobic bacteria. However, the species detected by 16S amplicon sequencing are mainly bacteria. The metabolic pathway, infection degree, virulence, and other properties of microorganisms cannot be detected by 16S amplicon sequencing. Therefore, in this case, since the pathogen type could not be determined, we could not only detect the bacteria by 16S amplicon sequencing and ignore other types of pathogens. Although reliable drug susceptibility information cannot be obtained, it should still be used as an important supplement to traditional pathogen detection, especially for such critical case as community-acquired infections (Timsit et al., 2020; Blauwkamp et al., 2019; Hogan et al., 2021; Li et al., 2021).

Early application of targeted antibiotics is a key factor affecting the prognosis of F. necrophorum infection. Antibiotic therapy with anaerobic coverage must be rapidly introduced (Nygren and Holm, 2020). As F. necrophorum contains β-lactamase, it is naturally resistant to quinolones and aminoglycosides, as well as having poor sensitivity to macrolides and tetracycline. Metronidazole is recommended in combination with β-lactam antibiotics (Sacco et al., 2019; Tay and Vasoo, 2022). In current research, the average duration of antibiotic use was as long as 2–4 weeks, and some severe patients were treated for 8–16 weeks (Sheehan et al., 2019; Gama et al., 2020; Tamura et al., 2020; El Chebib et al., 2020; Repper et al., 2020; Monroe and Amlie-Lefond, 2018; Dal Bo et al., 2019; Whittle et al., 2018; Rana et al., 2017; Sinatra and Alander, 2017; He et al., 2015; Creemers-Schild et al., 2014). In this case, to cover the anaerobic bacteria as well as some pathogenic or coinfected G-bacilli and streptococci, the broad-spectrum carbapenem antibiotics were initially used empirically. The use of mNGS to accurately detect pathogens at the early stage of the disease guided the transformation of the anti-infection program from empirical to target. Targeted use of metronidazole for anti-infection began before complications such as Lemierre’s syndrome appeared. This regimen, which was used early, shortened the course of anti-infective treatment and achieved good clinical efficacy, with no drug-related toxic reactions occurring. The hypercoagulable state of F. necrophorum infection leads to a high risk of thrombosis, and the timing of anticoagulant therapy is controversial (Lee et al., 2020; Carius et al., 2022). Recent studies suggested that early use of anticoagulants can help prevent the occurrence of disseminated intravascular coagulation (DIC) and Lemierre’s syndrome caused by sepsis (Tamura et al., 2020; Hayakawa et al., 2016). This patient was treated with low-molecular-weight heparin for anticoagulation in the early stage. There was no sign of jugular vein thrombosis or septic embolism in the long-term follow-up. More proactive anticoagulant therapy and individualized anticoagulant regimens may be considered for such infection, which can bring more prognostic benefits.

There are still some limitations to the case report. Rapid identification of the pathogen and its susceptibility to antibiotics are crucial steps in sepsis treatment. In this case, mNGS only detected F. necrophorum, but its drug resistance could not be determined. In addition, human infection with F. necrophorum usually involves F. necrophorum subsp. funduliforme, which we were unable to identify in this case. PCR has potential advantages in the identification of subspecies of F. necrophorum. In a study of adult patients with tonsillitis, Jensen et al. (2007) used a novel F. necrophorum subspecies-specific real-time PCR assay to compare the results and found that 51% of 105 patients with tonsillitis were positive for F. necrophorum subsp. funduliforme, compared with 21% of the control group. In future studies, we can pay more attention to the identification of resistance in mNGS to F. necrophorum and pathogenic subspecies. More similar cases can also be collected to explore the advantages and disadvantages of mNGS in the detection of F. necrophorum.





Conclusion

F. necrophorum infection is rare in children, which can lead to serious sepsis and high mortality. Early treatment with targeted antibiotics is generally effective. The use of mNGS can deeply and rapidly identify infectious pathogens, which is more sensitive than the traditional culture method. It also has good clinical significance for the treatment of antibacterial drugs and can remarkably improve the survival rate of patients.
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Introduction

Acute haemorrhagic diarrhoea syndrome (AHDS) in dogs is a condition of unknown aetiology. Providencia alcalifaciens is suspected to play a role in the disease as it was commonly found in dogs suffering from AHDS during a Norwegian outbreak in 2019. The role of this bacterium as a constituent of the canine gut microbiota is unknown, hence this study set out to investigate its occurrence in healthy dogs using metagenomics.





Materials and methods

To decrease the likelihood of false detection, we established a metagenomic threshold for P. alcalifaciens by spiking culture-negative stool samples with a range of bacterial dilutions and analysing these by qPCR and shotgun metagenomics. The detection limit for P. alcalifaciens was determined and used to establish a metagenomic threshold. The threshold was validated on naturally contaminated faecal samples with known cultivation status for P. alcalifaciens. Finally, the metagenomic threshold was used to determine the occurrence of P. alcalifaciens in shotgun metagenomic datasets from canine faecal samples (n=362) collected in the HUNT One Health project.





Results

The metagenomic assay and qPCR had a detection limit of 1.1x103 CFU P. alcalifaciens per faecal sample, which corresponded to a Cq value of 31.4 and 569 unique k-mer counts by shotgun metagenomics. Applying this metagenomic threshold to 362 faecal metagenomic datasets from healthy dogs, P. alcalifaciens was found in only 1.1% (95% CI [0.0, 6.8]) of the samples, and then in low relative abundances (median: 0.04%; range: 0.00 to 0.81%). The sensitivity of the qPCR and shotgun metagenomics assay was low, as only 40% of culture-positive samples were also positive by qPCR and metagenomics.





Discussion

Using our detection limit, the occurrence of P. alcalifaciens in faecal samples from healthy dogs was low. Given the low sensitivity of the metagenomic assay, these results do not rule out a significantly higher occurrence of this bacterium at a lower abundance.





Keywords: shotgun sequencing, faecal microbiota, AHDS, canine, detection limit, clinical metagenomics





Introduction

An outbreak of canine acute haemorrhagic diarrhoea syndrome (AHDS) occurred in Southeast Norway during the autumn of 2019, resulting in several cases of severe illness and deaths (Haaland et al., 2020; Jørgensen et al., 2021). AHDS is characterized by rapid onset of haemorrhagic diarrhoea, sometimes accompanied by vomiting (Heilmann et al., 2017), followed by rapid deterioration, shock and death if left untreated (Trotman, 2015). The aetiology of the condition is unknown; however, it has been suggested that dietary components and bacterial toxins play a role (Hall and Day, 2017). The bacterium Clostridium perfringens and its toxins, particularly NetF, have previously been associated with the condition (Leipig-Rudolph et al., 2018; Sindern et al., 2019; Busch and Unterer, 2022), albeit the presence of toxin genes could not explain all findings. Providencia alcalifaciens is a Gram-negative, rod-shaped facultative anaerobe in the family Morganellaceae (Adeolu et al., 2016). It has previously been identified in haemorrhagic diarrhoea in a litter of puppies (Möhr et al., 2002) and haemorrhagic pneumonia in piglets (Wang et al., 2014), and it was suspected as a causative agent of canine enteritis in Norway in 2005 (Fauske and Hirsch, 2006). Indeed, during the outbreak in 2019, P. alcalifaciens was found in the faeces of more than half the dogs (62%) admitted to the Small Animal Hospital at the Norwegian University of Life Sciences with AHDS (Haaland et al., 2020). Further, non-culture-based methods revealed an increase in the relative abundance of P. alcalifaciens in faeces from dogs suffering from AHDS (Herstad et al., 2021). The bacterium was rarely found in healthy controls (Jørgensen et al., 2021). Therefore, P. alcalifaciens is suspected to play a role in the aetiology of AHDS.

Bacterial diagnostics is traditionally carried out using cultivation, but cultivation is time-consuming and unsuitable for unculturable bacteria. Culture-independent methods, such as qPCR, are being increasingly utilized in diagnostic bacteriology, especially in public health laboratories (Huang et al., 2016), but also in veterinary diagnostics (Toohey-Kurth et al., 2020). However, qPCR has the drawback of only investigating a limited number of known targets per assay (Blauwkamp et al., 2019), and leaves no isolate for further in-depth studies by e.g. sequencing. Investigating the entire bacteriological content and pathological potential of a sample simultaneously is therefore an alluring option. Here, amplicon sequencing and shotgun metagenomic sequencing have the potential to identify thousands of microbial species in the same sample. Indeed, metagenomic approaches to reach an aetiological diagnosis of infection have been developed and used to detect pathogens in cerebrospinal fluid (Miller et al., 2019; Morsli et al., 2022), faeces (Nakamura et al., 2008) and blood (Blauwkamp et al., 2019), as well as other biological specimens as reviewed by Forbes et al. (2018). Stool is, however, a complex matrix, as it contains a myriad of microorganisms, of which most are harmless or beneficial commensal microorganisms (Chiu and Miller, 2019). Identifying and interpreting the presence of low-abundance pathogens in this complex ecosystem is challenging, as the presence of more abundant species may overshadow the rare species. The sensitivity of shotgun metagenomics in detecting low-abundance bacteria in stool samples will therefore depend on sequencing depth, the complexity of the sample, and the abundance threshold for detection. Setting an abundance threshold is especially cumbersome; if the threshold is set too high, low-abundance bacteria may be missed, while setting a lower threshold may increase the number of false-positive samples. The choice of the threshold will therefore depend on the specific research question and the desired level of sensitivity. These factors will vary between pathogenic targets as well as matrix under investigation. Further, misclassifications of sequences are commonly encountered, especially when using deep sequencing, as shown in several studies where metagenomic classifiers readily identify hundreds of species in known mock communities despite only a few being present (Haverkamp et al., 2021). Additional sources of misclassifications include contamination, presence of kitome, index hopping and sample bleeding (Mitra et al., 2015; van der Valk et al., 2020).

Here, we examined the concordance, sensitivity, and specificity of bacterial culture, qPCR, and shotgun metagenomics to detect P. alcalifaciens in spiked and naturally contaminated stool samples from dogs, with the aim of setting a suitable abundance threshold for shotgun metagenomics. Further, we used the shotgun metagenomics assay to investigate the occurrence of P. alcalifaciens in a large dataset of healthy dogs, informing on the occurrence of this bacterium in the core microbiota in canine faeces. This knowledge is needed to evaluate the role of P. alcalifaciens in canine AHDS.





Materials and methods




Study design

This study consisted of three parts: a sensitivity assay, a field control, and a field study (Figure 1).




Figure 1 | Overview of samples included in the study, the methodology applied, and for which study aims the samples were used. In the sensitivity assay, faecal samples from dogs negative for Providencia alcalifaciens by cultivation were spiked with increasing amounts of P. alcalifaciens, from 1.1x101 to 1.1x105 CFU, and thresholds for qPCR and metagenomics were established. The field control was used to test the established thresholds on faecal samples naturally contaminated with P. alcalifaciens, where samples from dogs positive and negative for P. alcalifaciens taken at different timepoints were compared using qPCR, metagenomics, and cultivation. Finally, the field study used the metagenomic abundance threshold to find the occurrence of P. alcalifaciens in a large population of dogs. Created with BioRender.com.



The sensitivity assay aimed to determine the detection limit for P. alcalifaciens in dog faeces using shotgun metagenomics. Dog faecal samples were spiked with increasing quantities of P. alcalifaciens, and the presence of P. alcalifaciens was assessed by qPCR and shotgun metagenomics. The detection limit for both qPCR and metagenomics was determined based on the spiked quantities of P. alcalifaciens.

To validate the ability of the detection limit and abundance threshold to detect P. alcalifaciens in naturally contaminated dog faecal samples, we analysed culture-positive and culture-negative faecal samples from dogs using shotgun metagenomics and compared the results with cultivation status and CFU levels estimated by qPCR.

Lastly, to generate knowledge on the occurrence of P. alcalifaciens in the core microbiota in canine faeces, its occurrence in a large  population of healthy dogs was investigated with shotgun metagenomics using the abundance threshold established in the sensitivity assay and confirmed in the field control.





Materials




Collection of faecal samples for the sensitivityassay

Faecal samples from two healthy dogs were collected on TRANSWAB® Amies charcoal swabs (cat. no. MW171, MWE, UK) and faecal cards (LipiDx, Oslo, Norway) (Table 1). These faecal cards consist of two sample fields of cellulose matrix (3.5x1.7 cm each), that conserve DNA and RNA at ambient temperatures after drying. Faecal samples from each dog were subjected to cultivation for the presence of P. alcalifaciens (see below). For collection on faecal cards, faecal material was stirred prior to applying a thin layer of faeces on the two paper fields of the faecal cards and leaving them to dry for at least two hours (hereafter designated the DFC method). Subsequently, the DFCs were transported to the laboratory and stored at -80°C until DNA extraction (see below).


Table 1 | Overview of samples, sampling methods, time of sampling and study aim for the different parts of the study.







Collection of faecal samples for the field control

Owners of five dogs collected faecal samples at two or three timepoints (autumn 2020, spring 2021 and autumn 2021) using both charcoal swabs and the DFC method (Table 1). The samples were kept at room temperature and shipped to the laboratory. The swabs were cultured for the presence of P. alcalifaciens (as described below) upon arrival at the laboratory, while the faecal cards were stored at -80°C until DNA extraction. To be included in the study, at least one sample per dog had to be positive for P. alcalifaciens by cultivation.





Collection of datasets for the field study

Shotgun metagenomic datasets from faeces of healthy dogs were acquired through the HUNT One Health project (Norwegian Veterinary Institute, 2023). HUNT One Health provides datasets from stool DFCs collected by animal owners in Trøndelag between 2018 and 2019. DNA extraction and sequencing were conducted by the HUNT One Health project. Each dataset was accompanied by metadata on the dogs’ demographics and health. We included dogs that fulfilled the following inclusion criteria: 1) no history of antibiotics usage during the last 12 months prior to sampling, 2) no medication nor diarrhoea at time of sampling, 3) no reports of prior health issues, and 4) owner-perceived health of the dog as “good” (“god”) or “very good” (“svært god”) at time of sampling, resulting in 448 dogs included (Table 1).






Methods




Cultivation of faecal swabs

Faecal swabs in the sensitivity assay and field control were screened for the presence of P. alcalifaciens by cultivation; the swabs were streaked directly on bromothymol-blue lactose sucrose (BBLS) agar plates containing polymyxin B (250 000 units/l) (PMB plates) and incubated at 35°C for 24 hours. In addition, all faecal swabs were transferred to 5 ml buffered peptone water (BPW) and incubated at 35°C for 24 hours before 1 µl enriched BPW was plated on PMB plates using an L-shaped spreader and incubated as described earlier. The resulting colonies were quantified by eye (sparse, moderate, rich growth) and described. Field control faecal swabs were in addition routinely streaked on two blood agar plates (one incubated aerobically (5% CO2) at 37°C for 24 hours and one anaerobically at 35°C for 48 hours) and on bromothymol-blue lactose (BBL) or BBLS agar plates without polymyxin B. Non-lactose fermenting colonies from PMB plates (sensitivity assay and field control) and BBL/BBLS plates (field control) were subcultured on blood agar plates. Isolates suspected as P. alcalifaciens (based on characteristics) were subjected to matrix-assisted laser desorption/ionization–time-of-flight (MALDI-TOF) mass spectrometry (MS) on VITEK® MS (bioMérieux, Marcy l’Étoile, France) for confirmation.





Preparation of the spiking strain and DNA extraction from DFCs in the sensitivity assay and field control

An in-house P. alcalifaciens strain (2019-04-27799-1-2) (Jørgensen et al., 2021; Haverkamp et al., 2022) was used to spike samples in the sensitivity assay, and the dilutions of this P. alcalifaciens strain were prepared the following way: cultivation overnight at room temperature under aerobic conditions in brain heart infusion (BHI) media (cat. no. 11708872, BD Difco), and preparation of a ten-fold dilution series of concentrations from 3.2x102 to 3.2x106 CFU/ml. Bacterial concentration was calculated by serial dilution. Appropriate dilutions were stored at -80°C until use. DNA was extracted from DFCs using the same protocol as in the HUNT One Health project, i.e. the QIAsymphony PowerFecal Pro DNA Kit (cat. no. 938036, Qiagen) on QIAsymphony SP (Qiagen) using the manufacturer’s instructions with modifications. Briefly, four 8 mm circles were aseptically cut from each DFC using a biopsy punch (cat. no. 273693, Kruuse, Norway) and placed in 2 ml PowerBead Pro tubes (cat. no. 19301, Qiagen). Eight hundred µl buffer CD1 were added to the samples, and for samples in the sensitivity assay, 1.1x101 to 1.1x105 CFU of P. alcalifaciens were added. All samples were homogenized on FastPrep-24™ Classic (6 rounds of 60 seconds at 6 m/s), and a proteinase K treatment step was included (30 µl proteinase K and incubation for 15 min at 56°C). The supernatant (400–600 µl) was then transferred to a clean 2 ml tube, and the DNA was extracted using QIAsymphony SP. Resulting DNA yields were measured using Qubit. Purity was assessed using NanoDrop ratios 260/230 and 280/230. Mocks and blank controls were included in each extraction round, consisting of clean faecal cards with and without 75 µl ZymoBIOMICS Microbial Community Standard II (cat. no. D6310, Zymo Research), respectively.





qPCR

Following the establishment of the qPCR efficiency using a dilution series of P. alcalifaciens without faecal material, quantitative detection of P. alcalifaciens in DNA extracted from DFCs in the sensitivity assay and field control was performed on the AriaMx platform (Agilent, Santa Clara, CA, USA). All qPCRs were run in three technical replicates with a total reaction volume of 15 µl each consisting of 1X PowerUp™ SYBR™ Green Master Mix (cat. no. A25742, Thermo Fisher Scientific), 200 nM forward primer (38F: TCTGCACGGTGTGGGTGTT), 200 nM reverse primer (110R: ACCGTCACGGCGGATTACT) (Fukushima et al., 2009), and 2 µl template. The qPCR cycling programme was 50°C for 2 min, 95°C for 10 min, 40 cycles of denaturing at 95°C for 15 sec and annealing at 60°C for 1 min, ending with 95°C for 30 sec, 65°C for 30 sec and 95°C for 30 sec. Cq values and melting curves were obtained from amplification plots using Agilent Aria 1.8 software (Agilent, Santa Clara, CA, USA). Replicates that obtained Cq values and specific melting curves were considered positive, and samples were considered positive if at least two of three technical replicates obtained a Cq value. Genome equivalents were calculated based on the standard curve for each run. The lowest detectable number of genome equivalents was 2.1 per reaction, equivalent to 115.8 genome equivalents per sample.





Library preparation and shotgun metagenomic sequencing

Library preparation and shotgun metagenomic sequencing were performed by BGI Tech Solutions (Hong Kong) and was identical to the one in the HUNT One Health project. In short, DNA concentration and fragmentation were measured using Qubit and agarose gel electrophoresis. The DNA was subjected to library preparation using the ThruPLEX DNA-Seq Kit (cat. no. R400674, Takara), and resulting libraries were sequenced on the NovaSeq 6000 platform (Illumina, San Diego, CA, USA), yielding paired-end (PE) reads of 150 bp.





Data quality control and trimming

Clean reads were provided by BGI after processing through their SOAPnuke software to remove adapters, low quality reads and high N base ratio reads (Chen et al., 2018). Our bioinformatic analyses were based on the Talos pipeline for shotgun metagenomic analysis (Haverkamp, 2020) (Figure 2) and were performed on the high-performance computer cluster HUNT Cloud (NTNU, 2023). FastQC (v0.11.9) (Andrews, 2023) and MultiQC (v1.10.1) (Ewels et al., 2016) with standard settings were used for quality control. Trimmomatic (v0.39) (Bolger et al., 2014) was used for adapter trimming and low quality trimming with the settings ILLUMINACLIP : TruSeq3-PE.fa:2:30:10, SLIDINGWINDOW:4:15, MINLEN:40, LEADING:3 and TRAILING:3. BBMap (v38.90) (Bushnell, 2014) was used for removal of low complexity reads, phi X reads (accession number: NC_001422.1) and human reads (masked version of human reference HG19: https://drive.google.com/file/d/0B3llHR93L14wd0pSSnFULUlhcUk/edit?usp=sharing).




Figure 2 | Bioinformatic pipeline used in this study, based on Talos (Haverkamp, 2020).







Taxonomic characterization of metagenomic datasets

Kraken2Uniq (v2.1.3) (Breitwieser et al., 2018; Wood et al., 2019; Lu et al., 2022) was used for taxonomic classification to identify P. alcalifaciens. KrakenUniq is a fast k-mer-based metagenomic classifier that assesses read coverage of each reported reference species in the dataset using unique k-mer counts. False-positive reads typically only match a small portion of low complexity regions of the reported reference species’ genome. Such samples will have a low ratio between unique k-mer counts and reads for a reported species. Kraken2Uniq integrates the k-mer count from KrakenUniq into Kraken2. Kraken2Uniq was run for all samples using the standard database from 2023-03-14 in paired-end mode and with minimum base quality set to 20, minimum hit groups set to 3 and with minimizer data reported. The relative abundances were estimated using Bracken (v2.8) (Lu et al., 2017). Bracken was run in standard mode at species level.

All metagenomic datasets were accompanied by blanks, and the field study samples were in addition accompanied by mocks. If the blank and/or mock samples deviated from expected, the associated metagenomic datasets were removed from the material. Metagenomic datasets with fewer than 10 million PE clean reads were also excluded.





Statistics and graphics

We established a metagenomic abundance threshold for P. alcalifaciens using two key parameters: unique k-mer (Uk-mer) counts and the ratio of unique k-mers to reads (Uk-mers/reads ratio). The detection limit was established in the sensitivity assay, and corresponding values for both parameters were used as our metagenomic abundance threshold first on the samples from the field control, and then to investigate the occurrence of P. alcalifaciens in the field study. The confidence interval for the occurrence of P. alcalifaciens was calculated based on sensitivity and specificity of the metagenomic assay in the field control as described by Rogan and Gladen (1978) using an online calculator (Kohn and Senyak, 2023).

Descriptive statistics for Uk-mer counts and Uk-mers/reads ratios over spiked-in CFU were generated using STATA/MP (v17.0) (StataCorp LLC, Texas, USA). Uk-mer counts were log-transformed when necessary. To define the detection limit in the sensitivity assay, the lowest amount of spiked-in CFU of P. alcalifaciens with Uk-mer counts and Uk-mers/reads ratios significantly higher than those achieved for negative samples was determined using the two-sample t-test for normally distributed data and Wilcoxon rank-sum test for non-parametric data using STATA/MP (v17.0). The distribution of Uk-mer counts and Uk-mers/reads ratios over spiked-in CFU were visualized in box- and scatterplots using R (v4.3.1) (R Core Team, 2023) in RStudio (v2023.06.2 + 561) (Posit Team, 2023) and the packages ggplot2 (v3.4.3) (Wickham, 2016), readxl (v1.4.3) (Wickham and Bryan, 2023), ggpmisc (v0.5.4-1) (Aphalo, 2023) and ggtext (v0.1.2) (Wilke and Wiernik, 2022).

Linear regression analysis was used to characterize the correlation between spiked-in CFU and Cq values from qPCR, and spiked-in CFU and genome equivalents as determined by qPCR in the sensitivity assay, using R as described above. The Cq values were thereafter used to calculate the estimated CFU of P. alcalifaciens in the field control samples to validate the detection limit suggested in the sensitivity assay. Here, Uk-mer counts and Uk-mers/reads ratios were compared to genome equivalents and cultivation results. 







Results




The detection limit of shotgun metagenomic analysis for detection of P. alcalifaciens

The metagenomic datasets included in the sensitivity assay returned an average of 22.2 million PE clean reads [SD: 1.9 M; range: 17.6 to 23.7 M] for downstream analyses. Log values of Uk-mer counts were normally distributed (skewness and kurtosis test, P = 0.44), while the Uk-mers/reads ratios and Uk-mer counts were not (P = 0.0194 and P = 0.0001, respectively). Uk-mers classified as P. alcalifaciens ranged from 22 to 136 089, while Uk-mers/reads ratios ranged from 0.3 to 27.2. Both parameters were positively correlated with the spiked-in CFU amounts (Supplementary Table 1).

Stratified on spiked-in CFU level (treated as string variable), no significant differences in the read counts, Uk-mer counts and Uk-mers/reads ratios between the non-spiked samples and samples spiked with 1.1x101 CFU P. alcalifaciens were observed (Figures 3A, B and Table 2). Read counts differed significantly from negatives at 1.1x104 CFU, while both Uk-mer counts and Uk-mers/reads ratios differed significantly at 1.1x103 CFU. At this spiking level, the corresponding ranges for Uk-mers classified as P. alcalifaciens and Uk-mers/reads ratios were 569 to 1425 and 5.2 to 14.3, respectively (Table 3). Based on this, the suggested metagenomic threshold chosen in the downstream analyses was a Uk-mer count of 569 and a Uk-mers/reads ratio of 5.2.




Figure 3 | Box-and-whisker plots showing the distribution of reads and unique k-mer (Uk-mer) counts (A) and Uk-mers/reads ratios (B) for negative and spiked-in samples in the sensitivity assay. Uk-mer counts and Uk-mers/reads ratios were significantly different from negatives when 1.1x103 CFU Providencia alcalifaciens or more were added to the samples (P < 0.05, marked by *).




Table 2 | Uk-mer counts, Uk-mer counts (log) and Uk-mers/reads ratios are statistically significantly higher in spiking levels from 1.1x103 CFU Providencia alcalifaciens and above compared to negative samples.




Table 3 | The qPCR and metagenomics results for the sensitivity assay, where culture-negative faecal samples were spiked with increasing amounts of Providencia alcalifaciens.



The qPCR was highly efficient and could detect 2.1 genome equivalents of P. alcalifaciens in pure DNA (Supplementary Figure 1). This qPCR was employed to quantify the abundance of P. alcalifaciens, facilitating comparison with the metagenomic datasets. Cq values and their corresponding genome equivalents correlated well with CFU introduced into the samples, although variability was observed between the two dogs (Figures 4A, B). Notably, for dog B, there was a pronounced correlation between spiked CFU and genome equivalents (R2: 0.97; Figure 4B), whereas for dog A, the correlation was more modest (R2: 0.26; Figure 4B). The minimum spiking level detectable was 1.1x103 CFU, which yielded 138 genome equivalents in dog A and 225 in dog B, corresponding to a Cq value of 31.4 (Table 3).




Figure 4 | (A) Scatterplot of Cq Providencia alcalifaciens from qPCR vs. CFU P. alcalifaciens for dog A and B, with regression showing a shared correlation coefficient R2 of 0.64. (B) Scatterplot of genome equivalents P. alcalifaciens, as estimated from Cq values, vs. CFU P. alcalifaciens for dog A and B, with regressions showing correlation coefficients R2 of 0.26 and 0.97, respectively.







Field control

Faecal material from five dogs were sampled on two and three occasions, returning 24 samples collected on swabs (n=12) and DFCs (n=12). The samples were analysed by cultivation, qPCR, and shotgun metagenomics for the occurrence of P. alcalifaciens. Cultivation yielded 41.7% (n=5/12) faecal samples positive for P. alcalifaciens (Table 4). In two of the samples, the growth on plates was sparse, while one had moderate, and one had rich growth of P. alcalifaciens. One sample was positive only after enrichment. Taking the detection limit established from the spiked samples into consideration, only two of the five samples found positive by cultivation (40%) were deemed positive by qPCR. These samples, namely 49_H1 (2580 genome equivalents) and 56_H3 (20 074 genome equivalents), had moderate and rich growth of P. alcalifaciens on direct plating, respectively.


Table 4 | Comparison of cultivation status for Providencia alcalifaciens, qPCR and metagenomics for the field control.



The metagenomic data from the samples in the field control returned an average of 21.9 million PE clean reads [SD: 1.7 M; range: 19.2 to 23.7 M] for downstream analyses. Using the suggested abundance threshold from the sensitivity assay, i.e. a Uk-mer count of 569 and a Uk-mers/reads ratio of 5.2, the same two samples positive by qPCR were also positive by metagenomics. Sample 49_H1 had 39 232 Uk-mers reported as P. alcalifaciens and a Uk-mers/reads ratio of 21.7, while sample 56_H3 had 190 208 Uk-mers classified as P. alcalifaciens with a Uk-mers/reads ratio of 22.2 (Figures 5A–C and Table 4). The numbers of reads mapping to P. alcalifaciens for 49_H1 and 56_H3 were 1812 (relative abundance: 0.02%) and 8584 reads (0.08%), respectively. Stool samples from the same dogs collected on separate occasions that were negative for P. alcalifaciens by cultivation and qPCR, returned 153 (0.002%) and 57 (0.0007%) reads mapped to P. alcalifaciens and Uk-mer counts and Uk-mers/reads ratios well below the suggested abundance threshold (Table 4). Considering just cultivation results, samples with sparse growth of P. alcalifaciens could not be separated from negative samples based on Uk-mer counts (Figures 5B, C). Using CFU estimated from Cq values, negative and positive samples could be separated on Uk-mer counts and Uk-mers/reads ratios when the samples contained more than 1.1x103 CFU of P. alcalifaciens (Figure 5A). Therefore, the suggested detection limit for both qPCR and metagenomics from the sensitivity assay was valid for naturally contaminated samples in the field control.




Figure 5 | (A) Scatterplot showing the distribution of reads, unique k-mers (Uk-mers) and Uk-mers/reads ratios vs. estimated CFU. Samples with estimated CFU > 3 logs for Providencia alcalifaciens had higher Uk-mer counts and Uk-mers/reads ratios than the samples with no CFU or low amounts of P. alcalifaciens. Linear regression used: Cq = 38.5−2.3xCFU (Figure 4A). (B) Box-and-whisker plots showing the distribution of reads and Uk-mers vs. cultivation status. (C) Scatterplot showing the relationship between Uk-mers/reads ratios vs. Uk-mers (log) by cultivation status. Samples with moderate and rich growth of P. alcalifaciens cluster together with high Uk-mers (log) and Uk-mers/reads ratios, separating clearly from samples with sparse and no growth.



We thereafter compared the sensitivity and specificity of the metagenomic abundance threshold for P. alcalifaciens and qPCR with bacterial cultivation. Cultivation yielded 41.7% positive samples, while both qPCR and metagenomics yielded 16.7% positive samples each (Table 4). Using cultivation as gold standard, qPCR and metagenomics had a test sensitivity of only 40% (n=2/5), leaving three of five culture-positives as false negatives. None of the samples were positive only by qPCR or metagenomics, yielding a specificity of 100%. The positive predictive value was therefore 100%, while the negative predictive value was 70%.





Field study

Using the metagenomic abundance threshold of 569 Uk-mers and a Uk-mers/reads ratio of 5.2, we investigated the occurrence of P. alcalifaciens in metagenomic datasets of faecal material from healthy dogs received from the HUNT One Health project.

After quality control, datasets from 362 dogs remained (Data Sheet 2), with an average of 20.0 million PE clean reads [SD: 3.5 M; range: 10.0 to 23.8 M] for downstream analyses. According to our abundance threshold, four of 362 (1.1%, 95% CI [0.0, 6.8]) faecal samples were positive for P. alcalifaciens, namely DNA_H1H_14_B1, DNA_H1H_26_B3, DNA_H1H_18_D3 and DNA_H1H_23_F3 (Data Sheet 2). The bacterium was identified in low read numbers by Kraken2Uniq (median: 3781; range: 128 to 23 971), with a median estimated number of Uk-mers assigned to P. alcalifaciens at 83 548.5 (range: 967 to 340 549). The relative abundance of P. alcalifaciens estimated by Bracken was low (median: 0.04%; range: 0.00 to 0.81%).






Discussion

Here, we established the detection limit for a metagenomic assay and set a metagenomic abundance threshold for P. alcalifaciens in faecal samples, with the goal of investigating the occurrence of this bacterium in the faecal microbiota of healthy dogs. The detection limit for qPCR and shotgun metagenomics was 1.1x103 CFU P. alcalifaciens in faecal samples smeared on DFCs, which corresponded to 225 genome equivalents and 569 Uk-mers. The occurrence of P. alcalifaciens above this detection limit in healthy dog faeces was low (upper confidence at 6.8%), but a higher occurrence of this bacterium in our dataset at a lower abundance cannot be excluded.

Determining an abundance threshold for the detection of microbiological taxa in metagenomic samples is challenging and depends on several factors, such as reference database, study design, sampling material, sequencing effort, and sample complexity. For instance, Lindstedt et al. (2022) highlighted that the rate of false positives is dependent on the abundance of related bacteria in the sample, pointing to the misclassification of query reads to target bacteria in the database. Further, McIntyre et al. (2017) report that k-mer-based methods, such as Kraken2Uniq, have a positive relationship between sequencing depth and misclassified reads. Therefore, an abundance threshold is needed, and several studies have attempted to define abundance thresholds using different approaches. Miller et al. (2019) set a threshold for bacteria, fungi, and parasites in cerebrospinal fluid samples based on the ratio of relative abundances in samples and blank controls. Using receiver operating characteristic (ROC) curves, they found that the accuracy of organism detection was maximized when this ratio was 10. A study on Campylobacter in air of poultry houses used a threshold of 50 reads per sample based on the number of putative false Campylobacter reads in mock samples (Haverkamp et al., 2021), whereas a study on Klebsiella in human faecal samples suggested an abundance threshold of 0.01% to accurately estimate its occurrence based on spiked microbiomes (Lindstedt et al., 2022). We choose to use unique k-mer counts as parameter for metagenomic abundance threshold in place of read counts as the former have improved species-recall and better separation between negative and positive samples (Breitwieser et al., 2018), increasing the robustness of the metagenomic assay. Further, we achieved a lower detection limit by unique k-mer counts than by absolute read numbers, as the latter showed statistical significance at spiking level 1.1x104 CFU rather than 1.1x103.

Our metagenomic abundance threshold of 569 Uk-mers had a detection limit of 1.1x103 CFU per sample for the metagenomic assay. Our threshold is lower than the recommendations from the authors of KrakenUniq, who suggest a pathogen detection threshold of 2000 Uk-mers per million sequenced reads (Breitwieser et al., 2018), i.e. 80 000 Uk-mers for our dataset. Even so, the achieved detection limit of 1.1x103 CFU is high, and sensitivity of the metagenomic assay was low. We pushed the detection limit and metagenomic threshold as low as possible to increase sensitivity. However, a lower threshold would increase the number of spurious classifications of positive and negative samples dramatically. Using qPCR, the detection limit was equally high, even though the qPCR assay could detect as few as 2.1 genome equivalents for pure P. alcalifaciens DNA. As a result, only 40% of samples in the field control positive by cultivation were positive by qPCR and metagenomics, indicating that cultivation was a more sensitive method for detection of P. alcalifaciens in stool. This is in line with the results found by Andersen et al. (2017B), where a best-case detection limit for Campylobacter in human faecal samples was 7.75x104 CFU/ml. Contrary to our findings, Liu et al. (2018) found that a higher sensitivity for Shigella in human faecal samples was obtained by qPCR and metagenomics than by cultivation. An explanation could be that Shigella is better represented in the databases than P. alcalifaciens, resulting in a higher proportion of Shigella reads being correctly identified. Andersen et al. (2017A) found that qPCR and metagenomics were not always in agreement, and a spiking level of 103 CFU/g C. jejuni in human faecal samples was positive by Kraken, but negative by qPCR, due to sample preparation.

Faeces as matrix have a high level of background noise due to their complex composition of microbes compared to sterile or low microbial load samples (de Goffau et al., 2018). The complexity of the sample can affect the detection of low-abundance bacteria since the presence of more abundant species may overshadow the signal from rare species. It might therefore be easier to identify rare species in low microbial load samples. Further, it might be that the DNA extraction protocol was not well suited to extract P. alcalifaciens from dog faeces. Our qPCR was able to detect 2.1 genome equivalents per reaction in pure DNA, but in faecal samples it was only able to achieve a positive signal in samples spiked with 1.1x103 CFU and above. Albeit the mock communities were as expected, we cannot rule out that the extraction efficiency of low-abundance microbes such as P. alcalifaciens was not optimal in a highly complex matrix such as faeces.

In the field control, we have assumed that cultivation status represents the true presence or absence of P. alcalifaciens. It is possible that this is incorrect, and that the bacterium is present in some of the samples negative by cultivation. This would mean that the bacterium is present in samples with lower numbers of Uk-mers identified as P. alcalifaciens and that our metagenomic threshold should have been even lower. Some bacteria enter a viable but non-culturable (VBNC) state under certain conditions (Fakruddin et al., 2013) and may therefore only be detected by e.g. molecular methods. However, the qPCR had the same detection limit. Further, P. alcalifaciens is not a fastidious organism, and is readily recoverable by cultivation after long-term starvation (Baker et al., 2019). Additionally, the samples we used for cultivation were collected on charcoal swabs which prolong the viability of bacteria, and further, the swabs were pre-enriched in buffered peptone water.

With our low sensitivity, we found that the occurrence and abundance of P. alcalifaciens in healthy dogs were low. Four of 362 samples contained more than 1.1x103 CFU P. alcalifaciens. Our findings are in line with previous work where no Providencia spp. was found by amplicon sequencing of faecal samples from healthy dogs collected in 2017 to 2018 (Herstad et al., 2021). In addition, during the AHDS outbreak in 2019, P. alcalifaciens was identified in 11% of healthy dogs in Oslo by cultivation, while only 1.7% of the samples from Bergen and Tromsø were positive (Jørgensen et al., 2021). Both the faecal cards and the metagenomic assay are sensitive for discrepancies in sampling amount and handling, as seen between dog A and B in the sensitivity assay. In the field control and field study, the DFCs were collected by the owners, shipped, and stored before preparation. There are several uncertainties related to this, such as how well the instructions were followed, and the amounts of faecal material collected. It is possible that other collection methods would have created more accurate metagenomic datasets based on more even amounts of input material. The DFC collection method is however gaining increasing evidence as to its ability to preserve DNA and RNA, and several studies have shown that this collection method is suitable for generating metagenomic datasets (Taylor et al., 2017; Botnen et al., 2023). This only applies when the collection method is performed correctly, which could be variable between owners. Our estimate of a low occurrence (upper confidence at 6.8%) of P. alcalifaciens in healthy dogs should be viewed as a conservative estimate, encompassing only bacteria present in quantities exceeding 1.1x103 CFU. Moreover, among the four dogs that carried P. alcalifaciens, the bacterium was found in low quantities in their faeces. These observations suggest that P. alcalifaciens is not a dominant bacterium in the faecal microbiota of dogs. Such a finding lends credence to the hypothesis that this bacterium is associated with AHDS, and a possible aetiology for the outbreak of canine AHDS in 2019.

There were some limitations with our study design. The study would have benefitted from more replicates and finer gradients of spiking P. alcalifaciens concentrations in the sensitivity assay. Both would have aided us in establishing a more robust abundance threshold for detection of P. alcalifaciens. In addition, we had too few culture-positive faecal samples naturally containing P. alcalifaciens to test the suggested threshold on, and three of five had sparse growth or were dependent on enrichment for detection by cultivation. It is however clear that bacterial culture of fresh faecal material is more sensitive than qPCR and metagenomics of DNA extracted from DFCs.

To conclude, metagenomics has the potential to be a powerful diagnostic tool but should not be used uncritically. Our study indicates that shotgun metagenomics performed on faecal samples collected on DFCs can detect low-abundance pathogens, albeit only confidently differentiate between positive and negative samples which contain more than 1.1x103 CFU for our pathogen of interest. More research is needed to obtain satisfying sensitivity and specificity for low-abundance pathogens.
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Objective

To evaluate the diagnostic value of metagenomic sequencing technology based on Illumina and Nanopore sequencing platforms for patients with suspected lower respiratory tract infection whose pathogen could not be identified by conventional microbiological tests.





Methods

Patients admitted to the Respiratory and Critical Care Medicine in Shanghai Ruijin Hospital were retrospectively studied from August 2021 to March 2022. Alveolar lavage or sputum was retained in patients with clinically suspected lower respiratory tract infection who were negative in conventional tests. Bronchoalveolar lavage fluid (BALF) samples were obtained using bronchoscopy. Sputum samples were collected, while BALF samples were not available due to bronchoscopy contraindications. Samples collected from enrolled patients were simultaneously sent for metagenomic sequencing on both platforms.





Results

Thirty-eight patients with suspected LRTI were enrolled in this study, consisting of 36 parts of alveolar lavage and 2 parts of sputum. According to the infection diagnosis, 31 patients were confirmed to be infected with pathogens, while 7 patients were diagnosed with non-infectious disease. With regard to the diagnosis of infectious diseases, the sensitivity and specificity of Illumina and Nanopore to diagnose infection in patients were 80.6% vs. 93.5% and 42.9 vs. 28.6%, respectively. In patients diagnosed with bacterial, Mycobacterium, and fungal infections, the positive rates of Illumina and Nanopore sequencer were 71.4% vs. 78.6%, 36.4% vs. 90.9%, and 50% vs. 62.5%, respectively. In terms of pathogen diagnosis, the sensitivity and specificity of pathogens detected by Illumina and Nanopore were 55.6% vs. 77.8% and 42.9% vs. 28.6%, respectively. Among the patients treated with antibiotics in the last 2 weeks, 61.1% (11/18) and 77.8% (14/18) cases of pathogens were accurately detected by Illumina and Nanopore, respectively, among which 8 cases were detected jointly. The consistency between Illumina and diagnosis was 63.9% (23/36), while the consistency between Nanopore and diagnosis was 83.3% (30/36). Between Illumina and Nanopore sequencing methods, the consistency ratio was 55% (22/42) based on pathogen diagnosis.





Conclusion

Both platforms play a certain value in infection diagnosis and pathogen diagnosis of CMT-negative suspected LRTI patients, providing a theoretical basis for clinical accurate diagnosis and symptomatic treatment. The Nanopore platform demonstrated potential advantages in the identification of Mycobacterium and could further provide another powerful approach for patients with suspected Mycobacterium infection.





Keywords: metagenomic next-generation sequencing, bronchoalveolar lavage fluid, lower respiratory tract infection, Illumina, nanopore, culture-negative sample





Introduction

According to the WHO, lower respiratory tract infections (LRTIs) are an infectious disease with the highest mortality. LRTIs have been considered as a public health problem, which affect millions of people worldwide, causing thousands of deaths, and are treated with expensive medicines, such as antibiotics or palliative measuresThe top 10 causes of death (2023). The current conventional microbiological tests (CMTs) have a low positive rate for LRTI pathogen identification. It is reported that nearly 60% of patients with LRTIs died without a clear pathogen diagnosis (Besser et al., 2018). In this case, the early-time accurate identification of potential causative pathogens is crucial for LRTI treatment strategy.

In recent years, metagenomic next-generation sequencing (mNGS) has been widely used for pathogen detection in various clinical infectious diseases. It has been known that mNGS is independent of traditional culture and could detect a wide range of pathogenic microorganisms in a short time (about 30 h) (Besser et al., 2018; Li et al., 2021; Liu et al., 2023). Several studies have shown that mNGS has played an important role in the diagnosis of difficult and complex infectious diseases on various sample types, such as cerebrospinal fluid (CSF) in brain infections (Tian et al., 2023; Xiang et al., 2023; Ramachandran et al., 2024), bronchoalveolar lavage fluid (BALF) in LRTIs (Chen et al., 2020; Wu et al., 2020), and blood specimen in bloodstream infections (BSIs) (Crawford et al., 2020; Geng et al., 2021; Hoenigl et al., 2023). mNGS provides an alternative diagnosis method for suspected infectious patients, especially for those who have severe clinical symptoms without positive microbiological test results.

As sequencing technologies keep evolving, Nanopore sequencing technology has been put into clinical applications due to its long reads and shorter turnaround time (TAT). Meanwhile, there is no need for polymerase chain reaction (PCR) amplification during sequencing library construction. A Nanopore sequencer could avoid the preference and errors induced by PCR and further shorten the detection time in various kinds of body fluids (Zhu et al., 2021).

Currently, there are still few studies on the way to explore the clinical value of mNGS in LRTIs with negative CMTs. This study aims to use metagenomic sequencing based on both Illumina and Nanopore sequencing platforms. We focused on patients with suspected LRTIs without positive CMT results and evaluated the potential value of mNGS in the identification of microbiological tests.





Materials and methods




Study population and design

Patients admitted to the Respiratory and Critical Care Medicine in Shanghai Ruijin Hospital were retrospectively studied from August 2021 to March 2022. Cases were enrolled according to the following inclusion criteria: i) patients with symptoms like cough, expectoration, hemoptysis, chest pain, and fever; ii) patients with radiological images (chest X-ray or CT scanning) showing pulmonary shadow; iii) patients with a suspected infection causing the conditions described meeting criteria i) and/or ii); iv) negative CMT results; and v) sufficient BALF collected for laboratory testing. The exclusion criteria were as follows: i) patients with positive CMT results; ii) patients who did not sign the informed consent or refused to participate; iii) insufficient samples collected for testing; and iv) missing clinical information. This study was approved by the Ethics Committee of Ruijin Hospital, Shanghai Jiao Tong University School of Medicine (AF0406), and the informed consent forms were signed by the patients or surrogates.





Sample collection and CMTs

BALF samples were obtained using bronchoscopy. Sputum samples were collected, while BALF samples were not available due to bronchoscopy contraindications.

The BALF and sputum samples were arranged for conventional microbiological tests and Illumina and Nanopore sequencers. In this study, CMT included bacteria and fungi culture and smear, G/GM test for fungi, mycobacterial culture, T-SPOT, and Xpert for MTB/NTM diagnosis. The CMT results of all enrolled patients were negative. The final clinical diagnosis was decided by two experienced doctors based on clinical records, radiological images, histopathological analysis, and treatment outcomes.





DNA extraction

Sputum samples need to be liquefied first. Before DNA extraction, an aliquot of 1–2 ml of BALF or sputum specimen was conducted to break the cell wall using FastPrep Homogenizers (MP Biomedicals, CA, United States). Then, DNA was extracted from the homogenization using a microsample genomic DNA extraction kit (Tiangen, Beijing, China) according to the manufacturer’s specifications. Next, the host DNA was removed using saponin, as described previously (Charalampous et al., 2019). Finally, DNA concentrations were determined using Qubit 4.0 (Thermo Fisher Scientific Inc., Waltham, MA, United States).





Library construction, sequencing on NextSeq 550Dx, and bioinformatic analysis

Approximately 200–300 bp of DNA fragments were obtained by enzymolysis. Then, to construct the sequencing library, DNA fragmentation, end repair, adapter ligation, and PCR amplification were conducted. Quality control of the DNA library was detected using Agilent 2100 Bioanalyzer (Agilent Technologies, Santa Clara, CA, United States). The qualified library was sequenced on NextSeq 550Dx sequencers (Illumina, CA, United States) using a 75-cycle single-end sequencing strategy, resulting in roughly 20 million reads per sample.

Clean reads were obtained by filtering out the short (<50 bp) and low-quality reads and removing duplicate reads using fastp. Reads mapped to the human genome (GRCh38) were removed using Burrows–Wheeler Alignment (VanRaden et al., 2019). After removing human sequences, the remaining reads were considered to potentially have microorganisms.

We built an in-house infectious pathogen database selected from the NCBI Nucleotide and Genome databases. Microbial classification was performed using Kraken2 and verified by BLAST. All the mapped reads were processed for taxonomy annotation, genome coverage calculation, and abundance calculation with in-house scripts. Then, the organisms were reported as pathogens detected by the metagenomic sequencing pipeline.





Library construction, sequencing on GridION X5, and bioinformatic analysis

The sequencing library of the extracted DNA was constructed using the Rapid PCR Barcoding Kit (Oxford Nanopore Technologies, UK) following the recommended protocol, and sequencing was performed on GridION X5 (Oxford Nanopore Technologies, UK). Four hours of sequencing was needed.

Raw data were acquired using the MinKNOW software. Reads less than 500 bp and with a mean score lower than 6 were removed. The read alignment and pathogen detection procedures were performed the same as analyzing the data obtained from the Illumina sequencer.





Diagnosis of pathogens

Bacteria (excluding mycobacteria), viruses, and parasites: A microorganism is considered clinically important when its coverage is 10 times higher than the coverage of any other microorganism. Fungi: They are considered clinically significant organisms when the coverage is 5 times higher than any other fungus. Mycobacteria: The detection of mycobacteria with a sequence number greater than or equal to 1 required a clinical note (Guo et al., 2021). The etiological diagnosis is based on the pathogens determined by a chief physician combined with various methods and the application of the corresponding drug treatment.





Statistical analysis

SPSS 22.0 statistical software was used for data analysis, and GraphPad Prism 8 was used for plotting. The counting data were expressed as the number of cases (percentage) [n (%)], and the data between groups were compared by chi-square test or Fisher’s exact test. Clinical etiological diagnosis was used as the reference standard to evaluate the diagnostic efficacy of the two methods. To evaluate the diagnostic efficacy, 2 × 2 contingency tables and receiver operating characteristic (ROC) curves were used. The McNemar test and Kappa consistency analysis were used for the comparison of the positive rates between the two methods. A two-tailed value of p <0.05 represented significant differences.






Results




Characteristics and samples

From August 2021 to March 2022, 38 patients with suspected LRTI were enrolled in this study, consisting of 24 men and 14 women, after excluding 7 cases with incomplete clinical information. The median age of patients was 55 (36, 63) years. A total of 36 BALF samples and 2 sputum samples were subjected to mNGS based on Illumina and Nanopore sequencing platforms. The prognosis of one patient was not improved due to the progression of lung cancer and MTB infection, and the outcomes of the other patients were improved. Specific baseline data are shown in Table 1.


Table 1 | Characteristics of the enrolled patients.







Consistency of species detected by Illumina and Nanopore

There were 20 types of infectious pathogens detected by both methods and verified by clinical physicians, consisting of 15 kinds of bacteria [including 1 Mycobacterium tuberculosis (MTB) and 4 non-tuberculous mycobacteria (NTM)], 4 kinds of fungi, and 1 virus (Figure 1). For bacterial detection, except for MTB and NTM, Streptococcus pneumoniae was the most detected bacteria, and Pseudomonas aeruginosa and Tropheryma whipplei ranked second and third. The Illumina sequencer identified MTB in 2 cases, while Nanopore sequencing detected MTB in 5 cases. For NTM identification, there were 4 types of NTM identified by both methods, namely, Mycobacterium phocaicum, Mycobacterium intracellulare, Mycobacterium avium, and Mycobacterium kansasii. Mycobacterium phocaicum and M. intracellulare were detected only in the Nanopore sequencing method, and the other two types of NTM were detected by both sequencing methods. Aspergillus flavus was the most frequently detected species in fungi.




Figure 1 | Pathogen comparison in suspected LRTI patients detected by Illumina and Nanopore.







Infection and etiology diagnosis

The distribution of pathogen detection by the Illumina and Nanopore sequencers compared with clinical Infection and etiology diagnosis is shown in Figure 2A. According to the infection diagnosis, 31 patients were confirmed to be infected with pathogens, while 7 patients were diagnosed with non-infectious disease. Based on the patient’s perspective, there were 19 bacterial infections (6 with MTB and 3 with NTM), 6 fungal infections, 1 virus infection, and 5 mixed infections among all 31 infectious patients (Figure 2B). Based on the pathogen perspective, 15 patients (excluding Mycobacterium and including patients with mixed infection) had bacterial infection, 11 had Mycobacterium infection, 8 had fungal infection, 1 case had parasitic infection, and 1 case had virus infection (Figure 2C).




Figure 2 | Distribution of pathogen detection by the Illumina and Nanopore sequencers compared with clinical infection and etiology diagnosis. (A) Distribution of pathogens detected by the two methods. (B) Distribution of infection diagnosis in the enrolled patients. (C) Distribution of specific pathogens confirmed by clinical infection diagnosis. * The results of pathogens detected were consistent with clinical diagnosis. # The clinical diagnosis was parasitic infection but the pathogen was not detected. = History of antibiotic use prior to pathogen detection.







Comparison of the diagnostic performance in infection diagnosis and pathogen diagnosis

With regard to the diagnosis of infectious diseases, the sensitivity and specificity of Illumina and Nanopore to diagnose infection in patients were 80.6% vs. 93.5% and 42.9 vs. 28.6%, respectively. In terms of pathogen diagnosis, the sensitivity and specificity of pathogens detected by Illumina and Nanopore were 55.6% vs. 77.8% and 42.9% vs. 28.6%, respectively (Figure 3). In patients diagnosed with bacterial, Mycobacterium, and fungal infections, the positive rates of the Illumina and Nanopore sequencers were 71.4% vs. 78.6% (P = 1, Kappa = 0.05, P = 0.8), 36.4% vs. 90.9% (P = 0.01, Kappa = 0.4, P = 0.002), and 50% vs. 62.5% (P = 0.7, Kappa = 0.5, P = 0.02), respectively (Figure 4).




Figure 3 | Comparison of the diagnostic performance in patients and pathogens. (A, B) Patients confirmed/excluded infection as a reference standard. (C, D) Accurate detection of pathogens as a reference standard.






Figure 4 | Comparison of the positive rates by the Illumina and Nanopore sequencers in different types of pathogens.







Antibiotic use and pathogen detection

Twenty-three out of 38 patients had a history of antibiotic use prior to pathogen detection. Among the 31 patients finally diagnosed with infectious diseases, 18 patients had a history of empirical antibiotic use. Among the patients treated with antibiotics in the last 2 weeks, 61.1% (11/18) and 77.8% (14/18) cases of pathogens were accurately detected by Illumina and Nanopore, respectively (P = 0.05), among which 8 cases were detected jointly. In patients without a history of antibiotic use, the Illumina and Nanopore detection rates were 46% (6/13) and 77% (10/13), respectively (P = 0.02) (Figure 5).




Figure 5 | Distribution of pathogens detected by the two metagenomic sequencing methods in infected patients with or without antibiotic history.







Consistency between Illumina and Nanopore sequencing and etiological diagnosis

According to the clinical diagnosis, 31 patients were considered to have infectious diseases with 36 pathogens confirmed, while 7 patients had non-infectious diseases. The consistency between Illumina and diagnosis was 63.9% (23/36), while the consistency between Nanopore and diagnosis was 83.3% (30/36). Between Illumina and Nanopore sequencing methods, the consistency ratio was 55% (22/42) based on pathogen diagnosis (Figure 6).




Figure 6 | Consistency between mNGS and etiological diagnosis.








Discussion

Metagenomic next-generation sequencing, as a novel diagnosis tool, has been widely used in the diagnosis of infectious diseases. Its advantages compared with the traditional culture are obvious: nearly all microorganisms could be detected only once with unbiased, higher sensitivity, shorter TAT, and without any assumption. In this way, overuse and misuse of antibiotics as well as antibiotic resistance could be reduced. Nanopore sequencing technology, known as the fourth-generation sequencing method, had high accuracy and shorter TAT, making it ideal for infectious disease diagnosis (Harris et al., 2024).

In this study, we retrospectively analyzed the metagenomic sequencing results (including Illumina and Nanopore sequencing results) of 38 suspected LRTI patients, in which 31 patients were diagnosed with pathogen infection. From the perspective of overall clinical etiological diagnosis, the pathogens not detected by CMT are still mainly bacterial, especially Mycobacterium. This is related to the rigor of the conventional culture of Mycobacterium and the limitations of traditional methods. Overall, metagenomic sequencing accurately detected the pathogens in 29 out of 31 patients. Obviously, metagenomic sequencing has significant sensitivity in identifying these infections that CMT cannot recognize (Illumina: 80.6%, Nanopore: 93.5%). Illumina and Nanopore also show some advantages when it comes to accurately identifying difficult pathogens. The sensitivity and specificity of pathogens detected by Illumina and Nanopore were 55.6% vs. 77.8% and 42.9% vs. 28.6%, respectively. Furthermore, we analyzed the positive rates of the two platforms between different types of pathogens. The positive rates of bacteria and fungi were similar, but Nanopore had some advantages in the identification of Mycobacterium. Consistent with our previous studies (Zhang et al., 2022), Nanopore showed potential performance in the identification of mycobacteria in both CAP patients and CMT-negative patients. This is related to the more targeted pathogen detection conducted in the Nanopore test flow for microorganisms with difficulty in breaking walls during nucleic acid extraction, such as M. tuberculosis and Aspergillus fumigatus. Furthermore, the Nanopore platform employs a targeted enrichment method to amplify TB/NTM signals, thereby enhancing the detection rate of Mycobacterium. This could potentially account for the observed higher sensitivity of Mycobacterium detection using Nanopore technology. However, despite enhancing the sensitivity of detection, the Nanopore pipeline did not demonstrate a distinct advantage in terms of specificity. In summary, while Nanopore offers certain conveniences in pathogen diagnosis, its overall value in pathogen detection necessitates further prospective evaluation with large sample sizes and head-to-head comparisons.

Due to the high negative result ratio and long TAT of CMT, it is often suggested to empirically use antibiotics for suspected LRTI patients. The use of empirical antibiotics has a negative effect on the detection of pathogens by traditional methods, especially culture. In our study, 61% (23/38) of patients had been using antibiotics within 2 weeks before sampling. Among the patients with a history of antibiotic use who were finally diagnosed with pathogen infection, 94.4% (17/18) of patients were detected by metagenomic sequencing. It is worth noting that the CMT of these patients was negative, and the clinical application of mNGS provides a theoretical basis for the accurate treatment of the patients. In general, pathogen detection whether using Illumina sequencing or Nanopore sequencing was not affected in patients who have a history of antibiotic use. Similar results have been reported regarding mNGS being less influenced by prior antibiotic exposure (Miao et al., 2018; Shangguan et al., 2023).

Tuberculosis (TB) is one of the leading causes of death worldwide, with high mortality in a single infectious pathogen (Harding, 2020). MTB is the major causative pathogen for TB. NTM, belonging to the same Mycobacterium genus, can cause similar clinical performance but need entirely different treatments, which is hard but vital to distinguish them clinically. Quite a few studies reported that mNGS could be a powerful diagnostic tool for MTB detection (Jin et al., 2020; Gu et al., 2021; Liu et al., 2021; Xu et al., 2022). In this study, five out of six patients with clinically confirmed TB infection were detected by mNGS. All the NTM pathogens were detected by Nanopore sequencing methods. Of the total 11 confirmed cases of Mycobacterium infection, 10 were detected by Nanopore and 4 by Illumina.

Nowadays, different sequencing platforms have been used for metagenomic sequencing of clinical samples (Charalampous et al., 2019). Nanopore sequencing technology, known as rapid sequencing and real-time analysis, has potential advantages when applied in clinical settings. In addition, Nanopore sequencing methods have been optimized in studies and the total sequencing time has become shorter (Charalampous et al., 2019; Zhu et al., 2021). Furthermore, Nanopore metagenomic sequencing has been used for infectious pathogen detection.

Wang et al. compared the detection accuracy of mNGS based on BGI-seq and Nanopore sequencing methods for culture-negative sputum samples from patients with severe pneumonia. mNGS and Nanopore both reported major pathogens with approximately 60% consistency (Wang et al., 2020). Similarly, the consistency between Illumina and Nanopore sequencing was 55%, and Nanopore sequencing showed a higher rate of consistency in the final diagnosis.

This study reports the practical application of dual-platform metagenomic sequencing in CMT-negative patients with suspected LRTI. However, there were still several limitations in this study. First, the sample size was limited and only one case was ultimately diagnosed with virus function, which would affect the accuracy of the evaluation of the metagenomic sequencing performance on both sequencing platforms. Second, the sample types vary, including BALF and sputum. Taking into account the actual condition of the patients, BALF was not as convenient to obtain as sputum. In addition, the targeted enrichment process was additionally implemented on the Nanopore platform for assessing the diagnostic value of both methods; thus, the head-to-head comparison lacked strictness. For further studies, large-scale multicenter prospective studies are required to assess the value of metagenomic Nanopore sequencing. In addition, the effect of sample type needs to be given sufficient consideration.

In summary, both platforms play a vital role in infection diagnosis and pathogen diagnosis of CMT-negative suspected LRTI patients, providing a theoretical basis for clinical accurate diagnosis and symptomatic treatment. The Nanopore platform demonstrated potential advantages in the identification of Mycobacterium and could further provide another powerful approach for patients with suspected Mycobacterium infection.
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Case report: Chronic Candida albicans meningitis: a rare entity diagnosed by metagenomic next-generation sequencing
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The aetiology of chronic aseptic meningitis is difficult to establish. Candida meningitis in particular is often diagnosed late, as cerebrospinal fluid (CSF) work-up and imaging findings are nonspecific. A 35-year-old patient with chronic aseptic meningitis, for which repeated microbiological testing of CSF was unrevealing, was finally diagnosed with Candida albicans (C. albicans) meningitis with cauda equina involvement using metagenomic next-generation sequencing (mNGS). This report highlights the diagnostic challenges and the difficulties of treating shunt-associated fungal meningitis.




Keywords: Candida albicans, chronic meningitis, ventriculitis, metagenomic next-generation sequencing, (1,3)-beta-D-glucan, cerebrospinal fluid





Introduction

Chronic meningitis, defined as an inflammation of the meninges lasting for more than four weeks, is an infrequent entity. Its etiology is very diverse, including (opportunistic) infections, neoplastic, autoimmune, and inflammatory as well as drug-induced diseases, and is therefore often difficult to determine, with at least one third of patients remaining undiagnosed. Underlying causes also depend on the population and the geographical area studied, so relative proportions of these etiologies cannot be generalized. For example, in one retrospective study of 79 patients with chronic meningitis, only 44.3% received a definitive diagnosis, 31.6% were bacterial (mostly Mycobacterium tuberculosis and Brucella spp.) and 10.1% were neoplastic (Bineshfar et al., 2022). Even with invasive diagnostic methods, i.e. brain biopsy, definitive diagnosis is not always achievable; one study of 37 patients with chronic meningitis identified a definitive diagnosis by brain biopsy in 39% of them, the most frequent being sarcoidosis and metastatic adenocarcinoma; the yield rose to 80% when taking into account biopsies obtained from enhancing lesions on magnetic resonance imaging (MRI) only (Cheng et al., 1994).

Chronic Candida albicans (C. albicans) meningitis is very rare, and diagnosis typically delayed (Farrugia et al., 2016; Gheshlaghi and Helweg-Larsen, 2020). CSF chemistry and cell counts as well as imaging patterns are nonspecific. Moreover, CSF and blood cultures have a low sensitivity for detecting Candida (McGinnis, 1983, Chaussade et al., 2021). Alternative diagnoses of chronic progressive meningoencephalitis, including tuberculosis and lymphoma, have similar diagnostic challenges. Therefore, many patients belatedly diagnosed with chronic Candida meningitis receive unnecessary, potentially harmful treatments (Voice et al., 1994). Our patient’s extensive microbiological workup was inconclusive and he was initially diagnosed with and treated for presumptive cerebral lymphoma. The correct diagnosis could be established only once cauda equina biopsy grew C. albicans on day 78, confirming an earlier result obtained through mNGS.





Case description

A 35-year-old illicit drug user with a well-controlled HIV infection (CD4+ count 1389 cells/µL) was admitted with a three-months’ history of headaches, fever, and a psychotic state, as well as new-onset diffuse myoclonus and fluctuations in vigilance.

Six months prior to the current admission, a pulmonary small-vessel vasculitis potentially associated with hepatitis C reinfection required treatment with corticosteroids and a course of glecaprevir/pibrentasvir. During that previous hospitalisation, fluconazole was administered for two weeks for a C. albicans fungemia following cocaine injection through his central intravenous line, with negative follow-up cultures. Three months later, a psychotic state with risk of self-harm had required a hospitalisation in a psychiatric clinic.

On the current admission, the patient reported headaches, photophobia and intermittent febrile episodes. His treatment consisted of dolutegravir/abacavir/lamivudine, tapered systemic corticosteroids with co-trimoxazole prophylaxis, and opioid substitution. On clinical examination, the patient was found to have intermittent generalised myocloni, fluctuations in vigilance, and meningeal signs. The brain MRI revealed extensive leptomeningeal and ventricular ependymal enhancement, signs of polyradiculitis of cranial nerves V, VII, VIII, and hyperintensity of both caudate nuclei. Analysis of CSF revealed mixed pleocytosis, low glucose, elevated protein and lactate levels, but extensive microbiological testing was unrevealing (Figure 1). Empiric treatment for meningoencephalitis consisted of ceftriaxone, amoxicillin, and acyclovir as well as anti-tuberculous therapy including high-dose corticotherapy. Despite this broad treatment, the patient’s neurological state deteriorated.




Figure 1 | Timeline in hospital days after admission of clinical characteristics, prospective (prosp.) and retrospective (retr.) diagnostic testing. White bars represent negative diagnostic results, light grey bars represent borderline values and dark grey bars represent positive results. (1,3)-β-D-glucan (BDG) cutoff values for CSF were chosen as set for BDG testing in serum. Each BDG test was performed in parallel with both Fungitell and Wako FUJIFILM approach. BDG, (1,3)-β-D-glucan; CUL, culture; EBV, Epstein-Barr virus PCR; EUB, bacterial PCR; HCV, hepatitis C virus PCR; HIV, human immunodeficiency virus PCR; JCV, JC virus (human polyomavirus 2) PCR; LP, lumbar puncture; M/E, BIOFIRE FILMARRAY Meningitis/Encephalitis (ME) panel; NGS, next-generation sequencing; P, CSF puncture; PAN, pan-fungal PCR; TBC, tuberculosis culture and PCR; TBE, tick-borne encephalitis; TOX, toxoplasmosis PCR; VD, ventricular drainage. For details on medical treatment, refer to the Supplementary File.







Diagnostic assessment

Open biopsies of the meninges and cortex on hospital day 19 showed discrete inflammation, no signs of vasculitis or malignancy, and no bacterial or fungal growth. On day 27, a generalized seizure due to progressive hydrocephalus prompted the insertion of a ventriculo-peritoneal shunt. Progressive widening of the undrained ventricles - suggesting insufficient communication between the ventricles with trapping and compartmentalization of the supra- and infratentorial ventricular system - required additional ventriculo-peritoneal shunts to be inserted in the contralateral, fourth, and both temporal horns of the lateral ventricles. A repeat brain biopsy on day 34 showed a lympho-plasmacellular infiltrate with clonality. Epstein-Barr-Virus (EBV) was detected in CSF, a finding which is often associated with cerebral lymphoma. After extensive discussion in our interdisciplinary lymphoma board, B-cell lymphoma was considered the most likely diagnosis, and chemotherapy with rituximab, methotrexate, cytarabine und thiotepa was administered for suspected cerebral lympho-plasmacellular B-cell lymphoma. mNGS of a CSF sample collected on day 27 identified C. albicans (see Table 1). This result was dismissed, as repeat microbiological cultures had not revealed any growth, and an alternative diagnosis had been established.


Table 1 | Number of read pairs obtained by the mNGS analysis and their taxonomic assignments.



Increasing lumbar pain prompted a spinal MRI on day 64 revealing leptomeningeal enhancement from the cervical region to the conus. No CSF could be sampled neither by repeated attempts of lumbar punctures nor from the Rickham reservoirs. Fever and fluctuating vigilance persisted. Cerebral MRI on day 76 showed progressive hydrocephalus and unchanged meningeal/ependymal enhancement.

On day 78, an open biopsy at the L3/4 level demonstrated a gelatinous substance between the spinal nerves instead of CSF which grew C. albicans, thus confirming chronic C. albicans meningitis and shunt-associated infection.





Therapeutic interventions and outcome

Chemotherapy was discontinued and systemic treatment with liposomal amphotericin-B and flucytosine was started on day 79. Due to good clinical response, therapy was stepped down to oral fluconazole after two weeks and the patient was sent for rehabilitation.

One month later, the patient was re-admitted because of neurological deterioration due to shunt dysfunction. CSF cultures still grew C. albicans. Antifungal therapy was escalated back to liposomal amphotericin-B and flucytosine. Intracranial shunt removal was repetitively discussed but not attempted because of assumed high perioperative bleeding risk due to inflammation.

The patient deteriorated, presenting short-term memory loss and psychiatric issues. CSF culture from day 165 after the first admission - day 85 of antifungal treatment - yet again grew C. albicans (with unchanged minimal inhibitory concentrations for antifungals used), and lumbar MRI showed progression. After interdisciplinary discussion and extensive information of the patient’s parents, starting on day 177, liposomal amphotericin-B was administered intrathecally through a spinal catheter with a dosage of 0.5 mg/day, in order to achieve a concentration ten times above the minimal inhibitory concentration (0.25 mg/L) in an estimated CSF-volume of 250 mL. Nevertheless, repeat MRI showed progressive enhancement surrounding the ventriculo-peritoneal shunts, justifying to attempt shunt removal on day 182, despite high perioperative risk: all but one shunt catheter could be extracted without complications. Catheter cultures were negative. Progressive hydrocephalus and clinical deterioration prompted the insertion of two external ventricular drainages on day 194, allowing additional amphotericin administration directly into the ventricles (see Supplementary Figure 1).

Despite spinal and intraventricular administration of amphotericin, the patient deteriorated. MRI showed progressive enhancement, and increasing brain oedema. After discussion with the patient’s parents, we opted for palliative care, and the patient died 208 days after his first admission.





Discussion

Chronic meningitis due to C. albicans has been described several months after a candidemia (Porter et al., 1996). Our patient was at risk for candidemia because of his intravenous drug use (Lyons et al., 2015; Poowanawittayakom et al., 2018) and due to prolonged corticosteroid therapy (Goralska et al., 2018). Candidemia had been diagnosed six months prior to the index hospitalization and could have resulted in dissemination to the meninges. The personality changes and fever over a three-month period might therefore be interpreted as early signs of chronic C. albicans meningitis (Sarmiento et al., 1994; Porter et al., 1996). This hypothesis is supported by identical internal transcribed spacer sequences in the C. albicans strains of the initial blood culture, the biopsy of the cauda, and CSF.

Although mNGS revealed C. albicans in a culture-negative sample on day 27, two earlier CFS samples, retrospectively analyzed by mNGS and pan-fungal PCR, tested negative. This may be due to a low fungal load in CSF (Verduyn Lunel et al., 2004). Indeed, in the mNGS-positive CSF sample, the number of reads assigned to this organism barely exceeded that of the most common contaminant Cutibacterium acnes. The CSF volume (600 µL) used for DNA extraction from undamaged microbial cells was three times that of the first two CSF samples. This is in line with the observation that relatively high CSF volumes (> 5ml) are needed for culture-based detection of fungi (McGinnis, 1983). Diagnosis of chronic fungal meningitis by mNGS has recently been reported in a limited number of cases (Wilson et al., 2018; Cao et al., 2021). A prospective study of patients with meningitis and encephalitis (among whom 13.7% presented an acute exacerbation of a chronic condition) showed improved diagnosis using mNGS. Notably, 13 infections (constituting 22% of the 58 infection cases) were diagnosed only by this method (Wilson et al., 2019). mNGS was falsely negative in 26 cases: in 11 infections identified as negative by conventional microbiological testing and confirmed using serology, in 7 infections diagnosed from samples other than CSF, and in 8 infections exhibiting pathogen titers below the threshold. Another study evaluating diagnostic test accuracy of a mNGS assay in CSF samples of 95 patients with acute meningitis or encephalitis found a sensitivity of 73% and specificity of 99% compared to original clinical test results (Miller et al., 2019).

Retrospective testing revealed slightly elevated serum (1,3)-β-D-glucan (BDG) levels in the first week of admission. In week 2, serum BDG levels were just below the negative cut-off, whereas CSF BDG levels showed levels >500 pg/mL (Fungitell) and 72.4 pg/mL (Wako FUJIFILM). These findings indicate that this Candida meningitis is rather a manifestation of a disseminated candidiasis than an iatrogenic shunt infection. CSF BDG levels remained constantly high, also on antifungal therapy. This is in accordance with previous studies in patients with cerebral fungal infections but also in non-neutropenic rabbits, which revealed that serum BDG levels respond promptly to antifungal therapy, whereas the CSF BDG levels remain elevated, reflecting persistent CNS infection (Petraitiene et al., 2008; Salvatore et al., 2016).

The mNGS result of C. albicans was initially wrongly dismissed, as repeat liquor cultures did not show any growth, and an alternative presumptive diagnosis – CNS lymphoma – was just then established, based on the histopathology of the brain biopsy and the clonality of CSF lymphocytes. The fact that an underlying HIV infection is clearly associated with a higher incidence of primary CNS lymphoma and the presence of EBV in the CSF of this HIV patient – a finding often identified in the setting of these lymphomas – also contributed to the misdiagnosis of CNS lymphoma.

Treatment of C. albicans meningitis is based on expert opinion (Pappas et al., 2016; Schwartz et al., 2018). Removal of indwelling cerebral devices is highly recommended. Intrathecal treatment with amphotericin is reserved for situations where CNS devices cannot be removed, or for patients who have not responded to systemic antifungal therapy. Toxicity (headaches, nausea, and vomiting) is the limiting factor of intrathecal application. However, our patient tolerated the treatment well. In our case, despite removal of four of the five shunts and intrathecal application of antifungals, we were not able to halt disease progression. In retrospect and in view of the extensive disease and high fungal load, the patient should have benefitted of earlier intrathecal antifungal therapy and  earlier shunt removal.

Our patient’s chronic C. albicans meningitis was fatal because of delay in diagnosis and subsequent shunt infection which made eradication of the fungus impossible. Microbiological work-up did not identify any other pathogen but EBV. This virus can also be found concomitantly with other CNS pathogens, without a clear pathogenic role, mainly in severely immunocompromised patients (Martelius et al., 2011). Also, the role of the presumed CNS lymphoma remains uncertain: although histopathology showed a lympho-plasmacellular infiltrate with clonality, there was no clinical response to chemotherapy but only progression of the meningeal changes.

Unfortunately, given the patient’s neurocognitive state and his passing, we are not able to give any patient’s perspective on this case.





Conclusion

In conclusion, diagnosis and treatment of chronic Candida meningitis remain challenging. Timely diagnosis and presumably also early CNS device removal are of utmost importance in order to avoid unfavorable outcomes. Ideally, large CSF volumes should be cultivated in order to avoid false negative results. If standard microbiological work-up of CSF cannot identify a pathogen, BDG testing and mNGS of CSF as well as taking a CNS biopsy, if feasible, should be considered.
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Background

Traditional microbiological detection methods used to detect pulmonary infections in people living with HIV (PLHIV) are usually time-consuming and have low sensitivity, leading to delayed treatment. We aimed to evaluate the diagnostic value of metagenomics next-generation sequencing (mNGS) for microbial diagnosis of suspected pulmonary infections in PLHIV.





Methods

We retrospectively analyzed PLHIV who were hospitalized due to suspected pulmonary infections at the sixth people hospital of Zhengzhou from November 1, 2021 to June 30, 2022. Bronchoalveolar lavage fluid (BALF) samples of PLHIV were collected and subjected to routine microbiological examination and mNGS detection. The diagnostic performance of the two methods was compared to evaluate the diagnostic value of mNGS for unknown pathogens.





Results

This study included a total of 36 PLHIV with suspected pulmonary infections, of which 31 were male. The reporting period of mNGS is significantly shorter than that of CMTs. The mNGS positive rate of BALF samples in PLHIV was 83.33%, which was significantly higher than that of smear and culture (44.4%, P<0.001). In addition, 11 patients showed consistent results between the two methods. Futhermore, mNGS showed excellent performance in identifying multi-infections in PLHIV, and 27 pathogens were detected in the BALF of 30 PLHIV by mNGS, among which 15 PLHIV were found to have multiple microbial infections (at least 3 pathogens). Pneumocystis jirovecii, human herpesvirus type 5, and human herpesvirus type 4 were the most common pathogen types.





Conclusions

For PLHIV with suspected pulmonary infections, mNGS is capable of rapidly and accurately identifying the pathogen causing the pulmonary infection, which contributes to implement timely and accurate anti-infective treatment.





Keywords: people living with HIV (PLHIV), pulmonary infection, metagenomic next-generation sequencing (mNGS), diagnosis, medicine




1 Introduction

HIV infection leads to systemic destruction of T-cells and reduction in cell-mediated immunity in the human body, thereby increasing the risk of opportunistic infections (Yuan et al., 2022). Of all the organs in the human body, the lungs are the most prone to infections by microorganisms such as viruses, bacteria, fungi, and parasites (Gu et al., 2019; Cribbs et al., 2020). Consequently, the prompt and accurate diagnosis of pulmonary infections is vital for devising preventative and therapeutic strategies to enhance pulmonary health and decrease mortality rates in people living with HIV (PLHIV).

Next-generation sequencing (NGS), also known as high-throughput or massively parallel sequencing, is a technological category that enables the concurrent independent sequencing of a range from thousands to billions of DNA segments (Gu et al., 2019). Metagenomics Next-Generation Sequencing (mNGS) represents the utilization of NGS technology for the purpose of clinical microbial identification. Conventional methods for microbial detection are limited to the identification of approximately 40% of pathogens and often require a significant amount of time. However, mNGS offers numerous benefits including increased speed, unbiased sampling, and a wide range of pathogen detection (Gu et al., 2019; Guo et al., 2021).

Prompt recognition of pathogens plays a critical role in clinical treatment, notably in the precise utilization of antibiotics. In situations where a definitive microbiological diagnosis is lacking, patients suffering from HIV along with lung infections are commonly subjected to empirical therapy involving broad-spectrum antibiotics during the initial treatment phase to relieve symptoms. This could potentially lead to the overutilization of broad-spectrum antibiotics (Duan et al., 2021; Mao et al., 2022). Thus, mNGS could significantly aid in the prompt microbiological diagnosis and accurate treatment of individuals who may have infections. While there are some studies on the use of mNGS for detecting lung infections in the general patients, there is scant information on its application in PLHIV, who usually have compromised immunity and advanced disease stages. Moreover, existing studies have focused on diagnosing single infections rather than multiple infections, which are quite common in PLHIV (Mao et al., 2022; Niu et al., 2023).

In this study, we aimed to evaluate the performance of mNGS in diagnosing lung infections in PLHIV by comparing the results of mNGS, including precise classification, positive detection rate, and multi-infections, with those of Conventional Microbiological Tests (CMTs). The results provide evidence for the clinical diagnosis and treatment of lung infections in PLHIV.




2 Materials and methods



2.1 Materials and testing

The study retrospectively analyzed 36 PLHIV hospitalized to the infectious diseases department of the sixth people hospital of Zhengzhou. Inclusion criteria including 1) HIV infection diagnosis, 2) hospitalized in infectious diseases department of the sixth people hospital of Zhengzhou between November 1, 2021 to June 30, 2022 for high suspicion of infection in the lungs, 3) received test for suspicious pulmonary infection using both traditional microbiology and mNGS. All PLHIV involved in the study were briefed about the research and gave their consent via a signed written informed consent document before the commencement of the study. The Ethics Committee of the sixth people hospital of Zhengzhou granted approval for this study, under the ethics code IEC-KY-2022-001.



2.1.1 Collection of bronchoalveolar lavage fluid via painless fiberoptic bronchoscopy

BALF samples were gathered by bronchoscopists based on standard procedures using painless fiberoptic bronchoscopy (PENTAX EG-2490K with an outer diameter of 7.5mm, PENTAX EG27-i10 with an outer diameter of 9.0mm, PENTAX EG29-i10 with an outer diameter of 9.8mm). The collected BALF samples were used for subsequent mNGS and CMTs, which include cultivation, smear, and PCR detection.




2.1.2 Metagenomic next-generation sequencing



2.1.2.1 DNA extraction

The DNA extraction process followed the protocol of the Bacterial Genome DNA Extraction Kit (Hangzhou Jieyi Biotechnology Co., LTD., MD049). The concentration of the extracted DNA was determined by the Thermo Nanodrop 2000 Ultramicro Spectrophotometer (Themo Scientmc, USA, NanoDrop 2000) and stored at -20°C. The extracted DNA is segmented into approximately 300bp fragments using Biological sample homogenizer (Hangzhou Jieyi Biotechnology Co., LTD., BSP-060). Subsequently, the TruSeq Nano DNA LT library Prep Kit (Hangzhou Jieyi Biotechnology Co., LTD., MD001) was used to prepare the sequencing library, which was then checked with an Agilent Bioanalyzer.




2.1.2.2 High-throughput sequencing with Illumina Hiseq500

Quantification of the approved library was performed using the Promega Quantifluor Fluorescent Quantification System (Xi ‘an Tianlong Technology Co., LTD., Gentier 96R) and the Quant-iT PicoGreen dsDNA Assay Kit (Hangzhou Jieyi Biotechnology Co., LTD., MD004). After gradient dilution, the approved sequencing library was mixed according to the required sequencing volume at the corresponding ratio, and denatured into single strands using NaOH for online sequencing. PE50 sequencing was performed using the Illumina Hiseq500 sequencer (Illumina, Nextseq 550DX).





2.1.3 Conventional microbial tests



2.1.3.1 Cultivation and smear

The BALF samples were subjected to routine culture and smear. After standard specimen processing, they were inoculated onto culture plates. Following incubation in a Panasonic MCO-18AC carbon dioxide incubator, colony counts were performed. The number of bacteria = the number of colonies with the same morphology × 100 CFU/mL. If no pathogenic microorganisms grow within 48 hours, it was identified as negative. If the colony count of pathogenic bacteria or conditional pathogenic bacteria reaches 104 CFU/mL or more, it was identified as positive. Once cultivation was finished, cells from the specimen were centrifuged and smeared. After air-drying and fixing with methanol, Gram staining was carried out with a detection sensitivity of 105 per mL. The identification of cultured microbial strains followed the instructions provided by the mass spectrometer (Manufacturer: Bruker Daltonics; Model: Microflex LT/SH).




2.1.3.2 Polymerase chain reaction

A 0.5 mL BALF sample was combined with 0.5 µL of sodium hydroxide solution and left to stand at room temperature for 40 minutes. The mixture was then centrifuged at 10,000 rpm for 5 minutes. The supernatant was discarded and the residue was washed with saline. An extraction solution (50 µL) was added and the mixture was shaken. It was then boiled at 100°C for 10 minutes and centrifuged at 4°C for another 5 minutes before the template was amplified. The TB-DNA template was prepared by adding 0.2 µL of Taq enzyme and 15 µL of reaction mixture, sealing with 20 µL of paraffin oil, and adding 5 µL of supernatant. The mixture was then amplified at speeds of 10,000 r/min at temperatures of 55, 72, and 90 °C for durations of 30, 30, and 60 seconds respectively over the course of 35 cycles. Electrophoresis was performed on 20 mL of PCR amplification solution, and a positive result was indicated by the appearance of an orange-yellow fluorescent band.






2.2 Statistical analysis

Continuous variables are represented by mean ± standard deviation (SD) or median (25th, 75th percentile), while categorical variables are expressed as numbers (percentages). The Chi-square test, McNemar’s test, one-way ANOVA test or Fisher’s exact test are used to compare the diagnostic performance of mNGS and CMTs. P-value of less than 0.05 was considered significant. Analysis was performed by SPSS 26.0.





3 Results



3.1 Patient characteristics

A total of 36 PLHIV were included in this study (Table 1). The majority of the participants were male (31/36), with an average age of 44.25 ± 16.27 years. The results of the laboratory tests were as follows: CD4+T cell count was 50.50 (16.50, 187.75) cells/μL; CD4/CD8 ratio was 0.10 (0.03, 0.40); and white blood cell count was 5.02 (3.48, 8.13) x109/L. And almost half (41.67%) of our participants can not be detected HIV viral load.


Table 1 | Clinical characteristics of 36 participants.






3.2 Diagnostic performance of mNGS and CMTs



3.2.1 Reporting period

We define the reporting period as the reporting time minus the inspection time, and compare the length of the reporting period of the four methods. The average reporting period of smear was 1.83 ± 0.73 days, that of culture was 15.67 ± 17.57 days, that of PCR was 5.50 ± 1.57 days, and that of mngs was 1.42 ± 0.49 days (Figure 1). There were significant differences in the reporting period of the four methods (p<0.001). Further comparison of the four methods showed that the reporting period of mNGS was the shortest, followed by smears, then PCR, and finally cultures with the longest reporting period.




Figure 1 | Reporting period of smear, culture, PCR and metagenomic next generation sequencing (mNGS) (a-d) if the superscript letters are different, it means there are significant differences between them.






3.2.2 Pathogen detection by mNGS relative to CMTs

We compared the differences in pathogenic microorganisms among 36 PLHIV using two different detection methods (Table 2). A total of 30 pathogens were identified among the 36 infected individuals using mNGS, including 8 fungi (29/74), 10 viruses (31/74), 10 bacteria (11/74), and 2 mycoplasmas (3/74). In contrast, CMTs detected only 13 pathogens, comprising just 6 fungi (6/22), 6 bacteria (10/22), and 1 virus (6/22).


Table 2 | Distribution of pathogens in 36 PLHIV based on Metagenomic next-generation sequencing and conventional microbiological tests.



In Figure 2, Pneumocystis jirovecii (16/74, 21.62%) was the most commonly detected pathogen through mNGS testing, followed by Human Cytomegalovirus (11/74, 14.86%), and Epstein-Barr virus (8/74, 10.81%). In contrast, Human Cytomegalovirus was identified as the most common pathogen detected through CMTs, with Mycobacterium tuberculosis as the second most prevalent pathogen. Eight common pathogens, namely Pneumocystis jirovecii, Human Cytomegalovirus, Aspergillus spp., Penicillium spp., Malassezia furfur, Pseudomonas aeruginosa, Klebsiella pneumoniae, and Candida albicans, were detected by both methods.




Figure 2 | Breakdown of organisms identified by both metagenomic next generation sequencing (mNGS) and conventional microbiological tests (CMTs), mNGS only, and CMTs only.



In this study, among the 36 infected individuals, 16 cases were tested positive for both mNGS and CMTs, 6 cases were negative in both methods, and 14 cases showed exclusive mNGS positivity. A statistically significant disparity in positivity rates between the two techniques within BALF samples was observed, with mNGS exhibiting a significantly higher rate compared to CMTs (83.3% VS 44.4%, P < 0.001).




3.2.3 Concordance between mNGS and CMTs

Further comparison of the concordance between the two detection methods in identifying infectious pathogens revealed that 21 infected individuals displayed consistent results between the two methods (double-positive or double-negative). Among these, 6 infected individuals exhibited negative results in both methods, while among the 15 double-positive infected individuals, one showed complete concordance (complete overlap of all pathogens), 10 displayed partial concordance (one but not all pathogens overlapped), and 4 patients showed no concordance at all (no overlap of pathogens).





3.3 Relationship between CD4+ T lymphocyte counts and pathogen distribution detected by mNGS

Among PLHIV with CD4+T lymphocyte counts less than 50 cells/μL, 14 individuals were found to have two or more pathogens (co-infections), 3 PLHIV patients exhibited single-pathogen infections, and only 1 patient showed pathogen negativity. Among the 9 patients with CD4+T lymphocyte counts ranging from 50 to 200 cells/μL, 3 patients exhibited co-infections in the test results, 4 patients displayed single-pathogen infections, and 2 patients showed pathogen negativity. Among patients with CD4+T lymphocyte counts exceeding 200 cells/μL, 3 cases yielded pathogen-negative results, 4 cases had single-pathogen findings, and 2 cases displayed co-infections. The difference was statistically significant (χ2 = 6.645, P < 0.05). We proceeded with pairwise comparisons. The findings revealed that among individuals with multiple infections, the count of CD-positive T cells was significantly higher in those with <50/μl compared to those with >200/μl. However, no distinctions were observed among individuals with single infections and pathogen-negative individuals.





4 Discussion

In this study, both mNGS and CMTs were simultaneously employed to analyze BALF samples from 36 PLHIV, with a comparative assessment of the diagnostic performance of the two methods in detecting pathogens (bacteria, fungi, and viruses) within BALF samples.Firstly, mNGS yields results quickly, with the shortest reporting period compared to CMTs. Secondly, the findings of our study demonstrated a noteworthy superiority of mNGS over CMTs in terms of pathogen detection rate (83.33% VS 41.67%, P < 0.05). Another advantage of mNGS is its capability to detect a greater number of pathogens. Among the 36 PLHIV, mNGS identified a total of 30 pathogens, whereas CMTs detected only 13 pathogens.

Pneumocystis jirovecii is the most common opportunistic infection in PLHIV. Due to the lack of reliable in vitro culture methods, nucleic acid testing is commonly employed to detect Pneumocystis jirovecii (Shi et al., 2020). In this study, Pneumocystis jirovecii was the most commonly detected pathogen through mNGS (16/36, 44.44%), with only one case being detected via CMTs. The utilization of mNGS is expected to aid in the swift and precise detection of Pneumocystis jirovecii. Numerous studies have also confirmed the superiority of mNGS in pathogen identification (Wang et al., 2019).

Human Cytomegalovirus is a common opportunistic infectious pathogen that can infect the majority of the adult population. Although relatively harmless in healthy adults, Human Cytomegalovirus infection may result in serious end-stage conditions, including leukopenia, hepatitis, nephritis, interstitial pneumonia, gastrointestinal disorders, and, in some cases, fatality, particularly in individuals with compromised immune function or immunosuppression (Limaye and Boeckh, 2010; Yu et al., 2017; Wang et al., 2019). In our study, Human Cytomegalovirus emerged as the second most common pathogen detected through mNGS, with mixed infections of Human Cytomegalovirus and Pneumocystis jirovecii observed in 7 PLHIV. This finding is consistent with previous literature reports, which have observed CMV co-infections in patients infected with other pathogens, particularly Pneumocystis jirovecii (Miles et al., 1990; Salomon and Perlman, 1999; Benfield et al., 2001). Given the potential for severe consequences associated with Human Cytomegalovirus infection, rapid detection of CMV through mNGS is of paramount importance and facilitates early targeted antiviral therapy.

In addition, mNGS detected two or more pathogens in sputum cultures of 52.78% of patients, indicating the presence of multiple infections, which may be associated with the compromised immune function of PLHIV. Since CD4+T cells are closely associated with the body’s immune function (Fenwick et al., 2019), we further analyzed the association between CD4+T cells and multiple infections. We observed that as CD4+T cell counts declined, the likelihood of multiple infections increased, especially when patients had CD4+T cells <50/μL. Among the 36 PLHIV, 16 had CD4+T cell counts <50/μL, and out of those, 14 patients were diagnosed with multiple infections. Especially noteworthy is the markedly elevated probability of pulmonary polymicrobial infections among individuals with CD4+T cell counts <50/μl compared to those with CD4+T cell counts >200/μl. These findings suggest that clinical practitioners should consider the possibility of multiple infections in patients with low CD4+T cell counts and, when necessary, reinforce combination therapy.

Our study has some strengths. We examined the use of mNGS in PLHIV who may have lung infections and found that mNGS outperformed CMTs. This could help in the development of subsequent guidelines for detecting lung infections in PLHIV. We identified 30 pathogens in 36 PLHIV and provided a detailed proflie of these infections. Additionally, we investigated the distribution of pathogens in patients with varying CD4+T lymphocyte counts and discovered that PLHIV with a CD4+T lymphocyte count of less than 50 cells/μL had significantly higher infection rates compared to those with a higher CD4+T lymphocyte count. Some limitations should be acknowledged. The limited sample size in this study may have the potential to impact the accuracy of mNGS performance evaluation. And, due to the inherent uncertainties associated with laboratory procedures, we cannot definitively ascertain the absence of contamination in our samples. Nevertheless, we implemented several measures to mitigate contamination risks during our experimental procedures. These measures included aseptic techniques, regular cleaning and disinfection protocols, separate handling of samples, the use of reagents and consumables meeting quality control standards, and pre-training of laboratory personnel. As a result of these precautions, we have confidence in the relative validity of our findings. In addition, although our research indicates that mNGS significantly outperforms CMTs in detecting pathogens among PLHIV with suspected pulmonary infections, enabling rapid and comprehensive pathogen identification, facilitating timely and appropriate treatment strategies, and thereby potentially reducing unnecessary antibiotic usage and shortening hospital stays, there are also some challenges that cannot be overlooked. For instance, difficulties in distinguishing between infection and colonization pose a challenge, as we struggle to differentiate the pathogenicity status of pathogens through mNGS. Additionally, the relatively high cost of testing limits the widespread clinical application of mNGS.

Our study demonstrated a noteworthy superiority of mNGS over CMTs in terms of pathogen detection rate for PLHIV with suspected pulmonary infections. mNGS is capable of rapidly and accurately identifying the pathogen causing the pulmonary infection, which contributes to implement timely and accurate anti-infective treatment.
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Background

Invasive mold diseases of the central nervous (CNS IMD) system are exceedingly rare disorders, characterized by nonspecific clinical symptoms. This results in significant diagnostic challenges, often leading to delayed diagnosis and the risk of misdiagnosis for patients. Metagenomic Next-Generation Sequencing (mNGS) holds significant importance for the diagnosis of infectious diseases, especially in the rapid and accurate identification of rare and difficult-to-culture pathogens. Therefore, this study aims to explore the clinical characteristics of invasive mold disease of CNS IMD in children and assess the effectiveness of mNGS technology in diagnosing CNS IMD.





Methods

Three pediatric patients diagnosed with Invasive mold disease brain abscess and treated in the Pediatric Intensive Care Unit (PICU) of the First Affiliated Hospital of Zhengzhou University from January 2020 to December 2023 were selected for this study.





Results

Case 1, a 6-year-old girl, was admitted to the hospital with “acute liver failure.” During her hospital stay, she developed fever, irritability, and seizures. CSF mNGS testing resulted in a negative outcome. Multiple brain abscesses were drained, and Aspergillus fumigatus was detected in pus culture and mNGS. The condition gradually improved after treatment with voriconazole combined with caspofungin. Case 2, a 3-year-old girl, was admitted with “acute B-lymphoblastic leukemia.” During induction chemotherapy, she developed fever and seizures. Aspergillus fumigatus was detected in the intracranial abscess fluid by mNGS, and the condition gradually improved after treatment with voriconazole combined with caspofungin, followed by “right-sided brain abscess drainage surgery.” Case 3, a 7-year-old girl, showed lethargy, fever, and right-sided limb weakness during the pending chemotherapy period for acute B-lymphoblastic leukemia. Rhizomucor miehei and Rhizomucor pusillus was detected in the cerebrospinal fluid by mNGS. The condition gradually improved after treatment with amphotericin B combined with posaconazole. After a six-month follow-up post-discharge, the three patients improved without residual neurological sequelae, and the primary diseases were in complete remission.





Conclusion

The clinical manifestations of CNS IMD lack specificity. Early mNGS can assist in identifying the pathogen, providing a basis for definitive diagnosis. Combined surgical treatment when necessary can help improve prognosis.
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1 Introduction

Invasive mold disease (IMD) presents a significant challenge in the intensive care unit, with a high incidence and mortality rate among immunocompromised children (Bassetti and Bouza, 2017). Invasive aspergillosis and mucormycosis are the two most common types of IMD, with mortality rates exceeding 30% even with appropriate treatment. The most common site of IMD infection is the lungs, while central nervous system invasive mold disease (CNS IMD) is less common, accounting for only 1% of all cases (Egger et al., 2023). Due to the nonspecific clinical features of CNS IMD and the lack of efficient diagnostic methods, diagnoses are often delayed.

Metagenomic next-generation sequencing (mNGS) can detect all potential microbes in pediatric samples, offering advantages over traditional culture methods, such as shorter detection cycles, wider detection ranges, and higher positivity rates. It is particularly suitable for cases where traditional culture methods cannot identify the pathogen or when rapid identification of the pathogen is necessary (Forbes et al., 2017; Gu et al., 2019). In a study, the sensitivity and specificity of mNGS in invasive fungal disease were 86.76% and 86.98% respectively. mNGS identifies the pathogens in patients with invasive fungal disease more accurately and rapidly than conventional microbiological tests (Wang et al., 2022). This paper summarizes the clinical data of three cases of pediatric CNS IMD to explore diagnostic and treatment processes, aiming to improve the diagnosis and treatment capabilities for this disease.




2 Methods



2.1 Participants

Three pediatric patients diagnosed with CNS IMD and treated in the PICU of the First Affiliated Hospital of Zhengzhou University from January 2020 to December 2023 were selected for this study. We collected data on the patients’ basic information, clinical characteristics, laboratory and radiological examination results, treatment, and outcomes.




2.2 mNGS protocol

The cerebrospinal fluid (CSF) and brain abscess fluid samples were snap-frozen, and stored at − 20 °C until they were delivered to the sequencing center. Total DNA were extracted from the CSF and brain abscess fluid samples with commercial kit after pretreatment with lysozyme and lyticase, then libraries were constructed and sequenced on Ion Proton platform (Life Technologies, USA). Microbiota DNA was extracted using the TIANamp Micro DNA Kit (DP316, TIANGENBIOTECH). After quality control (QC) confirmation, the DNA was randomly fragmented to make a sequencing library. Eligible libraries were sequenced on the NextSeq 550Dx platform (Illumina, USA) with a paired-end sequencing length of 75 bp. Bioinformatics analyses were performed on samples with >10 million raw data. Human host sequences were mapped to the human reference genome (hg19) by removing low-quality and low-complexity regions and removing human sequences using Burrows-Wheeler comparisons. High-quality data were classified by simultaneous alignment to four microbial genome databases (including viruses, bacteria, fungi, and parasites). Databases were downloaded from NCBI (https://www.ncbi.nlm.nih.gov/genomics/). The number of unique alignment reads was calculated and standardized to get the number of reads stringently mapped to pathogen species (SDSMRN) and the number of reads stringently mapped to pathogen genus (SDSMRNG). Retrieve the species information of genomic targets matching the sequence mentioned, and retrieve the specific sequencing reads of all microorganisms and their ratio to the total number of sequences, i.e., relative abundance. Furthermore, using the same wet lab procedures and bioinformatics analyses as the clinical samples, negative controls (sterile deionized water) and positive controls (synthetically known quantities of fragments) are established for each batch of experiments. Finally, the mNGS test report provides the species, the number of specific sequencing reads, and all detected microorganisms (bacteria, fungi, viruses).




2.3 Making the final clinical diagnosis

After the results from the mNGS tests are returned, at least four experts from the fields of neurology, radiology, infectious diseases, and microbiology collaboratively review and interpret these reports. Throughout this process, they consider the patient’s clinical background, accompanying symptoms, and other microbiological and laboratory test results. Based on this comprehensive data, this multidisciplinary team assesses whether the patient has CNS IMD and provides a final clinical diagnosis. Once the diagnosis is confirmed, the team members jointly discuss and decide on the most appropriate treatment plan. This multidisciplinary collaboration ensures the accuracy of the treatment decisions and enhances the personalization and specificity of the treatment plan, aiming to provide the best possible medical outcomes for the patient.





3 Case descriptions

Case 1, a 6-year-old girl, was admitted to the First Affiliated Hospital of Zhengzhou University in November 2020 with “acute liver failure.” There were no significant findings in her personal or family history. After admission, the patient gradually improved following symptomatic treatment including plasma exchange, anti-infection therapy, liver protection, and hemostasis. On the 20th day after admission, the patient began to develop fever, irritability, and seizures. Physical examination revealed muscle strength of 5 in the left limbs, 1 in the right upper limb, and 2 in the right lower limb, with reduced muscle tone in all four limbs. Superficial and tendon reflexes were normal, with a negative Babinski sign and no signs of meningeal irritation. Laboratory tests showed a white blood cell count of 20.30×109/L, neutrophil percentage of 87.2%, lymphocyte percentage of 8.1%, C-reactive protein (CRP) of 30.80mg/L, Procalcitonin (PCT) of 1.770ng/mL, (1, 3)-β-D-glucan(BDG) of 178.40pg/mL and galactomannan (GM) 1.01µg/L. CSF analysis revealed glucose at 4.20mmol/L, chloride at 116mmol/L, lactate dehydrogenase at 39U/L, total protein at 1205mg/L, albumin at 736mg/L, and a white blood cell count of 22.00×106/L; CSF smear did not show abnormal cells; India ink staining did not reveal Cryptococcus. Both CSF culture and CSF immunofluorescence staining were negative. Brain MRI suggested multiple round lesions with long T1 or mixed long T2 signals throughout the brain, surrounded by large patchy long T1 and long T2 signals of edema Brain MRI enhancement suggested multiple abnormal enhancement lesions throughout the brain, suggesting an infectious lesion (Figures 1A, B). CSF mNGS did not detect bacteria, fungi, viruses, or special pathogens. Subsequently, the child underwent multiple brain abscess drainage surgeries. Cultures from the intracranial abscess fluid showed the growth of filamentous fungi, indicating Aspergillus infection. mNGS results indicated 54 sequences of Aspergillus fumigatus (Table 1), and the pathology of the excised left frontal inflammatory lesion showed granulomatous inflammation with necrosis, containing fungal hyphae and spores (Figures 2A, B). After 20 days of treatment with “voriconazole combined with caspofungin,” the patient’s mental state gradually improved, and her body temperature returned to normal. A six-month follow-up showed no neurological sequelae in the child. Brain MRI of both cerebral hemispheres, the right cerebellar hemisphere, and the vermis showed multiple lesions, with some lesions reduced in size compared to before.




Figure 1 | Histopathological staining of brain in case 1(×200). (A, B) are detailed histological views at a magnification of 200x, derived from the Image panel, stained with hematoxylin and eosin. Blue arrows show spores, red arrows show mycelium.




Table 1 | Summary of metagenomic next-generation sequencing results.






Figure 2 | Enhanced T1-weighted brain MRI image in 3 children. (A, B) show the Brain imaging of Case 1; (C, D) show the Brain imaging of Case 2; (E, F) show the Brain imaging of Case 3.



Case 2, a 3-year-old girl, was admitted to the First Affiliated Hospital of Zhengzhou University in September 2022 with “acute B-lymphoblastic leukemia.” There were no significant findings in her personal or family history. She received induction remission therapy with prednisone, vincristine, daunorubicin, and L-asparaginase, supplemented with hydration, antiemetic, cardioprotective, and nutritional support treatments. On the 30th day after starting induction chemotherapy, the patient developed intermittent fever with a peak temperature of 38.1°C and seizures. The physical examination revealed no significant abnormalities in limb muscle strength and muscle tone. Superficial and tendon reflexes were normal, but the Babinski sign was positive bilaterally. The meningeal irritation sign was negative. The treatment approach included vancomycin for infection control, measures to reduce intracranial pressure, fluid resuscitation, and other symptomatic therapies. Laboratory tests showed a white blood cell count of 8.40×109/L, hemoglobin 77g/L, platelets 342×109/L, neutrophil percentage of 89.7%, CRP 43.32mg/L and PCT 0.196ng/mL. CSF analysis revealed a white blood cell count of 1.00×106/L, glucose 4.51mmol/L, chloride 111.8mmol/L, lactate dehydrogenase 9U/L, total protein 146mg/L, and albumin 78.2mg/L; BDG <10pg/mL and GM 0.26µg/L. Brain MRI indicated a mass-like lesion with long T1 mixed long T2 signals in the right frontal lobe and a patchy area with slightly short T2 signals on the left occipital lobe, with a ring-shaped long T2 signal at the edge and a ring-shaped slightly high signal on DWI sequence (Figures 2C, D). After a neurosurgical consultation, a cranial abscess was considered, and treatment with vancomycin combined with meropenem for infection was initiated. One week after anti-infective treatment, a follow-up brain MRI scan + enhancement showed that the abscess had slightly increased in size compared to before treatment, with increased surrounding edema. After abscess puncture, mNGS of the abscess fluid indicated Aspergillus fumigatus, with a sequence count of 150 (Table 1). Vancomycin and meropenem were discontinued, and after 2 weeks of antifungal treatment with voriconazole, the patient no longer had fever. Subsequently, a “right-sided brain abscess drainage surgery” was performed, followed by continued anti-infection treatment, prevention of epileptic seizures, and steroids to reduce cerebral edema. The brain tissue showed chronic suppurative inflammation with granulation tissue proliferation and granuloma formation. Molecular pathology results were negative. At a six-month follow-up, the child had no neurological sequelae. Brain MRI of the right frontal lobe showed abnormal signals, considered postoperative changes and softening lesion formation.

Case 3, a 7-year-old girl, was admitted to the First Affiliated Hospital of Zhengzhou University in December 2021 with “fever for 3 days, lethargy, and weakness in the right limbs for half a day.” There were no significant findings in her personal or family history. In November 2020, she was diagnosed with “acute B-lymphoblastic leukemia” at a local hospital and treated with chemotherapy including doxorubicin, vincristine, L-asparaginase, and dexamethasone. Upon admission, the physical examination revealed: muscle strength of 5 in the left limbs and 4 in the right limbs. Superficial reflexes were normal, but both the knee and Achilles reflexes were hyperactive on both sides. The Babinski sign was positive bilaterally, and the meningeal irritation sign was negative. She was immediately given anti-infection treatment with meropenem combined with vancomycin. Further examinations revealed a white blood cell count of 10.97×109/L, hemoglobin 94.0g/L, platelets 43×109/L; CRP 391.10mg/L, PCT 0.513ng/mL, BDG<10pg/mL and GM 0.45µg/L cerebrospinal fluid (CSF) white blood cell count of 4×106/L, glucose 2.76mmol/L, chloride 118.56mmol/L, lactate 2.1mmol/L, total protein 269mg/L, albumin 168.9mg/L, with no Cryptococcus seen on India ink staining of the CSF. Cranial MRI showed large patchy areas of mixed long T1 and long T2 signals in the left basal ganglia area, left frontal temporal lobe, around the left lateral ventricle, right parieto-occipital lobe, right cerebellar hemisphere, and pontine, and left cerebral peduncle, with mixed diffusive restriction slightly high signals on DWI (Figures 2E, F). Chest CT showed patchy high-density shadows in the lower lobe of the left lung, considering inflammation; slight inflammation in the left lung; a small amount of effusion in the left thoracic cavity, left pleural thickening; changes in both kidneys. After 1 week of anti-infection treatment with vancomycin combined with meropenem, the patient still had fever, with a peak temperature of 39.7°C. CSF mNGS indicated the presence of 4 sequences of Rhizomucor miehei and 6 sequences of Rhizomucor pusillus. Meropenem and vancomycin were discontinued, and she was switched to “amphotericin B combined with posaconazole” for anti-infection treatment. One week later, the patient’s temperature normalized, consciousness cleared, spirit was slightly poor, and vomiting improved. At a six-month follow-up, the child had no neurological sequelae.




4 Discussion

Aspergillus and Mucormycetes spp remain the primary causes of IMD (Pana et al., 2017; Egger et al., 2023). Moulds are ubiquitous organisms that can be found in soil, water, and decaying vegetation (McCarthy et al., 2014). A systematic review of 22 studies found that underlying diseases (such as acute myeloid leukemia, acute lymphoblastic leukemia), allogeneic hematopoietic stem cell transplantation (especially acute and chronic graft-versus-host disease), prolonged neutropenia (>10 days), high-dose steroids, and increased age are the most relevant risk factors for Invasive Fungal Disease in children (Fisher et al., 2018). Outside the clinical setting of cancer patients, diabetes, low birth weight, malnutrition, and liver diseases are risk factors for mold infections (Prakash and Chakrabarti, 2019). The usual portal of entry for these pathogens is the respiratory tract, followed by hematogenous spread to the central nervous system. Alternatively, the central nervous system or paraspinal tissues can be directly infected through surgery or trauma, or possibly spread directly to the central nervous system from the sinuses or mastoid (Miceli, 2019).

In patients with CNS IMD, the initial symptoms are typically nonspecific and may include general weakness, chronic fever, headache, vomiting, subacute dementia, seizures, or neurological deficits (Burgos et al., 2008). Examination of the CSF often reveals mononucleosis (20–500/mL), elevated protein levels, and glucose levels that may be decreased or normal. Imaging findings for CNS IMD present as low signals on T1, high signals on T2, clear contrast enhancement, and a high diffusion coefficient (Jain et al., 2007; Porto et al., 2020). Pathological manifestations range from meningitis and meningoencephalitis to microabscesses, focal necrosis, granulomatous inflammation, large abscesses, vascular infiltration, and infarction. The fundamental lesions are a combination of suppurative and granulomatous inflammation (Singhi and Saini, 2019).

In this study, all three pediatric patients exhibited varying degrees of fever, two experienced seizures, and one presented with limb weakness. Additionally, the routine and biochemical analyses of CSF in these three patients did not match the typical manifestations of CNS IMD. Therefore, any immunocompromised child presenting with subacute to chronic febrile encephalopathy or meningitis, with or without increased intracranial pressure, seizures, orbital pain, and/or serous nasal discharge, should be suspected of having CNS IMD (Groll et al., 2021).

Brain MRI scans revealed varying degrees of abnormal signals in three children, who were ultimately diagnosed with brain abscesses after consultation. While diagnosing brain abscesses is relatively straightforward, identifying the specific causative pathogen is more challenging. Despite initial empirical antimicrobial treatment with meropenem and vancomycin, the condition of the three children remained fluctuating. It was only after the causative microorganisms were identified through mNGS of the abscess fluid or CSF, and antifungal treatment was initiated, that their conditions were effectively managed. This situation underscores the importance of promptly identifying the exact pathogens in patients with compromised immune systems who also present with central nervous system infections, in addition to employing empirical antimicrobial therapy. Such an approach not only enhances the specificity of the treatment but also effectively prevents the recurrence of the condition, accelerating the recovery process for the patients.

In this research, two pediatric patients underwent brain tissue histopathological biopsies, yet only one exhibited a positive result. Although brain tissue histopathology is considered the gold standard, false-negative results still occur, with a diagnostic accuracy of about 78% (Lamoth and Calandra, 2017; Lehrnbecher et al., 2017; Singhi and Saini, 2019). Caudron et al.’s decade-long study showed that invasive mold infections (IMIs) are difficult to diagnose, with a 27% missed diagnosis rate at biopsy and a 53% missed diagnosis rate at autopsy (Caudron et al., 2021).

Among the three children, only Case 1 tested positive for BDG. BDG is a major component of the cell walls of most fungal species, except for those in the Mucormycetes and Cryptococcus spp. Therefore, a negative BDG result cannot exclude mucormycosis. The sensitivity and specificity of the BDG test in patients with invasive fungal diseases (IFD) range between 75%-83% and 63%-87%, respectively (Calitri et al., 2017; Ferreras-Antolin et al., 2022). This indicates that the BDG test has limited value as an adjunct diagnostic tool for patients with IFD, particularly for those with IMD.

In Case 1, the CSF mNGS testing resulted in a negative outcome. Similarly, in the study by Jin et al., two cases of systemic lupus erythematosus with concurrent Aspergillus brain abscesses also showed negative CSF mNGS results (Jin et al., 2022). Currently, a systematic review on cerebral aspergillosis indicates that 85.1% of patients are diagnosed based on histopathology, while the positivity rate for CSF culture is only 19.1%. This suggests that a negative CSF mNGS result cannot exclude the possibility of an Aspergillus brain abscess, and it is recommended to perform mNGS on abscess fluid after abscess puncture to identify the pathogen. The detection efficacy of mNGS in central nervous system fungal infections can be influenced by multiple factors (Zhang et al., 2020). In the study by Zhang et al., all 13 patients with invasive mucormycosis tested positive using mNGS, suggesting mNGS as a supplementary method for early diagnosis in patients who are unsuitable for histopathological examination or unable to obtain culture specimens (Zhang et al., 2022).

In this study, the results of the G and GM tests for cases 2 and 3 were negative. Although the G and GM test results for case 1 were positive, the initial mNGS result was negative. This, along with the rarity of CNS IMD and the lack of experience among clinicians in this area, led to delayed diagnosis in the three pediatric cases. The inability to diagnose promptly might have impacted the treatment for these patients. Additionally, in this study, mNGS demonstrated its ability to quickly and accurately identify rare and hard-to-culture pathogens, but it also showed some limitations. For instance, mNGS results can be influenced by the type of sample, and empirical treatment might reduce relative abundance and sequencing reads. These factors can decrease diagnostic accuracy and timeliness, further affecting the planning and execution of treatment strategies.

In terms of treatment, the management of fungal CNS infections includes specific antifungal therapy along with supportive measures for related issues such as increased intracranial pressure, metabolic disturbances, management of potential predisposing conditions, and surgical intervention for localized disease, abscesses, or the presence of foreign bodies (such as intracranial shunts) (Spellberg et al., 2009; McCarthy et al., 2014; Chitasombat and Kontoyiannis, 2016; Luckowitsch et al., 2021). All three pediatric patients in this study received aggressive antifungal therapy after the identification of the pathogens and timely surgical interventions, resulting in good therapeutic outcomes with no residual neurological sequelae.




5 Conclusion

CNS IMD has an insidious onset and non-specific clinical manifestations, making it challenging to identify the causative pathogen early. The type of sample collected can impact the results of mNGS, complicating the early and definitive identification of the pathogen. To provide a basis for a clear diagnosis, conducting mNGS on appropriately selected samples early can assist in identifying the pathogen, offering a foundation for definitive diagnosis. When necessary, combining this approach with surgical intervention can help improve outcomes by facilitating accurate targeting of the infection and potentially mitigating the progression of the disease.





Data availability statement

The data supporting the findings of this study are available in the EMBL repository at PRJEB73551. 





Ethics statement

The studies involving humans were approved by the Ethics Committee of the First Affiliated Hospital of Zhengzhou University. The studies were conducted in accordance with the local legislation and institutional requirements. Written informed consent for participation in this study was provided by the participants’ legal guardians/next of kin. Written informed consent was obtained from the individual(s), and minor(s)’ legal guardian/next of kin, for the publication of any potentially identifiable images or data included in this article.





Author contributions

EW: Writing – original draft, Writing – review & editing. JN: Writing – original draft. MZ: Data curation, Writing – review & editing. YZ: Data curation, Writing – review & editing. KY: Writing – review & editing. XF: Writing – review & editing. WM: Data curation, Writing – review & editing. LX: Writing – review & editing. PJ: Writing – review & editing. HW: Writing – review & editing.





Funding

The author(s) declare financial support was received for the research, authorship, and/or publication of this article. This work was supported by Medical Science and Technology Program of Henan Province (NO: LHGJ20200338).




Acknowledgments

We thank all our colleagues in Pediatric Intensive Care Unit of the First Affiliated Hospital of Zhengzhou University for their support of our project.





Conflict of interest

The authors declare that the research was conducted in the absence of any commercial or financial relationships that could be construed as a potential conflict of interest.




Abbreviations

mNGS, metagenomic next-generation sequencing; CNS IMD, central nervous system of invasive mold disease; CNS, central nervous system; IMD, invasive mold disease; CSF, cerebrospinal fluid.




References

 Bassetti, M., and Bouza, E. (2017). Invasive mould infections in the icu setting: complexities and solutions. J. Antimicrob. Chemother. 72, i39–i47. doi: 10.1093/jac/dkx032

 Burgos, A., Zaoutis, T. E., Dvorak, C. C., Hoffman, J. A., Knapp, K. M., Nania, J. J., et al. (2008). Pediatric invasive aspergillosis: a multicenter retrospective analysis of 139 contemporary cases. Pediatrics. 121, e1286–e1294. doi: 10.1542/peds.2007-2117

 Calitri, C., Caviglia, I., Cangemi, G., Furfaro, E., Bandettini, R., Fioredda, F., et al. (2017). Performance of 1,3-β-d-glucan for diagnosing invasive fungal diseases in children. Mycoses. 60, 789–795. doi: 10.1111/myc.12664

 Caudron, D. C. G., Couchepin, J., Perentes, J. Y., Krueger, T., Lovis, A., Rotman, S., et al. (2021). Limited index of clinical suspicion and underdiagnosis of histopathologically documented invasive mold infections. Open Forum Infect. Dis. 8, b174. doi: 10.1093/ofid/ofab174

 Chitasombat, M. N., and Kontoyiannis, D. P. (2016). Treatment of mucormycosis in transplant patients: role of surgery and of old and new antifungal agents. Curr. Opin. Infect. Dis. 29, 340–345. doi: 10.1097/QCO.0000000000000277

 Egger, M., Bellmann, R., Krause, R., Boyer, J., Jaksic, D., and Hoenigl, M. (2023). Salvage treatment for invasive aspergillosis and mucormycosis: challenges, recommendations and future considerations. Infect. Drug Resistance. 16, 2167–2178. doi: 10.2147/IDR.S372546

 Ferreras-Antolin, L., Borman, A., Diederichs, A., Warris, A., and Lehrnbecher, T. (2022). Serum beta-d-glucan in the diagnosis of invasive fungal disease in neonates, children and adolescents: a critical analysis of current data. J. Fungi. 8. doi: 10.3390/jof8121262

 Fisher, B. T., Robinson, P. D., Lehrnbecher, T., Steinbach, W. J., Zaoutis, T. E., Phillips, B., et al. (2018). Risk factors for invasive fungal disease in pediatric cancer and hematopoietic stem cell transplantation: a systematic review. J. Pediatr. Infect. Dis. Soc 7, 191–198. doi: 10.1093/jpids/pix030

 Forbes, J. D., Knox, N. C., Ronholm, J., Pagotto, F., and Reimer, A. (2017). Metagenomics: the next culture-independent game changer. Front. Microbiol. 8. doi: 10.3389/fmicb.2017.01069

 Groll, A. H., Pana, D., Lanternier, F., Mesini, A., Ammann, R. A., Averbuch, D., et al. (2021). 8th european conference on infections in leukaemia: 2020 guidelines for the diagnosis, prevention, and treatment of invasive fungal diseases in paediatric patients with cancer or post-haematopoietic cell transplantation. Lancet Oncol. 22, e254–e269. doi: 10.1016/S1470-2045(20)30723-3

 Gu, W., Miller, S., and Chiu, C. Y. (2019). Clinical metagenomic next-generation sequencing for pathogen detection. Annu. Rev. Pathol.-Mech Dis. 14, 319–338. doi: 10.1146/annurev-pathmechdis-012418-012751

 Jain, K. K., Mittal, S. K., Kumar, S., and Gupta, R. K. (2007). Imaging features of central nervous system fungal infections. Neurol. India. 55, 241–250. doi: 10.4103/0028-3886.35685

 Jin, S., Guo, X., Xing, H. X., Ma, W., and Wang, Y. (2022). Systemic lupus erythematosus combined with aspergillus fumigatus brain abscess in 2 cases. Chin. J. Neurology. 55, 1413–1418. doi: 10.3760/cma.j.cn113694–20220324–00232

 Lamoth, F., and Calandra, T. (2017). Early diagnosis of invasive mould infections and disease. J. Antimicrob. Chemother. 72, i19–i28. doi: 10.1093/jac/dkx030

 Lehrnbecher, T., Becker, K., and Groll, A. H. (2017). Current algorithms in fungal diagnosis in the immunocompromised host. Methods Mol. Biol. 1508, 67–84. doi: 10.1007/978–1-4939–6515-1_3

 Luckowitsch, M., Rudolph, H., Bochennek, K., Porto, L., and Lehrnbecher, T. (2021). Central nervous system mold infections in children with hematological Malignancies: advances in diagnosis and treatment. J. Fungi. 7, 168. doi: 10.3390/jof7030168

 McCarthy, M., Rosengart, A., Schuetz, A. N., Kontoyiannis, D. P., and Walsh, T. J. (2014). Mold infections of the central nervous system. N. Engl. J. Med. 371, 150–160. doi: 10.1056/NEJMra1216008

 Miceli, M. H. (2019). Central nervous system infections due to aspergillus and other hyaline molds. J. Fungi. 5. doi: 10.3390/jof5030079

 Pana, Z. D., Roilides, E., Warris, A., Groll, A. H., and Zaoutis, T. (2017). Epidemiology of invasive fungal disease in children. J. Pediatr. Infect. Dis. Soc. 6, S3–S11. doi: 10.1093/jpids/pix046

 Porto, L., You, S. J., Attarbaschi, A., Cario, G., Döring, M., Moser, O., et al. (2020). Invasive mold infection of the central nervous system in immunocompromised children. J. Fungi. 6. doi: 10.3390/jof6040226

 Prakash, H., and Chakrabarti, A. (2019). Global epidemiology of mucormycosis. J. fungi (Basel). 5, 26. doi: 10.3390/jof5010026

 Singhi, P., and Saini, A. G. (2019). Fungal and parasitic cns infections. Indian J. Pediatr. 86, 83–90. doi: 10.1007/s12098-017-2487-x

 Spellberg, B., Walsh, T. J., Kontoyiannis, D. P., Edwards, J. J., and Ibrahim, A. S. (2009). Recent advances in the management of mucormycosis: from bench to bedside. Clin. Infect. Dis. 48, 1743–1751. doi: 10.1086/599105

 Wang, C., You, Z., Fu, J., Chen, S., Bai, D., Zhao, H., et al. (2022). Application of metagenomic next-generation sequencing in the diagnosis of pulmonary invasive fungal disease. Front. Cell. Infect. Microbiol. 12. doi: 10.3389/fcimb.2022.949505

 Zhang, M., Lu, W., Xie, D., Wang, J., Xiao, X., Pu, Y., et al. (2022). Metagenomic next-generation sequencing for diagnostically challenging mucormycosis in patients with hematological Malignancies. Infect. Drug Resistance. 15, 7509–7517. doi: 10.2147/IDR.S393201

 Zhang, Y., Cui, P., Zhang, H., Wu, H., Ye, M., Zhu, Y., et al. (2020). Clinical application and evaluation of metagenomic next-generation sequencing in suspected adult central nervous system infection. J. Transl. Med. 18, 199. doi: 10.1186/s12967-020-02360-6




Publisher’s note: All claims expressed in this article are solely those of the authors and do not necessarily represent those of their affiliated organizations, or those of the publisher, the editors and the reviewers. Any product that may be evaluated in this article, or claim that may be made by its manufacturer, is not guaranteed or endorsed by the publisher.

Copyright © 2024 Wei, Niu, Zhang, Zhang, Yan, Fang, Ma, Xie, Jia and Wang. This is an open-access article distributed under the terms of the Creative Commons Attribution License (CC BY). The use, distribution or reproduction in other forums is permitted, provided the original author(s) and the copyright owner(s) are credited and that the original publication in this journal is cited, in accordance with accepted academic practice. No use, distribution or reproduction is permitted which does not comply with these terms.




ORIGINAL RESEARCH

published: 10 June 2024

doi: 10.3389/fcimb.2024.1368165

[image: image2]


Clinical features of pediatric mucormycosis: role of metagenomic next generation sequencing in diagnosis


Yu Zhang †, Erhu Wei *†, Jiechao Niu, Kunli Yan, Mengjiao Zhang, Wenhua Yuan, Xiao Fang and Peisheng Jia


Department of Pediatrics, The First Affiliated Hospital of Zhengzhou University, Zhengzhou, Henan, China




Edited by: 

Beiwen Zheng, Zhejiang University, China

Reviewed by: 

Sandrine Giraud, Université d’Angers, France

Kazem Ahmadikia, Tehran University of Medical Sciences, Iran

*Correspondence: 

Erhu Wei
 erhuwei@163.com












†These authors have contributed equally to this work and share first authorship



Received: 10 January 2024

Accepted: 30 May 2024

Published: 10 June 2024

Citation:
Zhang Y, Wei E, Niu J, Yan K, Zhang M, Yuan W, Fang X and Jia P (2024) Clinical features of pediatric mucormycosis: role of metagenomic next generation sequencing in diagnosis. Front. Cell. Infect. Microbiol. 14:1368165. doi: 10.3389/fcimb.2024.1368165






Background

Mucormycosis is an uncommon invasive fungal infection that has a high mortality rate in patients with severe underlying diseases, which leads to immunosuppression. Due to its rarity, determining the incidence and optimal treatment methods for mucormycosis in children is challenging. Metagenomic next-generation sequencing (mNGS) is a rapid, precise and sensitive method for pathogen detection, which helps in the early diagnosis and intervention of mucormycosis in children. In order to increase pediatricians’ understanding of this disease, we conducted a study on the clinical features of mucormycosis in children and assessed the role of mNGS in its diagnosis.





Methods

We retrospectively summarized the clinical data of 14 children with mucormycosis treated at the First Affiliated Hospital of Zhengzhou University from January 2020 to September 2023.





Results

Of the 14 cases, 11 case of mucormycosis were classified as probable, and 3 cases were proven as mucormycosis. Most children (85.71%) had high-risk factors for mucormycosis. All 14 children had lung involvement, with 5 cases of extrapulmonary dissemination. Among the 14 cases, 4 cases underwent histopathological examination of mediastinum, lung tissue or kidney tissue, in which fungal pathogens were identified in 3 patients. Fungal hyphae was identified in 3 cases of mucormycosis, but only 1 case yielded a positive culture result. All patients underwent mNGS testing with samples from blood (8/14), bronchoalveolar lavage fluid (6/14), and tissue (1/14). mNGS detected fungi in all cases: 7 cases had Rhizomucor pusillus, 4 cases had Rhizopus oryzae, 3 cases had Rhizopus microsporus, 1 case had Lichtheimia ramosa, and 1 case had Rhizomucor miehei. Coinfections were found with Aspergillus in 3 cases, bacteria in 3 cases, and viruses in 5 cases.





Conclusion

Children with mucormycosis commonly exhibit non-specific symptoms like fever and cough during the initial stages. Early diagnosis based on clinical symptoms and imaging is crucial in children suspected of having mucormycosis. mNGS, as a supplementary diagnostic method, offers greater sensitivity and shorter detection time compared to traditional mucormycosis culture or histopathological testing. Additionally, mNGS enables simultaneous detection of bacteria and viruses, facilitating timely and appropriate administration of antibiotics and thereby enhancing patient outcomes.
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1 Introduction

Mucormycosis, a severe fungal infection caused by Mucorales fungi, aggressively invades human blood, organs, and tissues. It poses a significant threat to children with suppressed immune function post-transplantation, with a high mortality rate (Cornely et al., 2019; Hassan and Voigt, 2019). Recent epidemiologic research reveals that mucormycosis is the third most prevalent invasive fungal disease among children trailing behind aspergillosis and candidiasis (Francis et al., 2018). There has been a notable increase in mucormycosis cases over recent years (Bitar et al., 2014), with rates in Asia ranging from 1 to 12.3 per million (Hassan and Voigt, 2019).The condition predominantly impacts individuals with diabetes or compromised immunity, including those with hematologic malignancies, transplant recipients, and patients who have undergone surgery, experienced burns, or suffered trauma (Feng and Sun, 2018).

Underlying disease is a major influence on the development of pediatric mucormycosis. Among children with trichinosis, 46% had a history of hematological malignant disease, 46% had a history of neutropenic disease, 15.9% had been treated with hematopoietic stem cell transplantation (HSCT), 4.8% had been treated with solid organ transplantation, and 4.8% had a history of diabetes (Pana et al., 2016; Skiada et al., 2018). Pediatric mucormycosis, especially in patients presenting with mucormycosis after HSCT, are usually immune-compromised and have a rapid progression of the disease. Therefore, a comprehensive treatment model with rapid etiological diagnosis, correction of susceptibility factors, early surgical debridement and systemic antifungal therapy is essential to improve prognosis and survival (Olivier-Gougenheim et al., 2021).

Identifying mucormycosis early is a challenge due to its non-specific symptoms and signs. Current diagnoses primarily rely on imaging, histopathology, and mycological culture. The varied pathogenic characteristics of mucormycosis, similar to other invasive fungal infections, make diagnosis difficult (Chamilos et al., 2005; Lass-Florl et al., 2007). Histopathology or culture is considered the “gold standard” for diagnosis, but due to sampling difficulties and limitations of culture methods, only about 50% of cases yield positive results (Roden et al., 2005; Walsh et al., 2012). Grocott’s Methenamine Silver (GMS) is preferred in mucormycosis and can be shown in tissue specimen sections as broad, irregular, unseparated or minimally segregated or right-angled branched hyphae (Goldberg et al., 2015). In contrast, performing definitive species identification requires molecular methods (mainly through sequencing of internal transcribed spacer regions), or matrix-assisted laser desorption ionization-time of flight mass spectrometry (Danion et al., 2023). Other methods like the (1–3)-β-D-glucan assay (G test) and polymerase chain reaction (PCR) have limitations in accurately diagnosing mucormycosis (Bellanger et al., 2011). Currently, there are no serological tests or serum biomarkers available for early diagnosis, thus necessitating the need for new methods (Stone et al., 2021).

Metagenomic next-generation sequencing (mNGS), a modern molecular biology technique, has emerged as a promising tool. It is capable of identifying over 15,000 pathogen species with known genomic sequences (Gu et al., 2019). mNGS offers high sensitivity, short detection times, and the ability to diagnose rare pathogen infections, significantly enhancing pathogen detection rates in clinical environments (Grumaz et al., 2016; Zheng et al., 2021).

This study conducts a retrospective analysis of the clinical features, treatment approaches, and outcomes of 14 pediatric mucormycosis cases. It aims to assess the characteristics and treatment efficacy and explore the potential of mNGS in early diagnosis of mucormycosis in children.




2 Methods



2.1 Study design and participants

This retrospective study included 14 children with mucormycosis hospitalized at the Children’s Hospital of the First Affiliated Hospital of Zhengzhou University from January 2020 to September 2023. The inclusion criteria were as follows: (1) Children proven or probable to have mucormycosis according to the definitions of invasive fungal diseases by the European Organization for Research and Treatment of Cancer/Mycoses Study Group of the National Institute of Allergy and Infectious Diseases (Donnelly et al., 2020). “Proven” cases required positive results from mucormycosis culture and/or histopathological examination. For “probable” mucormycosis, a joint diagnosis by imaging experts and clinical doctors of the hospital was needed; (2) Completion of mNGS testing. Patients who meet the following criteria were excluded: (1) age ≥18 years, (2) incomplete medical records. Furthermore, data on patients’ baseline, clinical features, laboratory and imaging information, diagnosis, treatments, and outcomes were collected.




2.2 mNGS protocol

Clinical samples, such as blood, bronchoalveolar lavage fluid, or lung tissue, were collected using aseptic techniques. Nucleic acids were extracted using the TIANamp Micro DNA Kit (DP316) from Tiangen Biotech Co., Ltd. (Beijing, China). A total of 100 ng of the extracted DNA underwent fragmentation, end repair, library construction, and sequencing. Quality assessment was performed using the Agilent 2100 system. Sequencing was conducted on the BGISEQ-100 platform at the Beijing Genomics Institute (Wuhan, China). After mapping human sequences to the human reference genome (hg19) using the Burrows–Wheeler Alignment, non-human sequences were analyzed. Reads with low quality or shorter than 35 base pairs were discarded. The remaining sequences were compared against four microbial genome databases, including bacteria, viruses, fungi, and parasites. Comprehensive data analysis was conducted on the aligned sequences. Potential pathogens were identified, and their data were listed, including the number of precisely mapped reads, coverage, and depth. The final clinical diagnosis was determined by integrating these findings with clinical symptoms and other laboratory test results.





3 Results



3.1 Baseline characteristics

This study initially included 20 children suspected of having mucormycosis. Six children were excluded due to the absence of mNGS testing and incomplete data, resulting in 14 children being selected for the study. 8 cases (57.14%) were male among these children. The median age of the participants was 13.00 years, with a range of 7.00 to 14.00 years. Table 1 lists the clinical characteristics of these patients. Among them, 11 cases (78.57%) had hematologic malignancies, 1 case (7.14%) had a mediastinal tumor, 1 case (7.14%) had diabetes, and 1 case (7.14%) had no underlying diseases.


Table 1 | Demographic and clinical characteristics of mucormycosis patients.



All children presented with fever, and other symptoms included cough (7 cases, 50.00%), coma (3 cases, 21.43%), convulsions (1 case, 7.14%) and chest pain (1 case, 7.14%). At the time of diagnosis, 9 children (64.29%) had neutropenia. The main chest CT findings included (Figure 1): pleural effusion in 7 cases (50.00%), consolidation in 5 cases (35.71%), nodules in 4 cases (28.57%), cavities in 2 cases (14.29%), and abscess in 1 case (7.14%).




Figure 1 | The chest CT findings of children with mucormycosis. (A) In the lower lobe of the left lung, there’s a mass-like area of high density with an internal cavity. This suggests a localized infection with tissue destruction leading to cavity formation. (B) In the lower left lung, there’s an encapsulated fluid density shadow accompanied by some consolidation. This could indicate an abscess or a localized collection of fluid, possibly due to infection. (C) There’s evidence of obstructive pneumonia in the upper lobe of the left lung, with partial narrowing of the upper lobe bronchus and multiple patchy areas of high density observed distally. This is indicative of infection causing obstruction in the airways. (D) In the mediastinum, there’s an unclearly demarcated mass-like soft tissue density shadow. Additionally, there’s narrowing and truncation of the right upper lobe bronchus and multiple solid nodules in both lungs. This could represent the spread of infection or inflammatory response in the mediastinum and lungs.



Based on the bronchoalveolar lavage (BAL) diagnosis, 13 cases (78.57%) of mucormycosis were classified as probable, and 3 cases (21.43%) were proven as mucormycosis. Of the 9 cases (64.29%) with invasive pulmonary mucormycosis, 4 cases had acute lymphocytic leukemia (ALL), 1 (7.14%) had concurrent acute myeloid leukemia (AML), 1 case (7.14%) had T-cell acute lymphoblastic leukemia/lymphoma (T-ALL/LBL), 1 case (7.14%) had diabetes, and 1 case (7.14%) had a mediastinal tumor.




3.2 Culture, pathology, and NGS findings

All cases underwent cultures of sputum, or bronchoalveolar lavage fluid, but only one case yielded a positive culture. Among the 14 cases, 4 children (28.57%) underwent histopathological examination, in which fungal pathogens were identified in 3 patients. Fungal hyphae was identified in 2 cases of pulmonary mucormycosis and 1 case of disseminated mucormycosis (Figure 2). Fungal hyphae was also found in 4 cases (28.57%) using immunofluorescence microscopy (Figure 2). And all cases tested negative in GM and G tests. All 14 cases underwent cultures from bronchoalveolar lavage fluid or sputum, but only 1 case (7.14%) yielded a positive culture result. The mNGS test is more sensitive than conventional diagnostic methods (P<0.001), in Table 2.




Figure 2 | The histopathological and fungal immunofluorescence microscopy findings. (A) Mediastinal biopsy showed chronic inflammation with necrosis in fibrous tissue and the presence of a few fungal hyphae, suggestive of mucormycosis. Special staining results were: Acid-fast bacilli (AFB) negative, Periodic Acid-Schiff (PAS) positive, and Gomori methenamine silver (GMS) positive. This indicates the presence of mucor species, as evidenced by the PAS and GMS positivity. (B) Lung interstitial fibrous tissue showed hyperplasia with infiltration of acute and chronic inflammatory cells. There were tissue cells aggregating in the alveolar spaces, extensive infarction with inflammatory necrosis, and small focal granulomas, consistent with an inflammatory lesion. Fungal hyphae and spores were observed in the necrotic tissue, indicative of fungal infection. Special staining results were also AFB negative, PAS positive, and GMS positive, confirming the presence of fungal elements. (C) Bronchoalveolar lavage fluid (BALF) examination revealed non-septate hyphae branching at 90° angles, suggestive of mucormycosis-like fungal filaments. (D) Another BALF sample similarly showed non-septate hyphae with right-angle branching, indicative of mucormycosis-like fungal filaments.




Table 2 | Comparison of mNGS and conventional detection of mucormycosis.



mNGS was performed on all cases, using samples primarily from blood and bronchoalveolar lavage fluid, but also from tissue at the site of infection (Table 2). Among the 14 patients, 7 cases (50.00%) were positive for Rhizomucor pusillus, 4 cases (28.57%) for Rhizopus oryzae, 3 cases (21.43%) for Rhizopus microsporus, 1 case (7.14%) for Lichtheimia ramosa, and 1 case (7.14%) for Rhizomucor miehei. Additionally, Aspergillus was detected in 3 cases (21.43%), bacteria in 3 cases (21.43%), and viruses in 5 cases (35.71%), all of which were cytomegalovirus.




3.3 Treatment and prognosis

Prior to their diagnosis of mucormycosis, 40% of the patients had undergone prophylactic antibiotic treatment. After being diagnosed with mucormycosis, all patients received antifungal therapy. Specifically, 10 patients (71.43%) were treated with a combination of Liposomal Amphotericin B (L-AmB) and posaconazole, 2 patients (14.29%) were treated with L-AmB monotherapy, 1 patient (7.14%) received isavuconazole monotherapy, and 1 patient (7.14%) was treated with posaconazole. In addition, 12 patients (85.71%) received broad-spectrum antibiotic treatment.

Surgical intervention was undertaken in 3 patients (21.43%), with two children undergoing lobectomy of the lung. Due to disease progression, 8 patients (57.14%) were transferred to the Intensive Care Unit. 6 cases (42.86%) died, while 8 cases (57.14%) showed improvement within 3 months of hospital discharge.





4 Discussion

This retrospective analysis focused on the clinical characteristics and mNGS diagnostic effectiveness in 14 mucormycosis children. The study found that 12 of these patients had known risk factors for mucormycosis, with 11 cases involving hematologic malignancies and 1 case with no underlying disease. One notable case in this study (Case 3) involved a previously healthy child with no history of underlying disease, immunosuppressive drug use, trauma, or other high-risk factors typically associated with mucormycosis. This child developed lung infection following non-specific symptoms such as fever, cough, dizziness, and headache, with the etiology identified as Rhizopus oryzae infection. Therefore, mucormycosis should also be considered in otherwise healthy children.

Mucormycosis can target various body parts, including rhino-orbital-cerebral mucormycosis (ROCM), pulmonary mucormycosis (PM), skin/soft tissue infections (SSTI), gastrointestinal or renal infections (GI), disseminated mucormycosis, and infections in atypical locations. Disseminated infection was defined as infection at ≥ 2 non-contiguous sites (Roden et al., 2005). Underlying disease is a major influence on the development of mucormycosis in children, and the clinical type of mucormycosis can vary from one underlying disease to another (Pana et al., 2016; Skiada et al., 2018). Pulmonary mucormycosis is notably prevalent in hematologic malignancies and neutropenia patients (Jeong et al., 2019).The mortality rate for mucormycosis ranges from 40% to 80%, influenced by the patient’s underlying conditions and infection site (Cornely et al., 2019). The risk of death is higher in individuals with major risk factors compared to those with other diseases (Kennedy et al., 2016; Jestin et al., 2021). Epidemiological studies on pediatric mucormycosis are limited, with mortality rates of 26.5%-33.3% reported in children with hematologic malignancies (Pana et al., 2016; Ziaka et al., 2022). In our study, 6 children (42.86%) died within 3 months of discharge, all having underlying diseases: 4 with hematologic malignancies, 1 with a mediastinal tumor, and 1 with diabetes.

Pulmonary mucormycosis typically presents with non-specific symptoms like fever, cough, breathing difficulties, and chest pain (Danion et al., 2015). The infection often affects the lung parenchyma and may spread to the chest wall, pulmonary artery, aorta or pericardium, and infiltration into the pulmonary artery can cause hemoptysis (Steinbrink and Miceli, 2021). In this study, all 14 children had lung involvement, predominantly presenting with fever, cough, and chest pain, with 9 patients experiencing neutropenia. Chest CT scans revealed consolidation as the most frequent presentation of PM, alongside mass lesions, nodules, and cavities. The main chest CT findings in the children with mucormycosis in this study were pleural effusion and consolidation, not limited to patients with neutropenia.

Overall, for patients with suspected pulmonary mucormycosis in hematologic malignancies, clinical symptoms and pulmonary imaging may not present typically. However, clinicians should be vigilant for signs of consolidation in lung CT scans or vascular blockages in CT pulmonary angiography (Busca et al., 2012).

Early diagnosis and treatment can help reduce mortality in patients with mucormycosis (Sipsas et al., 2018). However, the diagnosis relies on histopathology and culture. GMS staining is preferred, as mucormycosis can appear in tissue samples as broad, irregular, non-septate, or minimally sparsely septate hyphae, often branching at right angles (Frater et al., 2001; Goldberg et al., 2015). Even if histopathological examination shows characteristic changes of mucormycosis, tissue cultures often turn out negative, and blood cultures are usually not positive (Hammer et al., 2018). Serological tests like the GM-test and G-test), commonly used for detecting fungal infections, are often negative in mucormycosis patients (Pyrgos et al., 2008; Lass-Florl et al., 2021).

In our study, all cases underwent cultures of sputum, or bronchoalveolar lavage fluid, but only one case yielded a positive culture. Pathogens were found in the histopathological examination of only three cases, and all cases tested negative in GM and G tests. In this study, mNGS was used to detect pathogens in children’s peripheral blood, bronchoalveolar lavage fluid, and tissue from the infection site, and all children were found to be infected with mucormycosis. In a retrospective study of mNGS for the detection of pathogens in lung infections, it was found that BALF mNGS greatly improved the accuracy and detection of pathogens in patients with lung infections (Wu et al., 2022). Therefore, the value of BALF mNGS should be focused on children suspected of having a pulmonary mucormycosis. In this study it was found that the mNGS test is more sensitive than Conventional microbiological tests (P<0.001). In a study that included 310 patients with suspected pulmonary invasive fungal infections, it was found that compared with Conventional microbiological tests, mNGS was superior in its diagnostic performance (AUC=0.967) (Wang et al., 2022).mNGS has proven the presence of mucormycosis at the molecular biology level, providing a basis for initiating early antifungal treatment against mucormycosis. Before the application of mNGS, conventional diagnostic methods had low success rates in identifying mucormycosis, and treatment was more reliant on clinical experience.

While most mNGS samples in our study came from children’s peripheral blood, it doesn’t imply that the blood is the infection site. In a localized infection, mucor DNA fragments can access the bloodstream easily (Li et al., 2021). Simultaneously, mNGS is capable of detecting bacteria, fungi and viruses. In a study that included 13 children, mNGS was found to detect both fungi and bacteria in 53.85% of samples, and both fungi and viruses in 38.46% of samples (Zhang et al., 2022). In our study, 35.71% of the children were found to have viral infections, 21.43% had concurrent Aspergillus infections, and 21.43% had bacterial infections. Hence, the mNGS results should be interpreted alongside clinical symptoms and imaging to pinpoint infection presence and location, particularly when indicating multiple pathogen infections. Based on the mNGS results, the appropriate and timely use of antibiotics and antiviral treatments for patients with mixed infections better controlled the symptoms. Of course, further research is needed to understand the clinical significance of low pathogen sequence numbers in children detected by mNGS.

Prompt administration of effective antifungal treatments and the surgical excision of necrotic tissue is crucial in preventing further damage to tissues and organs in mucormycosis patients, potentially decreasing long-term complications and improving survival chances (Jeong et al., 2015; Sipsas et al., 2018). In our study, 40% of children received prophylactic antifungal treatment before the onset of mucormycosis. All cases with potential breakthrough infections had underlying hematologic malignancies, which is close to the incidence of breakthrough invasive mucormycosis reported by Skiada et al. in HSCT patients despite having posaconazole prophylaxis (Skiada et al., 2020). 85.71% (12/14) of the children in our study were initially treated with L-AmB, with 10 patients undergoing a combination treatment of L-AmB and posaconazole, and one patient (Case 3) receiving initial treatment with isavuconazole. In instances of severe, refractory or progressing mucormycosis, combining L-AmB with posaconazole has shown beneficial results (Cornely et al., 2014, 2019). However, a separate study indicated that initiating combination therapy with L-AmB and posaconazole was not able significantly to reduce mortality rates in a cohort of patients with confirmed hematologic malignancies (Kyvernitakis et al., 2016). Therefore, further research is needed to assess the potential benefits of L-AmB or isavuconazole as monotherapy or in combination treatments, based on patient outcomes and drug tolerance.

This study’s limitations must be acknowledged. First, as a single-center retrospective analysis, it inherently carries certain biases. Second, since some mNGS samples were derived from patients’ bronchoalveolar lavage fluid, it is challenging to determine whether the microbes reported by mNGS are clinically significant pathogens or merely colonizing organisms. The data generated by mNGS need to be parsed by sophisticated bioinformatics tools, and the results are limited by the completeness of the databases and current scientific knowledge. Therefore, it is important to give due consideration to the clinical setting when interpreting mNGS data. Standardized operational and parsing processes for mNGS are not yet fully established, which may affect the accuracy and reproducibility of the results. Finally, the results lack a consensus, and the diagnosis of mucormycosis according to guidelines is probable, as further histopathology or culture confirmation could not be pursued due to patient condition limitations.

In conclusion, mucormycosis in children is rare but carries a high mortality risk. Early in the disease course, it initially manifests with non-specific symptoms like fever and cough. Children suspected of mucormycosis based on clinical presentation and imaging results should be diagnosed early. Compared to traditional mucormycosis culture or histopathological testing, mNGS offers higher sensitivity and a shorter detection period, making it a supplementary method for early diagnosis. mNGS can also aid in detecting mixed infections and informing timely antimicrobial therapy, thus improving patient outcomes. Therefore, the mNGS testing method holds significant value in the early diagnosis of mucormycosis in children.
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In recent years, the avian influenza virus has emerged as a significant threat to both human and public health. This study focuses on a patient infected with the H10N3 subtype of avian influenza virus, admitted to the Third People’s Hospital of Kunming City on March 6, 2024. Metagenomic RNA sequencing and polymerase chain reaction (PCR) analysis were conducted on the patient’s sputum, confirming the H10N3 infection. The patient presented severe pneumonia symptoms such as fever, expectoration, chest tightness, shortness of breath, and cough. Phylogenetic analysis of the Haemagglutinin (HA) and neuraminidase (NA) genes of the virus showed that the virus was most closely related to a case of human infection with the H10N3 subtype of avian influenza virus found in Zhejiang Province, China. Analysis of amino acid mutation sites identified four mutations potentially hazardous to human health. Consequently, this underscores the importance of continuous and vigilant monitoring of the dynamics surrounding the H10N3 subtype of avian influenza virus, utilizing advanced genomic surveillance techniques.
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Introduction

With the continuous advancement of urbanization and rural development, the frequency and scope of contact between humans and animals are constantly expanding (Schell et al., 2021). In cities, people have close contact with poultry and pets, while in rural areas, farmers and breeders deal directly with poultry and livestock. This kind of contact is not limited to daily life, but also includes activities such as poultry raising, breeding, slaughtering, and other activities, providing opportunities for the spread of pathogens (Tobin et al., 2015; Moyen et al., 2021). Moreover, increased global trade and travel have intensified the risk of cross-border disease transmission (Shah et al., 2019). The international trade of animals and their products facilitates the rapid spread of pathogens worldwide. Simultaneously, human transnational travel creates favorable conditions for pathogen dissemination. The occurrence of a single case can rapidly attract global attention and vigilance. In this era of interconnectedness and swift information dissemination, avian influenza, as a significant zoonotic viral infectious disease, has garnered considerable concern due to its potential transmission risks and hazards. Consequently, enhancing surveillance, prevention, and control measures for zoonotic diseases like avian influenza has emerged as a crucial global public health priority.

Avian influenza virus is a type of RNA virus, classified under the genus Influenza A virus of the family Orthomyxoviridae, and is categorized into types A, B, C, and D (Hu et al., 2018). Among these, avian influenza A virus is particularly concerning for human health, as it can lead to severe illness and even fatalities. Avian influenza virus is polymorphic, with a spherical diameter ranging from 80 to 120 nm and possessing an envelope. Its genome consists of segmented single-stranded negative-sense RNA, making it highly variable (Spackman, 2008). Based on the antigenicity of its hemagglutinin (HA) and neuraminidase (NA) proteins on the outer membrane, it is currently classified into 18 H subtypes (H1-H18) and 11 N subtypes (N1-N11) (Li et al., 2021). Human transmission of avian influenza viruses usually occurs through contact with infected poultry or their excreta, secretions, etc., particularly in settings such as poultry farming, slaughtering, and handling, where the risks are heightened (Wong and Yuen, 2006). Individuals infected with avian influenza virus may display a range of symptoms, with severity varying among cases (Horman et al., 2018). Common symptoms include fever, cough, runny nose, headache, muscle and joint pain, fatigue, breathing difficulties, chest tightness, respiratory failure, nausea, vomiting, diarrhea, etc. Infection with this virus can lead to severe complications like pneumonia and acute respiratory distress syndrome (ARDS), especially in individuals with underlying health conditions or weakened immune systems. Therefore, prompt medical attention is essential when experiencing such symptoms, especially if severe manifestations like breathing difficulties arise. To date, confirmed subtypes of avian influenza A viruses that have infected humans include H6N1, H9N2, H10N8, H5N6, H7N4, H10N3, and H5N8, etc (Yang et al., 2022). Patients infected with H5N1, in particular, often experience severe illness with a high mortality rate.

Currently, avian influenza virus infection cannot be diagnosed based on clinical manifestations alone; instead, laboratory testing is required (Geyer et al., 2022). Commonly used laboratory testing methods include serological diagnostic methods such as hemagglutination and hemagglutination inhibition tests, neuraminidase inhibition test, agarose diffusion test, and enzyme-linked immunosorbent assay. Additionally, molecular biology diagnostic technologies such as reverse transcription PCR (RT-PCR), fluorescent RT-PCR, and Next Generation Sequencing (NGS) are employed. NGS technology, in particular, provides a powerful tool for the detection and research of avian influenza viruses (Soda et al., 2023). It allows high-throughput and deep sequencing of viral genomes, providing detailed genomic information, including the virus’s full genome sequence, mutations, recombination events and gene expression levels (Quer et al., 2022). This technology not only enables highly sensitive and specific detection, but also aids researchers in understanding virus evolution, transmission, and host interactions.

In recent years, human infection with avian influenza virus has been frequently reported around the world, especially involving subtypes H5, H7, and other (Gao, 2018; Liang, 2023; Szablewski et al., 2023). Among these, human infections with H10 avian influenza A virus have been reported globally, including subtypes H10N7, H10N8, and H10N3 (Arzey et al., 2012; Chen et al., 2014). The H10N3 subtype of avian influenza A virus has been circulating among waterfowl and poultry in East and South Asia for decades, with rare instances of human infection (Wisedchanwet et al., 2011). The first recorded human cases of Avian-Origin Influenza A (H10N3) virus occurred in Jiangsu, China, in April 2021 (Qi et al., 2022), followed by a second case reported in Zhejiang in June 2022 (Zhang et al., 2023).

In this study, we utilized metagenomic NGS (mNGS) and nanopore metagenomic sequencing to document the first recorded instance of human infection with avian influenza A virus H10N3 in Yunnan Province. This case marks the occurrence of H10N3 human infection in China. To elucidate the virus’s origin, we conducted a comprehensive epidemiological investigation, performed phylogenetic analysis, and aligned the virus’s entire genome sequence with homologous sequences. Additionally, to evaluate the virus’s adaptability and pathogenicity in human hosts, we analyzed the amino acid mutation sites of three H10N3 subtype AIV infections among humans.





Materials and methods




Data collection

On March 6, 2024 the patient went to Kunming Third People’s Hospital for treatment due to persistent fever for many days. The diagnosis revealed severe pneumonia, type I respiratory failure, and infection with avian influenza A virus. After the diagnosis of avian influenza A virus infection, the patient underwent investigation through questionnaires, which included demographic information, poultry contact history, underlying health conditions, and other relevant data.





Genomic analysis and genome assembly

Multiple amplification products were obtained using influenza A virus genotyping gene targeted amplification kit (BaiyiTech, Hangzhou). The amplified products were purified using ampure XP beads nucleic acid magnetic bead Purification Kit (Beckman, USA) and the library was constructed. The library was constructed by ligation method with the kit sqk-nbd114.24 (Nanopore, UK). After the library was constructed, it was added to the flo-min 114 sequencing chip (Nanopore, UK), and high-throughput sequencing was performed on the gridion X5 third-generation sequencer. All experimental procedures were meticulously performed in strict accordance with the instructions provided by the respective kits and the requirements for the nanopore third-generation high-throughput sequencing.





Phylogenetic analysis

The nucleotide sequences obtained were analyzed in the Genbank and GISAID databases (www.gisaid.org) using Nucleotide Basic Local Alignment Search Tool (BLAST) software of NCBI to initially determine the virus subtypes. Similar HA and NA nucleotide sequences were downloaded for phylogenetic analysis. The nucleotide and amino acid sequences were aligned using MAFFT (v7.310), and the phylogenetic trees was constructed based on the neighbor-joining method using MEGA-X.





Ethics statement

The patient and his family members signed consent forms approving the investigation, sample collection and its publication. The procedures were in accordance with the Helsinki declaration of 1975, as revised in 1983. This study was approved by the Medical Ethics Committee at Kunming hird People’s Hospital (No. KSLL20230711009) and adhered to the guidelines established in the Declaration of Helsinki. To protect patients’ personal information, including names and ID numbers, it was encrypted before use.






Results

A previously healthy 51-year-old male experienced recurrent fever for a week, reaching a maximum temperature of 39°C, accompanied by symptoms of cough, expectoration, chest tightness, and shortness of breath. Despite seeking medical attention at the local community health service center, his symptoms did not significantly improve. Consequently, he was transferred to the Department of Respiratory and Critical Care Medicine at the Third People’s Hospital of Kunming City in Yunnan Province, Southwest China, on March 6, 2024.

Upon admission (7 days after the onset of illness), the patient presented with a temperature of 39℃, a pulse rate of 110 beats per minute, a respiratory rate of 28 breaths per minute, oxygen saturation of 78%, and blood pressure measuring 105/70 mmHg (Table 1). Laboratory tests revealed a low white blood cell count, elevated neutrophil percentage, decreased platelet count, and elevated levels of infectious markers. Additionally, a throat swab specimen tested positive for influenza A virus nucleic acid by PCR (Table 2). Chest computed tomography (CT) revealed multiple patchy and increased density shadows in both lungs, characterized by unclear boundaries and uneven density (Figure 1). The initial diagnosis upon admission included severe pneumonia, type I respiratory failure, and influenza attributed to influenza A virus.


Table 1 | Patient’s characteristics and clinical symptoms.




Table 2 | Laboratory Test Results.






Figure 1 | Computed tomography of lung. (A, B) Results on March 6, 2024 showed that multiple patchy and patchy increased density shadows were seen in both lungs, with unclear boundary and uneven density; (C, D) Results on March 23, 2024 showed a reduction in lesions compared to previous scans.



The patient was administered oseltamivir (150mg, twice daily) and methylprednisolone (80mg, once daily) and corresponding antibiotics for treatment. Subsequent sputum culture results revealed infection with Candida albicans and Staphylococcus epidermidis and Acinetobacter joni and Carbapenem-resistant Enterobacter cloacae, prompting the administration of appropriate antibiotics (Table 1). The patient’s fever subsided on March 17th (18 days after illness onset), and on March 19th (20 days after illness onset), the nucleic acid test for influenza A virus returned negative results for the first time. Subsequent test results on March 21st (22 days after illness onset) indicated normalization of the patient’s white blood cell count, along with a decrease or return to normal levels of infection markers. However, the patient exhibited prolonged prothrombin time. Chest computed tomography scans showed a reduction in lesions compared to previous scans (Figure 1). The lung lesions were noticeably absorbed, and there was no chest tightness or dyspnea. The patient was discharged on April 17th, and home oxygen therapy was recommended.

Although the nucleic acid detection of influenza A virus confirmed the patient’s infection with influenza A virus, it could not determine the specific subtype. A sputum sample collected from the patient on March 8 was confirmed as H10N3 subtype by mNGS and PCR in the Third People’s Hospital of Kunming City and the Kunming City Center for Disease Control and Prevention (CDC). However, epidemiological investigations revealed that the patient had a history of raising various birds, including chickens, ducks, geese, pigeons, peacocks, and ostriches. Notably, more than 20 chickens and geese died in the week preceding the onset of his illness, and he had a history of slaughtering these birds. However, the virus has not been detected in the environment or in poultry carcasses. No avian influenza A virus infection was detected in his close contacts.

To obtain the complete genome sequence of the virus and clarify its molecular characteristics, the Kunming City CDC conducted nanopore sequencing (Nanopore, GridION X5) on the samples, resulting in the acquisition of the whole genome information of the samples (GISAID#EPIISL19067870), named A/Yunnan/A/2024(H10N3). Online analysis using BLASTN software on the GISAID website revealed that all eight gene segments of the H10N3 virus strain in our case originated from Eurasian avian influenza viruses. Analysis of the evolutionary trees of the Haemagglutinin (HA) and neuraminidase (NA) genes suggested that the patient’s strain is a cross-species infection of the H10N3 virus, which has been prevalent in poultry in China in recent years (Figure 2). Homologous comparison in GenBank with BLAST revealed a high similarity between Yunnan strain’s HA gene (98.64%) and NA gene (99.43%) with A/Zhejiang/1412/2022(H10N3) virus (Table 3). Further analysis of amino acid mutation sites revealed a mutation at the 226th amino acid residue in the receptor binding site of the HA protein, where the amino acid changed from Q to L. Additionally, key mutations were identified, including D701N of PB2 protein, S409N of PA protein, and S31N of M2 protein (Table 4).




Figure 2 | Phylogenetic trees of H10N3 strains based on nucleotide sequence. (A) Phylogenetic tree of HA; (B) Phylogenetic tree of NA. The Phylogenetic trees were downloaded from the GISAID database (https://gisaid.org) using the neighbor-joining method in MEGA X. The diamond indicates the H10N3 strain in this study, and the octagon indicates the H10N3 strain from the first case in Jiangsu.




Table 3 | Sequence similarity comparison, A/Yunnan/A/2024(H10N3) compared with A/Zhejiang/1412/2022(H10N3) (ZJ1412) and A/Jiangsu/428/2021(H10N3) (JS428).




Table 4 | Mutations in A/Yunnan/A/2024(H10N3) and JS428 and ZJ1412, by gene.







Discussion

Avian influenza virus is typically known for its strong host species preference and limited transmission to other species (Kim et al., 2021). However, due to the 8-segment nature of the viral genome and the RNA error replication mechanism, frequent recombination and mutation of the virus can occur, potentially enabling it to survive and spread in other species (Kim et al., 2021). As a result, various strains of avian influenza viruses have been identified in marine mammals, terrestrial poultry, horses, dogs, pigs, and notably, humans (Lloren et al., 2017; Kim et al., 2021; Kok et al., 2023).

The patient in Yunnan not only exhibited infection with the H10N3 subtype of influenza A virus but also presented with a mixed infection involving drug-resistance bacteria and fungi, making the condition complex. It’s worth noting that severe pneumonia patients infected with avian influenza often experience concurrent or secondary bacterial and fungal infections (Chow et al., 2019). Therefore, it is recommended to conduct repeated sputum culture, respiratory tract aspirate culture, or mNGS detection in clinical settings to identify the types of bacteria or fungi present, as well as their susceptibility or resistance patterns. This approach enables clinicians to make informed decisions regarding antibiotic selection and guide appropriate clinical treatment strategies.

The clinical manifestations of avian influenza A virus infection vary depending on the virus subtypes involved. For instance, infection with H5N1 and H7N9 subtypes can lead to severe pneumonia and related complications in patients. Conversely, certain subtypes such as H7 and H9 may only induce conjunctivitis or mild respiratory symptoms (Liu et al., 2013). It’s important for healthcare providers to be aware of these differences in clinical presentation when diagnosing and managing cases of avian influenza virus infection. As of now, only two cases of human infection with the H10N3 subtype have been reported. The symptoms observed in the patient infected with H10N3 in this case closely resemble those documented in the two previously known cases of H10N3 infection. Notably, all cases resulted in severe pneumonia in the affected patients (Qi et al., 2022; Zhang et al., 2023).

However, the molecular features of these cases are different, and our case has some different mutations. The Q226L mutation makes the virus more adept at binding to human α-2,6-sialic acid receptors, significantly increasing the likelihood of human infection (Shi et al., 2014). The mutation D701N in the PB2 protein has been shown to enhance the replication activity of avian influenza RNA polymerase within the human body. This mutation also increases the adaptability and pathogenicity of the virus to the human host, potentially serving as a crucial factor in avian influenza viruses crossing the host species barrier (Li et al., 2005). The presence of the S409N mutation in the PA protein suggests the potential for infectivity in humans and may contribute to increased pathogenicity of this particular virus strain (Finkelstein et al., 2007). The S31N mutation in the M2 protein has been associated with resistance to adamantanes, a class of antiviral drugs (Pielak et al., 2009). This mutations in the protein of the Yunnan H10N3 virus strain underscores the potential for increased threat posed by H10N3 in humans. Therefore, it is imperative to closely monitor the dynamics of this subtype.

The case of human infection with H10N3 avian influenza A virus highlighted in this study involved close contact with live birds, particularly through the handling and slaughtering of dead birds. Although there is no direct evidence, it is likely that this exposure eventually resulted in the patient contracting avian influenza and experiencing severe illness. This underscores the importance of paying special attention to instances of unexpected bird deaths and promptly reporting such cases. Moreover, it emphasizes the necessity of establishing a comprehensive avian influenza surveillance system, not only within Yunnan but also globally, to continuously and vigilantly monitor the H10N3 virus strain and its potential impact on human health.
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Background

Pathogenic diversity may have contributed to the high mortality of pneumonia-associated acute respiratory distress syndrome (p-ARDS). Metagenomics next-generation sequencing (mNGS) serves as a valuable diagnostic tool for early pathogen identification. However, its clinical utility in p-ARDS remains understudied. There are still limited researches on the etiology, clinical characteristics and risk factors for 28-day mortality in p-ARDS patients.





Methods

A single center retrospective cohort study of 75 p-ARDS patients was conducted. Patients were categorized into survival and deceased groups based on their 28-day outcomes. A comprehensive clinical evaluation was conducted, including baseline characteristics, laboratory indicators, outcomes and pathogen identification by mNGS and traditional microbiological testing. We then evaluated the diagnostic value of mNGS and identified clinical characteristics and risk factors for 28-day mortality in p-ARDS.





Result

The overall ICU mortality was 26.67%, and the 28-day mortality was 57.33%, with 32 cases (42.67%) in the survival group, and 43 cases (57.33%) in the deceased group. Patients in the deceased group were older than those in the survival group (68(59,73) years vs. 59(44,67) years, P=0.04). The average lengths of ICU and hospital stay were 9(5,13) days and 14(7,21) days, respectively. The survival group had longer lengths of ICU and hospital stay (ICU: 11(7,17) days and hospital: 17(9,27) days) compared to the deceased group (ICU: 8(4,11) days and hospital: 12(6,19) days) (P<0.05). Survival patients exhibited lower Acute Physiology and Chronic Health Evaluation (APACHE) II score on the 3rd and 7th days, higher lymphocyte counts, higher CD3+ and CD8+ T cell counts compared to deceased patients (P<0.05). Multivariate logistic regression analysis identified age, APACHE II scores on 3rd and 7th days, CD8+ T cell count and length of ICU as independent risk factors for 28-day mortality in p-ARDS patients. mNGS demonstrated a significantly higher overall pathogen detection rate (70/75, 93.33%) compared to the traditional method (50/75, 66.67%, P=0.022). The average turnaround time (TAT) for mNGS was significantly shorter at 1(1,1) day compared to 4(3,5) days for the traditional method (P<0.001).





Conclusion

Metagenome next-generation sequencing can be used as a valuable tool for identifying pathogens in p-ARDS, reducing diagnostic time and improving accuracy. Early application of mNGS alongside traditional methods is recommended for p-ARDS. Furthermore, older age, higher APACHE II scores, lower lymphocyte counts and lymphocyte subset counts were associated with increased mortality in p-ARDS patients, highlighting the importance of timely assessment of immune status and disease severity, especially in elderly.





Keywords: mNGS (metagenomic next-generation sequencing), etiological diagnosis, p-ARDS (pneumonia-associated acute respiratory distress syndrome), clinical characteristics, risk factors for mortality




1 Introduction

Acute respiratory distress syndrome (ARDS) manifests as an acute diffuse inflammatory lung injury, instigated by various pathogenic factors, both intra-pulmonary and extra-pulmonary. Its hallmark feature is refractory hypoxemia, rapidly progressing and culminating in multiple organ failure (MODF). ARDS constitutes approximately 10% of admissions to the intensive care unit (ICU), with 23% of ventilated patients affected (Bellani et al., 2016b; Grasselli et al., 2023), and carries a high mortality rate ranging from 30% to 50% (Kang and Kempker, 2019). An initial global literature review indicated that around 33% of hospitalized COVID-19 patients developed ARDS in 2020 (Tzotzos et al., 2020; Bernauer et al., 2023). By June 2020, the COVID-19 pandemic had claimed over 6 million lives worldwide, predominantly due to ARDS (Bos and Ware, 2022; Martin et al., 2022).

ARDS can stem from various triggers, infectious and non-infectious alike, which can inflict direct lung injury via local inflammation or indirect injury mediated by systemic inflammation (Bos and Ware, 2022). Pneumonia, stands as the leading cause of ARDS (Long et al., 2022), constituting a significant global health challenge and ranking among the top 10 causes of death globally (Sun et al., 2020). In recent years, the treatment of pneumonia has become increasingly challenging with the emergence of new pathogenic microorganisms, rising drug-resistant strains, and a growing population of immunosuppressive individuals.

Traditional microbiological diagnostic methods often lead to delayed or inconclusive pathogen identification, hampering precise clinical management, thereby impacting patient outcomes and potentially fostering the spread of unidentified pathogens in vulnerable populations (Gao, 2020). Metagenomic next-generation sequencing (mNGS) technology circumvents the reliance on traditional microbial culture by directly conducting high-throughput sequencing of nucleic acids in clinical samples. It can facilitate rapid and comprehensive detection of various pathogens (including viruses, bacteria, fungi, and parasites) and offer insights into drug resistance patterns. Particularly suited for diagnosing critical and challenging infections (Cao, 2023). This study aims to comprehensively analyze the clinical characteristics and identify risk factors for 28-day mortality in pneumonia-associated ARDS (p-ARDS) patients, concurrently assessing the etiological diagnostic utility of mNGS in p-ARDS.




2 Materials and methods



2.1 Ethics statement

This study adheres to medical ethics standards and has been reviewed and approved by the Ethical Review Committee of the First Affiliated Hospital of Zhengzhou University (NO: 2021-KY-1000-002). All treatments and procedures were performed with informed consent obtained from the patients’ family members.




2.2 Patient recruitment

A retrospective study was conducted at the First Affiliated Hospital of Zhengzhou University, recruiting patients admitted to the Respiratory Intensive Care Unit (RICU) from November 2020 to December 2023. Inclusion criteria were as followed: 1) meeting the Berlin 2012 definition for ARDS diagnosis (ARDS Definition Task Force et al., 2012), 2) pneumonia as the etiology of ARDS, 3) age > 18 years, and 4) complete clinical profiles. Exclusion criteria were as followed: 1) pregnancy, 2) contraindications for fiberoptic bronchoscopy, 3) multiple organ failure, and 4) failure to obtain informed consent when necessary. Patients were categorized into two groups based on their 28-day outcome, survival group and deceased group. A total of 75 patients meeting the inclusion criteria were enrolled. Demographic characteristics, which were documented in electronic medical record system, including age, gender, comorbidity, clinical history, laboratory test indicators, treatment, mNGS findings, and traditional microbiological findings were gathered.




2.3 Clinical variables and outcome

Demographic characteristics, including age, gender, comorbidity and time of ARDS onset were recorded.

Laboratory test data collected on the 1st day after enrollment, including arterial blood gas parameters such as PaCO2, PaO2, and the oxygenation index (PaO2/FiO2, P/F) on 1, 3, and 7 days. Disease severity was assessed using the Acute Physiology and Chronic Health Evaluation (APACHE) II score and P/F. Routine blood test included white blood cell count (WBC), hemoglobin (Hb), platelet count (PLT), neutrophil count (NE), neutrophil ratio (NE%), lymphocyte count (LY) and lymphocyte ratio (LY%). Renal function indicators, encompassed urine output and creatinine levels, as well as liver function indicators comprised alanine aminotransferase (ALT), aspartate aminotransferase (AST), total bilirubin (Tbil) and albumin levels, were assessed. Inflammatory markers, including procalcitonin (PCT), C-reactive protein (CRP) and erythro sedimentation rate (ESR) were measured. Lymphocyte subset counts, including CD3+ T cells, CD4+ T cells, and CD8+ T cells were determined. Cytokines such as tumor necrosis factor (TNF)-α, interlukin (IL)-6, and IL-10 were also evaluated.

Treatment modalities, including adjunctive measures like invasive mechanical ventilation (IMV), prone position ventilation (PPV) were documented.

Patient outcomes comprised the primary endpoint of 28-day mortality and secondary endpoints including ICU mortality, 90-day mortality, length of ICU, and length of hospital stay (LOS).




2.4 Etiology

Within 48 hours of enrollment, bronchoalveolar lavage fluid (BALF) samples were collected from all patients using two sterile containers, each containing 10 ml. These samples were utilized for both traditional microbiological detection and mNGS testing. As not all the detected microorganisms may be pathogenic pathogens of p-ARDS, we determine that whether they were pathogenic or not by combining the patients’ comorbidity, immune status, laboratory test results, imaging manifestations of DR, CT or lung-ultrasound, and response to treatment.




2.5 Traditional microbiological detection

Traditional microbiological detection included the methods of special pathological staining, semiquantitative culture and polymerase chain reaction (PCR). Gram staining and weak acid fast staining was used for bacteria identification, acid-fast staining was used for bacteria Mycobacterium tuberculosis complex identification, hexamine silver staining and KOH staining were used for fungi identification, separately. Bacterial were cultured and incubated on blood agar plates, MacConkey agar, and chocolate agar at 35°C for 1-2 days. If typical pathogenic bacterial colonies emerged, further identification and drug sensitivity tests were conducted. Fungi were cultured at 28-30°C for 1-7 days on Sabouraud agar plates and blood agar plates, with continued identification according to fungi colony morphology. Additionally, a high-sensitivity and specificity method of real-time fluorescence PCR was employed to detect human herpesvirus 5 (HHV-5, CMV), aiding in the early diagnosis of CMV infection.




2.6 Metagenomics NGS and bioinformatics

Extraction of nucleic acid, preparation of library, and sequencing were conducted as follows. According to the manufacturer’s instructions, DNA of all samples was extracted by the QIAamp® UCP Pathogen DNA Kit (Qiagen). Benzoidase (Qiagen) and Tween20 (Sigma) were used to remove human DNA. Total RNA was extracted by the QIAamp® Viral RNA Kit (Qiagen), and ribosomal RNA was removed by the Ribo Zero rRNA Removal Kit (Illumina). Using the Nextera XT DNA Library Preparation Kit (Illumina, San Diego, CA), cDNA produced by reverse transcriptase and dNTP (Thermo Fisher) were constructed with Libraries of DNA, then Libraries were purified and fragments were screened by magnetic beads. By Qubit dsDNA HS Assay Kit and the High Sensitivity DNA Assay Kit (Agilent), quality of the libraries was assessed on the Agilent 2100 bioanalyzer. Illumina Nextseq CN500 sequencer with 75 single-end sequencing cycles, yielding about 20 million reads per cell load the library pool. Sterile deionized water was prepared as negative controls (NTC) alongside each batch using the same protocol.

Bioinformatics information. High-quality sequencing data were processed by removing low-quality and short reads (< 40bp) reads, and filtering out human host sequences using Burrows-Wheeler Alignment (hg38 and YH sequences). The remaining data, after removing low-complexity reads, were categorized by simultaneous alignment with four microbial genome databases consisting of sort of pathogens, including, viruses, bacteria, fungi, and parasites. From public databases such as NCBI, EBI, or GenBank, the categorized databases were downloaded and optimized. Then a large number of parameters for pathogen identification were calculated and extracted from the microbial gene database information, and the etiology results of mNGS were finally obtained through the interpretation of clinical microbiology experts.




2.7 Statistical analysis

Data statistical analysis was performed using IBM SPSS Statistics 21.0 (IBM, NY, USA). Normality tests were conducted on measurement data. Normally distributed measurement data were represented as mean (M) ± standard deviation (SD), and independent sample t-tests were used for inter-group comparison. Non normally distributed measurement data were represented by median and interquartile intervals, median (interquartile range [IQR]), and Wilcoxon Mann-Whitney tests were used for inter-group comparison. Enumeration data were expressed as frequency and rate, and inter group comparison were performed using chi-square tests. Variables with statistically significant differences in the results of univariate analysis were included in multivariate logistic regression analysis to identify independent risk factors for 28-day mortality. A supplementary analysis of the Variance Inflation Factor (VIF) to identify the correlation between variables in multiple regression model. By Log rank test, Kaplan-Meier curves were generated to compare 28-day survival rates among different variables. The area under the curve (AUC) of the receiver operating characteristic (ROC) was calculated to evaluate the effectiveness of each parameter and the joint predictive model. All tests were conducted using a bilateral test, with α=0.05 was used as the significance level.





3 Results

Of the 149 cases, 75 with a diagnosis of p-ARDS were extracted from our database (Figure 1).




Figure 1 | Flowchart of Patient recruitment.





3.1 Clinical variables and outcome



3.1.1 Demographic characteristics

75 patients participated in the study, comprising 45 males and 30 females, with an average age of 66 (51, 70) years. Among them, 32 patients (42.67%) were categorized in the survival group, while 43 patients (57.33%) were in the deceased group. The average age of patients in the deceased group was 68(59,73) years, which was older than those in the survival group with 59(44,67) years, showing a statistical difference (P=0.004).The predominant comorbidity among the p-ARDS population was immunosuppressive diseases, including autoimmune diseases, hematologic diseases, neoplastic diseases, and organ transplantation, accounting for 52.0%. Other common comorbidities in the p-ARDS population included cardiovascular disease (32/75, 42.67%), diabetes (12/75, 16.0%), chronic lung diseases (11/75, 14.67%), cerebrovascular disease (11/75, 14.67%) and chronic kidney disease (9/75, 12.0%), with no statistical differences between the two groups (P>0.05). The prevalence of smoking and drinking showed no statistical differences between the survival and deceased groups (history of smoking, 20(62.5) vs. 29(67.4), P=0.656; history of drinking, 25(78.1) vs. 35(81.4), P=0.726). The onset time of ARDS in the survival group (72 [48, 120] days) was similar to that in the deceased group (72 [24, 144] days). The IMV duration in the survival group (0(0,156) hours) was significantly shorter than deceased ones (99(21,231) hours, P<0.001). While application ratio of the adjunctive treatment, PPV, was similar in the two group (5(16.67%) vs. 13(30.23%), P=0.186) (Table 1).


Table 1 | Patients’ demographic characteristics.






3.1.2 Laboratory data

Although the APACHE II scores and P/F ratio on the 1st day did not differ between the groups, the deceased group exhibited higher APACHE II scores on the 3rd and 7th days compared to the survival group (3rd day, 20(15,23) vs. 20(15,23), P<0.001; 7th day, 19(13,23) vs. 10(6,15), P<0.001). Additionally, the deceased group had lower P/F ratios (3rd day, 101.52(68.99,147.66) vs. 124.76(102.15,237.03), P=0.033; 7th day, 111.81(73.55,155.44) vs. 178.33(131.58,248.92), P=0.001). The lymphocyte count in deceased group was 0.41(0.22,0.82)×109/L, which was lower than that in the survival group 0.70(0.46,1.03)×109/L, with a significant difference (P=0.018). Meanwhile, not only the total number of lymphocyte subsets CD3+ T cell of deceased patients were slightly lower than in the survival group (293.47(136.07,598.98)/uL vs. 562.36(302.42,926.10)/uL, P=0.019), but also CD8+ T cell counts were lower in deceased group compared to the survival group (138.00(66.32,208.84)/uL vs. 247.93(134.65,356.00)/uL, P=0.005). However, no significant differences were observed in routine blood tests, renal function, liver function, inflammatory markers, and cytokine levels between the two groups (Table 2).


Table 2 | Patients’ laboratory data.



These above findings suggested a close relationship between immune status and prognosis. So we made an extra comparison. Patients were divided into immunosuppressive group (N=39) and immunocompetent group (N=36), according to the underlying disease and medication history (Ramirez et al., 2020). The comparison of laboratory data showed that immunosuppressive p-ARDS patients had higher APACHE II scores on the 3rd and 7th days, lower WBC count, lower PLT count, lower Neutrophil count, lower TBIL and lower CD4+ T cell count than the immunocompetent ones (Supplementary Table 1 in the supplement).




3.1.3 Patients’ outcome

There were statistically significant differences in both ICU mortality and 90-day mortality between the two groups (survival group vs deceased group, ICU mortality, 0% vs. 18.6%, P=0.010; 90d mortality, 0% vs. 100.0%, P<0.001). The average length of ICU was 9(5,13) days and the average LOS was 14(7,21) days. The length of ICU in the survival group was 11 (7, 17) days, which was significantly longer than in the deceased group (8(4, 11) days, P=0.018). However, there was no statistically significant difference in LOS between the two groups (survival group: 17(9, 27) days vs. dead group: 12(6, 19) days, P=0.067) (Table 3).


Table 3 | Patients’ outcome.



The immunosuppressive group had higher mortality of ICU, 28-day and 90-day than immunocompetent group (immunosuppressive group vs immunocompetent group, ICU mortality, 15.38% vs. 5.56%, P=0.316; 28-day mortality, 66.67% vs. 47.22%, P=0.089; 90-day mortality, 71.79% vs. 50%, P=0.053), but without significant differences (Supplementary Table 2 in the supplement).

Moreover, as P/F is the widely recognized indicators for mortality prediction, we conducted the comparison between the different severity groups. The mild ARDS gourp (P/F 200~300mmHg), including 8 patients, had the lowest mortality both of ICU, 28-day and 90-day [ICU, 0(0.00%), 28-day, 3(37.5%), 90-day, 3(37.5%)]. while severe ARDS gourp (P/F ~100mmHg), including 31 patients, had the highest mortality both of ICU, 28-day and 90-day (ICU, 3(9.7%), 28-day, 21(67.7%), 90-day, 22(71.0%)], but there were not statistically significant differences in mortality in the three groups (Supplementary Table 3 in the supplement).

Then, according to APACHE II score on 1st day (cut-off value, 13), CD8+ T cell (cut-off value, 220/uL), and length of ICU (cut-off value, 13 days), Kaplan-Meier survival curves were performed (Figure 2). No significant differences in cumulative survival were observed between the patients with APACHE II score on 1st day (P=0.101, Figure 2A). But the patients with averaged CD8+ T cell count ≥ 220/uL exhibited a higher cumulative survival for 28-day mortality compared to those with counts below 220/uL (P=0.002, Figure 2B). Additionally, patients with a length of ICU exceeding 13 days demonstrated higher cumulative survival than those with below 13 days (P=0.004, Figure 2C).




Figure 2 | Kaplan-Meier survival curves for 28-day survival of p-ARDS patients with different indexes. (A) No significant differences in survival rate between the patients with different APACHE II score on 1st day (P=0.101). (B) The patients with averaged CD8+ T cell count ≥ 220/uL exhibited a higher survival rate than those with counts < 220/uL (P=0.002). (C) The patients with a length of ICU ≥ 13 days had a higher survival rate than those with below 13 days (P=0.004).



In the population of patients with p-ARDS, our analysis revealed that age, APACHE II score on the 3rd and 7th day and CD8+ T cell count as independent risk factors for 28-day mortality in p-ARDS patients, as determined by multivariate logistic regression analysis (Table 4). Considering the potential interactions between variables in multiple regression models, we conducted a supplementary analysis of the Variance Inflation Factor (VIF). The analysis showed that the VIF values of all 8 models were less than 5, indicating that there was no significant correlation between the included variables. Then, the effectiveness of each parameter was evaluated using the area under the curve (AUC) of the receiver operating characteristic (ROC) curve. Subsequently, a comprehensive risk prediction model was constructed, incorporating variables such as age, APACHE II scores on days 1, 3, and 7, CD8+ T cell count and length of ICU. This model exhibited a sensitivity of 87.1%, specificity of 92.3%, and an AUC of 0.928 (Figure 3; Tables 4, 5).


Table 4 | Association between risk factors and 28-day mortality risk.






Figure 3 | Receiver operating curves (ROC) for predicting 28-day survival of p-ARDS with different related variables. 1d, 1st day; 3d, 3rd day; 7d, 7th day; APACHE II score, acute physiology and chronic health evaluation II score.




Table 5 | Predictive analysis of the 28-day outcome of p-ARDS patients.







3.2 Etiology

Compared with traditional microbiological methods, the overall positive detection rate of pathogens was significantly higher with metagenomics next-generation sequencing (mNGS) (70/75, 93.33% vs. 50/75, 66.67%, P=0.022). Additionally, the average turnaround time (TAT) of mNGS was notably shorter at 1(1,1) day, compared to traditional methods, which had a TAT of 4(3,5) days (P<0.001) (Figures 4, 5; Table 6).




Figure 4 | The overall detection rate and different pathogens detection rate of traditional microbiological methods and mNGS. mNGS, metagenomics next-generation sequencing.






Figure 5 | The detection of pathogens of traditional microbiological methods and mNGS. mNGS, metagenomics next-generation sequencing.




Table 6 | Patients’ etiology.



Although there was no statistically significant difference in the positive detection rate between mNGS and traditional methods within either the survival group or the deceased group, the overall positive detection rates using mNGS plus traditional methods were significantly different between the survival and deceased groups. Specifically, compared to the survival group, the deceased group exhibited higher positive detection rates of bacteria, fungi, and viruses, and also had a higher rate of detecting more than two types of pathogens (Figures 4, 5; Table 6).

The overall positive pathogen detection rate in deceased group was higher than that in survival group, with 79.1% of cases indicating bacterial infection, 83.7% indicating fungal infection, and 83.7% indicating viral infection, compared to the survival group (56.3% bacterial infection, 62.5% fungal infection, and 62.5% viral infection, P<0.05). Furthermore, the occurrence of mixed infections with more than two pathogens in the deceased group (58.1%) was higher than that in the survival group (18.8%). The top 10 prevalent pathogens identified by mNGS included Pneumocystis jiroveci, Torque teno virus (TTV), human herpesvirus 4 (HHV-4), Enterococcus faecium, Candida albicans, CMV, Klebsiella pneumoniae, Aspergillus fumigatus, HHV-1 and Acinetobacter baumannii. These pathogens differed from those identified by traditional methods, which included CMV, Klebsiella pneumoniae, Acinetobacter baumannii, Pneumocystis jiroveci, and Aspergillus fumigatus (Figures 5, 6).




Figure 6 | Top 10 pathogens detected by mNGS (above) and top 5 pathogens detected by traditional microbiological methods (below) in the two groups.







4 Discussion

In this retrospective study, we enrolled a total of 75 pulmonary-associated acute respiratory distress syndrome (p-ARDS) patients and objected to assess the etiological diagnostic value of metagenomics next-generation sequencing (mNGS) compared to the traditional microbiological methods. We found mNGS had not only higher positive detection rate, but also shorter turnaround time than traditional method. Subsequently we identified the clinical characteristics and risk factors for 28-day mortality. Results showed that independent risk factors for 28-day mortality in p-ARDS patients included age, APACHE II score on 3rd and 7th days, CD8+ T cell counts and length of ICU.

The average age of deceased p-ARDS patients was 68 years, which was significantly older than the survival ones. This difference prognosis may be attributed to the presence of multiple comorbidities and poor functional status among elderly patients (Patel et al., 2024; Wu et al., 2024). Consistent with findings from the LUNGSAFE study, older ARDS patients with a mean age of 61 years, had a higher in-hospital mortality rate than those below 61 years (Bellani et al., 2016a). Recent studies also suggested that age is independently associated with increased mortality in ARDS patients (Song et al., 2020; Sehgal et al., 2021). So, we should pay more attention to the elderly ARDS patients.

In addition to age, immune status also played an important role in prognosis. The prevalence of immunosuppressive diseases, including autoimmune diseases, hematologic diseases, neoplastic diseases and post-organ transplantation, was higher in the deceased p-ARDS patients. Their lymphocyte count and lymphocyte subsets (CD3+ T and CD8+ T cells) counts were significantly lower than survival ones. The immunosuppressive p-ARDS patients had higher APACHE II score, lower WBC count, PLT count, neutrophil count and CD4+ T cell count, as well as higher mortality than immunocompetent ones. These findings suggest a close relationship between immune status and prognosis. which was consistent with previous reports. Existing literature showed that immunosuppressive patients are more susceptible to ARDS, with greater severity, less responsiveness to various treatments, and higher mortality compared to immunocompetent patients (Azoulay et al., 2018; Cheng et al., 2022).

Interestingly, while most of previous studies have emphasized the crucial role of CD4+ T cells in immune status (Freiwald et al., 2020; Wik and Skålhegg, 2022), our study revealed no significant difference in CD4+ T cell counts between survival and deceased patients with p-ARDS. Conversely, we found significant differences in CD8+ T cell counts. Multivariate logistic regression analysis and Kaplan-Meier curves also demonstrated a close association between low CD8+ T cell counts and 28-day mortality outcomes in p-ARDS patients. This result may be related to the function of CD8+ T cell. CD8+ T cells, as adaptive immune killer cells, play a crucial role in eliminating infected cells and tumor cells. A decrease in peripheral blood CD8+ T cell counts may indicate migration to infected sites, contributing to inflammatory reactions and reflecting worsening patient condition (Li et al., 2020; Wang et al., 2020; Bergamaschi et al., 2021). Similar research can be found in sepsis patients, where reductions in peripheral blood CD8+ T cell count were observed in sepsis patients with deteriorating conditions (Tang et al., 2023).

We often think that patients with mild illness have a shorter hospital stay than those with severe illness. But our statistical analysis revealed that the deceased p-ARDS had a shorter length of ICU compared to the survival patients, which was different from conventional cognition. This observation may be attributed to the high mortality within 7~14 days in ARDS, especially in severe ARDS patients. Rapid exacerbation seen in the deceased group, leading to insufficient treatment time, poor outcomes and short LOS. Similar results in the SOAP study, which included 393 ARDS patients, revealed severe ARDS had shorter length of ICU and length of hospital stay than less severe ARDS patients (Vincent et al., 2010). The longer length of ICU observed in surviving p-ARDS patients in our study may be multifactorial, possibly related to an increased rate of more complications, more adjunctive treatments or hospital-acquired infections, as suggested by some studies (Vincent et al., 2010; Grasselli et al., 2019). But to confirmed the multi-factors need further researches.

Although we have made comprehensive treatment and advanced life support treatment, the mortality of p-ARDS patients is still high. The overall ICU mortality rate of ARDS was 18.6%, consistent with current literature data (Bos and Ware, 2022). However, the 28-day mortality rate was as high as 57.33%, much higher than ICU mortality, which may be attributed to several factors. Firstly, some patients who survived in the ICU may have opted to discontinue hospitalization due to economic or family reasons, resulting in subsequent mortality after discharge. Secondly, literature indicates that the long-term quality of life and survival rates of ARDS patients are significantly decreased, leading to a much higher 28-day mortality rate compared to the ICU mortality rate (Combes et al., 2018). In addition, as the severity of the condition worsens, the mortality rate of both ICU, 28-day and 90-day in ARDS patients significantly increases. Therefore, detection of the pathogenic factors of p-ARDS as early as possible and timely control of ARDS progression, are crucial to improve patients’ prognosis.

High mortality of p-ARDS can be attributed to multiple-pathogenic infections, including rare and emerging microorganisms, particularly in immunosuppressive hosts. In our study, we found deceased p-ARDS patients have high the overall detection and occurrence of mixed infections with >2 pathogens. As their critical condition, prolonged mechanical ventilation and numerous invasive life support interventions such as ECMO were often necessitated, which significantly increased the risk of polymicrobial infections and drug-resistant bacterial infections. So, mNGS was used as a promising tool for its rapid turnaround time and high sensitivity in p-ARDS, especially for rare, novel, and complicated infections (Shi et al., 2022). Common in-hospital pathogens such as Klebsiella pneumoniae, Acinetobacter baumannii and Enterococcus faecium with high rate of multi-drug-resistance were most prevalent in p-ARDS. Pathogens with historically low incidence rates, such as Candida albicans, CMV and Aspergillus fumigatus were also extensively detected, possibly due to the immunosuppressive status and invasive treatments of p-ARDS patients. Rare pathogens like Pneumocystis jiroveci were mostly detected by mNGS, primarily infected hosts with immunosuppression. Pathogens with lower pathogenicity, such as Torque teno virus (TTV) and HHV-4, were also evaluated in our study, with many being involved in mixed infections with other pathogens. They may also reflected the patients’ impaired immune status and severe condition. Although mNGS has the high detection rate of pathogens, it also has the false negative outcome, like the traditional method. The highest negative predictive value of mNGS is 97.89%, but not 100% (Qian et al., 2022). In our study, we found few cases of double negative detected pathogen. We still diagnosed them with p-ARDS, combining their underlying disease, immune status, laboratory test results, imaging manifestations of DR, CT or lung-ultrasound, and response to antimicrobial therapy. So we should make a comprehensive diagnosis in pathogens according to clinic, not only rely on the mNGS.

There are several limitations to our study, notably the small, enrolled sample size of 75 patients. It’s essential to validate the diagnostic efficacy of mNGS for both pathogenic and background pathogens with larger sample sizes to draw more reliable conclusions. The data collected primarily at the time of patient enrollment lacks trends in data changes during treatment, thereby limiting our ability to assess changes in patient condition.




5 Conclusion

Metagenomic next-generation sequencing (mNGS) proves to be a valuable tool in determining the etiology of p-ARDS. The turnaround time of mNGS has been confirmed to be faster than traditional method, which is beneficial in the timely diagnosis of infections. Another important advantage of mNGS is its capability to detect pathogens in mixed infections and drug-resistance within a short time frame, a challenge for traditional microbiological detection. This direct typing enables immediate initiation of targeted treatment and optimized treatment process for infections. Therefore, early application of mNGS is recommended for severe p-ARDS patients as early as possible. Meanwhile, older age, higher APACHE II score, lower CD8+ lymphocyte count and shorter length of ICU were associated with a greater risk of mortality in p-ARDS patients, highlighting the need for increased attention to elderly patients, immune status and timely assessment of patients’ condition.
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Objective

To explore the clinical utility of metagenomic next-generation sequencing (mNGS) in diagnosing invasive pulmonary aspergillosis (IPA) among patients with acute exacerbation of chronic obstructive pulmonary disease (AECOPD) in the intensive care unit (ICU).





Methods

A retrospective analysis was conducted on patients with AECOPD admitted to the ICU of Xinxiang Central Hospital in Henan Province, China, between March 2020 and September 2023, suspected of having IPA. Bronchoalveolar lavage fluid (BALF) samples were collected for fungal culture, the galactomannan (GM) test, and mNGS. Based on host factors, clinical features, and microbiological test results, patients were categorized into 62 cases of IPA and 64 cases of non-IPA. Statistical analysis was performed to compare the diagnostic efficacy of fungal culture, the serum and BALF GM test, and mNGS detection for IPA in patients with AECOPD.





Results

1. The sensitivity and specificity of mNGS in diagnosing IPA were 70.9% and 71.8% respectively, with the sensitivity of mNGS surpassing that of fungal culture (29.0%, P<0.01), serum GM test (35.4%, P<0.01), and BALF GM test (41.9%, P<0.05), albeit with slightly lower specificity compared to fungal culture (90.6%, P >0.05), serum GM test (87.5%, P >0.05), and BALF GM test (85.9%, P >0.05).Combining fungal culture with the GM test and mNGS resulted in a sensitivity of 80.6% and a specificity of 92.2%, underscoring a superior diagnostic rate compared to any single detection method. 2.mNGS accurately distinguished strains of the Aspergillus genus. 3.The area under the ROC curves of mNGS was 0.73, indicating good diagnostic performance. 4.The detection duration for mNGS is shorter than that of traditional fungal culture and GM testing.





Conclusion

mNGS presents a pragmatic and highly sensitive approach, serving as a valuable complementary tool to conventional microbiological tests (CMT). Our research demonstrated that, compared to fungal culture and GM testing, mNGS exhibits superior diagnostic capability for IPA among patients with AECOPD. Integration of mNGS with established conventional methods holds promise for improving the diagnosis rate of IPA.
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Introduction

Chronic obstructive pulmonary disease (COPD) is a chronic, non-specific inflammatory airway disease characterized by persistent and progressively worsening airflow obstruction and alveolar destruction. The 2023 Global Initiative for Chronic Obstructive Lung Disease (GOLD) version defines acute exacerbation of COPD(AECOPD) as an acute event characterized by deterioration in dyspnea and/or cough with sputum production among patients with COPD, occurring within 14 days, possibly accompanied by tachypnea and/or tachycardia (Zantah et al., 2020). In the ICU, certain critically ill patients are often subjected to prolonged courses of broad-spectrum antibiotics, glucocorticoids, invasive mechanical ventilation, and central venous catheterization (Huang et al., 2017). These factors collectively contribute to a mounting incidence of IPA among patients experiencing AECOPD, significantly compromising their prognosis and survival duration. Literature reports indicate that over 10% of COPD patients develop IPA, with mortality rates ranging from 50% to 100% when COPD is compounded by IPA. Therefore, there is an urgent need for early diagnosis and treatment of IPA.

Currently, common diagnostic methods for aspergillosis include fungal culture, the (1,3)-β-D glucan (G test), and the galactomannan (GM) test. However, these methods exhibit certain limitations, such as time-consuming procedures and low diagnostic rates. Additionally, the clinical manifestations of IPA lack specificity, leading to a decreased rate of diagnosis and delayed antifungal treatment, ultimately resulting in elevated mortality rates.Therefore, early diagnosis of IPA is essential.

The rapid advancements in genome sequencing technologies and bioinformatics approaches offer robust solutions to tackle these clinical diagnostic challenges. mNGS emerges as a promising microbial identification technique. It operates independently of culture and hypotheses, serving as a broad-spectrum sequencing method capable of circumventing the limitations of existing diagnostic tests. It facilitates direct pathogen detection without reliance on primers or probes. While mNGS has found widespread application in diagnosing microbial pathogens, its clinical utility in pulmonary aspergillosis remains relatively unexplored (Denning, 2015; Bao et al., 2022). Previous research findings predominantly stem from case reports and small case series, providing constrained clinical insights and evidence.

In this study, we investigated patients with AECOPD complicated by IPA. We compared the diagnostic efficacy of mNGS with that of fungal culture, as well as that of serum and BALF GM tests.





Materials and methods




Study design and participants

This is a retrospective study involved patients with AECOPD admitted to the ICU of the Xinxiang Central Hospital between March 2020 and September 2023. Eligible patients were those suspected of having IPA, meeting specific criteria: (1) presence of host factors: such as prolonged corticosteroid use exceeding 3 weeks, AECOPD, extended ICU stay, prolonged mechanical ventilation, indwelling catheters, total parenteral nutrition, and prolonged broad-spectrum antibiotic usage; (2)Primary clinical characteristics, including: a. Fever persisting for >96 hours with no improvement despite aggressive antibiotic therapy. b. Symptoms and signs of pulmonary infection. c. Chest CT showing lesions such as “halo sign” and “crescent sign”. (3) completion of bronchoalveolar lavage; (4) availability of culture, GM, and mNGS results (Russo et al., 2011; Otu et al., 2023). The final diagnosis was established based on the patients’ host factors, clinical characteristics, and microbiological test results, the final diagnosis was established. These patients were suspected of IPA, with a total of 126 patients included (62 with IPA and 64 without IPA) (Figure 1).




Figure 1 | Flowchart of case selection.



This study was approved by the Ethics Committee of Xinxiang city Central Hospital, Henan Province, China. Individual consent for this retrospective analysis was waived.





Data collection

Demographic and clinical data were extracted from electronic medical records (EMRs), including age, gender, diagnosis of underlying diseases, smoking history, dosage of steroids used, duration of antibiotic therapy, laboratory test results, characteristics during ICU treatment (such as length of ICU stay, duration of central venous catheterization, SOFA score, duration of mechanical ventilation, rapid shallow breathing index (RSBI), etc.).





Criteria of diagnosis of IPA and identification of pathogens

The diagnostic criteria for IPA were as follows: (1) Confirmed diagnosis: histopathology confirmed as fungi (independent of host factors and clinical features); or the presence of at least one host factor coupled with one major clinical feature or two minor clinical features, along with fungal identification in blood and secretions cultures. (2) Clinical diagnosis: simultaneous manifestation of at least one host factor, one major clinical feature, or two minor clinical features indicative of invasive pulmonary fungal disease, and microbiological evidence. (3) Possible diagnosis: simultaneous occurrence of at least one host risk factor, one major clinical feature, or two minor clinical features indicative of invasive pulmonary fungal disease (Ader et al., 2005; Tiew et al., 2022).

mNGS pathogen detection: BALF samples were obtained from all ICU-admitted patients within 48 hours of admission.While patients were under sedation, BALF samples were collected from the bronchial segment displaying severe lesions based on imaging findings. Each BALF sample had a minimum volume of 10 mL.Samples from the experimental group were dispatched to the Guangzhou Weiyuan Genomics Company for mNGS analysis.The specific steps were as follows: The BALF was processed using the Bioprep-24 biological sample homogenizer (/Tiangen Biotech Co., Ltd.China). Subsequently, 300μL of processed BALF was subjected to total DNA extraction using a DNA extraction kit. The extracted RNA was reverse transcribed into cDNA using reverse transcriptase (Thermo Fisher Scientific) and dNTPs, and DNA libraries were constructed. The prepared libraries underwent purification, amplification, and further purification. The concentration of the libraries was quantified using the Qubit 4.0 Fluorometer (Thermo Fisher Scientific).The libraries were then loaded onto the Illumina Nextseq CN500 sequencer for 75 single-end sequencing cycles. After sequencing, low-quality sequences were removed using Trimmomatic software to obtain high-quality data. The remaining microbial sequences were aligned to the microbial database constructed by Weiyuan Gene Company (Guangzhou, China). Subsequently, the aligned data were categorized and sorted according to viruses, bacteria, fungi, and parasites. Species-specific sequence reads (SSRN), relative abundances, identification confidences, and other information were obtained.

Traditional fungal culture: BALF specimens were inoculated onto Sabouraud’s dextrose agar plates and incubated in a fungal culture incubator at 28°C for 4–7 days. A fungal culture count of ≥105 CFU/mL was deemed positive.

GM Test: The GM test employs a chemiluminescence method, wherein a GM concentration of ≤0.25 ug/L is deemed negative, while a concentration of ≥0.45 ug/L is considered positive. For concentrations ranging from 0.25 to 0.45 ug/L, results are considered indeterminate and should be evaluated comprehensively based on clinical findings.





Evaluation criteria and observational indices

(1)Analyze the distribution of pathogens detected by mNGS and traditional Aspergillus culture<n.o></no> (2) The diagnostic efficacy of mNGS, traditional fungal detection, and combination testing was compared. The sensitivity, specificity, negative predictive value (NPV), positive predictive value (PPV) and J-index of mNGS, traditional fungal detection, the serum GM test, the BALF GM test,and combination testing were calculated and compared. (3) Finally, the time required for Aspergillus detection using mNGS, traditional fungal culture, and the GM test was compared.





Statistical analyses

SPSS version 23.0 software was utilized for analysis. Normally distributed continuous data were expressed as mean ± standard deviation (x̅ ± s), and compared between groups employing independent sample t-tests.






Results




Clinical characteristics

During the study period, a total of 130 patients with AECOPD suspected of harboring IPA infection were enrolled. Four patients were excluded owing to incomplete clinical data, resulting in 126 patients being included in the final analysis, with 62 classified as patients with IPA and 64 as non-IPA patients. A comparison and summary of demographic and clinical characteristics between the two groups were conducted, encompassing gender, age, Body Mass Index(BMI), hypoalbuminemia, neutrophil (NEUT#)/lymphocyte (LYMPH#) ratio, revealing no significant differences between the IPA and non-IPA groups. The levels of the inflammatory factor IL-6 were significantly higher in the IPA group compared to the non-IPA group(P < 0.05). However, patients with AECOPD with a history of smoking, corticosteroid use, and antibiotic use exhibited a higher propensity for IPA development compared to non-IPA patients (P < 0.01). Throughout their ICU hospitalization, clinical indicators of both patient groups, such as length of ICU stay, duration of indwelling central venous catheter, duration of mechanical ventilation, rapid shallow breathing index, and incidence of septic shock, exhibited statistically significant differences (P < 0.05).The primary characteristics of all eligible patients are detailed in Table 1.


Table 1 | Demographic and clinical profiles of the study cohort.







Classification of Aspergillus detected through mNGS and traditional fungal culture

mNGS detected 49 strains encompassing various Aspergillus species, whereas traditional culture identified 22 fungal strains. Table 2 illustrates the distribution of these various Aspergillus species, and Figure 2 shows the composition ratios of these different Aspergillus species..


Table 2 | Classification of Aspergillus detected through mNGS and traditional fungal culture.






Figure 2 | The proportions of various types of Aspergillus detected by mNGS.







Comparison of Sensitivity, Specificity, PPV, NPV, and J-index among fungal culture, serum GM test, BALF GM test, mNGS, and combination test

We compared the differences in sensitivity, specificity, positive predictive value, negative predictive value, and J-index among fungal culture, serum GM test, BALF GM test, mNGS, and combination test (Table 3). The sensitivity of mNGS for diagnosing IPA was 70.9%, higher than that of traditional fungal culture (29.0%), serum GM test (35.4%) and BALF GM test (41.9%) (P<0.05) (Figures 3A–C). The sensitivity of BALF GM testing (41.9%) exceeds that of serum GM testing (35.4%), with no statistically significant difference between the two groups(P>0.05) (Figure 3D). When mNGS was combined with the GM test, and fungal culture, the sensitivity increased to 80.6%, surpassing that of any single method.


Table 3 | Comparison of sensitivity, specificity, PPV, NPV, and J-index among fungal culture, serum GM test, BALF GM test, mNGS, and combination test.






Figure 3 | Comparative analysis of sensitivity across various diagnostic methods for suspected IPA. (A–C) The sensitivity of mNGS was 70.9%, higher than that of traditional fungal culture (29.0%, P<0.01), serum GM test (35.4%, P<0.01) and BALF GM test (41.9%, P<0.01). (D) The sensitivity of BALF GM testing (41.9%) exceeds that of serum GM testing (35.4%), with no statistically significant difference between the two groups (P>0.05).







Comparison of the diagnostic efficacy of mNGS, fungal culture, the GM test, and combination testing

The area under the ROC curves (AUC) for combined detection, mNGS, GM, and conventional culture were 0.872, 0.73, 0.655, and 0.614, respectively. This suggests that mNGS has a higher diagnostic value for IPA compared to GM and culture alone, and combination testing has the highest diagnostic value for IPA. Figure 4 illustrates the comparative diagnostic efficacy of mNGS, fungal culture, GM test (BALF), and combination testing.




Figure 4 | Comparison of different diagnostic methods through the ROC curve.







Comparison of detection time

The detection time of mNGS proved shorter compared to traditional fungal culture and GM test (P < 0.05). Table 4 compares the detection times of mNGS, fungal culture, and GM testing.


Table 4 | Comparison of detection time of mNGS, culture, and GM testing.



The difference was significant between culture and mNGS (P < 0.05).

The difference was significant between BALF GM test and culture (P < 0.05).






Discussion

Aspergillus is widespread in nature and can be found in moldy grains, feed, water, soil, clothing, and furniture. For healthy individuals with normal immune function, ciliary movement in the airways, and phagocytosis by immune cells effectively eliminate inhaled Aspergillus fungi (Yang et al., 2022). Despite the daily inhalation of Aspergillus spores, Aspergillus infections are rare. On the contrary, for individuals receiving immunosuppressive therapy, neutropenic following bone marrow transplantation, or undergoing chemotherapy, these individuals have weakened immune function, making them susceptible to IPA.

Recently, patients with AECOPD in the ICU have been identified as a potential high-risk population for IPA. On the one hand, declining lung function, prolonged exposure to chronic hypoxia, reduced quantity of airway epithelial cilia, and impaired ciliary motility diminish the airway’s defense and clearance mechanisms against Aspergillus, facilitating Aspergillus colonization (Niu and Zhao, 2022). On the other hand, the use of corticosteroids and antibiotics, mechanical ventilation, central venous catheterization, inadequate nutritional intake, and other measures heighten the risk of developing IPA (Chen et al., 2022).

Currently, in all patients with AECOPD, particularly those admitted to the ICU, suspicion of IPA should be raised when presenting with fever refractory to antibiotic treatment, anomalous chest CT scans, and evidence of fungal elements in respiratory samples, AECOPD complicated by IPA is associated with a mortality rate exceeding 50%, emphasizing the crucial importance of early and accurate diagnosis. However, owing to the lack of specific clinical manifestations and precise early diagnostic tools, discerning IPA from bacterial infections, other fungal infections, and malignancies can prove challenging at times (Guinea et al., 2010).

Presently, traditional methods for detecting Aspergillus encompass fungal culture, the G test, the GM test, and antibody detection techniques. Fungal culture serves as the fundamental diagnostic method for IPA, enabling species identification and in vitro drug sensitivity testing of fungal pathogens. Conventional microbial culture relies on the growth rate of live microorganisms, with the culture period for common bacterial pathogens typically requiring at least 8 hours and for fungi at least 5 days (Molinos-Castro et al., 2020). In contrast, mNGS provides test results within 24 hours of sample collection, significantly shortening the detection time. According to various studies, the positive rate of fungal culture in respiratory samples from patients with IPA varies from 11.8% to 50% (Hammond et al., 2020). However, Aspergillus colonization in the airways may lead to false-negative or false-positive results. In this study, the sensitivity of respiratory sample culture for diagnosing IPA was only 29%, significantly lower than that of mNGS. GM, present on the cell walls of various fungi, is released into the blood and other body fluids during hyphal growth and is commonly utilized for early screening and continuous monitoring of Aspergillus infections. GM serves as a reliable serum marker for clinical adjunctive diagnosis of IPA. Continuous monitoring of serum GM levels in high-risk patients, such as COPD, tumors, and organ transplant recipients, facilitates the early identification and recognition of infections (Everaerts et al., 2018; Diao et al., 2022). In immunocompetent patients, neutrophils impede Aspergillus entry into the bloodstream and can engulf GM antigens, thereby diminishing the sensitivity of serum GM testing (Huang et al., 2020). A study revealed that in patients lacking neutropenia, the sensitivity of BALF GM detection reaches 87%, whereas serum GM detection yields a sensitivity of only 42% (Jenks et al., 2020).Our experiment suggests that the sensitivity of BALF GM testing (41.9%) for diagnosing IPA surpasses that of serum GM testing (35.4%), with no statistically significant difference between the two groups, possibly due to prior antifungal therapy received by the patients.

Additionally, the definitive diagnosis of IPA necessitates a lung biopsy demonstrating invasive growth and yielding positive culture (Xie et al., 2019). However, conducting such biopsies in ICU patients with AECOPD often poses significant risks due to hemodynamic and respiratory instability, along with potential coagulation disorders (Miao et al., 2018; Chen et al., 2021). Therefore, clinicians frequently encounter challenges in obtaining adequate biopsy samples from the infection site, thereby amplifying the risk of false-negative results (Wu et al., 2020).

In such circumstances, the importance of developing and implementing faster and more accurate detection methods is highlighted, mNGS technology demonstrates unique advantages (Zhu et al., 2023). mNGS, a high-throughput DNA sequencing technique, enables rapid and comprehensive pathogen detection without requiring primers or probes. It identifies the genomes of all microorganisms, including bacteria, viruses, and fungi, irrespective of prior knowledge of microbial species in the sample (Zhan et al., 2021). This renders mNGS advantageous in diagnosing complex infections. It is undeniable that NGS has received considerable attention in the field of respiratory infections and fundamentally transformed our comprehension of the airway (Kim et al., 2021).

However, despite numerous studies reporting the clinical applications of mNGS, most of them have summarized retrospective analyses of various patient populations. Moreover, there are fewer reports on the utilization of mNGS in early diagnosis of IPA. Some studies have shown that in patients with neutropenia, the sensitivity of mNGS for diagnosing IPA in BALF is 92.31%, higher than traditional detection methods or GM testing. The AUC of BALF mNGS is 0.925, indicating good performance. In the diagnosis of invasive fungal infections (IFIs), the ROC curve indicates that the performance of mNGS (particularly lg(RPKM)) surpasses that of CMTs (Deng et al., 2023; Jia et al., 2023).In this study, we collected data from patients with AECOPD admitted to the ICU. Most of these patients exhibited characteristics such as long-term use of antibiotics and steroids, mechanical ventilation, central venous catheterization, and risk of malnutrition, all of which increase the risk of invasive aspergillosis infection. Through analysis, the diagnostic sensitivity of BALF mNGS was found to be 70.9%, higher than that of the BALF GM test (41.9%), serum GM test (35.4%) and traditional fungal culture (29.0%). BALF mNGS exhibited higher sensitivity and a shorter detection time, showing promise for improving treatment effectiveness in patients with AECOPD, however, its specificity falls below that of conventional culture methods.

This study also has some limitations. Firstly, it is a single-center study with a small sample size, potentially limiting its generalizability to a broader population. Consequently, the findings primarily reflect the detection performance of mNGS within a subset of patients from a single hospital (Wang et al., 2022; Shi et al., 2023). Future research should aim for multicenter mNGS testing to address the insufficient sample size. Secondly, the interpretation of mNGS results lacks a universally recognized standard, necessitating physicians to integrate patients’ medical histories, clinical presentations, and other laboratory test results to arrive at a final clinical diagnosis. This process often entails subjective judgment. Moreover, the high cost associated with mNGS limits its widespread implementation and imposes a significant financial burden on patients to some extent.
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Rhino-orbital-cerebral mucormycosis (ROCM) is a rare, invasive, and fatal fungal disease that is often easily misdiagnosed in the early stages due to the lack of specific clinical manifestations and adequate auxiliary examinations. Early diagnosis and timely therapy are essential for successful treatment. In this report, we presented a 46-year-old man with diabetes who experienced gradual vision loss, right ptosis, swelling, and headaches that progressively worsened to death within 4 days after admission. It was finally confirmed as a fungal Rhizopus arrhizus infection by metagenomics next-generation sequencing (mNGS). Our report has proved that mNGS testing should be strongly recommended in highly suspected patients.
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Introduction

Mucormycosis is a lethal, opportunistic infection disease caused by fungi of the order Mucorales, which primarily occurs in immunocompromised individuals with uncontrolled diabetes, ketoacidosis, hematological malignancies, allogeneic stem cell transplantation, and even coronavirus disease 2019 (COVID-19) infection (Bays and Thompson, 2019; Cornely et al., 2019; Chegini et al., 2020; Skiada et al., 2020; Dave et al., 2022). The diagnosis of mucormycosis is difficult and often delayed, while the disease progresses rapidly. Suspected cases need urgent intervention because of the rapidly progressive and destructive nature of the infection with high mortality. Mucormycosis is usually classified into the following clinical forms according to the specific clinical manifestations: pulmonary, cutaneous and soft-tissue, rhino-orbito-cerebral, gastrointestinal, renal, and abdominal (Cornely et al., 2019).

Rhino-orbital-cerebral mucormycosis (ROCM) is a common form of mucormycosis and typically develops in patients with uncontrolled diabetes, which usually originates from the paranasal sinus and subsequently invades the orbit, eye, and brain tissue (Bae et al., 2012; Vallverdu Vidal et al., 2017; Cornely et al., 2019). In the past few years, the incidence rate of this rare disease has been rising with advances in experimental and imaging systems, particularly in India and the Middle East in the COVID-19 era (Skiada et al., 2020; Azhar et al., 2022; Rudrabhatla et al., 2022; Abdorahimi et al., 2023; B et al., 2023).

In this case study, we present a 46-year-old man with diabetes who had a 3-day history of right ptosis, swelling, and headache and worsened to death only 4 days after presentation. Both metagenomics next-generation sequencing (mNGS) and targeted NGS (tNGS) have confirmed the diagnosis of ROCM in blood with Rhizopus arrhizus infection.





Case presentation

A 46-year-old man was hospitalized in the First Affiliated Hospital of Dalian Medical University on 4 October 2023, with a 3-day vision loss in the right eye and swelling, accompanied by a headache. Loss of vision in the right eye was gradual in onset and progressive. His medical history was poorly controlled diabetes and gout.

On admission, his physical examination presented swelling, proptosis, a mid-dilated and fixed pupil, unresponsiveness to light, no light perception, and restriction of extraocular movements of both eyes in all directions (Figures 1A–C). Laboratory evaluation revealed a white blood cell count of 18.3 × 109/L with 89% neutrophils. Computed tomography (CT) imaging of the head revealed bilateral maxillary and ethmoid sinusitis (Figure 1D). Based on the clinical signs and imaging results, the etiologies were considered inflammatory by multi-disciplinary treatment (MDT), and the patient was administered vancomycin and methylprednisolone sodium succinate after admission.




Figure 1 | Physical examination and CT image of the patient during administration. The ocular signs of physical examination on day 1 after admission (A–C). The orbital CT image on day 1 after admission showed bilateral maxillary and ethmoid sinusitis (D). The head CT image on day 3 after admission showed swelling of soft tissue around the right orbit, slightly aggravated compared to the first day after admission (E). The head CT image on day 4 after admission showed a low-density shadow in the bilateral frontal lobe and right anterior horn of the lateral ventricle (F).



Nevertheless, the patient’s condition did not improve after the initial treatment. The redness and swelling of the eyelids in both eyes gradually worsened, and the skin from the right orbit and right nasal wing to the tip of the nose was black and necrotic. On the third day after the presentation, the patient began to experience fever (with a maximum body temperature of 39°C) and complained of numbness in the right facial area. The result of a recheck of the head CT revealed the worsening of right eye swelling (Figure 1E).

The patient was suddenly subjected to left limb dysfunction and lisps without obvious inducement on the morning of the fourth day after the presentation. The head CT showed low-density shadows in the bilateral frontal lobe and right anterior horn of the lateral ventricle, as well as sinusitis (Figure 1F). The laboratory testing reported a white blood cell count of 18.82 × 109/L with 82.9% neutrophils and a PCT value of 1.86 ng/mL. Taking the increasing inflammatory level into consideration, the patient was administered vancomycin and meropenem.

Due to the rapid development of the patient’s condition, mNGS detection using a peripheral blood sample was performed to identify the potential pathogens in a rapid on-site mNGS platform in the hospital. QIAamp UCP Pathogen Mini Kit (QIAGEN, Hilden, Germany) was used for DNA extraction according to the manufacturer’s instructions. The extracted DNA was quantified using a Qubit dsDNA HS Assay Kit (Thermo Fisher, Massachusetts, USA). The library was constructed through DNA fragmentation, end-repair, adapter-ligation, and PCR amplification. Qubit and Agilent 2100 Bioanalyzer (Agilent Technologies, Santa Clara, CA, USA) were used to assess the quality of the DNA library. The qualified double-strand DNA library was transformed into a single-stranded circular DNA library through DNA denaturation and circularization. DNA nanoballs (DNBs) were generated from single-stranded circular DNA using rolling-circle amplification (RCA). The DNBs were qualified using Qubit 4.0. Qualified DNBs were sequenced on the BGISEQ-200 platform using a 50-cycle single-end sequencing strategy.

After sequencing, adaptor contamination, low-quality reads, duplicate reads, and low-complexity reads were removed from the raw data using fastp software (Chen et al., 2018) with default parameters. Human DNA was also filtered out by mapping to the human reference genome (hg38) using STAR alignment (Dobin et al., 2013). The remaining reads were then classified by simultaneously aligning with in-house microbial genome databases, consisting of viruses, bacteria, fungi, and parasites associated with human diseases. Finally, 156 standardized species-specific reads from blood samples were uniquely aligned to the Rhizopus arrhizus genome (Figure 2).




Figure 2 | Coverage of Rhizopus arrhizus detected by mNGS in a blood sample.



The mNGS result was subsequently confirmed by tNGS testing. Contrary to the mNGS workflow, a predesigned primer pool was added to the extracted nucleic acids to facilitate targeted enrichment of pathogen DNA before the sequencing library construction in tNGS testing.

Combined with the clinical manifestations, the patient was finally diagnosed as ROCM-infected with the fungal Rhizopus arrhizus. However, the patient experienced a sudden drop in heart rate and unfortunately died on the night of the fourth day after the presentation.





Discussion

ROCM, as one of the most devastating manifestations of mucormycosis, is a rare and opportunistic yet highly aggressive and lethal fungal infection that is wreaking havoc at an alarming rate in India and several other countries during the COVID-19 epidemic period (Rudrabhatla et al., 2022; Abdorahimi et al., 2023; B et al., 2023; Erami et al., 2023). The clinical manifestation of ROCM is usually presumed to originate from the nasal mucosa and sinuses, presenting as nasal congestion, runny nose, fever, or headache, then progressively spreading to the orbit, with symptoms such as protrusion of the eyeball, swelling of the eyelids, ptosis of the upper eyelid, restricted eye movement, bulbar conjunctival edema, dilated pupils, and loss of light response, and finally spread to brain tissue within only a few days, ultimately leading to death (Bae et al., 2012; Cornely et al., 2019).

The patient in our report had uncontrolled diabetes, making him in the high-risk group for mucormycosis infection. He first presented in our hospital with vision loss in the right eye. Examination revealed swelling, proptosis, a mid-dilated and fixed pupil, unresponsiveness to light, no light perception, and restriction of extraocular movements of both eyes in all directions,. These findings revealed a RCOM originating from the orbit. Shortly thereafter, a head CT scan showed low-density shadows in both frontal lobes and adjacent to the anterior horn of the right lateral ventricle, suggesting that RCOM had spread to the nervous system, which ultimately led to the patient’s death. It is almost impossible to win over the fungi after they enter the intracranial cavity, with literature evidence of up to 100% mortality in cerebral mucormycosis (Azhar et al., 2022; Rudrabhatla et al., 2022; El Hakkouni et al., 2023).

At present, there are no effective clinical biomarkers for ROCM diagnosis (Walsh et al., 2012; Lass-Florl, 2017). Previous studies have revealed that up to 90% of ROCM cases are undiagnosed and untreated (Walsh et al., 2012; Dong et al., 2022). In our present case, we obtained a rapid and accurate etiological result within 24 h with the help of a novel technology called mNGS, which has emerged as a fast, precise, and effective laboratory technology. Compared with traditional diagnostic methods, the chief advantage of mNGS lies in its unbiased sampling, which enables the simultaneous identification of all potentially infectious agents in samples and avoids defining the targets for diagnosis beforehand. In the current study, we detected Rhizopus arrhizus sequences in a peripheral blood sample, and the result was subsequently confirmed by tNGS testing. It was finally diagnosed as ROCM infected with the fungal Rhizopus arrhizus, combined with the clinical manifestations. Rhizopus arrhizus is a species of mucoromycotan fungi in the family Rhizopodaceae. Findings from previous studies have shown that Rhizopus arrhizus is identified as the dominant agent in ROCM patients with diabetes in the Middle East and Asian countries like Iran and India (Guinea et al., 2017; Abdorahimi et al., 2023; Erami et al., 2023). However, few cases have been reported in China currently.

Although the patient had already unfortunately died before the mNGS results were available, taking the rapid progression of ROCM into consideration, it is still highly recommended that mNGS testing be performed as the first choice to identify potential pathogens in suspicious cases.

In conclusion, ROCM is a rare, lethal, and infectious disease that requires early diagnosis and timely treatment for successful therapy. The misdiagnosis rate is very high in the early stage due to the lack of specific clinical features. Prompt diagnosis of ROCM infection with aggressive antifungal therapy is crucial to increasing survival and reducing mortality. It is strongly recommended that rapid mNGS pathogen testing be the first choice for highly suspicious patients, especially for cases with uncontrolled diabetes or immunocompromised ones.
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Objective

This retrospective cohort study aimed to investigate the composition and diversity of lung microbiota in patients with severe pneumonia and explore its association with short-term prognosis.





Methods

A total of 301 patients diagnosed with severe pneumonia underwent bronchoalveolar lavage fluid metagenomic next-generation sequencing (mNGS) testing from February 2022 to January 2024. After applying exclusion criteria, 236 patients were included in the study. Baseline demographic and clinical characteristics were compared between survival and non-survival groups. Microbial composition and diversity were analyzed using alpha and beta diversity metrics. Additionally, LEfSe analysis and machine learning methods were employed to identify key pathogenic microorganism associated with short-term mortality. Microbial interaction modes were assessed through network co-occurrence analysis.





Results

The overall 28-day mortality rate was 37.7% in severe pneumonia. Non-survival patients had a higher prevalence of hypertension and exhibited higher APACHE II and SOFA scores, higher procalcitonin (PCT), and shorter hospitalization duration. Microbial α and β diversity analysis showed no significant differences between the two groups. However, distinct species diversity patterns were observed, with the non-survival group showing a higher abundance of Acinetobacter baumannii, Klebsiella pneumoniae, and Enterococcus faecium, while the survival group had a higher prevalence of Corynebacterium striatum and Enterobacter. LEfSe analysis identified 29 distinct terms, with 10 potential markers in the non-survival group, including Pseudomonas sp. and Enterococcus durans. Machine learning models selected 16 key pathogenic bacteria, such as Klebsiella pneumoniae, significantly contributing to predicting short-term mortality. Network co-occurrence analysis revealed greater complexity in the non-survival group compared to the survival group, with differences in central genera.





Conclusion

Our study highlights the potential significance of lung microbiota composition in predicting short-term prognosis in severe pneumonia patients. Differences in microbial diversity and composition, along with distinct microbial interaction modes, may contribute to variations in short-term outcomes. Further research is warranted to elucidate the clinical implications and underlying mechanisms of these findings.
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1 Introduction

Pneumonia represents a significant global health burden, contributing substantially to morbidity and mortality worldwide (Ventola, 2015; Liu et al., 2016; Diseases and Injuries, 2020). Severe pneumonia-related mortality is a significant cause of in-hospital death among patients. It is estimated that approximately 100,000 pneumonia patients require admission to the intensive care unit (ICU) for mechanical ventilation (MV) annually (Spindler and Ortqvist, 2006; Mandell et al., 2007). Among severe pneumonia patients admitted to the ICU, the risk of mortality is highest, with approximately 20-50% of ICU pneumonia patients succumbing to the illness (Rodriguez et al., 2009; Valles et al., 2014; Walden et al., 2014; Lee et al., 2020). Timely and accurate determination of the etiology of pneumonia is imperative for initiating targeted therapeutic interventions effectively. However, conventional microbiological tests currently used often exhibit limitations in terms of sensitivity, speed, and the breadth of detectable pathogens (Jain et al., 2015). For instance, even with optimal clinical diagnostics, only 38% of adults with community-acquired pneumonia have a contributory pathogen detected, primarily due to the limitations of culture-based methods and the restricted spectrum of microbes detectable by serologic and polymerase chain reaction assays (Jain et al., 2015; Song et al., 2016). In the absence of a definitive microbiologic diagnosis, clinicians may resort to empiric treatments, such as corticosteroids, potentially exacerbating occult infections (Cilloniz et al., 2021). Moreover, concerns about falsely negative results often lead to the continued use of empiric antibiotics, contributing to antibiotic resistance and increasing the risk of secondary infections (Antimicrobial Resistance Collaborators, 2022). Despite early antimicrobial treatment and support measures, mortality due to severe pneumonia is still very high and new approaches in respiratory therapy are being sought to try to improve their outcomes (Prina et al., 2015).

Recent advancements in genome sequencing offer promise in addressing these diagnostic challenges by enabling culture-independent assessment of microbial genomes from minute clinical samples (Chiu and Miller, 2019). Meta-genomic next-generation sequencing (mNGS) has emerged as a valuable tool for the rapid and actionable diagnosis of complicated infections, including pulmonary infectious (Li et al., 2020; Shi et al., 2020) or distinguished noninfectious diseases (Peng et al., 2021). Several studies have demonstrated the utility of mNGS in improving the diagnosis of pulmonary infectious by identifying a broader range of pathogens than conventional methods, including bacteria, viruses, fungi, and atypical organisms (Chen et al., 2021; Jin et al., 2022; Meng et al., 2023). For example, a recent multicenter study reported that mNGS detected pathogens in approximately 80% of cases where conventional methods failed to yield a diagnosis, highlighting its superior sensitivity compared to traditional approaches (Xie et al., 2021). Moreover, mNGS has shown promise in guiding antimicrobial therapy decisions by providing rapid and comprehensive pathogen identification, thereby facilitating targeted treatment strategies and potentially reducing the unnecessary use of broad-spectrum antibiotics (Xu et al., 2023).

Beyond its role in pathogen detection, mNGS offers valuable insights into the lung microbiome, which plays a critical role in maintaining respiratory health and modulating immune responses (Budden et al., 2019; Natalini et al., 2023). Emerging evidence suggests that dysbiosis of the lung microbiome, characterized by alterations in microbial composition and diversity, may contribute to the pathogenesis of pneumonia and influence disease outcomes (Montassier et al., 2023). Furthermore, changes in the lung microbiome have been observed in various disease states, including chronic obstructive pulmonary disease (COPD) (Wang et al., 2016), asthma (Hufnagl et al., 2020), and cystic fibrosis (Cuthbertson et al., 2020), underscoring the importance of understanding microbial dynamics in respiratory health and disease.

Machine learning (ML) techniques have also been increasingly applied to microbiome data to predict disease outcomes and guide clinical decisions. ML algorithms can integrate complex datasets, identifying key molecular or microbiome signatures, improving diagnostic accuracy and unfavorable clinical outcomes (Li et al., 2022). These predictive models can enhance the speed and precision of pneumonia diagnosis, enabling personalized therapeutic interventions (Montassier et al., 2023).

Given the potential of mNGS to provide comprehensive insights into both pathogen detection and lung microbiome composition, there is growing interest in exploring its role in predicting disease outcomes and guiding personalized therapeutic interventions. However, the relationship between microbial dysbiosis and clinical outcomes in severe pneumonia remains poorly understood. Therefore, the aim of this study is to investigate the association between changes in the lung microbiome and 28-day mortality in patients with severe pneumonia using mNGS technology. By analyzing microbial composition data obtained through mNGS alongside clinical parameters, we seek to identify microbial biomarkers associated with disease severity and patient outcomes. Insights gained from this research could contribute to the development of personalized management strategies and enhance the prognostic accuracy of severe pneumonia, ultimately leading to improved patient outcomes.




2 Materials and methods



2.1 Study design

This retrospective study enrolled critically ill pneumonia patients admitted to the Respiratory Intensive Care Unit (RICU) of the First Affiliated Hospital of Henan University of Science and Technology from February 1, 2022, to January 30, 2024. The Inclusion Criteria included; (1) Patients were included if they met the diagnostic criteria for severe community-acquired pneumonia (CAP) according to the American Thoracic Society and Infectious Diseases Society of America(ATS/IDSA) guidelines (Metlay et al., 2019) for the diagnosis and treatment of adult community-acquired pneumonia; (2) The enrolled patients had bronchoalveolar lavage fluid (BALF) samples collected for mNGS testing; (3) Patients with complete clinical data. While, the Exclusion Criteria: patients under the age of 18, those with repeated tests of mNGS (only the first result was chosen), those with incomplete clinical data or medical history, samples that failed to pass the quality control of mNGS, and patients who died due to treatment abandonment were excluded. All patients diagnosed with severe CAP receive empirical antimicrobial therapy according to the guidelines upon admission. Furthermore, comprehensive assessments including blood routine tests, procalcitonin (PCT), C-reactive protein (CRP) levels, microbiological analysis, microculture, and chest imaging examinations are promptly conducted. Treatment strategies are adjusted based on the results microculture and mNGS results.

Bashed on the mortality of 28 days after admission to hospital, the enrolled patients were divided into two groups, that is survival group and non-survival group. The flowchart of patient enrollment is illustrated in Figure 1.




Figure 1 | Flowchart.






2.2 Clinical data and outcomes collection

Baseline clinical characteristics and outcomes were collected retrospectively for each enrolled patient upon admission. This included gender, age, acute physiology and chronic health evaluation II (APACHE II) score, sequential organ failure assessment (SOFA) score, presence of comorbidities (such as hypertension, diabetes mellitus, coronary artery disease, chronic obstructive pulmonary disease[COPD], stroke, cancer, etc.), laboratory parameters (including white blood cell count, neutrophil count, platelet count, CRP, PCT, etc.), length of hospital stay, duration of ICU stay, duration of MV, and 28-day survival status.




2.3 Sample collection

BALF samples were obtained by respiratory physicians via bronchoscopy guided by the pulmonary imaging findings of the patients within two days after administration. A minimum of 2-3 mL of BALF was collected and stored in sterile containers for subsequent mNGS analysis.




2.4 DNA extraction and mNGS sequencing procedure

BALF specimens (1.2 mL) were mixed with 12 μL of BALF in 2 mL centrifuge tubes and subjected to cell lysis using a sample oscillation disruptor (BSP-100, Hangzhou Jieyi Biotechnology Co., Ltd., China). Subsequently, the samples were centrifuged at 12000 rpm for 3 minutes (LX-200, Haimen Qilin Bell Instrument Co., Ltd., China), and 400 μL of the supernatant was transferred to a genomic DNA extraction or purification kit (MD013, Hangzhou Jieyi Biotechnology Co., Ltd., China), with additional corresponding reagents added as required. The samples were then processed in an automated nucleic acid detection reaction system (NGSmasterTM library preparation, MAR002, Hangzhou Jieyi Biotechnology Co., Ltd., China) for nucleic acid extraction (RNA reverse transcription), enzymatic digestion, end repair, end adenylation, adapter ligation, and library construction. Quantitative analysis and pooling of the established DNA libraries were performed using real-time PCR (KAPA method). The quantified DNA libraries were subjected to high-throughput sequencing on the Illumina Nextseq system (Nextseq 550, Illumina, Inc., USA), generating approximately 20 million 50-base pair single-end reads for each library.




2.5 Bioinformatic process

The sequencing data underwent initial demultiplexing to isolate the sequence reads of each sample in fastq format. Subsequently, high-quality sequencing data was obtained by filtering out short reads (<35 bp), low-quality reads, and reads with low complexity. The sequence reads of each sample were then aligned to the human reference genome (GRCh38.p13) to eliminate human sequences by using bowtie2 (Langmead et al., 2019). Microbial species identification was conducted based on the analysis of clean reads using Kraken2 (Wood et al., 2019). Alpha diversity metrics including Shannon’s index and Chao1, along with beta diversity metrics, principal coordinate analysis (PCoA), were calculated using R (version 4.3.0). Furthermore, linear discriminant analysis effect size (LEfSe) was employed to identify the features most likely responsible for the differences between the groups (Segata et al., 2011).

Based on species identified by kraken2 alignment, we employed five machine learning methods to construct predictive models (Jaafari et al., 2022; Yu et al., 2022): random forest (RF), support vector machine (SVM), generalized linear model (GLM), multivariate adaptive regression splines (MARS), and regularized random forest (RRF). We then utilized the “DALEX” package in R to analyze the five models and their residual distributions, and plotted receiver operating characteristic (ROC) curves to determine the best-performing model. Subsequently, the selected best model was used to identify key microbial species associated with 28-day mortality in severe pneumonia cases.

Furthermore, we employed the best model in R to identify key bacteria that differentiate between the two groups of samples. A microbial network was also constructed by retaining edges with correlation coefficients (R) ranging between -0.8 and 0.8, with a significance threshold of P < 0.05. The analysis was conducted using the igraph package in R and visualized by Gephi (Bastian et al., 2009) accordingly.




2.6 Statistical analysis

All statistical analyses were conducted using SPSS version 23.0. Descriptive statistics were used to summarize the data, with categorical variables presented as numbers (percentages) and continuous variables expressed as means ± standard deviations or as medians (interquartile ranges). Group comparisons for categorical variables were performed using the chi-square test or Fisher’s exact test, while continuous variables were analyzed using Student’s t-test for normally distributed data and the Wilcoxon rank-sum test for non-normally distributed data. Variables with a univariate analysis A P-value < 0.05 was considered statistically significant.





3 Results



3.1 Baseline characteristics

This study is a retrospective cohort study that consecutively enrolled 301 patients diagnosed with severe pneumonia and who underwent BALF mNGS testing at the RICU of the First Affiliated Hospital of Henan University of Science and Technology from February 2022 to January 2024. Exclusion criteria included one patient under 18 years of age, 18 patients with multiple repeat detections of mNGS, 21 patients with incomplete clinical data, 10 patients failing to pass the quality control of mNGS, and 15 patients who died due to withdrawal of treatment. Ultimately, 236 patients were included in the study. Among these patients, 89 died within 28 days of hospitalization, while 147 survived, resulting in a 28-day mortality rate of 37.7%. The patient enrollment process is illustrated in Figure 1.

Comparisons of demographic and clinical characteristics between the survival and non-survival groups are summarized in Table 1. The study population had a mean age of 71.38 (SD 14.65) years, with 70.7% being male. Overall, 89 patients (37.7%) died during the 28-day follow-up. Non-survival patients had a higher prevalence of hypertension compared to survivors (53.9% vs 39.5%, P = 0.03). However, both survival and non-survival patients exhibited similar demographic characteristics (age, sex) and baseline comorbidities (such as diabetes, COPD, coronary artery disease, malignancy, etc.). Regarding laboratory test results, non-survival group had lower platelet counts and higher PCT levels compared to survival group. However, there were no significant differences in white blood cell count, lymphocyte count, neutrophil percentage, lymphocyte percentage, and CRP between the two groups (P > 0.05). In terms of admission scores, non-survivors had higher APACHE II and SOFA scores (P < 0.05), while there was no difference in CURB-65 score between the two groups (P > 0.05). Additionally, we compared the differences in length of hospital stay, ICU stay, duration of mechanical ventilation, and total hospitalization costs between the survival and non-survival groups. The results showed that these indicators were significantly higher in the non-survival group compared to the survival group (Table 1).


Table 1 | Demographics and clinical characteristics of the study cohort.






3.2 Microbial composition and diversity in survival and non-survival groups

The diversity and species composition were analyzed. The abundance level is based on the relative percentage of reads, and the analysis of alpha/beta diversity is based on the reads table. In this study, the microbial diversity of survival and non-survival group was analyzed (Supplementary Figure S1A). The results showed that there was no statistically significant difference between the two groups in alpha diversity (Chao1 and Shannon) (Supplementary Figure S1C). Similarly, the analysis of the beta diversity calculated with PCoA based on the Bray-Curtis metrics also showed no difference in the two groups (Supplementary Figure S1D). These results suggest that there is no significant difference in overall microbial diversity between survival and non-survival patients.

However, we observed some diversity patterns in both genera (Figure 1) and species level (Figure 2) between the two groups. Notably, the non-survival group exhibited a higher percentage of Acinetobacter baumannii, Klebsiella pneumoniae, and Enterococcus faecium. Conversely, the survival group showed a higher percentage of Corynebacterium striatum and Enterobacter. the non-survival group had a higher proportion of Acinetobacter baumannii, Klebsiella pneumoniae, and Enterococcus faecium, whereas the survival group displayed a higher prevalence of Corynebacterium striatum and Enterobacter (Figure 2). These findings imply persistent distinctions in microbial diversity between survivors and non-survivors.




Figure 2 | The composition of the pulmonary microbiome at the species level.






3.3 Bacterial differences in the two groups

We further analyzed the bacterial community structure associated with the non-survival and survival groups using LEfSe, an algorithm for high abundance biomarker discovery that uses linear discriminant analysis (LDA) to estimate the effect size of each taxon that differed between the two groups (Figure 3). A total of 29 distinct terms were identified. For the non-survival group, there were ten identified potential markers, mainly including Pseudomonassp, Jeongeupia and Enterococcusdurans. Hypocreales and Aspergillusluchuensishad the highest LDA scores, indicating a potential strong influence of microbial relative abundance in the survival group and non-survival group, respectively (Figure 3A).




Figure 3 | Bacterial biomarkers were identified by linear discriminant analysis effect size (LEfSe) and machine learning algorithm. (A) Bacterial histograms of unique biomarkers based on |LEfSe| >2. (B) Boxplots of residual distribution of each machine learning model. (C) ROC analysis of five machine learning models based on 5-fold cross-validation. The areas under the AUC were obtained for the five models.






3.4 Potential bacteria selected by machine learning model

To comprehensively describe the microbial characteristics between the non-survival group and the survival group, we initially applied five machine learning methods to determine the best-performing model. The residual distribution and ROC curve of each model were plotted. Among these models, the RF machine learning model exhibited the lower residuals and the highest area under the curve (AUC) in predicting the 28-day mortality of severe pneumonia (Figures 3B, C). Subsequently, RF was utilized to identify key pathogenic bacteria distinguishing the non-survival group from the survival group. Thirty potential pathogenic bacteria were screened by the random forest model, based on the analysis of MeanDecreaseAccuracy and MeanDecreaseGini. Through the assessment of these microorganisms’ pathogenic characteristics, we identified 16 pathogens,including Pseudomonas sp. GXZC, Corynebacterium segmentosum, Asticcacaulis excentricus, Klebsiella pneumoniae, Acinetobacter baumannii, Aspergillus fumigatus, Aspergillus nidulans, Streptococcus pneumoniae, Enterococcus faecium, Lymphocryptovirus humangamma4, Cytomegalovirus humanbeta5, Alphainfluenzavirus influenzae, Staphylococcus aureus, Enterococcus faecium, Prevotella veroralis and Malassezia restricta), which significantly contributed to predicting the short-term mortality of severe pneumonia patients (Figure 4).




Figure 4 | The potential microbe identified by RF model to predicate the short-term outcome of the severe pneumonia. (A) The top 30 potential pathogenic bacteria based on MeanDecreaseAccuracy analysis. (B) The top 30 potential pathogenic bacteria based on MeanDecreaseGini analysis.






3.5 Microbial interaction modes in the non-survival and survival groups

We conducted further analysis by constructing a network co-occurrence map using Spearman correlation analysis, focusing on bacteria with relative abundances exceeding 0.01%. We considered correlations significant at a threshold of P < 0.05 and |r| > 0.8. In Figure 5A, the microbial network of the non-survival group comprised 207 nodes and 277 edges, while the survival group exhibited 230 nodes and 263 edges (Figure 5B). However, distinguishing between the complexity of the two groups was challenging. Subsequently, we calculated the average clustering coefficients (Bastian et al., 2009) (AvgCC) for both groups. The AvgCC values for the NS and S groups were 0.864 and 0.596, respectively, indicating greater complexity in the non-survival group compared to survival group. The top 6 phylum in the non-survival and survival groups were also showed in the bottom of Figures 5A, B, respectively. Then, we calculated the central genera bashed on the proportion of the connection number in each node (i.e., degree) at the genus level. In the non-survival group, the central genera in the network were Lactobacillus and Acinetobacter, with positive correlations within the respective species (Supplementary Table S1). Conversely, in the survival group, Streptococcus and Veillonella emerged as the central genera, exhibiting positive correlations within their respective sub-species (Supplementary Table S2). These findings imply that disparities in microbial interactions between non-survival and survival patients may contribute to differences in the short-term prognosis of severe pneumonia.




Figure 5 | The correlation-based networks of abundant and frequent OTUs (relative abundance > 0.01%) for the two groups. (A) Network co-occurrence diagram between microbes in the non-survival patients. (B) Network co-occurrence diagram between microbes in the survival patients. The size of each node is proportional to the number of connections (i.e., degree), and the nodes are colored according to different phyla. Numbers inside parentheses following names of each phylum represent relative proportion of nodes belonging to the phylum. Grey edges indicate positive correlations.







4 Discussion

The relationship between lung microbiota and the prognosis of severe pneumonia is a relatively understudied area. Despite the increasing attention to the role of the microbiome in respiratory diseases (Wang et al., 2016; Cuthbertson et al., 2020; Natalini et al., 2023), its correlation with the short-term prognosis of severe pneumonia remains unclear. Current research predominantly targets identifying pathogenic microorganisms to enhance antibiotic treatment for pneumonia (Xu et al., 2023). However, there is a relatively limited grasp of the association between microbiota and patient prognosis. In this study, we categorized patients into survival and non-survival groups based on whether they experienced death within 28 days. We investigated the differences in baseline characteristics between the two groups and particularly focused on examining the disparities in microbial composition. Additionally, leveraging machine learning strategies, we identified certain microbes that have the potential to distinguish or predict the short-term mortality risk of patients with severe pneumonia, providing new insights into severe pneumonia pathogenesis, prognosis, and the application of mNGS.

Severe pneumonia stands as one of the foremost causes of mortality worldwide, placing a significant burden on healthcare systems globally. The mortality rates among severe pneumonia patients range from 20% to 50%, underscoring the severity and complexity of this condition (Lee et al., 2020, Rodriguez et al., 2009, Valles et al., 2014; Walden et al., 2014). In our study, the observed mortality rate within 28 days of admission was 37.7%. However, it is essential to acknowledge that the actual mortality in severe pneumonia cases may be higher, as most severe pneumonia patients who did not undergo mNGS testing were excluded from our study. Additionally, various clinical scoring systems have been developed to predict mortality in critically ill patients, including those with severe pneumonia. The APACHE II and SOFA scores are well-established tools that have been validated (Raith et al., 2017; Wei et al., 2024) and widely recognized for prognostic prediction in critically ill patients (Ferreira et al., 2001; Izumida and Imamura, 2020; Tian et al., 2021). Consistent with previous findings, our study found that both APACHE II and SOFA scores were associated with mortality in severe pneumonia patients within 28 days of admission.

Furthermore, our results revealed no significant differences between the survival and non-survival groups in terms of gender, age, comorbidities (except hypertension), CURB-65 score, and most laboratory test results. However, among patients who died within 28 days, higher levels of PCT and PLT, shorter hospital stays, ICU stays, and mechanical ventilation durations, as well as higher hospitalization costs, were observed. These findings are consistent with previous studies. PCT and PLT could predict mortality in severe pneumonia patients (Mirsaeidi et al., 2010; Liu et al., 2016).

The primary objective of this study is to investigate the differences in lung microbiota between the non-survival and survival groups of severe pneumonia. Initially, we explored the alpha and beta diversity between the two groups, revealing no significant differences. Despite this apparent similarity, the lack of distinction between them may be attributed to sample size or sequencing biases, warranting further investigation. However, we did observe differences at the phylum level and species level. At the phylum level, Basidiomycota showed variance between the groups (Supplementary Figure S2). Although cases of Basidiomycota causing pneumonia are rare, there have been reported instances (Kim et al., 2022). At the species level, the non-survival group exhibited a higher percentage of Acinetobacter baumannii, Klebsiella pneumoniae, and Enterococcus faecium, which are commonly associated with drug resistance or multidrug resistance (De Oliveira et al., 2020), leading to substantial healthcare costs and adverse outcomes. It is estimated that approximately 541,000 deaths in Europe in 2019 were related to antibiotic resistance (European Antimicrobial Resistance Collaborators, 2022). Conversely, the survival group demonstrated a higher percentage of Corynebacterium striatum and Enterobacter. Corynebacterium striatum can also precipitate severe pneumonia or mortality, particularly in immunocompromised patients (Roig-Rico et al., 2011).

LEfSe analysis and machine learning methods serve as valuable tools for feature selection and biomarker screening. These approaches are instrumental in identifying key microbial signatures associated with different clinical outcomes in severe pneumonia patients. LEfSe analysis enables the detection of statistically significant differences in microbial abundance between groups, facilitating the identification of potential biomarkers. Our result showed that the non-survival group identified major potential pathogens, such as Pseudomonassp, Jeongeupia and Enterococcusdurans. The results regarding Enterococcusdurans replicated the findings of the diversity analysis between the two groups.

The machine learning strategy is a highlight of this study. Initially, we employed six machine learning models and randomly partitioned our mNGS data into training (70%) and validation (30%) sets. Subsequently, we utilized the residual distribution and ROC curve of each model to select the machine learning model with the lower residual distribution and highest AUC, identifying the random forest algorithm as the most suitable model for predicting the 28-day mortality risk of severe pneumonia patients. Subsequently, we systematically analyzed our data using the RF strategy. Based on the RF analysis of MeanDecreaseAccuracy and MeanDecreaseGini, and the subsequent assessment of these microorganisms’ pathogenic characteristics, we identified 16 pathogens, including Corynebacterium segmentosum, Asticcacaulis excentricus, Klebsiella pneumoniae, Acinetobacter baumannii, Enterococcus faecium, Lymphocryptovirus humangamma4, Cytomegalovirus humanbeta5, and Alpha influenza virus influenzae. In addition to partially overlapping with the previous results, these findings provided new evidence for predicting the short-term mortality of severe pneumonia, such as Cytomegalovirus humanbeta5 and Alpha influenza virus. Reactivation of cytomegalovirus can lead to serious adverse consequences in critically ill patients and immunocompromised individuals (Park et al., 2021; Liu et al., 2023). Cytomegalovirus infection-associated pneumonia has a high incidence rate (Coisel et al., 2012) and carries a higher mortality rate in immunodeficient patients (Huang and Tang, 2021; Lecuyer et al., 2022). Additionally, influenza, a potentially deadly infectious disease that has affected humans for centuries (Uyeki et al., 2022), is responsible for up to 650,000 annual deaths worldwide (Iuliano et al., 2018). Although influenza is usually self-limited, 5-10% of patients require ICU admission for additional supportive treatment (Beumer et al., 2019). In the ICU, influenza infections have a mortality rate of 20% (Sarda et al., 2019). Influenza infections are often followed by secondary bacterial pneumonia or complicated infections, known as a major cause of morbidity and mortality during influenza virus epidemics (Joseph et al., 2013; Sumitomo et al., 2021), which indicates the poor outcome of severe pneumonia combined with influenza.

Severe pneumonia represents not only single microbial infections but also perturbations in the entire lung microecosystem. Therefore, it is crucial to emphasize the lung’s microecosystem, which comprises diverse bacterial populations. Hence, alongside individual microbial infections, we should pay closer attention to the overall ecological changes within the lungs and the interrelations and interactions among various bacterial species. In this study, bacterial genera with a relative abundance greater than 0.01% were screened. Correlation analysis was performed for each genus, and the results were visualized using a network diagram. Our results showed that the microbial network of the non-survival group was more complex than the survival group. While a previous study suggested that the microbial network of mild pneumonia was more complex than that of severe pneumonia (Zhan et al., 2023), it’s worth noting that their study did not include mortality data, and the enrollment criteria of our study differed from theirs. The central genera in the non-survival group, Lactobacillus and Acinetobacter, are more likely to be core genera predicting 28-day mortality in severe pneumonia. Conversely, in the survival group, Streptococcus and Veillonella emerged as the central genera. Furthermore, both the central genera of the non-survival and survival groups were positively correlated with their respective species, with no correlation observed among other genera. This may be associated with sample size and sequencing biases. However, the central genera identified in the non-survival group showed certain consistency with the results of diversity analysis, LEfSe analysis, and machine learning strategies, indicating the credibility of the results.

With the widespread adoption of mNGS, accessing information about the lung microecosystem has become more convenient. However, mNGS is primarily utilized for diagnosing pathogens in lung infections, potentially overlooking crucial information about lung microecosystem dynamics. This study integrated lung microecosystem fluctuations with severe pneumonia prognosis, providing clinicians with a fresh perspective and new applications for mNGS technology.

Nevertheless, several limitations need to be acknowledged. Firstly, the relatively small sample size may limit the generalizability of the findings. Secondly, our study did not comprehensively analyze baseline comorbidities and other laboratory results alongside microbial data. Finally, this is a single-center study, which may restrict the generalizability to other healthcare settings with differing patient populations and treatment practices.

In summary, our study highlights the potential significance of lung microbiota composition in predicting the short-term prognosis of severe pneumonia patients. Through mNGS analysis, we identified distinct microbial profiles between these non-survival and survival groups. In the non-survival group, the presence of Acinetobacter baumannii, Klebsiella pneumoniae, Enterococcus faecium, and certain viruses may serve as potential predictors or markers for a worse outcome in patients with severe pneumonia. These findings underscore the potential role of the pulmonary microbiome in influencing the short-term prognosis of severe pneumonia. However, further research is needed to elucidate the underlying mechanisms and validate the clinical implications of these microbial differences.
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Supplementary Figure 1 | (A) The heatmap of top 20 species in non-survival and survival groups. (B) Composition of pulmonary microorganisms at the generic level. (C) The Alpha diversity metrics (Shannon’s index and Chao1) between the two groups. (D) The beta diversity metric (PCoA) between the two groups.

Supplementary Figure 2 | The difference in composition between the two groups at the phylum level.
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Human herpes viruses (HHVs) are commonly detected in community-acquired pneumonia (CAP) patients, particularly those with complex complications, attracting increased attention from clinical practitioners. However, the significance of detecting HHVs in bronchoalveolar lavage fluid (BALF) with CAP patients is still unclear. This study retrospectively analyzed BALF samples from 64 CAP patients at the Kunming Third People’s Hospital between August 2021 and December 2023. Metagenomic next generation sequencing (mNGS) was conducted on BALF samples during CAP onset. Multivariate Cox regression models were used to identify independent risk factors for 30-day all-cause mortality in CAP. HHVs were found in 84.4% of CAP patients, which were the most common pathogens (45.1%), followed by bacteria (30.2%) and fungi (11.5%). Bacterial-viral co-infections were most common, occurring in 39 patients. Notably, there was no significant difference in HHV presence between severe and non-severe CAP patients (EBV: P = 0.431, CMV: P = 0.825), except for HHV-7 (P = 0.025). In addition, there was no significant difference in the 30-day mortality between HHV positive and HHV negative groups (P = 0.470), as well as between the HHV-7 positive and HHV-7 negative groups (P = 0.910). However, neither HHVs nor HHV-7 was independent risk factors for 30-day mortality in CAP patients (HHVs: HR 1.171, P = 0.888; HHV-7: HR 1.947, P = 0.382). In summary, among the prevalent presence of multiple HHVs, EBV and CMV were the most prevalent in CAP patients. Patients with sCAP were more susceptible to HHV-7 than those with non-sCAP. These results provide valuable insights for clinicians in guiding appropriate interventions for CAP treatment.
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1 Introduction

Community-acquired pneumonia (CAP) is a prevalent infection of the lower respiratory tract that has a significant effect on the health of adults, with an annual incidence ranging from 0.1% to 2.5% (Lu et al., 2023; Martin-Loeches et al., 2023). Notably, about 5.0-10.0% of CAP patients progress to severe community-acquired pneumonia (sCAP), leading to substantial morbidity, mortality, and economic costs (Liapikou, 2020; Niederman and Torres, 2022). This incidence increases with age, males, immunosuppressed status, and number of comorbidities (The Lancet Healthy Longevity, 2021; Niederman and Torres, 2022; Martin-Loeches et al., 2023).

Approximately 130 species of infectious herpesviridae have been identified, of which only eight are capable of infecting humans and known as human herpes viruses (HHVs) (Costa et al., 2019). HHVs including herpes simplex virus 1 (HSV-1), herpes simplex virus 2 (HSV-2), varicella-zoster virus (VZV), Epstein-Barr virus (EBV), human cytomegalovirus (CMV), human herpes virus 6 (HHV-6A, HHV-6B), human herpes virus 7 (HHV-7) and Kaposi’s sarcoma-associated herpes virus (KSHV) (Cohen, 2020; Connolly et al., 2021).

Human herpes viruses (HHVs) are widespread in CAP patients, once the host is infected, the virus can remain dormant in the host cells. Therefore, all HHVs can cause lifelong infection in the host, and cause disease when the virus is reactivated (Quach et al., 2023). Herpesviridae such as HSV-1, EBV, CMV and HHV-7 are commonly identified as primary pathogens in immunosuppressed patients or those with acute respiratory distress syndrome (ARDS) (Hraiech et al., 2019; Saura et al., 2022). HHVs had been extensively documented, which were associated with higher mortality in severe pneumonia patients (Huang et al., 2023; Liu et al., 2023b). HHV-7 has been observed in severe pneumonia patients, which were often in combination with co-infection of EBV and CMV (Xu et al., 2023). Additionally, studies have shown that EBV, CMV, HHV-7, and HHV-8 significantly increasing the risk of interstitial pneumonia or idiopathic pulmonary fibrosis (Sheng et al., 2020; De Rose et al., 2021). However, the significance of detecting HHVs in bronchoalveolar lavage fluid (BALF) from CAP patients remains unclear.

Due to the complex characteristics of CAP pathogens, there is an urgent need for metagenomic next generation sequencing (mNGS) as a rapid and effective diagnostic tool to identify pathogens in the lower respiratory tract, specifically in BALF. mNGS has proven to be more accurate and comprehensive compared to conventional detection methods, it can identify both known and unknown pathogens, leading to an improved detection rate and demonstrating its advantage in identifying multi-pathogenic CAP (Lv et al., 2023). This technology provides valuable insights to reduce delays in disease diagnosis and management (Sun et al., 2021; Lin et al., 2023).

The aim of this research was to improve the detection efficiency of pathogens in BALF by mNGS. Additionally, the study also aimed to assess the distribution characteristics of HHVs in CAP patients and their impact on 30-day mortality. Consequently, the findings offer important information for clinicians to guide timely interventions in treatment.




2 Materials and methods



2.1 Study population

This study retrospectively analyzed data from 82 patients admitted to Kunming Third People’s Hospital between August 2021 and December 2023. All patients had been diagnosed with CAP, and BALF samples were detected using mNGS within 24 hours of collection. Patients meeting the sCAP primary criteria or at least three sCAP secondary criteria were considered for potential admission to the intensive care unit (ICU) (Metlay et al., 2019).

An expert consensus on managing CAP in immunosuppressed patients was published in Chest 2020 (Ramirez et al., 2020). This study included immunosuppressed patients meeting the defined criteria. The exclusion criteria for the study were as follows: 1. Patients under 18 years of age, 2. Patients received mNGS after 30 days of admission, 3. Patients lost to follow-up, 4. Patients with incomplete clinical trial parameters.




2.2 Data collection

This study collected data from the electronic medical record system, which included demographic information such as gender, age, smoking history, drinking history, mechanical ventilation, length of stay (LOS), and underlying diseases. Additionally, various clinical trial parameters were collected 24 hours during the mNGS detection. These parameters included white blood cells, lymphocyte percentage, red blood cells, hematocrit, procalcitonin, hypersensitive C-reactive protein, bilirubin, urea, and creatinine. The severity and risk factors for death in CAP patients were assessed by calculating the SOFA score and the APACHE II score based on these parameters.




2.3 Statistical analysis

The Shapiro-Wilk test was used to assess the normality of the distribution of continuous variables. Variables that followed a normal distribution were represented by the means and standard deviations, while those not following a normal distribution were described using the median and quartiles. The data were classified utilizing either the χ2 test or the Fisher exact probability test. Frequency counts and percentages were used to summarize the results. Univariate comparisons between groups were conducted employing either the t-test or the Wilcoxon rank sum test for continuous variables. Kaplan-Meier analysis was used to compare the 30-day mortality of different groups after admission. Multivariate Cox regression models were utilized to identify independent risk factors for 30-day mortality, with continuous adjustment for variables. Cox.zph function were used to calculated the Schoenfeld residuals for each covariate to test the proportional hazards assumption of Cox regression. The hypothesis of parallelism was tested and the C-index was calculated. Sensitivity analysis was performed using different predictors in the Cox model to evaluate the robustness of the results. The statistical analysis and data visualization were performed using R software version 4.3.2. Significance levels were reported with double-tailed P values, with P < 0.05 deemed statistically significant. Pathogen stack was generated using Sangerbox3.0, while the pathogen proportion pie chart was created using SR plot (Tang et al., 2023).





3 Results



3.1 Clinical characteristics of CAP patients

Initially, this study included a total of 82 CAP patients. Exclusions were made for patients under 18 years old (5 patients), those who received mNGS after 30 days of admission (3 patients), those lost to follow-up (4 patients), and those with incomplete clinical trial parameters (6 patients). The final analysis focused on 64 CAP patients, whose BALF samples were subjected to mNGS. Each patient was matched with one BALF sample. Based on the diagnostic criteria for sCAP, the CAP patients were divided into 36 sCAP patients and 28 non-sCAP patients (Figure 1).




Figure 1 | Flow chart of patients included in the study.



In Table 1, it was observed that sCAP patients were older than non-sCAP patients (61.6 vs. 46.6, P = 0.002). Mechanical ventilation proved to be an effective respiratory support therapy for sCAP patients (72.2% vs. 25.0%, P < 0.001). The prevalence of underlying diseases such as respiratory insufficiency (P < 0.001), sepsis (P < 0.001), and hypertension (P < 0.001) was significantly higher in sCAP patients. While symptoms like fever, cough, and sputum are typically indicative of CAP, no significant contrast was observed between sCAP and non-sCAP patients in this regard. Clinical trial parameters varied significantly between the two groups (P < 0.001), including white blood cell count, lymphocyte percentages, procalcitonin levels, hypersensitive C-reactive protein levels, and urea levels. These parameters may help to distinguish patients who are not responding to treatment from those who are responding slowly, emphasizing the importance of closely monitoring sCAP patients. Moreover, the SOFA score (P < 0.001) and APACHE II score (P < 0.001) were notably higher in sCAP patients compared to non-sCAP patients.


Table 1 | Baseline characteristics of 64 CAP patients.






3.2 Comparison of pathogens detected by mNGS between sCAP and non-sCAP groups

To further analyze the distribution characteristics of pathogens identified through mNGS, Figure 2A showed that 56 infectious pathogens were detected among the 64 CAP patients. These multiple pathogens included bacteria, fungi, viruses, mycoplasmas, and parasites. Specifically, 18 bacteria, 5 fungi, 16 viruses, 1 mycoplasma and 1 parasite were detected in sCAP patients, while 19 bacteria, 4 fungi, 15 viruses, 1 mycoplasma and 1 parasite were detected in non-sCAP patients. In addition, 12 bacteria, 3 fungi and 10 viruses were detected in both sCAP and non-sCAP patients. Notably, Mycobacterium abscessus (n=9) was the most common bacterial infection, Pneumocystis jirovecii (n=13) was the most common fungal infection, while EBV (n=33) and CMV (n=33) were the most common viral infections in CAP patients.




Figure 2 | Compares and overlaps the pathogens in sCAP and non-sCAP groups. (A) Pathogens of lower respiratory tract infections in CAP patients. (B) Mixed infections in CAP patients. (C, D) The big pie chart on the left shows the distribution of pathogens detected by mNGS, and the small chart on the right shows the distribution of HHV detected by mNGS. (C) sCAP patients. (D) non-sCAP patients.



As shown in Figure 2B, co-infections were observed in 46 cases, with the remaining 18 cases associated with a single pathogen infection. The most common co-infections among the 64 CAP patients were bacterial-viral (39 cases), followed by fungal-viral (24 cases) and bacterial-fungal-viral (17 cases).

This study found that in 36 sCAP patients, the most prevalent pathogens were HHVs (48.9%), bacteria (30.9%), and fungi (7.9%), as shown in Figure 2C. Similarly, Figure 2D illustrated that in 28 non-sCAP patients, the most common pathogens were HHVs (39.6%), bacteria (29.2%), and fungi (16.7%). However, according to Table 2, no significant differences were observed between sCAP and non-sCAP patients in the presence of bacteria (P = 0.906), fungi (P = 0.309), HHVs (P = 0.090), other viruses (P = 0.622), mycoplasmas (P = 0.688) and parasites (P = 1.000).


Table 2 | Comparison of pathogens detected by mNGS between sCAP and non-sCAP groups.






3.3 HHVs detected by mNGS

At least one HHV infection was detected in 84.4% of CAP patients. Among all pathogens detected, multiple HHVs were prevalent, including HSV-1, HSV-2, EBV, CMV, HHV-6B, and HHV-7. Only HSV-2 was detected in sCAP patients. There was no significant difference in HHVs between sCAP and non-sCAP patients (91.7% vs. 75.0%, P = 0.090) (Table 2).

Analysis in Table 2 revealed that EBV (47.2% vs. 57.1%, P = 0.431) and CMV (52.8% vs. 50.0%, P = 0.825) were prevalent in both sCAP and non-sCAP patients, followed by HSV-1 and HHV-6B. The HHV-7 detection rate in sCAP patients was higher than that in non-sCAP patients (44.4% vs. 17.9%, P = 0.025).




3.4 Relationship between HHVs and 30-day mortality in CAP patients

To investigate the 30-day mortality of different groups, we plotted a survival curve. Figure 3A revealed a significantly higher 30-day mortality in sCAP patients compared to non-sCAP patients. Specifically, the 30-day mortality was 30.6% in sCAP patients, whereas it was only 3.6% in non-sCAP patients. In Figure 3B, although there was no statistically significant difference in 30-day mortality between HHV positive and negative groups (P = 0.470), the 30-day mortality was higher in the HHV positive group. Finally, Figure 3C showed no significant variance in the 30-day mortality between HHV-7 positive and HHV-7 negative groups (P = 0.910), which may have been influenced by the fact that there were fewer patients in the HHV-7 positive group than in the HHV-7 negative groups.




Figure 3 | (A–C) Kaplan-Meier curve 30 days of (A) sCAP and non-sCAP groups, (B) HHV positive and HHV negative groups, (C) HHV-7 positive and HHV-7 negative groups.






3.5 All-cause 30-day mortality

A Cox multivariate regression analysis was conducted to investigate the influence of gender, age, LOS, HHVs, HHV-7, and APACHE II score on the 30-day mortality in CAP patients. The results indicated that neither HHVs (HR 1.171, P = 0.888) nor HHV-7 (HR 1.947, P = 0.382) was independent risk factors for 30-day mortality in CAP patients (Figure 4).




Figure 4 | Multivariate analysis of 30-day all-cause mortality of CAP using Cox regression model. *, P < 0.05; ***, P < 0.001.



The proportional hazards assumption for Cox regression was evaluated. The P values for both the individual variable test and the global variable test were all greater than 0.05, indicating that the proportional hazards assumption was not violated. We calculated the Harrell’s C-index (0.791), indicating model fitting is better. Additionally, we performed a sensitivity analysis on the Cox regression model, and we observed that the hazard ratio (HR) value for HHV-7 remained largely unchanged even when other covariates were added or modified.





4 Discussion

This study discovered that the older individuals were more vulnerable to sCAP, which aligns with previous research (Lin et al., 2023). The global issue of aging is becoming increasingly critical (Covino et al., 2020; Fan et al., 2024). CAP has emerged as a significant disease affecting individuals aged 65 and above, posing a serious health risk and a major public health concern (Arnold et al., 2020). Consequently, enhancing the awareness about CAP among older individuals, especially in sCAP cases, and prioritizing comprehensive treatment and quality care are crucial for improving the prognosis of CAP in this demographic (Li and Chu, 2023).

HHVs were the predominant infection in CAP patients, followed by bacteria and fungi. Interestingly, the number of viral pathogens detected in this study exceeded the combined number of bacterial and fungal pathogens, reflecting a similar trend observed in CAP patients admitted to hospitals in the United States (Jain et al., 2015). Among the HHVs, EBV and CMV were the most common viruses causing lower respiratory tract infections in CAP patients, which aligned with the findings of a previous multi-center retrospective study (Huang et al., 2023). These findings indicated the accuracy of our CAP pathogen detection rates.

The most prevalent bacterial infection in the lower respiratory tract was Mycobacterium abscessus, with Pneumocystis jirovecii being the most common fungal infection, consistent with previous research (Wei et al., 2020; Wu et al., 2020; Schwartz et al., 2023). Previous studies have identified Streptococcus pneumoniae as the main pathogen causing CAP (Jain et al., 2015; Ferrer et al., 2018; Liu et al., 2023a). It is important to highlight that these studies excluded immunosuppressed patients and did not use mNGS to detect BALF samples, making comparisons with our study challenging. Our research focused on CAP patients from infectious disease hospitals, considering complex complications like immunosuppression, AIDS, renal disease, respiratory insufficiency, and sepsis. Notably, these complications can impact the infectious pathogens. This may be related to the fact that after HHVs infection, the virus replicates and spreads in the body, leading to a decline in the immune system, which increases susceptibility to other pathogens. Immunosuppression is a common risk factor for CAP (Brands et al., 2020), which is why we intentionally included immunosuppressed patients in our study. Interestingly, we did not find a significant difference between sCAP and non-sCAP patients, in line with previous research on CAP caused by respiratory syncytial virus (Di Pasquale et al., 2019; Bahabri et al., 2023).

Patients with sCAP were more susceptible to HHV-7 than those with non-sCAP. Nonetheless, HHV-7 did not independently contribute to the risk of 30-day mortality, as observed in other severe pneumonia cases (Xu et al., 2023). This may be due to the fact that HHV-7 infection is asymptomatic in most adults, so its direct lethality may be relatively low. While a vaccine exists for varicella-zoster virus (VZV) (Curtis et al., 2021), there is currently no efficient method for preventing and treating HHV-7. Nucleoside analogues like acyclovir, ganciclovir, and valaciclovir may be utilized, although ganciclovir proves to be less effective against HHV-7 in comparison to HHV-6 and CMV (Ärlemalm et al., 2022; Sureram et al., 2022). Notably, the presence of HHV-7 in sCAP may potentially exacerbate lung inflammation and systemic inflammatory responses in conjunction with other viruses and bacteria. Thus, it is imperative to investigate whether HHV-7 poses a pathogenic threat to sCAP patients, emphasizing the necessity for the development of targeted anti-HHV medications and safe, effective vaccines. Targeted anti-infective therapy for individuals infected with HHVs play a crucial role in preventing recurrence.

There were several limitations to our research that must be recognized. Firstly, the follow-up period for mortality was limited to 30 days in our study, which was consistent with existing research (Simonetti et al., 2016; Jones et al., 2020). Given that CAP as a lung parenchymal infection, almost all patients showed HHVs by day 28 (Ong et al., 2017). There was a possibility that patients with COVID-19 pneumonia had HSV-1 reactivation within 30 days in BALF samples (Giacobbe et al., 2022). Current international guidelines stressed the importance of prioritizing the 30-day mortality outcome in studies (Martin-Loeches et al., 2023)Secondly, our study was cross-sectional, and mNGS detection of BALF samples was only conducted at the onset of CAP. Therefore, our results can only reflect the characteristics of HHVs distribution during this specific period and can not be generalized to the entire of CAP. Previous researches have shown that HHVs significantly increased with the length of hospital stay (Ong et al., 2017; Huang et al., 2023). Lastly,our study was a single retrospective analysis with a limited sample size, which impeded the generalizability of our findings. Nonetheless, it is crucial to emphasize that the application of mNGS technology facilitated the identification of all pathogens in CAP patients objectively, ensuring a uniform approach to the diagnosis and treatment of mixed infections.




5 Conclusion

Among the prevalent presence of multiple HHVs, EBV and CMV were the most prevalent in CAP patient. Patients with sCAP were more susceptible to HHV-7 than those with non-sCAP. However, neither HHVs nor HHV-7 was independent risk factors for 30-day mortality in CAP patients. The findings offer important information for clinicians to guide timely interventions in treatment.
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Objective

To investigate the diagnostic value of metagenomic next-generation sequencing (mNGS) in detecting pathogens from joint infection (JI) synovial fluid (SF) samples with previous antibiotic exposure.





Methods

From January 2019 to January 2022, 59 cases with suspected JI were enrolled. All cases had antibiotic exposure within 2 weeks before sample collection. mNGS and conventional culture were performed on SF samples. JI was diagnosed based on history and clinical symptoms in conjunction with MSIS criteria. The diagnostic values, including sensitivity, specificity, positive/negative predictive values (PPV/NPV), and accuracy, were in comparison with mNGS and culture.





Results

There were 47 of the 59 cases diagnosed with JI, while the remaining 12 were diagnosed with non-infectious diseases. The sensitivity of mNGS was 68.1%, which was significantly higher than that of culture (25.5%, p<0.01). The accuracy of mNGS was significantly higher at 71.2% compared to the culture at 39.0% (p <0.01). Eleven pathogenic strains were detected by mNGS but not by microbiological culture, which included Staphylococcus lugdunensis, Staphylococcus cohnii, Finegoldia magna, Enterococcus faecalis, Staphylococcus saprophytics, Escherichia coli, Salmonella enterica, Pseudomonas aeruginosa, Acinetobacter pittii, Brucella ovis, andCoxiella burnetii. Antibiotic therapy was adjusted based on the mNGS results in 32 (68.1%) patients, including 12 (25.5%) and 20 (42.6%) patients, in whom treatment was upgraded and changed, respectively. All JI patients underwent surgery and received subsequent antibiotic therapy. They were followed up for an average of 23 months (20-27 months), and the success rate of treatment was 89.4%. Out of the 33 patients who had positive results for pathogens, reoperation was performed in 1 case (3.03%), while out of the 14 cases with negative results for both mNGS and cultures, reoperation was performed in 4 cases (28.6%).





Conclusions

mNGS has advantages over conventional culture in detecting pathogens in SF samples from JI patients previously treated with antibiotics, potentially improving clinical outcomes.
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Introduction

Joint infections (JI) include septic arthritis (SA) and prosthetic joint infections (PJI), which can be caused by bacteria or fungi that enter the joint through the bloodstream or from a nearby infection. JI is associated with acute bacteremia, joint destruction, chronic pain, permanent dysfunction, and even death (Yombi et al., 2017; Huang et al., 2020b). As the population grows and ages, the burden of JI, particularly PJI, on the healthcare system is becoming increasingly significant (Colston and Atkins, 2018).

A timely and accurate microbiological diagnosis is crucial for the treatment of JI (Osmon et al., 2013). Conventional culture is still the gold standard for identifying pathogenic microorganisms. Unfortunately, the incidence of culture positivity ranges from 40% to 70% and is affected by several factors, including previous antibiotic exposure, fastidious pathogens, and biofilm formation (Trampuz et al., 2007; Huang et al., 2020b). Additionally, the turnaround time of culture always takes 5-14 days or even longer. Due to the urgency of JI treatment and limited culture positivity, empirical antibiotic treatment prior to the identification of pathogenic microorganisms remains common. Previous antibiotic exposure is an important cause of negative cultures, which can result in a reduction of culture positivity to 7%-42% (Cai et al., 2020; Yu et al., 2023). In contrast, the reoperation rate for the treatment of culture-negative joint infections exceeds 50% (Tan et al., 2018), which can be four times higher than that of culture-positive cases (Mortazavi et al., 2011).

mNGS is a combination of high-throughput sequencing and bioinformatics analysis that directly detects nucleic acids extracted from samples. Then, it coordinates with a reference database to determine the species and abundance of all microorganisms in the sample within a short turnaround time (1-3 days) (Indelli et al., 2021). Studies found that mNGS has good diagnostic value for detecting JI pathogenic microorganisms. The sensitivity ranges from 80.6% to 95.45%, and the specificity ranges from 84.6% to 90.91%, which was significantly better than conventional culture (Cai et al., 2020; Yu et al., 2023). In addition, mNGS showed good diagnostic values for different sample types. For pathogen detection in JI, synovial fluid (SF) has equal diagnostic value to tissue and sonicate fluid (Huang et al., 2020a).

For patients with previous antibiotic exposure, mNGS has been shown to be superior to traditional culture methods for detecting pathogenic microorganisms in cases of infective endocarditis, solid organ transplantation (Everhart and Henshaw, 2023), and aspiration pneumonia (Liang et al., 2022). However, studies on the diagnostic value of mNGS for JI cases with previous antibiotic exposure are limited. A controlled study based on intraoperative tissue specimens from 13 patients with PJI showed that mNGS has higher sensitivity than culture (Yu et al., 2023). Another study evaluated the performance of mNGS and culture from different types of samples, including SF, tissue specimens, and sonicate fluid from PJI patients, and found that mNGS was less affected by previous antibiotic exposure (Huang et al., 2020b). The diagnosis of the pathogenesis based on SF, which can be easily obtained preoperatively, is an important guide for selecting intraoperative antibiotics.

Here, in cases with previous antibiotic exposure, we evaluated the clinical value of mNGS and culture in detecting pathogens in SF of JI.





Patients and methods




Study population

This study was a retrospective analysis of patients with suspected JI who eventually underwent surgical treatment in our department from January 2019 to January 2022. Patients with JI are diagnosed by physicians and orthopedic surgeons based on history, clinical manifestations, laboratory tests, and imaging. Consent was obtained from the partaker to receive preoperative arthrocentesis to obtain joint fluid for mNGS testing. This study was reviewed and approved by the Henan Provincial People’s Hospital Institutional Review Board (202081).





Definitions

The JI cases in this study included SA and PJI. Following our protocol, we diagnose SA in patients with a history of a warm, swollen, and tender joint. We perform arthrocentesis to obtain SF samples for microbiological analyses. PJI was defined with the criteria of the Musculoskeletal Infection Society (MSIS) (Parvizi et al., 2018).

The inclusion criteria were as follows: (1) diagnosis confirmation through preoperative and intraoperative tests, (2) patients had received antibiotics within 2 weeks prior to collecting the SF sample, and (3) perioperative and follow-up data were fully recorded. The exclusion criteria were as follows: (1) diagnosis is indeterminate due to insufficient clinical and laboratory evidence; (2) samples were unqualified, such as contamination and inadequate volume for tests.





Clinical sample collection and processing

SF samples were collected by needle aspiration preoperatively. Samples were immediately separated into aerobic and anaerobic blood culture bottles (BD Biosciences, Sparks, USA) for microbiology culture, a free sterile container for mNGS, and an ethylenediaminetetraacetic acid (EDTA) vial for cytological analysis. Ultrasound-guided puncture was performed for the hip joint. During surgery, tissue specimens were collected from the most inflammatory site. After microbiology culture samples were collected, they were sent to the laboratory within 1 h. For mNGS tests, samples were stored at -20°C and sent to the molecular lab of the biological company (Practice Medicine Company, Zhengzhou) within 24 h.





Conventional microbiology culture

The samples were homogenized, and routine cultures were simultaneously performed, including aerobic and anaerobic bacterial cultures, fungal cultures, and acid-fast bacilli cultures. SF (≥1 mL) and tissue samples were placed in sterile tubes, and 3 mL of brain heart infusion broth was added, vortexed and shaken at 2500 rpm/min for 15 minutes in a vortex oscillator (Thermo Fisher Scientific, USA) after sealing. Then tissue samples were placed in a fully automatic rapid grinding instrument (Jingxin Industrial Development, Shanghai, China) at 40 Hz for 60-90 seconds. The obtained homogenate was inoculated on a blood agar plate (Thermo Fisher Scientific, USA) for microbial culture under anaerobic and aerobic conditions. One milliliter of homogenate was injected into Bactec Plus/F aerobic culture vials (BD Biosciences, Sparks, MD, USA) and Bactec Lytic/10/F anaerobic culture vials (BD Biosciences, Sparks, MD, USA). The incubation time was extended up to 2 weeks. All bacteria or fungi isolated were identified using the Vitek II system (Biomerieux, USA) and matrix-assisted laser desorption ionization-time of flight mass spectrometry, using a Bruker Daltonics system (Billerica, MA).





Metagenomic next-generation sequencing and analysis




Sample processing and sequencing

Following the collection of SF, 2 mL of the sample was immediately removed and inactivated at 80°C for 10 minutes. A 1.5 mL microcentrifuge tube containing 0.8 mL of the sample and 2 g of 0.5 mm glass beads was placed on a mixing platform at a speed of 3000 RPM for 15 minutes. Then, all samples were centrifuged at 13000 RPM for 10 minutes. Six hundred microliters of the sample was transferred into a 2.0 mL microcentrifuge tube, and the DNA was extracted using the TIANamp Micro DNA Kit (DP316, Tiangen Biotech Co., Ltd.) according to the recommended protocol in the instructions. According to the protocol of the BGISEQ-200 sequencing platform, the DNA library was constructed by DNA fragmentation, end-repair, adapter-ligation, and PCR amplification. The constructed library was qualified by Agilent 2100 (Agilent Technologies, USA) and Qubit 4.0 (Thermo Fisher, USA). The qualified double-strand DNA library was transformed into a single-stranded circular DNA library through DNA denaturation and circularization. DNA nanoballs (DNBs) were generated from single-stranded circular DNA using rolling circle amplification (RCA). The DNBs were qualified using Qubit 4.0. Qualified DNBs were loaded into the flow cell and sequenced (50 bp, single-end) on the BGISEQ-200 platform.





Bioinformatic analysis

High-quality sequencing data were generated by removing low-quality and short (length < 35 bp) reads using fastp software (Chen et al., 2018) followed by computational subtraction of human host sequences mapped to the human reference genome (hg38) using STAR (Dobin et al., 2013) alignment. After the removal of low complexity and duplicated reads using PRINSEQ algorithms (Schmieder and Edwards, 2011), the remaining data were classified using Kraken2 software (Wood et al., 2019, p. 2) by a pathogen reference database that was gathered from multiple public genome databases, including FDA-ARGOS (Food & Drug Administration- dAtabase for Reference Grade micrObial Sequences), BV-BRC (Bacterial and Viral Bioinformatics Resource Center, version 3.28.9), EuPathDB (Eukaryotic Pathogen Genome Database, Release 52), and NCBI GenBank (National Center for Biotechnology Information, Release 242). The pathogen reference database comprises 28,516 bacterial taxa, 8,046 viral taxa, 2,076 fungal taxa, and 429 parasite taxa. The sequencing data list was analyzed in terms of species-specific read number (SSRN), reads per million(RPM), and genome coverage (%).

The pathogens detected by mNGS were considered positive according to the previously reported threshold as follows (Miller et al., 2019; Hao et al., 2023). (I) Bacteria (excluding mycobacteria): Organisms with a coverage rate of at least 10 times that of other organisms were deemed to be pathogenic species. For an organism that did not match the negative control pathogen, it was the pathogenic species if the number of reads mapped to the pathogen at the genus level was ≥10. For an organism that matched the negative control pathogen, it was considered positive if the coverage rate was ≥2% and the number of reads strictly mapped to pathogen at the genus level was ≥10 in two consecutive tests. (II) Mycobacterium: If the number of reads strictly mapped to a pathogen at genus level ≥1 and the number was in the top 10, it was a pathogenic species. (III) Fungi: If the number of reads mapped to pathogens at genus or species level ≥10 and were in the top 10 for bacteria, they were considered positive.






Management and follow-up

Management strategy (Figure 1): The classification of JI into acute (<4 weeks) and chronic (≥4 weeks) is based on the onset time. Chronic JI was typically treated using a two-stage revision/arthroplasty procedure: (1) surgical debridement (and implant removal in PJI) is followed by implantation of a spacer made of polymethyl methacrylate mixed with antibiotics. Intra- and postoperative antibiotic selection was determined by orthopedic surgeons and infection physicians based on preoperative pathogen diagnosis. If pathogenetic testing was negative, empirical antibiotic therapy was administered. (2) Three months later, a revision arthroplasty was performed after confirming the cure of the infection through clinical symptoms and laboratory examinations. Outpatient follow-up was conducted at 3 months, 6 months, and every 6 months thereafter.




Figure 1 | Management strategy. JI, joint infection; PJI, periprosthetic joint infection; SA, primary septic arthritis; DAIR, debridement and retention of the implant; AM, antibiotic management; D & AM, debridement and antibiotic management.







Statistical analysis

SPSS 26.0 (SPSS Inc., Chicago, Illinois, USA) was used in this study. The independent samples t-test was used to compare groups of normally distributed data; the Mann-Whitney U test was used to compare groups of non-normally distributed data. Comparisons of sensitivity, specificity, positive predictive value, negative predictive value, and accuracy were performed using the chi-square test, and related 95% confidence intervals (CIs) in culture and NGS techniques. We performed an a priori power analysis to determine the minimum sample size necessary to achieve statistical significance. Using previously published data (Huang et al., 2020a), we estimated the sensitivity of microbiological culture at 61.2% and mNGS at 95.9%. We determined that a sample size of 36 patients would achieve a power of 80.0% with an alpha error of 0.05. A p-value < 0.05 was considered significant.






Results




Sample characteristics

This study retrospectively analyzed 65 cases with suspected JI. Six cases were excluded due to various reasons, including failed sequencing, incomplete clinical data, and inadequate volume of sample for culture and mNGS (Figure 2). Fifty-nine cases were enrolled, including 47 cases confirmed with JI, and 12 cases confirmed with non-JI. The distribution of JI and non-JI is shown in Figure 3. Clinical data are listed in Table 1. Among the 47 cases with a clinical diagnosis of JI, the time interval between antibiotic discontinuation and sample collection was 6.73 ± 2.69 days, 4.67 ± 2.03 days, 3.67 ± 1.63 days, and 5.67 ± 1.76 days in the mNGS and culture both-positive group, the mNGS-positive group, the culture-positive group, and the both-negative group with mNGS and culture, respectively. The time interval of the culture-positive group was found to be significantly shorter than that of the both-positive group (p=0.027).




Figure 2 | Flowchart detailing enrolment and microbiological results of study samples. JI, joint infection.






Figure 3 | The distribution of JI and non-JI. (A) JI group; (B) non-JI group. SA, septic arthritis; PJI, periprosthetic joint infection; OA, osteoarthritis; RA, rheumatoid arthritis; AF, aseptic failure; MI, meniscus injury; ROI, rotator cuff injury.




Table 1 | Clinical and laboratory characteristics of patients.







Concordance between the mNGS and culture

mNGS and cultures were both positive in 11 of 47 (23.4%) samples and were both negative in 14 (29.8%) samples. Twenty-one samples were positive by mNGS only (44.7%), and 1 was positive by culture only (2.13%).Among the 11 samples that were positive for both mNGS and culture, 9 (81.2%) had fully matching results; one case (9.09%) had partially matched results, Staphylococcus aureus was detected by both methods while Pseudomonas was missed by mNGS; one case (9.09%) had total unmatched results, Finegoldia magna was detected by mNGS while Staphylococcus hominis was detected by culture (Figure 4).




Figure 4 | The concordance of results between metagenomic next-generation sequencing (mNGS) and culture. Both+, results of mNGS and culture were both positive; Both-, results of mNGS and culture were both negative; mNGS+, only the mNGS result was positive, culture was not; Culture+, only the culture result was positive, mNGS was not.



Eleven pathogenic strains were detected by mNGS but not by microbiological culture, which included Staphylococcus lugdunensis, Staphylococcus cohnii, Finegoldia magna, Enterococcus faecalis, Staphylococcus saprophytics, Escherichia coli, Salmonella enterica, Pseudomonas aeruginosa, Acinetobacter pittii, Brucella ovis, and Coxiella burnetii (Table 2).


Table 2 | Pathogens detected by mNGS and culture.







Diagnostic and clinical values of mNGS and culture

The mNGS assay yielded a sensitivity of 68.1% (52.7-80.5%), which was significantly higher than 25.5% of culture (p < 0.01). The accuracy of mNGS was 71.2%, which was significantly higher than 39% of culture (p < 0.01). While there were no statistically significant differences in specificity, PPV, and NPV (Table 3). The turnaround time for mNGS was 1 day, significantly shorter than 5 days for culture (p < 0.01).


Table 3 | Comparison of diagnostic values among mNGS and culture.



Antibiotic treatment was adjusted before operations based on the mNGS results in 32 (68.1%) patients, including 12 (25.5%) and 20 (42.6%) patients, in whom treatment was upgraded, and changed, respectively.

Five JI patients required reoperation, and all were diagnosed with PJI of the knee. Of these, one PJI patient initially received prosthesis removal and spacer implant. The preoperative SF mNGS and culture tests took one and five days, respectively, and were both negative. Vancomycin was empirically chosen for local treatment in the spacer. Two weeks later, the culture-based preoperative sample reported Staphylococcus epidermidis and Candida parapsilosis. Thus, fluconazole was used for postoperative management. After 5 months, the recurrence of surgical site infection occurred. The debridement was performed, and the spacer impregnated with fluconazole and vancomycin was implanted. Oral fluconazole was continued for 1 year following the surgery. With 2 years of follow-up, no recurrence of infection was observed. The other 4 cases were negative for both mNGS and culture before operation and received debridement and retention of the implant (DAIR) with following empirical antibiotic management. The infection recurred 4 to 14 weeks after surgery. Then two-stage revisions were performed. With over 21 months of follow-up, no recurrence of infections was observed. In summary, among 33 JI patients with positive results of pathogens, 1 case (3.03%) required reoperation, while among 14 cases with negative results of pathogens, 4 cases (28.57%) required reoperation.






Discussion

In the present study, the performances of mNGS and conventional culture in detecting pathogens from SF samples in JI patients with previous antibiotic exposure were systematically compared. Traditional cultures depend on the growth and multiplication of pathogens. However, the presence of antibiotics can interfere with this process, inhibiting pathogen growth and potentially leading to false-negative results. In contrast, the mNGS involves direct sequencing of the nucleic acids of infectious pathogens present in joint fluid, bypassing the need for pathogen cultivation. Consequently, even when pathogens are suppressed by antibiotics, mNGS can enhance the detection rate, increasing the likelihood of obtaining positive results (Benamu et al., 2022; Feng et al., 2024). The results showed that mNGS has higher sensitivity and accuracy than culture and can detect more potential pathogens from a single SF sample. Moreover, it took only 1 day for mNGS to generate a final report, which could provide prompt guidance for targeted antimicrobial treatment during emergency surgery in clinical practice compared to culture.

This study has shown that mNGS offers several advantages over conventional culture when it comes to diagnosing JI using SF samples. First, the sensitivity and accuracy of mNGS were less affected by antibiotic treatment. This result was consistent with prior literature. mNGS is less affected by prior antibiotic exposure than culture in the detection of pathogens in a variety of diseases, including infective endocarditis (Eichenberger et al., 2023), tissue transplantation (Everhart and Henshaw, 2023), and lung and central nervous system infections (Miao et al., 2018). Nucleic acids serve as the foundation for mNGS diagnostics, and the half-life of cell-free nucleic acids in synovial fluid remains under-researched. However, due to the slower metabolism of synovial fluid compared to blood, studies have found that in animal models of arthritis, the concentration of cell-free nucleic acids in synovial fluid is more than twice that in bloodstream (Panizzi et al., 2023). Consequently, the utilization of SF samples for mNGS detection is theoretically more sensitive and accurate than the use of blood samples. For the pathogenic detection of JI, the positive rate of mNGS using tissue specimens was 69.5%, significantly higher than culture with 23.1% (Yu et al., 2023); comprehensive analysis of SF, sonicate fluid, and tissue samples and demonstrated that the sensitivity of mNGS was 89.7%, which was significantly higher than that of culture at 61.5% (Huang et al., 2020b). Second, mNGS detected more species of pathogens than culture did from a single SF sample. Eleven pathogens were detected only by mNGS in this study, including Staphylococcus lugdunensis, Staphylococcus cohnii, Finegoldia magna, Enterococcus faecalis, Staphylococcus saprophytics, Escherichia coli, Salmonella enterica, Pseudomonas aeruginosa, Acinetobacter pittii, Brucella ovis, and Coxiella burnetii. In addition, mNGS exhibits higher sensitivity in detecting fungi (Table 2). Since the detection of mNGS is based on sequences of genes of pathogens rather than culture based on live bacteria, mNGS has a higher sensitivity than culture for some fastidious bacteria (Wang et al., 2020; Everhart and Henshaw, 2023), fungi (Huang et al., 2020a; Liang et al., 2022), and mycobacterium (Ko et al., 2019). Third, the turnaround time for mNGS was one day, which is significantly faster than culture, which took 4-14 days. For JI patients requiring urgent treatment, a shorter turnaround time is crucial in guiding antibiotic use (Benamu et al., 2022; Feng et al., 2024), especially in the selection of intraoperative local antibiotics.

Based on the above advantages, 32 out of 47 JI patients (68.1%) were given antibiotic adjustment based on mNGS results in this study. In 12 cases (25.5%), antibiotics were upgraded, and in 20 cases (42.6%), inappropriate empiric use of antibiotics was identified and changed. After a mean follow-up of 23.7 months, the treatment success rate was 89.4%, which is higher than the 67-71.6% reported in the literature (Corona et al., 2020; Burr et al., 2022).

In this study, five JI patients required reoperation. One of these patients only had a positive pathogenic result with culture, but the report came 2 weeks after the operation. The pathogens were identified as Staphylococcus epidermidis and Candida parapsilosis. However, the implanted spacer was not impregnated with antifungal agents. As a result, the infection recurred after 5 months. The debridement and implant of a spacer impregnated with antifungal agent were performed. After a 2-year follow-up, there was no recurrence of infection. Thus, timely pathogen identification is crucial. The other 4 cases were negative for both mNGS and culture. Among cases with both negative results, the reoperation rate was 28.6%, which is lower than the 50% reported in the literature (Tan et al., 2018), but still significantly higher than the group with positive pathogen testing.

It is not sufficient to rely on mNGS results alone to diagnose fungal osteoarticular infections, due to the possibility of contamination and false positives. In this study, a total of 4 fungal infections were diagnosed by mNGS, with one of these cases subsequently validated by culture results. The remaining 3 patients were clinically confirmed to have chronic joint infections (more than 16 weeks), which were negative in multiple SF and tissue cultures conducted before and after the mNGS examination. These patients were treated with a variety of empirical antibiotics, excluding antifungal drugs; however, the outcomes were not favorable. Following the mNGS results, which indicated a fungal infection, we consulted with infection specialists and proceeded with debridement and antifungal therapy. After a period of more than six months of postoperative antifungal therapy and over 20 months of follow-up, the infection was well controlled, leading to the clinical diagnosis of fungal joint infection. The positive rate of fungal culture and histological examination is relatively low. Currently, the diagnosis and treatment based on mNGS have been supported by several clinical studies (Li, 2022; Wang et al., 2022).

Previous antibiotic exposure affected the diagnostic value of mNGS on JI. In this study, the antibiotics empirically used and the results of pathogenic detections are shown in Table 4. The rate of negative results for both mNGS and culture was highest in people who had previously taken vancomycin (66.7%) and carbapenems (100%), followed by macrolides (33.3%) and combination antibiotic treatment (33.3%). The combinations included first- to third-generation cephalosporins, β-lactams, and quinolones. Therefore, upgrading antibiotics in empiric therapy needs to be prudent, and obtaining samples in advance is highly recommended.


Table 4 | Previously used antibiotics and pathogen results.



There were still some limitations in this study: (1) This study was conducted at a single center and included a limited number of patients, which may affect the reliability of the conclusions. To strengthen the results, multicenter studies should be conducted in the future; (2) The diagnostic accuracy of mNGS compared to culture would be affected due to the lack of non-infection samples, as mNGS is a highly sensitive method that is sensitive to contamination. (3) As a retrospective study, the findings of this research may be influenced by selection bias. For instance, previous antimicrobial treatment was more common in PJIs caused by acute infection, particularly by highly virulent pathogens. In these patients, antimicrobial therapy has a smaller effect on culture positive in these patients than in those with chronic infection (Hao et al., 2023). (4) Analyzing the effects of antibiotics on mNGS based on limited samples is challenging due to the diversity of empirical antibiotics in terms of classes, administration routes, and treatment durations. In the future, with the increase in sample size and the maintenance of more detailed records, more comprehensive research is expected to be conducted in this area.

In conclusion, based on a single SF sample, mNGS was found to have significantly higher sensitivity and accuracy than conventional culture for JI patients with previous antibiotic exposure. Furthermore, mNGS was able to diagnose more pathogenic microorganisms in a shorter turnaround time, which can guide antibiotic treatments more effectively and potentially improve clinical outcomes.
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Background

Although the emerging NGS-based assays, metagenomic next-generation sequencing (mNGS) and targeted next-generation sequencing (tNGS), have been extensively utilized for the identification of pathogens in pulmonary infections, there have been limited studies systematically evaluating differences in the efficacy of mNGS and multiplex PCR-based tNGS in bronchoalveolar lavage fluid (BALF) specimens.





Methods

In this study, 85 suspected infectious BALF specimens were collected. Parallel mNGS and tNGS workflows to each sample were performed; then, we comparatively compared their consistency in detecting pathogens. The differential results for clinically key pathogens were confirmed using PCR.





Results

The microbial detection rates of BALF specimens by the mNGS and tNGS workflows were 95.18% (79/83) and 92.77% (77/83), respectively, with no significant difference. mNGS identified 55 different microorganisms, whereas tNGS detected 49 pathogens. The comparative analysis of mNGS and tNGS revealed that 86.75% (72/83) of the specimens were complete or partial concordance. Particularly, mNGS and tNGS differed significantly in detection rates for some of the human herpesviruses only, including Human gammaherpesvirus 4 (P<0.001), Human betaherpesvirus 7 (P<0.001), Human betaherpesvirus 5 (P<0.05) and Human betaherpesvirus 6 (P<0.01), in which tNGS always had higher detection rates. Orthogonal testing of clinically critical pathogens showed a total coincidence rate of 50% for mNGS and PCR, as well as for tNGS and PCR.





Conclusions

Overall, the performance of mNGS and multiplex PCR-based tNGS assays was similar for bacteria and fungi, and tNGS may be superior to mNGS for the detection of DNA viruses. No significant differences were seen between the two NGS assays compared to PCR.





Keywords: bronchoalveolar lavage fluid (BALF), pathogen, targeted next-generation sequencing (tNGS), metagenomic next-generation sequencing (mNGS), diagnostics




1 Introduction

Pulmonary infections are prevalent globally, with high morbidity, mortality and healthcare burden (Magill et al., 2014; Shi and Zhu, 2021). Early and accurate pathogen diagnoses are greatly significant, which contribute to make targeted antibiotic therapy and reduction of mortality (Zheng et al., 2021; Diao et al., 2023). Bronchoalveolar lavage (BAL) is considered as a safe, easily performed, minimally invasive and well-tolerated procedure. BALF specimens can facilitate the diagnosis of various lung diseases, including pulmonary infections (Hogea et al., 2020). In clinical settings, the identification of pathogens in BALF specimens is primarily based on traditional microbial culture, microscopic smears and polymerase chain reactions (PCR). Although traditional microbial culture was regarded as the gold standard for pathogens diagnosis of infectious diseases (Fu et al., 2024), it has drawbacks such as lengthy detection cycles, low sensitivity, and challenges in detecting atypical pathogens, viruses, and difficult-to-culture organisms (Lin et al., 2024). Microscopic smears also have low detection rates and few available assay targets (Liu et al., 2022). Also, PCR testing requires specific primers or probes to be pre-designed for microbial pathogens, so this method can only detect known pathogens and has limited ability to detect pathogens in a single assay (Liu et al., 2022; Lin et al., 2024). Due to the aforementioned inherent shortcomings of current microbiological tests, it is difficult to satisfy clinical diagnostic needs.

Recently, next-generation sequencing (NGS) technology, combined with bioinformatics has become a powerful tool for the detection, identification, and analyses of human pathogens, which provides options to overcome the clinical diagnostic challenges of current culture-based and molecular microbiologic techniques (Dulanto Chiang and Dekker, 2020; Maljkovic Berry et al., 2020). Metagenomic next-generation sequencing (mNGS) is a culture-independent, hypothesis-free, unbiased, and comprehensive microbial detection and taxonomic characterization method with high sensitivity, broad pathogens range, and the ability to detect even newly emerging pathogens, which has been demonstrated feasible in the detection and identification of pulmonary infection pathogens (Li et al., 2020; Li et al., 2021; Diao et al., 2023). However, mNGS still faces numerous challenges, such as high costs, great interference of human genes, difficulty in interpreting results, and the inability to conduct DNA and RNA dual-processing detection at the same time (Li et al., 2022; Liu et al., 2022; Lin et al., 2024). To address these challenges, target next-generation sequencing (tNGS) based on targeted amplification technology and high-throughput sequencing technology was developed. At present, tNGS seems to have the advantages of detection sensitivity not affected by the human genome and background microorganisms, lower detection cost, lower sample requirements, easy standardization of workflow, and simultaneous detection of DNA and RNA pathogens (Huang et al., 2021; Lin et al., 2024). However, the performance of tNGS based on multiplex PCR technology for pathogen identification in BALF specimens is not clear yet.

The aim of this study was 2-fold. First, we systematically evaluated the differences in pathogenic diagnostic performance between mNGS and tNGS in BALF specimens, by collecting 85 clinical BALF specimens, and performing mNGS and tNGS detection parallelly, in which tNGS was based on multiplex PCR technology. Second, we evaluated the pathogenic identification value of mNGS and tNGS in BALF specimens by comparing both NGS workflows with PCR.




2 Materials and methods



2.1 Patients and samples

Clinical specimens used in this study were enrolled from the clinical biobank of The First Affiliated Hospital of Ningbo University in Zhejiang, China, which were collected and retained with the informed consent of the patients. Samples collected between March 2023 and September 2023 that met the inclusion criteria were tested for pathogens by tNGS. Inclusion criteria were as follows: (i) mNGS testing for pathogens identification was complete; (ii) BALF specimens. Exclusion criteria: (i) incomplete clinical records; (ii) samples were contaminated; (iii) residual samples met minimal volume requirements for enrollment. Clinical data of patients were collected through the electronic medical records system. After the mNGS assay, the remaining samples were stored at -80°C until the tNGS assay. At the time of the tNGS assay, enrolled samples have been retained for an average of 30.82 days (range: 0-163 days). This study was approved by the Medical Ethics Committee of The First Affiliated Hospital of Ningbo University (No. 2024-125RS-01) and was conducted according to the principles of the Helsinki Declaration.




2.2 mNGS assay



2.2.1 Sample processing and nucleic acid extraction

BALF specimens were collected from patients according to standard procedures. Viscous samples conducted liquefaction treatment. Subsequently, MolYsis™ Basic5 (catalog number D-301-050; Molzym GmbH & Co. KG, Germany), a commercial human DNA depletion kit, was used to remove host DNA. Then, nucleic acid was fully extracted by the Magnetic Pathogen DNA/RNA Kit (catalog number NG550; Tiangen Biotech (Beijing) Co., Ltd, China) following the manufacturer’s instructions. The concentration of extracted DNA was measured using a Qubit™ double-stranded DNA (dsDNA) high-sensitivity (HS) assay kit (catalog number Q32854; Thermo Fisher Scientific Inc, USA).




2.2.2 Library preparation and sequencing

DNA libraries were constructed using the VAHTS Universal Plus DNA Library Prep Kit for MGI (catalog number NDM617; Vazyme, China) with the 2 ng initial input. The quality control (QC) of DNA libraries was carried out using an Agilent 2100 bioanalyzer (Agilent Technologies Inc., USA) to assess DNA concentrations and fragment size. DNA libraries with a main peak of 240 bp-350 bp and concentration greater than 1ng/μL passed the QC process. Qualified libraries were pooled together for denaturation and circularization to generate a single-stranded DNA circle (ssDNA circle). Then, DNA nanoballs (DNB) were generated via rolling circle replication (RCA). Finally, prepared DNBs were loaded onto the sequence chip and sequenced on a BGISEQ platform for single-end 50-bp sequencing to generate 10 ∼to 20 million reads for each library.




2.2.3 Bioinformatic analysis

Pathogen detection by mNGS was performed using an in-house bioinformatics pipeline. After sequencing, Fastp v0.23.4 was used to remove low-quality reads, adapters, and short reads to obtain clean data for further analysis (Chen et al., 2018). BWA (Burrows-Wheeler Aligner) v0.7.17-r1188 was used to identify human sequences by mapping clean data to three human reference genomes, including hg38, T2T-CHM13, YH1 (Li and Durbin, 2009). And human sequences were excluded by Samtools v1.6. Our in-house genome database consisted of 8188 microbes genomes with 4,973 bacterial species, 431 DNA viral species, 678 RNA viral species, 1843 fungal species, and 263 parasites (Supplementary Table 1). To construct the microbial genome database, firstly, we constructed a pathogens list according to the following three references: (i) official information including prioritizing diseases for research and development in emergency contexts by WHO (https://www.who.int/activities/prioritizing-diseases-for-research-and-development-in-emergency-contexts), and National CDC Catalogue of Human Pathogenic Microorganisms published by the official Chinese; (ii) books including Johns Hopkins ABX Guide (https://www.hopkinsguides.com/hopkins/index/Johns_Hopkins_ABX_Guide/Pathogens), Harrison’s Infectious Diseases (3rd Edition), and Manual of Clinical Microbiology (12ed Edition) (https://www.clinmicronow.org/doi/book/10.1128/9781683670438.MCM); (iii) clinical case reports or research articles published in current peer-reviewed journals. Secondly, the microbial genome databases were downloaded from RefSeq and WGS in the National Center for Biotechnology Information (https://www.ncbi.nlm.nih.gov/). After human reads filtering, the remaining sequences were aligned to our microorganism genome database by BWA. Then, by processing the mapped data with in-house scripts, all microorganisms contained in the sample were identified. The results were further verified by BLAST.




2.2.4 Threshold criteria and result interpretation

Raw sequencing read counts for individual microorganisms were normalized to produce the reads per twenty million (RPTM), so that samples with different sequencing depths or reads are comparable. To identify background microorganisms, negative controls (NTC) were established for each batch of experiments. Furthermore, we constructed a clinical grades-based filtering system for interpretation to exclude the effects of redundant organisms. Specifically, based on the above references, we classified pathogens in our internal genome database into four grades, with clinical importance IV>III>II>I (Supplementary Table 1). Different interpretation rules were developed for pathogens of different clinical importance grades (I~IV) and biological taxonomy (bacteria, viruses_DNA, viruses_RNA, fungi, and parasites), which were mainly realized by different thresholds of microorganisms-specific RPTM, species-rank within the genus, genus relative abundance, genus-rank, RPTM-r (RPTM-r was defined as the RPTMsample/RPTMNTC). The process did not report RNA viruses. Suspected background microorganisms were excluded from provisional mNGS test reports. Pathogens found in BALF specimens were identified by two experienced laboratory clinicians based on clinical features, smears of specimens, and other microbiology testing.





2.3 tNGS assay

The multiplex PCR-based targeted next-generation sequencing technology was performed to identify targeted pathogens. This testing included 231 clinically important or relevant pathogens, based on the aforementioned official information, book, clinical case reports, or research articles (Supplementary Table 2). By taxonomy, the panel included 108 bacteria, 17 DNA viruses, 54 RNA viruses, 46 fungi, and 6 parasites. The production and testing of the panel were performed in-house by Beijing Genskey Technology Co., Ltd.

BALF specimen processing and nucleic acid extraction methods were consistent with that of mNGS. This tNGS detection method, was divided into two tubes of DNA and RNA, respectively, for multiple amplification. For RNA viruses, no more than 1μg of nucleic acid product was taken for reverse transcription and cDNA synthesis sequentially. Multiplex PCR amplification was performed separately for gDNA and cDNA to enrich the target gene sequences. Then, the products of the two tubes were combined to purify. By adding sequencing adapters and barcode sequences for sample identification, pathogen sequencing libraries were obtained. Libraries QC, pooling, DNB preparation, sequencing platform, and parameter settings are the same as mNGS assay, the only difference is that a single sample generates 0.5 million reads. After sequencing, the raw reads were filtered, short reads or non-specific primer binding was removed, and then, clean reads for identification were obtained. Subsequently, pathogen species in the samples were identified by sequence read counts from sequence alignment. Similarly, we established a set of interpretation rules for the tNGS assay, which were mainly realized by indicators such as microorganisms-specific RPM (RPM was defined as the reads per million), RPM-r (RPM-r was defined as the RPMsample/RPMNTC), and primer amplification status. The interpretation of the tNGS results was also done by two experienced laboratory clinicians based on clinical features, smears of specimens, and other microbiology tests.




2.4 Orthogonal confirmation of mNGS and tNGS results

When the results of mNGS and tNGS assays were inconsistent, samples underwent orthogonal testing utilizing specific PCR. In this study, PCR was used for the detection of clinically critical pathogenic microorganisms, including: (i) Mycobacterium tuberculosis complex; (ii) non-tuberculous Mycobacteria such as M. avium, M. chelonae, M. intracellulare, etc; (iii) fungi including Aspergillus flavus, A. fumigatus, A. niger, Cryptococcus neoformans and Pneumocystis jirovecii. Orthogonal experiments could only be carried out if the residual sample met the minimum volume requirements of the PCR assay.




2.5 Statistical analysis

IBM SPSS v26.0 (SPSS Inc., USA) was used for the data analysis. Categorical variables were described as frequencies and percentages. In contrast, continuous variables conforming to a normal distribution were expressed as mean ± standard deviation. Those with a nonnormal distribution were presented as the median and interquartile range (IQR). Comparative analyses were conducted by McNemar’s chi-squared test and Fisher’s exact test. A P-value of less than 0.05 was regarded as statistically significant.





3 Results



3.1 Demographic characteristics

A total of 85 BALF specimens from 83 patients were initially enrolled in this study according to the inclusion and exclusion criteria. Subsequently, 2 samples failed the QC process of the tNGS workflow. Finally, 83 samples were included in further analyses. For the final enrolled patients, except for one patient who had three samples (Patient 20, Sample #20, 35, 51), the remaining 80 patients had only one sample. The ages of this cohort ranged from 15 to 87 years old, with a mean age of 58.7 years, in which 1 case (1.2%) was 20 years of age or younger and 42 cases (51.9%) were older than 60 years of age. Approximately 58.0%% (47/81) of the cases were male (Table 1; Supplementary Table 3).


Table 1 | Patient Demographics.






3.2 Pathogen identification by mNGS and tNGS

The microbial detection rates of mNGS and tNGS were 95.18% (79/83) and 92.77% (77/83), respectively, and the difference was not statistically significant (P=0.625).

The pathogen detection results of mNGS and tNGS workflows are shown in Figure 1, with bacteria and DNA viruses mainly detected. A total of 244 pathogens were detected by the mNGS workflow. Bacteria were from 31 species, accounting for 47.13% (115/244) of detections, with Mycobacterium tuberculosis complex (MTBC, 18/115, 15.65%), Haemophilus influenzae (12/115, 10.43%), Klebsiella pneumoniae (10/115, 8.70%) being the most highly detected. DNA viruses belonged to 6 species, accounting for 33.61% (82/244) of detections, while detection rates of Human gammaherpesvirus 4 (26/82, 31.71%), Torque teno virus (24/82, 29.27%) and Human betaherpesvirus 5 (15/82, 18.29%) were the highest. Fifteen fungi species with a total of 46 strains were detected, accounting for 18.85% (46/244). Aspergillus fumigatus (10/46, 21.74%), Candida albicans (9/46, 19.57%) and Pneumocystis jirovecii (7/46, 15.22%) had the highest detection rate. Parasites were detected in 1 case of Trichomonas tenax, accounting for 0.41% (1/244) (Figures 1A, C).




Figure 1 | Pathogen identification by mNGS and tNGS workflows. (A, B) show the distribution of pathogens detected by mNGS and tNGS assays by categories, respectively. Before the slash is the number of strains detected, and after the slash is the type number of species detected. (C, D) show the pathogen detection results of mNGS and tNGS assays, respectively. MTBC, Mycobacterium tuberculosis complex.



In contrast, the tNGS workflow identified 270 potential pathogens from 83 BALF specimens. Bacteria were from 28 species, accounting for 40.00% (108/270), while MTBC (16/108, 14.81%), K. pneumoniae (11/108, 10.19%) and H. influenzae (10/108, 9.26%) had the highest detection rate. DNA viruses were belonging to 8 species, accounting for 40.74% (110/270). The detection rates of Human gammaherpesvirus 4 (40/110, 36.36%), Human betaherpesvirus 7 (31/110, 28.18%) and Human betaherpesvirus 5 (22/110, 20.00%) were the highest. The RNA viruses were from 8 species, accounting for 9.26% (25/270). The detection rates of Severe acute respiratory syndrome coronavirus 2 (7/25, 28.00%) and Influenza A virus (5/25, 20.00%) were the highest. Eight fungi species with a total of 27 strains were detected, accounting for 10.00% (27/270), with A. fumigatus (9/27, 33.33%), C. albicans (8/27, 29.63%) and P. jirovecii (5/27, 18.52%) being the most highly detected (Figures 1B, D).




3.3 Comparison of mNGS and tNGS results

The concordance between mNGS and tNGS assays for pathogen detection is displayed in Figure 2. A total of 76 samples (91.57%, 76/83) were positive for both mNGS and tNGS assays, and 3 (3.61%) were both negative. 9 out of 76 double-positive samples exhibited concordant results between mNGS and tNGS. An additional 60 samples showed partly matched results between mNGS and tNGS, with the same pathogen detected at least once. The remaining 7 samples had discordant results between mNGS and tNGS. Thus, the results of mNGS and tNGS tests on the samples included in this study had a complete consistency rate of 14.56% (12/83), a completely inconsistent rate of 13.25% (11/83), and a partially consistent rate of 72.27% (60/83).




Figure 2 | Concordance between mNGS and tNGS assays for pathogen detection.



Since the differences between the detection results of mNGS and tNGS workflow were complex, before analyzing the differences in the detection results, we first classified the differences according to the reasons for the inconsistency of the detection results:

	I. Different panel ranges: including RNA viruses that couldn’t be detected by the mNGS DNA process, as well as pathogens that couldn’t be detected by the tNGS method without designing primers, but could be detected without bias by mNGS;

	II. Different taxonomic categories: in the product design stage, it was determined by many factors such as methodological characteristics, technical accessibility and clinical needs. For example, the mNGS DNA process included and could report Mycobacterium avium complex (MAC) species such as M. avium and M. intracellulare, while tNGS only designed universal primers for MAC;

	III. Other.



Reasons I and II were objective and known. At the same time, there were also uncertain reasons to be explored, that was, category III reasons, such as the degradation of samples due to long-term storage, wet experimental performance, bio-information analysis process, and even interpretation rules. This part was the focus of analysis and future optimization. The classification of the causes of inconsistent detection results helped simplify the difference analysis process and improve the efficiency of difference recognition.

As shown in Figure 2, for the 11 cases with no overlapping in the test results, including only mNGS positive, only tNGS positive and mismatch results in the double-positive samples, 2 cases (18.18%) were completely caused by I. different panel ranges, 3 cases (27.27%) were completely caused by III. other factors, and 6 cases (54.55%) had both of the aforementioned two factors. For the partly matched samples among the 60 double-positive samples, 40 cases (66.67%) had different results caused by I. different panel ranges, 6 cases (10.00%) caused by II. different taxonomic categories, and 43 cases (71.67%) caused by III. Other factors. Therefore, the objective and known reasons for the inconsistency between the detection results of mNGS and tNGS workflows in the samples were different panel ranges and different taxonomic categories, which accounted for nearly half of the total, and the other half was caused by differences in methodological performance and other reasons.

Further, Figure 3 compared the number of positive samples for mNGS and tNGS detection of each type of pathogen, each pathogen, and specially labeled the pathogens with different panel ranges and different taxonomic categories. The differences in the detection of RNA viruses and parasites were caused by different panel ranges. For bacteria, there was no significant difference in the overall positive rate. Specifically, both workflows detected TOP3 for MTBC, H. influenza, and K. pneumonia, and only the difference in the detection rate of M. intracellulare was significant (P<0.05), which was caused by different taxonomic categories. For fungi, the TOP3 fungal detections for both methodologies were A. fumigatus, C. albicans and P. jirovecii. There was no significant difference in the positive rate of pathogens, but there was a higher proportion of specific pathogen detections due to differences in panel ranges and taxonomic categories, which resulted in a significantly higher overall positivity rate for mNGS than for tNGS (P<0.001). For DNA viruses, both workflows detected Human gammaherpesvirus 4 most. Except for the Torque teno virus which was not within the detection range of tNGS, the pathogen spectrum detected by mNGS and tNGS was consistent, which were Human gammaherpesvirus 4, Human betaherpesvirus 5, Human betaherpesvirus 7, Human betaherpesvirus 6, Human alphaherpesvirus 1. However, the number of positive samples of Human gammaherpesvirus 4 (P < 0.001), Human betaherpesvirus 7 (P < 0.001), Human betaherpesvirus 5 (P < 0.05) and Human betaherpesvirus 6 (P < 0.01) was statistically different, in which tNGS always had higher detection rates. It was worth noting that this was not due to known objective factors, which may reflect the performance differences between mNGS and tNGS.




Figure 3 | Comprasion of pathogen detection results using mNGS and tNGS assays. (A) The bar plot shows the total number of positive samples for each category. (B) Pathogens that tested positive either by mNGS or tNGS assays are grouped by biological taxonomy (bacteria, viruses_DNA, viruses_RNA, fungi, and parasites). Blue pentagrams represent mNGS method panel-specific pathogens. Green pentagrams represent tNGS method panel-specific pathogens. Blue triangles represent mNGS method panel-specific taxonomic categories. Green pentagrams represent tNGS method panel-specific taxonomic categories. *P < 0.05; **P < 0.01; ***P < 0.001.



In other words, if we excluded the objective and known differences in detection results caused by different panel ranges and different taxonomic categories, only some DNA viruses using tNGS had significantly higher detection rates than mNGS, which implied the detection performance of the two NGS detection methods was similar.




3.4 Verification of key pathogens

Based on the results of mNGS and tNGS workflows, PCR orthogonal verification was performed on BALF specimens with differences in clinically critical pathogens. As shown in Figure 4A, in the mycobacteria group, 1 sample was detected by mNGS and PCR at the same time, 1 sample was detected by tNGS and PCR simultaneously, and 3 samples were only detected by mNGS or tNGS, which might be due to the instability of the detection caused by the low pathogen load. In the fungal group, 6 samples were simultaneously detected by mNGS and PCR, including 2 cases of P. jirovecii, 1 case of A. flavus, 2 cases of A. flavus complex, and 1 case of C. neoformans. One sample was simultaneously detected by tNGS and PCR which was A. fumigatus, and the remaining 4 samples were only detected by mNGS including 2 cases of A. niger, 1 case of A. fumigatus, and 1 case of C. neoformans. The positive rate of detection was mNGS > PCR > tNGS. In general, the microbial detection rates of mNGS and PCR were higher than that of tNGS, but the total coincidence rates of mNGS and tNGS with PCR were the same at 50% (Figure 4B).




Figure 4 | Inconsistent analysis between mNGS and tNGS assays in key pathogens. (A) Heat map displaying the result of pathogens detected by tNGS, mNGS, and PCR. (B) Contingency tables for the PCR with mNGS and tNGS sets. PPV, positive predictive value; NPV, negative predictive value; TCR, the total coincidence rate.







4 Discussion

Lower respiratory tract infection (LRTI) is the main cause of death worldwide, particularly among senior citizens in low-income regions, while early and accurate identification of pathogens contributes to decreased morbidity and mortality (Diao et al., 2021; Zheng et al., 2021; Zhang et al., 2022). BAL is a safe, simple and minimally invasive method of sampling the lung microbiome for pathogen diagnosis of lung infections, especially opportunistic lung infections in immunocompromised patients (Zaidi et al., 2020; Xu et al., 2023). However, clinical assays for BALF specimens are inadequate. This study aimed to compare and analyze the detection performance of two emerging NGS-based detection methods, mNGS and tNGS, on clinical BALF samples, and to provide some reference for clinical practice. By analyzing the detection results of mNGS and tNGS workflows for 83 BALF specimens, we found that tNGS may have better detection rates for DNA viruses than mNGS, and the detection performance of the two NGS-based assays for bacteria and fungi was similar, which is comparable to previous studies (Gaston et al., 2022; Li et al., 2022; Huang et al., 2023).

The different taxonomic categories mentioned above, that is, the category II causes of differences in detection results between mNGS and tNGS workflows, are the decision in the workflow design stage. The mNGS method analyzes all microorganisms in the sample without bias in pathogen diagnosis, and there is no targeted enrichment step. Even if the wet experiment stage contains the host-removal step, genomes of the human and background microorganisms also occupy most of the sequencing data. Therefore, this method has the characteristics of a wide detection range but low effective sequencing depth. It may be difficult to distinguish in the face of phylogenetic species with highly similar genomes. Therefore, in the design stage of the mNGS method, we innovatively introduced a “dual categorization level” bio-information analysis process, that is, for the 26 groups of microorganisms in Supplementary Table 4, when it is difficult to localize a species by sequence alignment within the group, it is reported at a higher level. For instance, there is a high degree of genomic similarity within A. flavi, which possesses both clinically common and rare species, such as A. flavus, A. oryzae, and A. alliaceus (Sabino et al., 2014; Kjærbølling et al., 2020). When the obtained sequences were not sufficient to identify to a species, we reported the A. flavus complex, as in sample #29, 43 and 61 (Supplementary Table 3). On the other hand, it is well known that the difficulty of the tNGS method based on multiplex PCR lies in the design of primers for the preset targets. In addition to the pursuit of high coverage and high specificity, the more the number of targets, the more serious the interference between primers. Therefore, for species with similar clinical significance and close genetic relationships, the number of targets is reduced and reported uniformly in the design. For example, the biggest cause of nontuberculous mycobacterial lung disease, M. avium complex (MAC), includes more than a dozen species such as M. avium and M. intracellulare, which have similar clinical manifestations and therapeutic measures, and are uniformly reported as MAC, as in sample #38, 44 and 49 (Supplementary Table 3) (Griffith, 2018; Liu et al., 2022).

In this study, the difference in pathogen detection results of clinical BALF samples between the mNGS and tNGS workflows caused by category III was mainly reflected in the detection of common Human herpesvirus (HHVs) (Figure 3B), that is, tNGS was more sensitive to HHVs, which may be due to the targeted enrichment. In order to further verify the credibility of the results, we studied the pathogen detection of HHVs detection samples. The detection samples of HHV-1, HHV-4, HHV-5, HHV-6 and HHV-7 were traversed, and only one sample was detected as a single herpes virus, that is, only HHV-4 was detected in Sample #71 by tNGS workflow. In addition, multiple pathogens were detected. The co-infection of HHVs detected by tNGS and mNGS is shown in Figure 5. Both NGS methodologies show that multiple HHVs often co-occur, and HHVs are susceptible to co-infection with other pathogens, such as Torque teno virus, C. albicans, A. fumigatus, P. jirovecii in fungi, MTBC, A. baumannii, K. pneumoniae in bacteria. This result ties well with previous study, in where applied the mNGS workflow to sputum or BALF from 46 patients with LRTIs, and showed that herpesviruses were frequently detected, the most frequent of which was HHV-4, and was prone to coinfection with K. pneumonia and A. baumannii (Liu et al., 2022). Another study showed that most samples from lung transplant recipients with unknown etiology of respiratory infection were positive for HHV-7 (Lewandowska et al., 2017). Actually, those HHVs are common opportunistic infections in humans, which might be useful as indicators of the state of host immunity (Walton, 2023).




Figure 5 | Results of Human herpesvirus-positive samples, which detected by (A) mNGS and (B) tNGS workflows, respectively. HHV, Human herpesviruses.



In this study, the microbial detection rates of mNGS were always equal to or greater than that of tNGS for fungi with the same classification level in the shared detection range of mNGS and tNGS panels (Figure 3B). However, there was no statistically significant difference, which may be due to insufficient sample size, low pathogen load and sample degradation. At the same time, it cannot be ruled out whether it is caused by methodological performance differences. In this regard, we also made some attempts, that is, orthogonal verification was performed on 11 clinical key fungi with differences in mNGS and tNGS results (Figure 4A). The results showed that the consistency rate of mNGS and PCR results (54.55%) was only slightly higher than that of tNGS and PCR results (45.45%). Subsequent attention should be paid to the detection performance of mNGS and tNGS for fungi.

The comparison of the results of mNGS and tNGS workflows can expose the primer design flaws of the primers for the tNGS process. For this study, in Sample #49, mNGS detected Nocardia concava, and tNGS detected N. farcinica, which was N. concava by sequence alignment, that is, the primers designed for N. farcinica by tNGS workflow mistakenly amplified the N. concava sequence. Coincidentally, in Sample #23, the primers designed for A. fumigatus in the tNGS workflow mistakenly amplified the A. tubingensis sequence. These two examples are caused by the lack of specificity of primers between the phylogenetic species, and the subsequent optimization of the corresponding primers needs to be completed, or whether the minimum common taxonomic unit can be reported through its clinical significance evaluation.

In this study, both NGS workflows show their advantages of high sensitivity and wide detection range in pathogen detection, which helps assist clinical diagnosis. Taking mycobacteria as an example, Sample #6 was clinically diagnosed as suspected pulmonary tuberculosis, while both mNGS and tNGS detected M. kansasii but not MTBC, indicating that the NGS methods can effectively distinguish MTBC from non-tuberculous Mycobacteria (NTM). This has important clinical significance because treatments of TB and NTM diseases are different (Gopalaswamy et al., 2020). Similarly, for Sample #55, both NGS workflows detected MAC and M. abscessus. Mixed infections between NTMs are easily missed by clinical or other detection methods, but in fact, there are differences in clinical treatment options for the two (Daley et al., 2020).

For the two NGS workflows, except for the difference in detection results, the price of tNGS is lower than mNGS. Because tNGS needs to enrich the target, its wet experiment process is more lengthy, and turnaround time (TAT) is slightly longer than mNGS single process. However, because tNGS can simultaneously detect DNA and RNA, it has an advantage over mNGS in terms of operational complexity. It should be noted that cost and TAT were defined as the cost and time incurred from the beginning of DNA extraction to the time when the result is obtained.

In addition, tNGS based on multiplex PCR technology can only detect the target pathogens with preset primers, which are currently common in tens to hundreds of pathogens (Chao et al., 2020; Huang et al., 2021; Li et al., 2023). mNGS is capable of unbiased detection, covering a wide range of pathogens, and even detecting new pathogens (Chiu and Miller, 2019). Based on the above factors, the two NGS methods can complement each other. mNGS is more suitable for critical infections, especially for unexplained infections. tNGS is more suitable for moderate and critical infection, and non-specific pathogen infection.

This study had some limitations as follows: (i) Fresh BALF samples were used for mNGS detection, and frozen samples in the biological sample bank were used for tNGS detection. At the same time, the number of samples is small; (ii) The detection results lack clinical prognosis evaluation; (iii) The types of available PCR kits were limited. In addition, some samples are not enough to be verified by PCR.




5 Conclusion

This study systematically evaluated the efficacy differences between mNGS and multiplex PCR-based tNGS in BALF specimens. In general, mNGS and tNGS have similar effects on the detection of bacteria and fungi, while tNGS may be superior to mNGS in the detection of DNA viruses. There was no significant difference between the two NGS assays compared to PCR. Our results provide a reference for the clinical application of mNGS and tNGS.
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Background

Lung is the largest mucosal area of the human body and directly connected to the external environment, facing microbial exposure and environmental stimuli. Therefore, studying the internal microorganisms of the lung is crucial for a deeper understanding of the relationship between microorganisms and the occurrence and progression of lung cancer.





Methods

Tumor and adjacent nontumor tissues were collected from 38 lung adenocarcinoma patients and used nanopore sequencing technology to sequence the 16s full-length sequence of bacteria, and combining bioinformatics methods to identify and quantitatively analyze microorganisms in tissues, as well as to enrich the metabolic pathways of microorganisms.





Results

the microbial composition in lung adenocarcinoma tissues is highly similar to that in adjacent tissues, but the alpha diversity is significantly lower than that in adjacent tissues. The difference analysis results show that the bacterial communities of Streptococcaceae, Lactobacillaceae, and Neisseriales were significantly enriched in cancer tissues. The results of metabolic pathway analysis indicate that pathways related to cellular communication, transcription, and protein synthesis were significantly enriched in cancer tissue. In addition, clinical staging analysis of nicotine exposure and lung cancer found that Haemophilus, paralinfluenzae, Streptococcus gordonii were significantly enriched in the nicotine exposure group, while the microbiota of Cardiobactereae and Cardiobacterales were significantly enriched in stage II tumors. The microbiota significantly enriched in IA-II stages were Neisseriaeae, Enterobacteriales, and Cardiobacterales, respectively.





Conclusion

Nanopore sequencing technology was performed on the full length 16s sequence, which preliminarily depicted the microbial changes and enrichment of microbial metabolic pathways in tumor and adjacent nontumor tissues. The relationship between nicotine exposure, tumor progression, and microorganisms was explored, providing a theoretical basis for the treatment of lung cancer through microbial targets.
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1 Introduction

Lung cancer, one of the most prevalent cancers globally, presents profound health challenges and societal burdens, surpassing the combined mortality rates of other major tumor types. Despite advancements in diagnostic techniques, coupled with resistance to conventional chemotherapy, the prognosis for lung cancer remains notably grim (Herbst et al., 2018). Its pathogenesis is intricately multifaceted, encompassing genetic mutations, epigenetic alterations, environmental influences, and disruptions in immune function. While comprehensive cancer genome maps have been unveiled for lung adenocarcinoma and lung squamous cell carcinoma, the extrinsic factors influencing lung cancer development remain elusive (Network, 2014; Campbell et al., 2016).

The human microbiota, regarded as an indispensable component of the body, has evolved into a distinct organ system within the human physiology. These diverse microbial populations inhabit various regions including the mouth, intestines, digestive tract, and skin (Matson et al., 2018; Tanoue et al., 2019), playing pivotal roles in maintaining human health (Clemente et al., 2012). Numerous studies have demonstrated discernible differences in the microbiome composition between individuals with good health and those afflicted by diseases, underscoring the profound impact of microorganisms on immune responses. While cancer is traditionally attributed to genetic and environmental factors, approximately 20% of human malignancies are linked to microorganisms, influencing tumor development (de Martel et al., 2012). Notably, the integration of pathogens such as EB virus, hepatitis B virus, hepatitis C virus, and human papillomavirus into the human genome heightens susceptibility to specific cancers, such as cervical cancer. Additionally, Helicobacter pylori bacteria colonization of the gastric mucosa is implicated in the onset of gastric cancer (Warren and Marshall, 1983; Marshall et al., 1985). Garrett et al. delineate three primary mechanisms through which microbiota contribute to tumor initiation and progression: (1) modulation of cell proliferation and apoptosis pathways, (2) modulation of the immune system and immune responses, and (3) modulation of host secretion factors, as well as metabolism of food and drugs (Garrett, 2015).

As with an organ for gas exchange, the lungs are directly exposed to the external environment, allowing for the exchange of microorganisms between the lungs and the oral cavity. Researchers once believed that healthy lungs were sterile, as traditional microbial culture methods failed to isolate and cultivate bacteria from the lower respiratory tract. However, advancements in high-throughput sequencing technology have revealed that the lungs harbor a diverse bacterial community, regardless of health status (Dickson et al., 2016). This lung microbiota is characterized by its complexity, comprising a variety of bacterial species. The main phyla found in the lung microbiome include Firmicutes, Proteobacteria, Bacteroidetes, and Actinobacteria (Moffatt and Cookson, 2017). At the genus level, Prevotella, Vibrio, Streptococcus, Neisseria, Haemophilus, Clostridium, Sphingomonas, Pseudomonas, Acinetobacter, and Megacoccus are among the predominant genera, while Staphylococcus and Corynebacterium dominate the airway microbiota (Hilty et al., 2010; Erb-Downward et al., 2011; Gomes et al., 2019).

The use of 16S sequencing technology has led to a growing body of evidence linking local ecological imbalances to cancer. For instance, studies comparing lung tumor tissue samples with non-malignant lung tissue have shown significantly lower alpha diversity in the microbial community of lung tumors, indicating a correlation with cancer staging (Yu et al., 2016). Furthermore, it has been observed that Thermus is more abundant in tumor tissue from advanced patients, whereas Legionella is more prevalent in patients with metastasis, suggesting these bacteria may play a role in lung cancer progression (Yan et al., 2015). Some studies propose that microbial communities in saliva, bronchoalveolar lavage fluid, and sputum samples could potentially serve as biomarkers for predicting cancer occurrence (Yan et al., 2015; Lee et al., 2016; Cameron et al., 2017).

In studies on lung adenocarcinoma, researchers have discovered that indigenous microorganisms can penetrate the resident lung cells, triggering inflammation associated with the disease via γδ T cells. This inflammatory response is potentially initiated by symbiotic bacteria, prompting bone marrow cells to produce Myd88-dependent IL-1β and IL-23. Consequently, this cascade induces the proliferation and activation of Vγ6+Vδ1+ γδ T cells, leading to the secretion of IL-17 and other effector molecules, thus promoting inflammation and the proliferation of tumor cells (Jin et al., 2019).

This study involved the collection of paired tumors and adjacent nontumor tissues samples from 33 patients undergoing lung adenocarcinoma surgery. Employing high throughput 16S sequencing technology, we analyzed the Intratumoral microbiota. Our findings revealed that the genera Haemophilus, Rhodopseudomonas, Salmonella, and Pseudomonas constituted the predominant microbial communities in the lungs, comprising over 99% of the total microbial population. Furthermore, the cancer tissues exhibited higher overall microbial diversity compared to adjacent tissues, with notable enrichment of Streptococcaceae, Lactobacillaceae, and Neisseriales in cancerous tissues. Additionally, we examined the correlation between nicotine exposure, tumor clinical staging and intratumoral microbiota. The microorganisms identified in tumor tissues in our study offer a novel avenue for the clinical treatment of lung adenocarcinoma through microbial interventions.




2 Materials and methods



2.1 Sample collection

In this study, we collected data from 38 patients with primary lung cancer diagnosed for the first time at the First Affiliated Hospital of Zhengzhou University between October 2022 and June 2023. After excluding five unpaired samples, we analyzed a final set of 33 paired samples. All subjects signed informed consent forms before surgery, and this project was approved by the Ethics Committee of the First Affiliated Hospital of Zhengzhou University (2022-KY-0677-003). The inclusion criteria were as follows: newly diagnosed stage II lung adenocarcinoma patients who had not undergone radiotherapy or chemotherapy, agreed to participate in the research, and had no history of other organ tumors or intestinal-related surgery. Exclusion criteria included the presence of bronchiectasis or interstitial lung disease revealed by chest CT examination, COPD indicated by pulmonary function testing, a history of asthma, use of antibiotics or steroids for treatment within the past 3 months, and concurrent pneumonia diagnosed through serological and imaging examinations. For detailed clinical information, please refer to Supplementary Table 1.




2.2 DNA extraction, library construction, and high-throughput sequencing

The Zymo Research BIOMICS DNA Microprep Kit (Cat # D4301) was used for microbial gDNA purification. The integrity of gDNA was detected by 0.8% agarose gel electrophoresis, followed by nucleic acid concentration detection using Tecan F200 (PicoGreen dye method). Use specific primers with a Barcode full-length of 16S to amplify the designated region of the sample, The primer information is as follows: (8F: 5’AGAGTTTGATCATGGCTCAG3’; 1492R: 5’CGGTTACCTTGTTACGACTT3’). Each sample undergoes 3 replicates, and each PCR reaction terminates at the linear amplification stage. After PCR, the PCR products of the same sample were mixed and subjected to electrophoresis detection. The PCR products were cut and recovered using a gel recovery kit, and the target DNA fragments were washed and recovered using TE buffer. The PCR recovered products were detected and quantified using Qubit 2.0 (Thermo Fisher, Inc., USA), and after passing the quality control, the Nanopore R9.4.1 library kit was used for machine library construction. The library was sequenced using MinION sequencer and real-time high-precision base calling was performed.




2.3 Data quality control and sequence annotation analysis

The raw data obtained from sequencer were filtered by qcat and NanoFILT tools to obtain high-quality target sequences for subsequent analysis (De Coster et al., 2018). To obtain the classification information corresponding to each sequence, the classification based on k-mer matching was used to annotate the classification of all sequences. Usually includes three steps: first, cut the sequence into several k-mers; second, compare the k-mer to the species classification database to obtain its LCA (Least Common Ancestor) and the number of comparisons made; third, construct a component class tree based on the above data, and then calculate the sum of weights for each root to leaf route on the classification tree, with the maximum being the classification level of the sequence. Finally, merge the same species (OTUs) for statistical analysis. Functional prediction is a linear prediction based on the microbial functional gene profile in the KEGG database(https://www.kegg.jp).




2.4 Alpha diversity and beta diversity analysis methods

Alpha diversity is analyzed using R language for statistical analysis, the PD index is calculated using the Picante package, and other indices are calculated using the Vegan package. Use GuniFrac package to calculate Unifrac distance, and use Vegan package’s vegdits function to calculate Bray Curtis and Jaccard distance. PCoA analysis uses the Ape package. PCA and NMDS analysis were conducted using the vegan package. Cluster analysis uses the hclust function of the STAS package. The calculations of Anosim and PerMANOVA use the anosim and adonis functions of the vegan package.




2.5 Differential analysis and biomarker analysis

LEfSe, an abbreviation for Linear discriminant analysis Effect Size, is a robust data analysis method employed to assess the impact of species abundance on differential effects. This algorithm places significant emphasis on both statistical significance and biological relevance. Implementation of LEfSe is facilitated through the Microbiomarker R package, and the web-based platform (http://huttenhower.sph.harvard.edu) is also widely utilized for LEfSe analysis. In this study, a threshold of LDA>2 was considered indicative of both statistical and biological significance. For statistical and visualization analyses of community functional differences, STAMP software was utilized. Additionally, the Wilcoxon rank-sum test was employed to analyze inter-group differences in this study.




2.6 Data visualization and statistical analysis

The images and statistical analysis results presented in the article were generated using R software (version 4.2.2). The Kruskal-Wallis rank sum test for two groups was conducted using the Kruskal. Test function. Furthermore, the one-way Welch t-test method was applied to compare differences between the two groups. Multiple group disparities were examined through one-way analysis of variance (ANOVA) and LSD. Permanent multivariate analysis of variance (PERMANOVA) and redundancy analysis (RDA) were employed to evaluate the impact of patient phenotype on microbiota composition. Distinct lowercase letters were utilized to denote significant differences. Spearman rank correlation test was used to explore relationships between microbiota composition and clinical factors, with a heatmap generated using the pheatmap package. Asterisks (*) denote statistical significance, with * representing p < 0.05 and ** representing p < 0.01. Additional visualizations were created using ggplot2, the EasyMicroPlot software package, or the MicrobiotaProcess software package.





3 Results



3.1 Clinical information statistical analysis of lung cancer patients

We examined the baseline clinical characteristics of lung adenocarcinoma patients and observed a notable disparity: there were significantly fewer individuals with upper lung tumors compared to those with lower lung tumors within the smoking population. While the incidence of cancer was higher among males in the smoking cohort than females, this discrepancy can be attributed to the relatively low prevalence of smoking among Chinese women, rather than indicating any inherent biological significance (see Table 1). Moreover, we found no statistically significant differences in other clinical indicators across the groups.


Table 1 | Demographic and clinical characteristics of the cohort.






3.2 Characteristics of microbial composition in tumor and adjacent nontumor tissues

The libraries were sequenced utilizing the nanopore MINION sequencer, and subsequent data from the machine were analyzed through the Silva database (https://www.arb-silva.de), a total of 1190 Operational Taxonomic Units (OUT) were identified, spanning 19 phyla, 40 classes, 99 orders, 212 families, 477 genera, and 933 species levels. For a more detailed classification, please refer to Supplementary Table 2.

Initially, 1000 sequences were randomly selected from each sample for dilution curve analysis and Rank Abundance curve analysis. The results indicated that each sample underwent sequencing of more than 10,000 sequences, which is deemed adequate for microorganism identification within the sample. Notably, the Rank Abundance curve exhibited a steep decline, signifying a skewed distribution of microbial abundance and species evenness within lung tissue (Figure 1D).




Figure 1 | Microbial composition in tumor and adjacent nontumor tissues. (A) The Venn diagram shows the detection of common and unique OUT in cancer and adjacent nontumor tissues. (D) Rank Abundance curves of species in the sample. (B, C) Represents the proportion of microorganisms at the phylum and genus levels.



Venn analysis revealed that 721 OUT were common to both tumor and adjacent nontumor tissues, constituting 61.4% of the total. Furthermore, there were 168 and 286 unique OUT identified in tumor and adjacent nontumor tissues, respectively (Figure 1A). Subsequent paired analysis of tumor and paracancerous species composition unveiled that the top four microorganisms with the highest proportion at the phylum level were Cyanobacteria, Actinobacteria, Bacteroidetes, and Firmicutes, alongside Proteobacteria. Similarly, at the genus level, the top four microorganisms with the highest proportion were Haemophilus, Rhodopseudomonas, Salmonella, and Pseudomonas (Figures 1B, C).




3.3 Differences in alpha and beta diversity between tumor and adjacent nontumor tissues

By calculating the Alpha diversity index, we can gain insights into the richness, evenness, and overall diversity of the microbial community in the samples. We initiated data analysis by applying specific filtering parameters: min-relative=0.001, min-ratio=0.7. Subsequently, we utilized Vega software to compute the Alpha diversity indices. The results revealed that the four indices of Alpha diversity (Pielou, Shannon, Simpson, Inv Simpson) were higher in adjacent nontumor tissues to those found in tumor tissues (Figure 2A). To ensure the robustness of our findings, we recalculated the Alpha diversity using adjusted filtering parameters: min-relative=0.001, min-ratio=0.5. Remarkably, the trends of the four indices remained consistent (Supplementary Figure 1).




Figure 2 | Alpha and beta diversity in tumor and adjacent tissues. (A) Box plots of differences in alpha diversity index between tumors and adjacent nontumor tissues. (B) PCoa analysis of microorganisms in tumors and adjacent nontumor tissues.



Moreover, we employed PCoA (Principal Coordinates Analysis) with the Bray-Curtis dissimilarity metric to assess the beta diversity between tumor and adjacent nontumor groups. Our analysis demonstrated significant differences between the two groups, particularly evident on the PCoA1 coordinate axis (P = 1.9e-11). Furthermore, we conducted inter-group species differences analysis using PermANOVA (permanent multivariate analysis of variance), yielding a p-value=0.001, indicating significant dissimilarities between the tumor and adjacent cancer groups (Figure 2B).




3.4 Differences in microbial diversity between tumor and adjacent nontumor tissues

The microbial composition similarity between tumor and adjacent nontumor tissues was notably high, as depicted in the heatmap revealing substantial differences at the phylum level: Cyanobacteria, Bacteroidetes, Armanimonades, Fusobacteria, Planctomycotes, Candidatus, Saccharibacteria (Figure 3A). Additionally, at the genus classification level, there were marked distinctions among Streptococcus, Haemophilus, Phenobacterum, Caulobacter, Lactobacillus, and Bradyrhizobium (Figure 3B). Notably, the tumor group exhibits higher abundance of Haemophilus and Streptococcus compared to the adjacent group.




Figure 3 | Microbial differences between cancer and adjacent tissues. (A, B) Heatmap of relative abundance of the top 20 microorganisms at the phylum and genus levels. (C) Caldogram of differential bacterial taxa from the phylum to the genus level. (D) Differences in microbes between groups at the genus level based on the wilcoxon rank sum test. (E) LDA histogram of differential microbiota at the genus level.



To discern significantly enriched bacteria in cancer and adjacent groups, we employed the LEfSe method, setting thresholds at LDA scores ≥ 2.5 and P-value < 0.05. The analysis revealed significant enrichment of Lactobacillaceae, Streptococcaceae, Neisseriaceae, and Pasteurella in tumor tissue (Figures 3C, E). Particularly, Streptococcus, Haemophilus parainfluenzae, Lactobacillaceae, and Neisseria displayed significantly increased abundance in the tumor group, demonstrating an association with tumors. Furthermore, non-parametric tests (rank sum tests) were applied to assess relative differences in bacteria between tumors and adjacent tissues. The abundance of Lactobacillus, Streptococcus, and Haemophilus in tumor tissues was found to be significantly higher than that in adjacent tissues, aligning with the findings from the LEFse analysis (Figure 3D; Supplementary Table 3).




3.5 Differences of function between Intratumoral microbes and adjacent tissue microbiome

The intricate interplay between microorganisms and hosts hinges on the release of metabolites, which interface with host cells and the immune microenvironment, precipitating shifts in host cell metabolism and immune modulation. These alterations can disrupt regular cellular processes such as proliferation, apoptosis, and potentially culminate in carcinogenesis.

In our study, we utilized PICRUSt2 software to forecast the microbial KEGG pathways from the detected microbiome, complemented by statistical analyses of microbial metabolic pathways discrepancies between tumor and adjacent nontumor tissues groups conducted through STAMP software. Our findings revealed significant enrichments at the L2 level, with Folding, Sorting and Degradation, Transcription, Immune Diseases, and Cell Communication notably heightened in the tumor group (Figure 4). Conversely, Cell Growth and Death, Amino Acid Metabolism, and Energy Metabolism exhibited higher abundance in adjacent nontumor tissues. While Carbohydrate Metabolism displayed greater prevalence in cancer tissues compared to adjacent group, the disparity lacked significance. This discrepancy may stem from the limited sample size and pronounced inter-group variations among clinical samples. For a more comprehensive elucidation of metabolic pathways, please refer to Supplementary Table 4.




Figure 4 | Differences in microbial metabolic pathways between cancer and adjacent groups. (A) Significantly enriched metabolic pathways by p-value ≤ 0.05. (B) Boxplot of Amino Acid Metabolism pathway in two groups. (C) Boxplot of Cell Growth and Death in two groups. (D) Boxplot of Folding, Sorting and Degradation pathway in two groups.






3.6 Microbial differences in nicotine exposure and tumor progression

Smoking stands out as a primary risk factor for lung cancer. Within tobacco smoke lie numerous carcinogens capable of inducing mutations and damage cellular DNA. These alterations trigger profound shifts within normal cells and the tumor microenvironment (TME), thereby fostering cellular carcinogenesis. Our study delved into the microbial diversity variances between smoking and non-smoking cohorts. Although the P-value didn’t reach significance, we observed a notable trend towards elevated tumor microbiota abundance in the smoking cohort when compared to non-smokers (Figure 5A). Differential analysis revealed that compared to non-smoking groups, the significantly enriched microorganisms in the smoking and non-smoking groups were: Pasteuralaceae, Pasteuralales, Haemophilus paraainfluenzae, and Streptococcus gordonii (Figures 5B, C). The clustering heatmap (Figure 5D) illustrated a high similarity in microbial abundance between the smoking and non-smoking groups, potentially attributed to malignant transformations in lung tissue and marginal differences in the tumor immune microenvironment.




Figure 5 | Microbial differences between smoke and non smoke groups. (A) Box plots of differences in alpha diversity index between smoke and non smoke groups. (B) Caldogram of differential bacterial taxa from the phylum to the genus level. (C) LDA histogram of differential microbiota at the genus level. (D) Heatmap of relative abundance of the top 20 microorganisms at the phylum and genus levels. (E) Significantly enriched metabolic pathways by p-value<=0.05 in different groups.



Further insights from KEGG enrichment analysis and differential microbial community analysis reveal significant enrichment of processes such as Translation, Replication, and Repair in the smoking group (Figure 5E). This suggests a potential molecular basis contributing to the observed disparities in microbial composition between smoking.

We conducted an in-depth analysis of microbial diversity across stages of tumors. Interestingly, 341OUT were found to be shared among tumor tissues of different stages, as depicted in Figure 6C. Furthermore, the microbial species composition demonstrated striking similarities across the three distinct groups, as illustrated in Figure 6B. Notably, no significant disparity surfaced in the alpha diversity index of microorganisms within lung cancer tissues of differing stages, as depicted in Figure 6A.




Figure 6 | Microbial and metabolic pathways differences at different clinical stages. (A) Box plots of differences in alpha diversity index between different stages. (B) the proportion of microorganisms at genus level. (C) Veen diagram shows OTUs of different stages. (D) Caldogram of differential bacterial taxa from the phylum to the genus level. (E) LDA histogram of differential microbiota at the genus level.



The results from LEfSe analysis unveiled the distinctive enrichment patterns of microorganisms within tumor tissues of different stages. Specifically, there was a significant enrichment of the microbiota belonging to Cardiobactereae and Cardiobacterales in stage II, while Nosseriaceae and Nosseriales exhibited significant enrichment in stage IA (Figures 6D, E). This nuanced insight into the microbial landscape within varying tumor stages enriches our understanding of the intricate relationship between the microbiome and the progression of lung cancer.





4 Discussion

The human lung, known for its expansive surface area, plays a vital role in facilitating the exchange of oxygen and carbon dioxide. With the development and application of high-throughput sequencing technology, it has been confirmed that there are microbial communities present in both healthy and diseased lungs (Harris et al., 2007; Charlson et al., 2011). However, the cultivation of these microorganisms remains a challenge, with less than 20% currently amenable to laboratory cultivation (Venkataraman et al., 2015). Numerous studies have explored the correlation between the lung microbiota and lung cancer. However, these investigations encounter limitations stemming from variations in sampling conditions, experimental procedures, environmental pollution, and other confounding factors. Given the direct connection between the lungs and the external environment, the presence of environmental bacteria interfering with lung samples poses a significant hurdle to research in this field. Presently, conventional methods such as surgical resection and chemotherapy serve as the primary treatment approaches for lung cancer. However, the link between the symbiotic microorganisms within tumor tissue and the immune microenvironment of the tumor remains elusive. Consequently, extensive research into the mechanisms through which microorganisms contribute to lung cancer progression and the microbial communities associated with tumor development assumes paramount importance. Such research endeavors lay the foundation for harnessing microorganisms as potential targets for therapeutic intervention in the treatment of tumors.

In this study, we obtained tumor samples along with paired adjacent nontumor tissues from surgical patients initially diagnosed with lung adenocarcinoma. Employing nanopore sequencing, we conducted high-throughput sequencing on bacteria, yielding sequences with full length of 16s. Our findings revealed that the top five bacteria, dominating at the phylum level, were Proteobacteria, Firmicutes, Bacteroidetes, Actinobacteria, and Cyanobacteria. Remarkably, these results align with prior research (Erb-Downward et al., 2011; Gomes et al., 2019). At the genus level, Pseudomonas, Haemophilus, Salmonella, Rhodopsudomonas, and Escherichia exhibited higher abundance. Notably, Salmonella and Rhodopsudomonas, uncommon in pulmonary microecology studies, were detected in our experiment, suggesting potential sampling or environmental bacterial contamination.

Alpha diversity analysis indicated a significant reduction in bacterial alpha diversity within tumors compared to adjacent tissues. Studies have indicated that the epithelial cell states and plasticity in early-stage lung adenocarcinoma (LUAD) are associated with various malignant cell states and are closely linked to LUADspecific oncogenic drivers (Han et al., 2024). The reduction in α-diversity may be correlated with immunosuppressive and metabolic alterations in the tumor microenvironment, which could facilitate the progression of the tumor. The microbial composition within tumor tissues has been observed to differ significantly from that in normal lung tissues, with notable changes in the abundance of certain microbial groups. These variations may be related to the early development and progression of the tumor and could potentially influence patients’ therapeutic responses and prognosis (Yu et al., 2016; Greathouse et al., 2018). Beta diversity results demonstrated higher diversity in adjacent tissues along both PCOA1 and PCOA2 axes. The PERMANOVA analysis yielded a p-value of 0.001, signifying a notable difference in microbial composition between cancerous and adjacent tissues. Furthermore, the differential analysis via LEfSe unveiled a significant enrichment of Streptococcaceae, Neisseriaceae, and Pasteurellaceae in the tumor group. This observation was corroborated by non-parametric tests (rank sum tests), reaffirming the distinct microbial landscape associated with lung adenocarcinoma. Streptococcaceae and Neisseriaceae are intricately linked to respiratory ailments like chronic lung infections. Several studies suggest that heightened Neisseriaceae levels correlate with tumor occurrence and progression. Meanwhile, Salvador Bello’s findings indicated a significant elevation in Streptococcaceae abundance at center of cancer, presenting a composition notably distinct from control groups. Streptococcaceae emerges as a potential biomarker for lung cancer screening (Bello et al., 2021; Song et al., 2022). However, what intrigued us was the elevated abundance of Lactobacillaceae in the tumor group compared to adjacent tissues. This observation mirrors a study by Lauren et al. on cervical cancer, where they found that L-lactate-producing substances induce chemotherapy and radiation resistance in cervical cancer cells, prompting metabolic recombination or alterations in multiple metabolic pathways within the TME (Colbert et al., 2023).

Simultaneously, we delved into the relationship between tumor microbiota, nicotine exposure, and various stages of tumor progression. Overall, the alpha diversity of the microbiota in the nicotine-exposed group surpassed that of the non-exposed group, even though the p-value did not reach statistical significance. Differential analysis revealed that non-smoking group exhibited microbial enrichment primarily dominated by Pseudomonas, Sphingobacteriaceae, and Gammaproteobacteria. Research indicated that increased Pseudomonas abundance benefits the body by enhancing immune resistance against tumor cell invasion. Additionally, Gammaproteobacteria have been tentatively associated with drug resistance in pancreatic ductal adenocarcinoma. The prevalence of Sphingobacteriaceae in pancreatic ductal adenocarcinoma correlates with prolonged patient survival (Chang et al., 2014; Geller et al., 2017; Riquelme et al., 2019). Moreover, we examined microbiota variances across various tumor stages and observed minimal differences in alpha diversity among them. However, notable distinctions emerged in the enriched microbiota across tumor stages. Neisseriales showed significant enrichment in stage IA, Enterobacteriales predominated in stage IB, and Cardiobacteriales emerged as significantly enriched in stage II. Limited research exists on the association between this bacterium and tumors. Its significant enrichment in stage II suggests a potential link to the weakened immune system of patients at this stage. Moreover, the low abundance of Cardiobacteriales might proliferate into the primary differential microbiota.

The functional enrichment analysis of microorganisms revealed that pathways significantly enriched in the tumor group included Folding, Sorting and Degradation, Transcription, Immune Diseases, and Cell Communication. These pathways are intricately linked to tumor cell proliferation and TME. In contrast to previous studies highlighting the increased transfer of carbon to fatty acids in cancer cells for membrane and signal molecule biosynthesis, our study did not find enrichment in pathways related to lipid metabolism in the tumor group (DeBerardinis and Thompson, 2012). One plausible explanation could be the unique aerobic environment of the lungs, characterized by frequent gas exchange between cells. In this context, the energy needed for the rapid proliferation of tumor cells may be directly acquired through the tricarboxylic acid (TCA) cycle, eliminating the necessity for fatty acid oxidation to generate compensatory energy. Additionally, KEGG pathways such as Transcription, Translation, Reproduction and Repair, Endocrine and Metabolic Diseases, and Immune Diseases were significantly enriched in the nicotine-exposed group. Notably, Energy Metabolism and Lipid Metabolism were enriched in the non-nicotine.

The oxygen-rich environment of lung cells enables these microorganisms to exert their influence on the clinical characteristics of patients in distinctive ways. In general, the interaction between the microbiota linked to lung cancer and immune cells shapes the onset and advancement of lung cancer through diverse mechanisms. Owing to constraints within our experimental setup, further investigations regarding the interaction mechanisms between microorganisms and immune cells have not been pursued. Nonetheless, we contend that our findings lay a groundwork and offer direction for future exploration in this domain.




5 Conclusion

This study employed sequencing analysis to examine microorganisms in human lung adenocarcinoma and adjacent tissues, with the objective of pinpointing microbial communities linked to tumor onset, advancement, or nicotine exposure. Our findings revealed noteworthy distinctions in microbial compositions between lung adenocarcinoma and adjacent tissues, alongside distinctive variations in microbial communities associated with nicotine exposure and different tumor stages. The elevated presence of Bacteroidetes, Neisseria, and Enterobacteriales in lung adenocarcinoma suggests potential implications for the occurrence and progression of pulmonary epithelial cell carcinoma via diverse mechanisms. Due to RNA integrity issues, transcriptomic analysis of lung tissue was not conducted. Potential tumor-specific microbes were identified, but further research is needed to explore their relationships with lung tissue cells and the tumor immune microenvironment.
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Background

Metagenomic next-generation sequencing (mNGS) has been widely reported to identify pathogens in infectious diseases (IDs). In this work, we intended to investigate the diagnostic value and clinical acceptance of paired-samples mNGS as compared to the culture method.





Methods

A total of 361 patients with suspected infection were retrospectively included. With reference to the clinical diagnosis, we compared the diagnostic performance and clinical acceptance in pathogen detection between mNGS and culture tests. Moreover, the pathogen concordance of paired blood and respiratory tract (RT) samples in mNGS assay was investigated.





Results

Among 511 samples, 62.04% were shown to be pathogen positive by mNGS, and that for clinical diagnosis was 51.86% (265/511). When compared to culture assay (n = 428), mNGS had a significantly higher positivity rate (51.87% vs. 33.18%). With reference to the clinical diagnosis, the sensitivity of mNGS outperformed that of culture (89.08% vs. 56.72%). Importantly, mNGS exhibited a clinically accepted rate significantly superior to that of culture. In addition, the mNGS result from 53 paired blood and RT samples showed that most pairs were pathogen positive by both blood and RT, with pathogens largely being partially matched.





Conclusion

Through this large-scale study, we further illustrated that mNGS had a clinically accepted rate and sensitivity superior to those of the traditional culture method in diagnosing infections. Moreover, blood and paired RT samples mostly shared partial-matched positive pathogens, especially for pathogens with abundant read numbers in RT, indicating that both blood and RT mNGS can aid the identification of pathogens for respiratory system infection.
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1 Introduction

With over 8 million deaths worldwide, infectious diseases (IDs) remain the leading cause of morbidity and mortality in terms of high frequency of occurrence (Standing up to infectious disease, 2019). Moreover, a resurgence of public health insurance failures for diseases we have managed has also been caused by the appearance of novel IDs, accelerated transmission of established pathogens, and increased drug resistance over the past few decades, rendering our present antimicrobials ineffective (McArthur, 2019; Makam and Matsa, 2021). Thus, fighting IDs remains a priority in the 21st century, necessitating multifaceted strategies that make use of innovative tools for infection tracking, prevention, diagnosis, and, ultimately, treatment.

However, the fact that a wide variety of organisms can cause illnesses that are clinically similar makes accurate diagnosis difficult. A battery of tests is frequently applied in order to attempt to establish a diagnosis using current methods including culturing, serological assays, and nucleic acid amplification techniques (Miller et al., 2018). Importantly, despite the advances of cutting-edge technologies used to diagnose IDs, such as polymerase chain reaction (PCR) panels and 16S ribosomal DNA Sanger sequencing, the etiology of IDs remains unknown in up to 60% of cases, depending on the clinical condition (Schlaberg et al., 2017; Nanotechnology for infectious diseases, 2021).

Unbiased metagenomic next-generation sequencing (mNGS) has emerged as a promising single, universal pathogen detection method for ID diagnostics (Simner et al., 2018). Previous studies have demonstrated that mNGS outperformed culture in diagnosing IDs, manifested as a broader pathogen spectrum and superior sensitivity and specificity (Miao et al., 2018; Duan et al., 2021; Tao et al., 2022; Xiao et al., 2023), indicating its advantages in diagnosing suspected infections. However, whether the results of mNGS were accepted by clinics and the feasibility of blood mNGS in aiding pathogen identification in respiratory system infection remain elusive. In the current work, using a large-scale sample number and a broad array of sample types, we intended to assess the performance and clinical acceptance of paired-samples mNGS in pathogen detection and ID diagnosis in clinical practice.




2 Materials and methods



2.1 Study patients

We retrospectively reviewed 361 patients with suspected infection at the Second Xiangya Hospital, Central South University, China, between February 2021 and May 2022. A total of 511 samples were included in the current study, according to our inclusion/exclusion criteria (Figure 1). Specimens were subjected (or not) to an mNGS assay (Illumina Nextseq 500Dx) as well as a culture test according to the physician’s order sheet after hospitalization in the same day. An expert group consisting of a microbiologist, a molecular biologist, and ID physicians retrospectively adjudicated patients’ final clinical diagnoses according to the composite diagnostic criteria and patients’ characteristics. The expert group members independently assessed each sample, and an accordant conclusion was reached through discussion when their judgments were inconsistent. Based on the final clinical diagnoses of each sample, samples were categorized into clinically diagnosis positive and clinically diagnosis negative, and the corresponding patients were diagnosed with or without definite IDs.




Figure 1 | Flowchart of sample selection and classification. From 679 samples, a total of 511 were selected for further analysis. Samples were divided into clinical diagnosis positive and clinical diagnosis negative based on the retrospective composite diagnosis.



This study was approved by the Ethics Committee of the Second Xiangya Hospital, Central South University (LYF2022229). The study was considered exempt from informed consent as it was a retrospective observational cohort study.




2.2 mNGS sequencing and analysis

DNA was extracted from all samples using a QIAamp® UCP Pathogen DNA Kit (Qiagen) according to the manufacturer’s instructions. Human DNA was removed using Benzonase (Qiagen) and Tween20 (Sigma). The QIAamp UCP pathogen mini kit (Qiagen, Valencia, CA, USA) was applied to extract total RNA. According to the manufacturer’s recommendations, a total of 1 µL of sample was processed with Turbo DNase (Life Technologies, USA) to deplete the host DNA background. RNA was reversely transcribed and amplified by the Ovation RNA-Seq system (NuGEN, CA, USA). Following fragmentation, the library was constructed using Ovation Ultralow System V2 (NuGEN, CA, USA) and was sequenced on Illumina Nextseq 550 (single-end 75 bp) (Ren et al., 2018). For negative controls, peripheral blood mononuclear cell samples with 105 cells/mL from healthy donors in parallel were prepared with each batch, using the same protocol, and sterile deionized water was extracted alongside the specimens to serve as non-template controls (NTCs) (Miller et al., 2019). Raw sequencing data were processed using fastp (Chen et al., 2018) to remove reads containing adapters or ambiguous “N” nucleotides and low-quality reads. Low-complexity reads were removed by Kcomplexity with default parameters (Bolger et al., 2014). Human sequence data were identified and excluded by mapping to a human reference genome (hg38) using Burrows–Wheeler Aligner software (Li and Durbin, 2009). Microbial reads were then aligned to the database with SNAP v1.0 beta.18. Approximately 20 million reads were generated for each sample. For pathogen with background reads in negative control, a positive detection was reported for a given species or genus if the reads per million (RPM) ratio was ≥10, where the RPM ratio was defined as the RPMsample/RPMNTC. For pathogen without background reads in negative control, RPM was set as ≥0.05. A penalty of 5% and 10% was used for species and genus, respectively (Miller et al., 2019).




2.3 Definition of sensitivity, specificity, positive predictive value, negative predictive value, and clinically accepted rate

With reference to clinical diagnosis, sensitivity was defined as [(positive detection in clinical diagnosis positive)/(samples in clinical diagnosis positive)], while specificity was defined as [(negative detection in clinical diagnosis negative)/(samples in clinical diagnosis negative)]. Positive predictive value (PPV) was defined as [(positive detection in clinical diagnosis positive)/(total positive detection)]. In contrast, negative predictive value (NPV) was defined as [(negative detection in clinical diagnosis negative)/(total negative detection)]. Based on the clinical diagnosis of each sample, whether the result of mNGS or culture was accepted by the clinic was judged according to Supplementary Table 1, and the clinically accepted rate was defined as [(clinically accepted samples)/(clinically accepted samples+ clinically unaccepted samples)×100%].




2.4 Statistical analysis

Continuous variables were presented as medians and quartile (first quartile, third quartile), and categorical variables were expressed as counts and percentages. The categorical variables were compared using the chi-square test. p < 0.05 was considered significant. Wilcoxon paired rank sum test was applied for comparing the read numbers between paired samples. Statistical analyses were performed using SPSS version 23.0 (SPSS, Inc., Chicago, IL, USA).





3 Results



3.1 Samples and patient characteristics

Among 361 patients, a total of 241 patients (66.76%) were male and the median age was 57 years old. Hypertension, chronic cardiac disease, and chronic kidney disease were found in 29.36%, 21.33%, and 20.22% of patients, respectively (Table 1). The majority of patients (245, 67.87%) provided one sample, 98 patients provided two samples, and the remaining patients provided three to nine samples. In total, 511 samples were included in this study, and most were bronchoalveolar lavage fluid (BALF, n = 194, 37.96%), followed by blood (180, 35.23%). Meanwhile, 51 (9.98%), 19 (3.72%), and 19 (3.72%) samples were collected from cerebrospinal fluid (CSF), tissue, and sputum, respectively (Table 1). Other samples (n = 48, 9.39%) included pleural and ascites, joint fluid, and drainage fluid, which were categorized into the “other” group in the following analysis. According to the clinical diagnosis of each sample they tested, there were 211 of 361 patients (58.45%) diagnosed with definite IDs, and the predominant ID was respiratory system infection, followed by multifocal infection and bloodstream infection (Table 1).


Table 1 | Demographic characteristics of patients and samples.






3.2 Comparison of positive rate for mNGS results and clinical diagnosis

Among all sample types, the highest positive rate of mNGS test was detected in sputum (89.47%), followed by BALF (83.51%), tissue (57.89%), blood (45.56%), and CSF (29.41%) by mNGS (Figure 2A). Based on the clinical diagnosis, the highest positive rate (Figure 2B) was also observed in sputum, which was 89.47%, followed by BALF (78.87%). The positive rate for clinical diagnosis was significantly lower than that for mNGS in BALF (78.87% vs. 83.51%, p < 0.05), blood (28.33% vs. 45.56%, p < 0.001), and CSF (13.73% vs. 29.41%, p < 0.01). As a result, the overall positive rate for mNGS was 62.04% (317/511), also significantly higher than that for clinical diagnosis (51.86%, 265/511, p < 0.001, Figure 2C). Furthermore, the clinically accepted rate for mNGS-positive and -negative results was 81.07% (257/317) and 97.42% (189/194), respectively, with significant difference (p < 0.001, Figure 2D). Therefore, mNGS obtained an overall accepted rate of 87.28% (446/511).




Figure 2 | mNGS and clinical diagnosis results of different sample types. (A) The sample numbers and positive rate of the mNGS assay in different sample types. (B) The sample numbers and positive rate of clinical diagnosis in different sample types. (C) The sample numbers and overall positive rate of mNGS and clinical diagnosis. (D) The numbers of clinically accepted and unaccepted samples and accepted rate for mNGS-positive and -negative results. Abbreviation: mNGS, metagenomic next-generation sequencing.






3.3 Comparison of diagnostic performance for mNGS and culture

Of these 511 specimens, a total of 428 samples had matched culture results, and the positive rate and diagnostic performance of mNGS and culture were compared, after excluding detected viruses in mNGS results. mNGS showed a positive result in 80.12% (133/166) of BALF samples, 27.85% (44/158) of blood samples, 5.88% (2/34) of CSF samples, 54.55% (6/11) of tissue samples, and 83.33% (15/18) of sputum samples (Figure 3A). In addition, based on culture results, 52.41% of (87/166) BALF samples, 13.92% (22/158) of blood samples, 2.94% (1/34) of CSF samples, 36.36% (4/11) of tissue samples, and 77.78% (14/18) of sputum samples were confirmed to be pathogen positive (Figure 3A). The positive rate for BALF and blood from mNGS results was remarkably higher than that for culture (p < 0.01).




Figure 3 | Diagnostic performance comparison between mNGS and culture. (A) The sample numbers and positive rate of mNGS and culture for different types of samples. (B) The sample numbers and overall positive rate of mNGS, culture, and clinical diagnosis for all samples. (C) Contingency tables formatted showing the respective diagnostic performance of mNGS and culture assays with reference to clinical diagnosis. (D) The receiver operator characteristic curve for mNGS and culture assays with reference to clinical diagnosis. (E) The numbers of clinically accepted and unaccepted samples and accepted rate for mNGS and culture-positive and -negative results. mNGS, metagenomic next-generation sequencing; NPV, negative predictive value; PPV, positive predictive value; AUC, area under the curve.



As for all 428 samples, the overall positive rate for mNGS was 51.87% (222/428), significantly higher than that for culture (33.18%, 142/428, p < 0.001, Figure 3B). Moreover, the clinical diagnosis regarded 55.61% (238/428) of samples as pathogen positive, with a larger positive rate than mNGS and culture (p < 0.05, Figure 3B). Taking clinical diagnosis as the gold standard, the sensitivity and specificity of culture assay were 56.72% and 96.32%, respectively, with an AUC of 0.765. As for the mNGS test, the sensitivity was 89.08%, significantly higher than that of culture (p < 0.001), with an AUC of 0.919. After combining mNGS and culture results, the sensitivity increased to 94.94%, and the AUC was 0.933 (Figures 3C,D). Additionally, although the diagnostic performance of mNGS and culture varied largely among different sample types, it could be observed that mNGS showed better sensitivity and AUC than culture, no matter what the sample type was (Table 2).


Table 2 | Diagnostic performance of mNGS and culture tests in infections with reference to clinical diagnosis in different sample types.



We next compared the clinically accepted rate between mNGS test and culture. As demonstrated in Figure 3E, 95.05% (211/222) of positive results and 96.60% (199/206) of negative results of mNGS were accepted by the clinic. In addition, the culture assay achieved an accepted rate of 93.66% (133/142) for its positive results and 65.73% (188/286) for its negative results. We found that the clinically accepted rate of the mNGS assay was significantly superior to culture, regardless of the positive and negative results (p < 0.01, Figure 3E).




3.4 mNGS exhibited advantages in pathogen detection compared to culture assay

As for detected pathogen comparison between mNGS and culture (Figure 4A), they both showed a positive result in 122 of 428 samples (28.05%) and were both negative in 186 of 428 (43.46%) samples. A total of 100 (23.36%) samples were detected to be positive in the mNGS assay only, and 20 (4.67%) samples were positive in the culture test only. For 122 double-positive samples, the results of mNGS and culture completely matched (positive pathogens were identical) in 32 (26.23%) samples, partially matched (shared at least one positive pathogen) in 68 (55.74%) samples, but mismatched (positive pathogens were completely inconsistent) on pathogen identification in 22 (18.03%) samples (Figure 3D). In addition, among 100 mNGS-positive-only samples, 91 samples (91%) were confirmed to be positive by clinical diagnosis, including 48 of 51 (94.12%) BALF, 28 of 33 (84.85%) blood, 1 CSF (100%), 2 tissue (100%), 3 sputum (100%), and 9 of 10 (90%) other samples (Supplementary Figure 1A). A total of 137 pathogens were detected by mNGS in these 100 mNGS-positive-only samples, and 118 (118/137, 86.13%) pathogens including 34 (82.93%) G+ bacteria, 49 (89.09%) G− bacteria, and 35 (85.37%) fungi were clinically accepted (Supplementary Figure 1B), indicating an outstanding true-positive rate among various sample types and pathogen types.




Figure 4 | Comparison of mNGS and culture test for pathogen detection. (A) Pie chart demonstrating the positivity distribution of mNGS and culture for all samples. The double-positive samples were further categorized as matched (detected pathogens were identical), mismatched (no overlap of detected pathogens), and partially matched (at least one overlap of pathogens was observed). (B) The number of bacterial pathogens and fungal pathogens at the species level that were detected by culture only, mNGS only, or mNGS and culture. (C) The number of samples that were shown to be positive of corresponding bacterial pathogens and fungal pathogens at the species level by culture only, mNGS only, or mNGS and culture.



To further confirm the advantage of mNGS in pathogen detection over culture-based assays, the number of different types of pathogens detected by mNGS and or culture was analyzed. A total of 17 kinds of bacterial species and 10 species of fungi were positive in both mNGS and culture, and 50 bacterial species and 11 fungal species were specifically detected by mNGS only. Generally, mNGS detected much more kinds of bacterial species than culture (Figure 4B). In terms of microbial species (Figure 4C), Acinetobacter baumannii, Klebsiella pneumoniae, Stenotrophomonas maltophilia, and Pseudomonas aeruginosa were the most frequently detected bacteria of both mNGS and culture assays. Enterococcus faecium, Streptococcus pneumoniae, and Staphylococcus aureus were also the bacteria that were detected at a high frequency. For fungi detection, Pneumocystis jirovecii was the most frequently detected species of the mNGS assay, which was only detected by mNGS. mNGS and culture tests shared the frequent detection of Aspergillus and Candida, but mNGS detected more Aspergillus than culture, and culture detected a larger number of Candida than mNGS (Figure 4C).




3.5 Pathogen concordance of blood sample and paired respiratory tract samples in the mNGS assay

To identify clinical feasibility for blood mNGS as an alternative to the respiratory tract (RT) samples in the mNGS test, a total of 53 pairs of blood and matched RT samples collected from the same patient on the same day were further analyzed. As illustrated in Figure 5A, the majority (60.38%, 32/53) of the paired samples were shown to be pathogens positive in both blood and RT by mNGS (double positive). Moreover, mNGS was only positive in RT in 33.96% of samples (RT-positive only). Double negative was found in three pairs, and none were shown to be blood positive but RT negative. Additionally, for double-positive samples, more than half (56.25%, 18/32) shared partial positive pathogens, and five pairs shared identical positive pathogens by blood and RT (Figure 5A). Among these 53 patients, 50 were finally diagnosed as RT infection and the remaining 3 patients, whose RT and blood mNGS were both negative, were regarded with non-RT infection. RT mNGS exhibited 100% sensitivity and specificity in diagnosing RT infection; blood mNGS also had a specificity of 100% but the sensitivity was 64% (Figure 5B).




Figure 5 | Analysis of pathogen concordance of blood sample and paired respiratory tract (RT) samples in the mNGS assay. (A) Pie chart demonstrating the mNGS results in accordance with blood and paired RT as well as the etiology of double-positive samples. (B) Contingency tables formatted showing the respective diagnostic performance of RT mNGS and blood mNGS for diagnosing RT infection. (C) The number of bacterial pathogens, fungal pathogens, and viral pathogens in the species level that were detected in both blood and paired RT, or only in blood and only in RT. (D) The normalized reads number (log2) of total pathogens, bacteria, fungi, and virus in RT that were detected in RT only or RT and blood.



In terms of microbial species, more kinds of species were detected in RT than in blood. There were 21 kinds of bacteria, 5 fungi, and 5 viruses detected in the RT sample; 8 species of bacteria, 5 fungi, and 3 viruses were detected in both blood and paired RT samples (Figure 5C). Specifically, the majority of A. baumannii, E. faecium, P. aeruginosa, S. maltophilia, and S. pneumoniae along with Candida albicans and Aspergillus flavus can only be detected in RT samples (Supplementary Figure 2). Furthermore, A. baumannii, K. pneumoniae, P. jirovecii, Human gammaherpesvirus 4 (EBV), Human betaherpesvirus 5 (CMV), and Human alphaherpesvirus 1 (HHV-1) were the most frequently detected pathogens in both blood and paired RT (Supplementary Figure 2). In addition, we found that compared with pathogens that can only be detected in RT, pathogens that can be detected in both blood and RT exhibited higher normalized read numbers from RT, regardless of the pathogen type (Figure 5D). For example, for pathogens that were detected in both blood and paired RT including A. baumannii, K. pneumoniae, HHV-1, and EBV, they showed relatively higher read numbers in RT than in blood (Supplementary Figure 3), suggesting that the microbial nucleic acid in blood may have been circulated from the RT.





4 Discussion

mNGS has been extensively applied for discovering causative pathogens and diagnosing infections (Rascovan et al., 2016; Moustafa et al., 2017; Blauwkamp et al., 2019; Chiu and Miller, 2019; Duan et al., 2021). In the present study, we explored the applications and differences between traditional culture methods and mNGS in adult patients with suspected infections via a large-scale sampling. To this end, a total of 511 samples including BALF, blood, sputum, CSF, and other sample types from 361 patients with suspected infection were included. Clinical diagnosis recognized 51.86% of these samples to be pathogen positive, and the clinically accepted rate for mNGS positive result was 81.07%. Among these samples, a total of 428 specimens were subjected to both culture and mNGS testing. We then systematically evaluated the clinical reliability of mNGS in diagnosing infections, as compared to traditional cultures. It was shown that mNGS had superior sensitivity and a clinically accepted rate compared to culture assay with reference to clinical diagnosis. Additionally, the pathogen concordance of blood sample and paired RT samples in mNGS assay from 53 pairs were analyzed, indicating that blood and RT largely shared positive pathogens especially for pathogens with abundant read numbers in RT.

The traditional clinical model for diagnosing infections involves a doctor making a differential diagnosis followed by a series of tests to try to identify the pathogen (Khare et al., 2014; Leber et al., 2016; Cheng et al., 2018). Herein, the clinical diagnosis of each sample was retrospectively made according to not only all routine microbiological tests, but also mNGS assay. Consequently, among all 511 samples, 51.86% were clinically diagnosed as pathogen positive, contributing to 211 of 361 patients (58.45%) who were diagnosed with definite IDs. This positive rate was relatively lower than that of previous studies (Miao et al., 2018; Duan et al., 2021), which may be explained by the fact that about one-third of patients included more than one sample, resulting in a significant number of samples from non-infected sites being sent for testing. Another explanation could be that we enrolled a larger scale of cases with suspected infections rather than just those with confirmed pathogens. Among all sample types, consistent with mNGS results, the highest positive rate for clinical diagnosis was obtained from sputum, followed by BALF; both were from RT. This was expected, considering that RT samples accounted for approximately 40% of all samples and the majority of patients were diagnosed as having respiratory system infection.

In comparison to culture assay, although viruses detected by mNGS were all eliminated, mNGS showed remarkable higher sensitivity (89.08% vs. 56.72%), similar to that reported for mNGS in other studies in adult or pediatric patients (Miao et al., 2018; Tao et al., 2022). After combining the mNGS and culture results, sensitivity increased to 94.94%, also much superior to that of another study (Liu et al., 2023). The outstanding sensitivity in this study may be attributed to the influence of some special samples including tissue, sputum, and other samples, which usually come from infected foci, therefore exhibiting nearly 100% sensitivity by mNGS. Specific to different sample types, some viruses such as varicella zoster virus, Human alphaherpesvirus 2, and JC polyomavirus were clinically recognized as the causative pathogens in CSF but cannot be detected by culture and were excluded in mNGS, leading to the relative low sensitivity in CSF samples (Qu et al., 2022).

When it comes to the true positive results of culture and mNGS, it should be noted that although both clinical diagnosis and culture or mNGS regarded one sample as pathogen positive, whether the pathogens detected by culture or mNGS were consistent with that of clinical diagnosis was inconclusive (Wang et al., 2022a). To clearly address this problem, we introduced the definition of clinically accepted and unaccepted results of mNGS and culture based on the retrospective clinical diagnosis of each sample. For a clinically accepted positive result, at least one detected pathogen should be clinically diagnosed as causative pathogen. We found that the positive result of culture was more likely to be clinically accepted than a negative one, whereas an opposite trend was observed in the mNGS assay. Notably, with both mNGS and culture results, their positive results achieved a favorable clinically accepted rate. In other words, for mNGS- or culture-positive samples, approximately 95% of samples contributed to the identification of causative pathogens. Additionally, we demonstrated that for culture-negative but mNGS-positive samples, approximately 90% of positive results regardless of sample types, as well as detected pathogens, were clinically accepted. Culture-negative infections are challenging to diagnose, and mNGS has been extensively reported to be a powerful tool for identifying pathogens missed by culture (Wang et al., 2020; Tan et al., 2022; Wang et al., 2022b; Zhang et al., 2023). Consistently, our study indicated that mNGS has a superior diagnostic accuracy for detecting suspected infections and may be particularly useful for culture-negative cases.

One of the most common queries about the use of mNGS diagnostic protocols in clinical practice is what kind of sample is best for mNGS testing. Typically, when it was feasible, the site of primary infection yielded the most informative samples for diagnostic sequencing. In traditional bacterial or fungal culture, the most often utilized sample types are blood and RT samples like sputum and BALF. However, because of its extremely poor yield, studies have revealed that blood culture should not be recommended, even in cases of severe pulmonary infections (Afshar et al., 2009; Zhang et al., 2019a). In contrast, it has been demonstrated that mNGS may effectively identify bacteria in blood samples associated with pulmonary infections (Farnaes et al., 2019; Hammarström et al., 2019). Herein, we also investigated the consistency of pathogens detected from blood and paired RT after limiting our inclusion criteria as the sampling interval should be less than 24 h for one patient. Although blood mNGS showed an inferior sensitivity in diagnosing RT infection, we found that for paired blood and RT samples from the same patients, more than half (60.38%) were double positive. Moreover, for blood samples whose mNGS results were both positive in RT samples, 56.25% of samples shared partial pathogens. Further analysis demonstrated the high consistency of pathogens such as A. baumannii, K. pneumoniae, P. jirovecii, EBV, and CMV detected from blood and RT by mNGS. In addition, it was observed that blood mNGS detected more viruses than RT overall, which implied that viruses were more likely to shed into blood compared with bacteria or fungi. On the other hand, the positive blood mNGS result for viruses might also indicate viruses reactivated from other organs or blood (Worth et al., 2016; Yokoyama et al., 2020). Furthermore, we observed that for pathogens that can be detected in blood in addition to RT, their reads were more abundant in RT than pathogens that can only be detected in RT. Meanwhile, the number of microbiological reads detected from the blood samples was relatively lower than that found in RT by mNGS, suggesting that pathogens with more abundant microbiological reads in primary infection sites prefer to shed into blood. It has been demonstrated that the number of unique reads of pathogens was associated with specimen collection time and disease severity (Ai et al., 2018; Zhang et al., 2019b; Li et al., 2020). The high consistency of the major pathogen species, especially those with abundant reads from the RT and blood samples by mNGS testing, suggested, to a large extent, that the pathogens may be transmitted from the lung to the bloodstream in patients who suffered from severe pneumonia. Therefore, the application of mNGS for the simultaneous detection of both RT and blood samples may be promising for identifying microorganisms in patients with suspected infection and guide clinicians regarding antimicrobial treatments; however, the use of blood for RT and the conditions for which it is appropriate are still unclear.

Our study is not without limitations. Firstly, although we enrolled a large number of samples, nearly 100 samples lacked paired culture results owing to the restriction of sample type. Secondly, the clinical benefits, such as the impact on antimicrobial usage, hospital days, and the prognosis of the patients receiving mNGS detection, await further investigation. Thirdly, this study did not collect sufficient clinical characteristics, hampering the establishment of predictive models to resolve the cutoff of clinical indicators and the optimal timing of blood mNGS as an alternative for RT samples. Further studies need to be carried out. Finally, a prospective and observational study could provide more convincing evidence in terms of the diagnostic performance and clinical acceptance of mNGS in IDs in real-life clinical practice.

Collectively, mNGS had a higher sensitivity and clinically accepted rate than culture among various sample types from infectious sites. For patients with suspected infection, the mNGS assay appears to offer complementary clinical value for resolving negative or ambiguous culture results, by helping identify the causative pathogens. Additionally, we demonstrated the favorable consistency of pathogens detected from paired RT and blood samples, indicating that both blood and RT mNGS may aid in the identification of pathogens for respiratory system infection.
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A case report: Comorbidity of Rhinocerebral mucormycosis and pulmonary aspergillosis with challenging diagnosis
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Background: Mucormycosis is a rare opportunistic invasive fungal disease. Rhinocerebral mucormycosis (RCM) is clinically difficult to diagnose, and patients often die due to delayed diagnosis.

Case description: A patient with concurrent pulmonary aspergillosis was diagnosed with RCM caused by Rhizopus through metagenomic Next-Generation Sequencing (mNGS). Despite comprehensive treatment including surgery, amphotericin B, and posaconazole, the patient tragically passed away. The treatment was delayed due to repeated cultures of secretions were negative and pathological examination could not clarify which fungus is infected.

Conclusion: The clinical manifestations of RCM are not specific in the early stage, but the infection progresses rapidly. Therefore, early and accurate diagnosis is very important. mNGS is helpful for patients suspected of RCM, especially when conventional microbiology tests were negative.
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Introduction

Mucormycosis is a rare opportunistic invasive fungal disease, and Rhizopus is a common pathogen in mucormycosis (1). RCM refers specifically to a mucormycosis in which the fungus penetrates the nasal cavity through the skin-mucosa junction, spreads to the palate, sinuses, and orbit, and finally causes intracranial infection due to vascular invasion or bone destruction. Mucormycosis can occur in various parts, and the frequency of occurrence is in the order of RCM (46.8%), lungs, skin, and gastrointestinal tract (2). All-cause mortality rates for mucormycosis range from 22.9 to 80% (2–4). Lower mortality is seen with localized sinus (38.6%) or skin infection (22.9%), where earlier tissue-based diagnosis is often feasible and surgical debridement may result in cure (2). Culture of nasal secretions and pathological examination may fail to identify the specific fungal infection. On the contrary, mNGS has been increasingly utilized in the diagnosis of infectious diseases, particularly when conventional tests were negative or there is a high demand for timeliness in clinical practice.

Here we report one case of RCM due to Rhizopus infection, in which the diagnosis was eventually established with the help of mNGS. Microbiological culture of nasal secretion was negative and pathological examination cannot clarify which fungus is infected.



Case presentation

On March 29, 2022, a 32-year-old male patient with systemic lupus erythematosus was admitted to the hospital due to recurrent cough for 1.5 months and abnormal kidney function for 1 month. The patient’s CT on February 22 suggested pulmonary infection, and multidisciplinary consultation in the outside hospital considered pulmonary aspergillosis (Figures 1A,B). After 23 days of treatment with caspofungin (50 mg qd), the patient’s lung condition improved (Figures 1C,D). Admission diagnosis: Systemic lupus erythematosus, lupus nephritis type IV + V, pulmonary aspergillosis. The patient received methylprednisolone and cyclosporine to control the primary disease, and voriconazole was taken orally to treat pulmonary aspergillosis after admission. On April 7th, the patient developed numbness in the left cheek, nasal congestion, runny nose, and fever. Endoscopic examination showed pus in the left middle meatus and blood scab on the surface of the middle turbinate (Figure 2A); CT showed left ethmoid and frontal sinusitis (Figure 2B). Two cultures of nasal secretion yielded no bacterial or fungal growth. The patient received additional piperacillin tazobactam (4.5 g q8h) anti-infection and nasal irrigation. During this period, the patient’s platelets decreased progressively, with a platelet count of 30×10^9/L on April 16th. Considering the low platelet count of the patient, invasive treatment was not recommended. The patient’s antibiotic was changed to meropenem (0.5 g q8h) combined with contezolid (0.8 g q12h), and gamma globulin (20 g qd) was administered for 3 days to enhance immunity. On April 17th, the patient’s left conjunctival swelling and soft tissue protrusion worsened compared to before. On April 19th, the patient experienced sudden vision loss in the left eye at night. The patient underwent emergency functional endoscopic sinus surgery to clear the lesions in the maxillary sinus, ethmoid sinus, frontal sinus, and orbit (Figure 2C). Intraoperative pathology reported: a large number of fungal hyphae and spores were seen in the nasal and sinus mucosa (Figure 2D). mNGS of the infected tissue in the sinus during the operation: Rhizopus (Figure 3). Following the surgery, the antibiotic regimen was modified to include meropenem (0.5 g q8h), contezolid (0.8 g q12h), amphotericin B 6 mg daily with a daily increase of 5 mg, and posaconazole suspension (200 mg q6h). The patient’s vision in the left eye showed some recovery 1 day after the surgery. Nevertheless, the patient suffered from severe agranulocytosis and extreme immunosuppression, resulting in an extremely weakened mental state and gradually declining consciousness. CT on April 25th showed brain parenchymal swelling, brainstem swelling and fuzzy, multiple low-density foci in the brain, and mild right shift of the midline, indicating intracranial infection with brain herniation formation. Eventually, the patient died due to systemic infection and multiple organ failure. The entire treatment process is summarized in Figure 4.

[image: Figure 1]

FIGURE 1
 Comparison of before and after lung CT results. (A,B) February 22nd lung CT: Multiple solid nodules with exudation in the posterior segment of the left upper lobe of the lung, and exudation in the lower lobes of both lungs. (C,D) March 30th lung CT: The inflammatory nodules in the upper lobe of the lung were significantly absorbed and became lighter, and some were completely absorbed; bilateral pleural effusion.
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FIGURE 2
 Nasal endoscopy, sinus CT, and pathological results. (A) Endoscopic examination showing pus in the left middle meatus and blood scab on the surface of the middle turbinate. (B) CT showed left ethmoid and frontal sinusitis, with thickening and swelling of the left medial rectus and inferior rectus muscles, and swelling of the soft tissues around the left orbit and cheek. (C) During the intraoperative nasal endoscopy, white hyphae were found in the left nasal cavity. (D) Postoperative pathology: a large number of fungal hyphae and spores were seen in the nasal and sinus mucosa.
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FIGURE 3
 mNGS results. Rhizopus was detected by mNGS. The relative abundance of Rhizopus in all microbial was 74.27%. The others were considered probable normal flora.
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FIGURE 4
 The treatment timeline of the patient.




Discussion

Mucor, an opportunistic pathogenic fungus second only to Aspergillus and Candida, is widely present in nature, such as in the air, soil, plants, and rotten substances. It is an airborne pathogen, so most mucormycosis cases initially occur in the sinuses and lungs (4). In the mid-20th century, diabetes was a major risk factor for mucormycosis. In recent years, more cases have been reported in immunocompromised groups, including those undergoing chemotherapy or cancer immunotherapy, and solid organ and hematopoietic stem cell transplantation (5). Cutaneous and soft tissue mucormycosis is the most common form in immunocompetent patients, mainly after skin damage from traumatic injuries, surgery or burns (6). Mucor has vascular invasiveness. After invading blood vessels, it can cause thrombosis and vascular occlusion. This leads to ischemia and hypoxia of local tissues, and then necrosis occurs.

RCM can spread through blood vessels to the sinuses, eyes, and brain. Early symptoms are nonspecific, such as nasal congestion, swelling and pain, or headache with fever. Untreated, it can spread to orbit and brain in a few days, causing edema, vision loss, and drowsiness. Severe cases lead to paralysis, coma, or death. RCM can be divided into four stages based on lesion scope: Stage I is only the nasal cavity; stage II involves the ipsilateral sinus and orbit; stage III is the brain with no or limited cognitive impairment; and stage IV is bilateral nose, orbit and brain with loss of consciousness or hemiplegia (7). Meningitis, large vessel septic thrombophlebitis, septicaemia and cerebrovascular accident are common causes of death.

The patient in our study was diagnosed with RCM. Upon admission, the patient was on antifungal treatment for pulmonary Aspergillus infection. Initially, sinusitis was thought to be caused by Aspergillus or bacterial infection. The patient’s nasal infection progressed rapidly. Nasal secretion culture and other routine examinations yielded unclear results. Due to a low platelet count, nasal histopathological examination was not promptly performed. When the patient had a sudden drop in visual acuity, we performed active surgical debridement after communicating with the patient’s family. Intraoperative biopsy found fungal hyphae and spores but could not identify the fungus type. To determine the pathogen causing the infection, mNGS was carried out on the sample. The results showed that the patient was infected with Rhizopus. Fungal culture and antifungal susceptibility testing can help guide clinical treatment, but they have a low detection rate and are time-consuming (8). Diagnosing mucormycosis on histomorphological basis is challenging. The Aspergillus genus and the Mucor genus have differences in morphology: the hyphae of the former are thinner and septated, with branches at approximately 45 degrees; the hyphae of the latter are wider and non-septated, with branches at approximately 90 degrees (9). However, a definitive diagnosis cannot always be made based on tissue fungal morphology due to similarities and sparse or atypical elements (10). The most common morphological misdiagnosis is misidentifying Mucorales as Aspergillus spp. (11).

The advantages of mNGS sequence-based detection of microbes associated with a disease state include high-throughput assessment, simultaneous detection of bacterial, fungal, and viral community members, and reliable sequence data quickly (12). However, its relatively high cost may limit its application in regions with limited medical resources. Also, mNGS cannot conduct drug sensitivity tests. For diagnosing fungi with mNGS, deep tissue samples are needed to avoid contamination or isolation of pathogenic saprophytes (13). Moreover, the operation and data analysis of mNGS require professional techniques and knowledge, and there are certain requirements for the technical level and personnel quality of medical institutions. Currently, it cannot replace traditional methods. It might be recommended for high-risk patients, who can benefit from early diagnosis and treatment. Despite these challenges, with technological progress and cost reduction, mNGS is expected to become a popular diagnostic tool.

The Aspergillus infection in the patient’s lungs improved after being treated with voriconazole. However, on the 9th day after hospitalization, the patient developed nasal symptoms, and dark purple crusts were found during nasal endoscopy, raising the possibility of nosocomial infection. Previous literature has also suggested that the increase in the number of infection cases of mucormycosis is due to the increased use of anti-Aspergillus drugs (14).

Rhizopus invading blood vessels can form blood clots, causing ischemia and necrosis of surrounding tissues. Antifungal drugs are difficult to reach the infected site, so surgical debridement is crucial. Nasal mucormycosis has typical endoscopic manifestations, such as dark purple crusts or pale mucosa (Figure 2A). Vaughan et al. found that the survival rate of surgical treatment within 12 days of onset of RCM is 61, 33% after 12 days, and only 21% for those without surgical treatment (15).

Voriconazole is currently recommended as the first-line treatment for invasive aspergillosis but not for invasive mucormycosis (10, 16). Posaconazole oral suspension and amphotericin B have been used to successfully treat mucormycosis with various organ involvement patterns as first-line treatment (10, 16). In addition, isavuconazole has been licensed in the USA for first-line treatment of mucormycosis (17). Amphotericin B carries the risk of hypokalemia and renal damage, so attention should be paid to checking potassium ions and renal function. The main adverse effect of posaconazole is hepatotoxicity, which may cause shortening of the QTc interval. In animal models, some antifungal combinations have shown the potential to improve cure and survival rates with no antagonism noted (18). In trauma patients, particularly those with blast injury, mixed infections involving multiple species may occur, warranting empirical combination therapy with liposomal amphotericin B and either posaconazole or voriconazole (19). In our case, the patient had concurrent Aspergillus pulmonary infection and was treated with a combination of posaconazole oral suspension and liposomal amphotericin B.

RCM has a rapid onset and progression, and clinicians have relatively low awareness of this disease. In our case, the patient had Aspergillus pulmonary infection complicated with RCM, and the nasal infection pathogen was not detected in time by conventional tests. Due to the patient’s low immunity, intracranial infection eventually led to death. This case highlights the advantages of mNGS in detecting rare and mixed infection pathogens, which may help in the diagnosis of infectious diseases.
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Objectives

This study aimed to identify the risk factors and construct the diagnostic model associated with pneumocystis pneumonia (PCP) in pediatric patients.





Methods

This retrospective observational study analyzed 34 cases of PCP and 51 cases of other types of pneumonia treated at Children’s Hospital Affiliated to Shandong University between January 2021 and August 2023. Multivariate binary logistic regression was used to identify the risk factors associated with PCP. Receiver operating characteristic curves and calibration plots were constructed to evaluate the diagnostic model.





Results

Twenty clinical variables significantly differed between the PCP and non-PCP groups. Multivariate binary logistic regression analysis revealed that dyspnea, body temperature>36.5°C, and age<1.46 years old were risk factors for PCP. The area under the curve of the diagnostic model was 0.958, the P-value of Hosmer‐Lemeshow calibration test was 0.346, the R2 of the calibration plot for the actual and predicted probability of PCP was 0.9555 (P<0.001), and the mean Brier score was 0.069. In addition, metagenomic next-generation sequencing revealed 79.41% (27/34) and 52.93% (28/53) mixed infections in the PCP and non-PCP groups, respectively. There was significantly more co-infection with cytomegalovirus and Streptococcus pneumoniae in the PCP group than that in the non-PCP group (p<0.05).





Conclusions

Dyspnea, body temperature>36.5°C, and age<1.46 years old were found to be independent risk factors for PCP in pediatric patients. The probability of co-infection with cytomegalovirus and S. pneumoniae in the PCP group was significantly higher than that in the non-PCP group.





Keywords: pneumocystis pneumonia, metagenomic next-generation sequencing, receiver operating characteristic curve, area under the curve, pediatric





Introduction

Pneumocystis pneumonia (PCP) is a fungal infectious disease of the respiratory system caused by Pneumocystis jirovecii. Pneumocystis pneumonia is the most common opportunistic infection among patients with human immunodeficiency virus (HIV) infection. Recently, the prevalence of PCP in patients with HIV has decreased due to the use of highly effective antiretroviral therapy and prevention. However, with the increase in the number of patients with cancer, solid organ transplantation, and autoimmune diseases, along with advances in bronchoscopy and microbiological testing techniques, the morbidity and mortality of non-HIV-related PCP have significantly increased (Niu et al., 2023). In the early stage of P. jirovecii infection, patients may be asymptomatic. However, in the late stage, PCP progresses rapidly, leading to severe respiratory failure, poor prognosis, and high mortality rates (Liu et al., 2019).

The prognosis for pediatric patients with PCP largely depends on early, timely, and accurate diagnosis (Lu et al., 2022). Polymerase chain reaction (PCR) is more commonly used in the diagnosis of PCP, but the infection rate of P. jirovecii in pediatric patients is very low, and many children’s specialized hospitals do not carry out PCR methods to detect PCP (Liu et al., 2020). It has been reported that combining the detection of P. jirovecii sequences in bronchoalveolar lavage fluid (BALF) and peripheral blood by metagenomic next-generation sequencing (mNGS), with the patient’s clinical manifestations and computed tomography imaging features, can confirm the diagnosis of PCP, but only a few cases have been reported in the clinic (Zhang et al., 2019). In this study, we reviewed clinical data and mNGS reports from 85 children diagnosed with pneumonia, including 34 cases of PCP and 51 cases of other pneumonia types. We identified potential risk factors associated with PCP and developed a diagnostic model based on these factors. This model aims to serve as an early indicator of PCP infection risk in non-HIV patients.





Methods




Study design

A total of 34 children with PCP were retrospectively enrolled between January 2021 and August 2023. The diagnostic criteria (Donnelly et al., 2020; Lagrou et al., 2021; Huang et al., 2023)for PCP group were as follows: 1) Clinical symptoms with fever, cough, or shortness of breath; 2) Chest computerized tomography (CT) showed multiple rounds of glassy interstitial exudate, reticulated or solid shadows in both lungs on an chest computerized tomography; 3) The sequence of P. jirovecii was detected by mNGS; 4) The HIV test was negative. At the same time, 51 non-HIV patients who were admitted to the hospital with lung infections and diagnosed with non-PCP pneumonia as the non-PCP group during the same period were included. The clinical diagnosis of PCP and non-PCP was made by two senior respiratory specialists based on the clinical symptoms, laboratory findings, chest CT images, etiology of mNGS, and clinical response to treatment. The clinical data, including gender, age, underlying disease, clinical manifestations, CT imaging, mNGS test, and laboratory examinations, were collected from the patient’s medical records.

This study was approved by the Ethics Committee of the Children’s Hospital Affiliated to Shandong University (No. SDFE-IRB/P-2022017) and was conducted by the Declaration of Helsinki (revised 2013). The Ethics Committee of the Children’s Hospital Affiliated with Shandong University waived the need for individual informed consent for this retrospective analysis.





Metagenomic next-generation sequencing

The DNA was extracted from BALF using a QIAamp® UCP Pathogen DNA Kit (Qiagen), adhering to the manufacturer’s instructions. Human DNA was removed using Benzonase (Qiagen) and Tween 20 (Sigma). Total RNA was extracted with a QIAamp ® Viral RNA Kit (Qiagen) and ribosomal RNA was removed with a Ribo-Zero rRNA Removal Kit (Illumina). cDNA was generated using reverse transcriptase and dNTPs (Thermos Fisher). Libraries were constructed for the DNA and cDNA samples using a NextEra XT DNA Library Prep Kit (Illumina, San Diego, CA). The library was purified, and magnetic beads selected the fragments. The library quality was assessed with a Qubit dsDNA HS Assay Kit followed by a High Sensitivity DNA kit (Agilent) on an Agilent 2100 Bioanalyzer. The library pools were then loaded onto an Illumina NextSeq CN500 sequencer for 75 cycles of single-end sequencing to generate approximately 20 million reads for each library. For negative controls, we also prepared sterile deionized water in parallel with each batch to serve as a non-template control, using the same protocol.

High-quality sequencing data were generated by removing low-quality and short (length < 40 bp) reads, followed by computational subtraction of human host sequences mapped to the human reference genome (hg38 and YH sequences) using Burrows-Wheeler alignment. The remaining data obtained by removing low-complexity reads were classified by simultaneous alignment to four microbial genome databases, consisting of viruses, bacteria, fungi, and parasites. The classification reference databases were downloaded and optimized from public databases such as NCBI and GenBank. In the end, the multi-parameters of Species in the microbial genome databases were calculated and exported, and professionals with microbiology and clinical backgrounds interpreted the results.





Statistical analysis

The data were analyzed using IBM SPSS 26.0 statistical software. Normally distributed continuous data are presented as the mean ± SD and were compared using a t-test. Continuous data that did not fit a normal distribution are presented as the median (Q1, Q3) and were compared using the Mann−Whitney U test. The discontinuous data are presented as n (%) and were compared using the χ2 test or Fisher’s test. Univariate logistic regression was used to identify the risk factors associated with PCP. Variables with P-value ≤0.1 were further analysed via multiple logistic regression, and variables with P-value < 0.05 were used to construct the diagnostic model. The diagnostic model was evaluated using receiver operating characteristic (ROC) curves and Hosmer-Lemeshow goodness-of-fit tests. GraphPad Prism 9.3 was utilized to create figures, including ROC curves and forest plots.






Results




Patient characteristics

As shown in Table 1, the 20 clinical variables showed significant differences between the PCP and non-PCP groups. The PCP group had 21 (61.76%) boys, while the no-PCP group had 31 (60.78%) boys, with no significant difference observed. The median age was 0.58 years old in the PCP group and 5.33 years in the non-PCP group, and the difference was remarkable (P <0.001). In terms of underlying diseases, the PCP group had significantly higher rates of surgery (50.00% vs 9.80%, P <0.001), tracheal dysplasia (55.88% vs 13.72%, P <0.001), and premature delivery (35.29% vs 5.88%, P <0.001) compared to the non-PCP group. Regarding clinical manifestations, dyspnea (94.12% vs 13.73%, P <0.001), body temperature (37.40°C vs 36.50°C, P =0.002), heart rate (135 beats vs 105 beats, P <0.001), and respiratory rate (35 beats vs 28 beats, P <0.001) were significantly greater in the PCP groups than in the non-PCP group.


Table 1 | Patient’ characteristics, laboratory findings and CT images of PCP and non-PCP pediatric patients.



There were no remarkable differences in routine blood parameters, such as white blood cell count, neutrophils count, or lymphocyte percentage between the two groups. However, in terms of blood biochemistry, hemoglobin (108 vs 121, p=0.004), creatinine (17 vs 28, P =0.001), and total protein (59.00 vs 62.10, P =0.27) were significantly decreased in the PCP group. On the other hand, the levels of albumin (39.50 vs 38.00, P =0.017), aspartate aminotransferase (43 vs 34, P =0.01), procalcitonin (0.16 vs 0.12, P =0.27), and activated partial thromboplastin time (30.55 vs 27.80, P =0.02) were significantly increased in the PCP group. Additionally, the PCP group exhibited a significant increase in CD8+ T lymphocytes (20.24 vs 25.01, P =0.001). Computerized tomography images revealed that bilateral lesions (100.00% vs 73.60%, P =0.001) and ground glass shadow (32.40% vs 1.90%, P <0.001) were more common in the PCP group, whereas pleural effusion (8.80% vs 26.40%, P =0.003) was more prevalent in the non-PCP group. Furthermore, mechanical ventilation (50% vs 3.80%, P <0.001) was significantly more common in the PCP group.





Risk factors for PCP

As depicted in Table 2, we analyzed the ability of the above-mentioned 20 clinical variables to predict PCP using the ROC curves and binary logistic regression. By applying the principle of maximum sensitivity and specificity, ROC curves allowed us to determine the cut-off values for continuous variables and convert them into categorical variables (Nahm, 2022). Based on the ROC curves, the thresholds for age, body temperature, heart rate, CD8+ T lymphocytes, and serum creatinine were found to be 1.46, 36.65, 127.00, 20.84, and 24.50, respectively. The areas under the ROC curves for dyspnea, mechanical ventilation, post-surgery, tracheal dysplasia, age, temperature, heart rate, CD8+ T lymphocytes, and serum creatinine all exceeded 0.70 (0.905, 0.731, 0.703, 0.713, 0.752, 0.700, 0.794, 0.711, and 0.719, respectively; 95% confidence intervals (CIs) were 0.834-0.975, 0614-0.848, 0.584-0.822, 0.596-0.830, 0.641-0.862, 0.579-0.821, 0.691-0.896, 0.579-0.821, 0.691-0.896, 0.596-0.825, and 0.579-0.841; all P-values were less than 0.05 (<0.001, <0.001, 0.001, 0.001, <0.001, 0.002, <0.001, 0.001, 0.001, respectively). Subsequently, univariate binary logistic regression analysis was used to screen for risk factors. Table 2 and Figure 1 illustrated those 18 variables, excluding bilateral lung lesions and albumin, the serum ALB concentration, were significantly different, with P-values lower than 0.05.


Table 2 | ROC curve and univariate binary logistic regression analysis of risk factors for PCP.






Figure 1 | Forest map of 20 risk factors identified in the univariate logistic analysis for the PCP group. APTT, activated partial thromboplastin time; AST, aspartate aminotransferase.







A diagnostic model for PCP

Based on the results of the ROC curve and univariate logistic analysis, nine variables, including dyspnea, mechanical ventilation, post-surgery, tracheal dysplasia, age, temperature, heart rate, CD8+ T lymphocytes, and serum creatinine, were subjected to multivariate logistic regression analysis. As shown in Table 3 and Figure 2, dyspnea, age, and body temperature were found to be significantly associated with PCP, with odds ratios of 52.003, 10.233, and 16.556; 95% CIs of 7.023-385.037, 1.216-86.147, and 2.037-134.538; and P-values of <0.001, 0.032, and 0.009, respectively.


Table 3 | Multivariate logistic regression analysis of risk factors for PCP.






Figure 2 | Forest map of 3 risk factors identified by the multivariate logistic analysis for the PCP group.



The predictive accuracy for PCP as measured by the ROC curves (Figure 3A), yielded an area under the curve (AUC) of 0.958 (95% CI: 0.916–0.999, P <0.001). The Hosmer‐Lemeshow calibration test was significant (P =0.346), and the calibration plot (Figure 3B) for predicting PCP showed moderate agreement between the actual observed outcome and the prediction (R2 = 0.9555, P <0.001). Overall, the prediction performance was good, with a mean Brier score of 0.069 (95% CI: 0.032–0.104).




Figure 3 | Validation of the model for predicting PCP probability. (A) The area under the receiver operating characteristic curve was 0.958, 0.905, 0.813, and 0.702 for the model group, dyspnea group, and age and body temperature group, respectively. (B) The calibration plot indicated that the predicted probability of PCP had a moderate agreement with the actual observed outcome (R2 = 0.9555, P<0.001).







Diagnostic performance of mNGS for mixed infections

The mixed infections were identified in 79.41% of patients in the PCP group and 52.93% of those in the non-PCP group using mNGS (Figures 4A, B). In the PCP group, the major co-pathogens associated with P. jirovecii, included cytomegalovirus (CMV), S. pneumoniae, Pseudomonas aeruginosa, and Haemophilus influenzae (Figure 4C). The study using mNGS revealed a significantly higher rate of co-infection with CMV (41.18% vs 13.21%, P =0.003) and S. pneumoniae (29.41% vs 7.55%, P =0.007) in the PCP group (Figure 4C).




Figure 4 | (A) The mixed infections were identified by mNGS in the PCP group. (B) The mixed infections were identified by mNGS in the non-PCP group. (C) Comparative analysis of major co-pathogenic in PCP group and non-PCP group (** Indicates p<0.01).








Discussion

P. jirovecii is an opportunistic pathogen that is extremely rare in children and often becomes a pathogen when the host’s immune function is compromised, leading to severe lung infections. The clinical symptoms of the majority of patients with PCP were nonspecific. Due to the uncultivable nature of P. jirovecii in vitro, the gold standard for diagnosing PCP is the presence of characteristic encapsulated or trophozoite bodies in specimens from the lower respiratory tract (Huang et al., 2024). However, the low load of P. jirovecii in the lower respiratory tract of the patients and the reliance on the ability to examine physicians significantly hinder the early diagnosis, leading to misdiagnosis and underdiagnosis (Delliere et al., 2020; McDonald et al., 2024).

In this retrospective study, we developed a new diagnostic model for PCP using non-invasive and easily accessible clinical indicators. This diagnostic model demonstrated reliable discriminatory power in assessing the probability of PCP (Zhou and Aitken, 2023). It is expected to assist clinicians in early and rapid bedside screening for PCP in children, ultimately improving the prognosis of these patients in the future (Lagrou et al., 2021). We first conducted univariate logistic analysis and ROC curve analysis on 20 clinical variables from 85 patients with severe pneumonia. Among these nine variables exhibited a P-value <0.05 in the logistic analysis and an AUC>0.7 in the ROC curve, leading to their further inclusion in multivariate binary logistic regression. Subsequently, dyspnea, age<1.46 years, and temperature>36.5 were identified as the risk factors in the multivariate logistic analysis. Upon combining these three factors, the diagnostic model achieved an AUC of 0.958. The P-value of the Hosmer‐Lemeshow calibration test was 0.346, the R2 of the calibration plot for the actual and predicted probability of PCP was 0.9555 (p<0.001), and the mean Brier score was 0.069 (95% CI: 0.032–0.104), demonstrating good overall prediction performance.

Various specimens, such as blood, sputum, nasopharyngeal secretions, and BALF, can be utilized for microbiological testing. Among these methods, BALF is particularly effective in diagnosing PCP (Guegan and Robert-Gangneux, 2019; Georges et al., 2020). Various laboratory detection methods for PCP exist, including microscopic, serological, and imaging examinations. However, these methods have a high false-negative rate in early infection. Tissue biopsy, while effective, is an invasive procedure with associated risks and may not be suitable for all patients. In recent years, PCR detection technology has advanced significantly, with the emergence of molecular detection methods that offer high specificity and sensitivity in detecting specific target sequences. Despite these advancements, these technologies still have limitations in detecting rare or unknown pathogens. Due to the atypical clinical manifestations and the high prevalence of mixed infections in PCP patients, the mNGS assay offers direct detection of microorganism sequences in the clinical samples with shorter turn-around time, high sensitivity, and notably high detection rates for mixed bacterial, viral, fungal, and parasitic infections (Chiu and Miller, 2019; Wang et al., 2019; Zhang et al., 2021; Wang et al., 2022; Chang et al., 2023). Consequently, mNGS has demonstrated excellent performance in PCP diagnosis and co-pathogen detection (Jiang et al., 2021).

In our study, we observed mixed infections in 79.41% and 52.93% of patients in the PCP and non-PCP groups, respectively. Cytomegalovirus, S. pneumoniae, P. aeruginosa, and H. influenzae were the major co-pathogens in PCP patients, with significantly higher detection rates of CMV and S. pneumoniae in PCP compared to non-PCP patients (P < 0.005). Cytomegalovirus infection, typically preceding or concurrent with PCP, represents a risk factor for PCP and can significantly increase the morbidity and mortality of PCP in solid organ transplant recipients (Faure et al., 2017; Hosseini-Moghaddam et al., 2018). Infection with CMV has been suggested to be the most common cause of PCP and may be linked to immunosuppression by suppressing the function of helper T-cells and antigen-presenting cells, indicating severe immunosuppression (Lee et al., 2017). In terms of PCP co-infection, S. pneumoniae infection ranks second, primarily colonizing the nasopharynx of children (especially those under five years of age). In states of reduced immune function, it can proliferate rapidly and spread to other parts of the body, leading to infection (Morilla et al., 2021).

In conclusion, age<1.46 years, dyspnea, and temperature>36.5°C are identified as risk factors for PCP in non-HIV patients, and the diagnostic model based on these three factors demonstrated good predictive diagnostic value for PCP infection. The technology of mNGS technology plays a crucial role in confirming the diagnosis of PCP, especially for identifying mixed infections involving multiple pathogens, exhibiting strong diagnostic performance. However, among 1481 patients tested for mNGS, only 34 positive children were detected in this study, and the positive rate was only 2.30%. Aware of the limited incidence of PCP infection in children and currently few studies published focus on children with PCP who are not infected with HIV, in order to attract the attention of global pediatric experts on PCP in non-HIV, we first need to report the small size of study population. In the future, our team needs to accumulate clinical cases for another 3-5 years. Combining we create Chinese children’s bacteria and fungus resistance monitoring network member unit (https://www.etyy.com/respro.html), later we will have a longer period of clinical big queue (such as expanding time, try using multicenter retrospective). As well as prospective ways to expand the number of children) to validate, while conducting more in-depth subgroup analyses.
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Objectives

Metagenomic next-generation sequencing (mNGS) is emerging as a novel diagnostic technology for various infectious diseases; however, limited studies have investigated its application in etiological diagnosis of early onset pneumonia (EOP) among patients undergoing extracorporeal cardiopulmonary resuscitation (ECPR) following in-hospital cardiac arrest (IHCA), The clinical significance of early mNGS in predicting short-term prognosis of IHCA patients after ECPR remains unclear.





Methods

This retrospective study included 76 patients with IHCA who underwent ECPR at the First Affiliated Hospital of Zhengzhou University from January 2018 to December 2022. Baseline characteristics and etiological data of all patients during their hospitalization were collected and statistically analyzed. The primary outcome of this study was the diagnosis of EOP, while the secondary outcomes included successful extracorporeal membrane oxygenation (ECMO) weaning and survival at discharge. Additionally, the characteristics of bronchoalveolar lavage fluid (BALF) flora in these patients were compared by analyzing both mNGS results and culture results.





Results

Multivariate logistic regression were employed to analyze the predictors of ECMO weaning failure, mortality at discharge, and the incidence of EOP. Ultimately, patients with lower SOFA scores on admission [OR (95%CI): 1.447 (1.107-1.890), p=0.007] and those who underwent early mNGS testing within 48 hours after ECPR [OR (95%CI): 0.273 (0.086-0.865), p=0.027] demonstrated a higher probability of successful weaning from ECMO. Patients with higher SOFA scores on admission [OR (95%CI): 2.404 (1.422-4.064), p=0.001], and elevated lactate levels [OR (95%CI): 1.176 (1.017-1.361), p=0.029] exhibited an increased likelihood of mortality at discharge. Furthermore, early mNGS detection [OR (95%CI): 0.186 (0.035-0.979), p=0.047], and lower CRP levels (48h-7d after ECMO) [OR (95%CI):1.011 (1.003-1.019), p=0.006] were associated with a reduced incidence of EOP. In addition, the pathogens detected by mNGS within 48 hours after ECPR were mainly oral colonizing bacteria and viruses, and viruses were in the majority, while all BALF cultures were negative. In contrast, between 48 hours and 7 days after ECPR, BALF cultures were positive in all EOP patients.





Conclusions

Early mNGS testing to identify microbial flora facilitates timely adjustment of antibiotic regimens, thereby reducing the incidence of EOP and improving short-term prognosis in patients undergoing ECPR following IHCA.





Keywords: in-hospital cardiac arrest, extracorporeal cardiopulmonary resuscitation, metagenomic next-generation sequencing, early onset pneumonia, prognosis




1 Introduction

In-hospital cardiac arrest (IHCA) is a prevalent and rapidly progressive condition with a high mortality rate, reaching up to 70%. Despite its fatalness, IHCA has received limited attention compared to other high-risk cardiovascular diseases like myocardial infarction and out-of-hospital cardiac arrest (Richardson et al., 2021; Andersen et al., 2019; Schluep et al., 2018). Extracorporeal cardiopulmonary resuscitation (ECPR), which involves the use of extracorporeal membrane oxygenation (ECMO), offers hemodynamic support to maintain vital organ perfusion in the presence of persistent cardiovascular impairment, potentially improving survival after IHCA (Richardson et al., 2021; Vakil et al., 2021). Patients with IHCA often experience severe hypoxemia or face constant risks of aspiration due to their inability to clear upper airway secretions and gastric reflux independently. Rapid tracheal intubation becomes essential for minimizing low flow duration during ECPR implementation (Ryu et al., 2015). However, achieving both prompt intubation and impeccable asepsis can be challenging when urgently performing ECPR on IHCA patients. Furthermore, these patients frequently require continuous ventilator-assisted ventilation, indwelling veno-arterial ECMO (VA ECMO) catheters, and sometimes continuous renal replacement therapy (CRRT) tubes and intra-aortic balloon pump (IABP) tubes-all contributing as risk factors for infection development (Raad et al., 2007). A proportion of patients die from infectious shock secondary to IHCA.

In addition, ECMO is associated with the up-regulation of inflammatory mediators, such as cytokines, endotoxins, and oxygen-derived free radicals, and even contributes to the development of systemic inflammatory response syndrome (SIRS) (François et al., 2019; Millar et al., 2016; Mongardon et al., 2011; Perbet et al., 2011; Shiba et al., 2020). Recent studies have demonstrated that levels of C-reactive protein (CRP), a crucial inflammatory factor, are correlated with early-onset pneumonia (EOP) in ECPR patients (Shiba et al., 2020). In the early stage of EOP, patients may present with elevated levels of white blood cells, CRP, fever, etc. However, prompt administration of antibiotics can potentially obscure the true pathogen and mask the positive rate of traditional pathogen tests such as blood culture. Consequently, achieving an accurate etiological diagnosis becomes a challenging task (François et al., 2019). In patients undergoing ECPR for IHCA, there is a significantly increased risk of infection necessitating prompt identification of the pathogen and initiation of antibiotic treatment.

In recent years, metagenomic next-generation sequencing (mNGS) has garnered significant attention in the field of infectious diseases due to its high throughput capacity and rapid turnaround time (Mitchell and Simner, 2019; Wu et al., 2020; Xie et al., 2019; Zhou et al., 2019), substantially reducing clinical diagnosis time. Several studies have highlighted that mNGS testing can identify antimicrobial resistance (AMR) genes and assist clinicians in adjusting antibiotic treatment regimens (Deurenberg et al., 2017; Lefterova et al., 2015). Moreover, the diagnostic accuracy of mNGS remains unaffected by antibiotic use (Grumaz et al., 2019). The feasibility of mNGS in bronchoalveolar lavage fluid (BALF), blood, sputum, transbronchial lung biopsy (TBLB), and even lung tissue biopsy for patients with respiratory tract infections has been well-documented in the literature (Chen et al., 2020; Li et al., 2018, Li et al., 2020; Liu et al., 2019; Wu et al., 2020). However, the utilization of mNGS testing in patients undergoing ECPR remains relatively infrequent, with limited research available and a lack of knowledge regarding its impact on the incidence of EOP and mortality rates among ECPR patients.

This study aims to encompass patients undergoing ECPR for IHCA, analyze their baseline characteristics, evaluate the impact of early mNGS testing on the incidence of EOP and short-term prognosis in such patients, investigate the causative organisms involved, and provide guidance for precise antibiotic utilization in clinical practice.




2 Materials and methods



2.1 Research population

This study retrospectively included IHCA patients who underwent ECPR between January 2018 and December 2022 in the intensive care unit (ICU) of the First Affiliated Hospital of Zhengzhou University. The enrollment criteria for ECPR are in accordance with Extracorporeal Life Support Organization (ELSO) guidelines (Richardson et al., 2021): 1) age <70 years; 2) witnessed cardiac arrest; 3) first CPR (“no flow interval”) <5 minutes or bystander CPR; 4) initial rhythm of ventricular fibrillation (VF)/pulseless ventricular tachycardia (pVT)/absence of pulsatile electrical activity (PEA); 5) ECMO blood flow arrest <60 minutes “low flow interval” (unless other favorable prognostic features are present, such as intermittent recovery from autonomic circulation, preoperative hypothermia, rejuvenation, or stable vital signs during CPR); 6) intermittent return of spontaneous circulation or recurrent ventricular fibrillation; 7) no previously known life-limiting comorbidities (e.g., end-stage heart failure, chronic obstructive pulmonary disease, end-stage renal failure, liver failure, end-stage disease), and consistent with the patient’s goals of care; and finally,8) no known aortic insufficiency (mild aortic dyskinesia should be ruled out).

A total of 126 IHCA patients met the criteria for VA ECMO support. Among them, exclusion criteria included 28 patients with cardiac arrest caused by infectious shock, 18 patients who received ECMO assistance for less than 48 hours, as well as two pregnant women and two individuals under the age of 18 (Figure 1). After the screening process, a total of 76 eligible patients were ultimately included.




Figure 1 | Flow diagram of patient inclusion and exclusion. IHCA, in-hospital cardiac arrest; ECPR, extracorporeal cardiopulmonary resuscitation; ECMO, extracorporeal membrane oxygenation; EOP, early onset pneumonia.



The present study was conducted in compliance with the Declaration of Helsinki and was approved by the Ethics Committee of the First Affiliated Hospital of Zhengzhou University, Zhengzhou, China (no. 2020-KY-429).




2.2 Data collection and processing

We collected and documented baseline information and laboratory test data from the electronic medical record system for the enrolled patients. Baseline information encompassed age, gender, body mass index (BMI), smoking history, comorbidities, primary disease, intra-aortic balloon pump (IABP) utilization, sequential organ failure assessment (SOFA) score on admission, time consumption for VA-ECMO intubation, duration of ECPR, method of cannulation; baseline laboratory data at admission and the most aberrant laboratory test results during ECMO (>48 hours <7 days after ECMO).

The BALF samples collected from a subset of enrolled patients within 48 hours after ECMO assistance were tested with mNGS. Additionally, BALF samples collected either within 48 hours or between 48 hours and 7 days after ECMO assistance were subjected to routine culture. The specific results obtained from mNGS testing and BALF culture were recorded.




2.3 Definition and clinical outcomes

EOP was diagnosed when the patient met all clinical, radiological and microbiological criteria within 48h-7d after meeting ECPR (Ryu et al., 2015). Clinical criteria for EOP required the presence of at least two of the following: 1) fever ≥ 38.0°C (temperature in ECMO patients is typically regulated by extracorporeal circulation); 2) leukocytosis or leukopenia; and 3) purulent tracheobronchial secretions. Radiological criteria for EOP included new or progressive infiltrates or newly developed solid lesions on chest radiographs. Microbiological criteria involved the absence of normal positive respiratory cultures indicating a typical flora. Additionally, two independent physicians will validate the diagnosis of EOP to ensure accuracy and comparability. Prophylactic antibiotic use was defined as antibiotics given before signs of infection within 24 hours of ECPR. Time consumption for ECPR referred to the duration from preparation to establishment of adequate ECMO flow. The criteria for successful ECMO weaning were defined as achieving hemodynamic stability within 24 hours after withdrawal of ECMO and not requiring additional assistance from extracorporeal life support (ECLS).

The primary outcome of this study was the diagnosis of EOP, while the secondary outcomes included successful ECMO weaning and survival at discharge. Additionally, no cases of late-onset pneumonia were observed in non-EOP patients.




2.4 ECPR procedures

All patients received VA ECMO support (Maquet Cardiopulonic, Hirlingen, Germany) with percutaneous vascular access as the preferred method using the Seldinger technique due to its advantages of easy insertion and removal of cannulas. Surgical excisional exposure was considered a secondary option when percutaneous cannulation failed (Ryu et al., 2015; Vakil et al., 2021). The femoral vessel was used as the vascular access site in all cases with 19-25 French vein cannulas and 15-17 French artery cannulas. The cessation of cardiac compressions is recommended once the flow rate of VA ECMO reaches 3 L/min, indicating the establishment of sufficient circulation (Richardson et al., 2021). Unisolated heparin was used as an anticoagulant to maintain an activated clotting time (ACT) of 1.5 times the upper limit of normal and a partial thromboplastin time (APTT) of 40-55 seconds.

The ECMO flow rate are adjusted to meet the criteria of a patient with a cardiac index exceeding 2.2 L/min/m2, a central mixed venous oxygen saturation above 70%, and a mean arterial pressure higher than 65 mmHg (Park et al., 2014). Typically, an arterial catheter is utilized for continuous blood pressure monitoring. Once successfully initiated, prompt identification and treatment of the underlying cause of cardiac arrest are imperative. If a flow rate ranging from 0.5-1.0 L/min is achieved, consideration may be given to discontinuing VA ECMO support. However, each stage of flow reduction should be evaluated through echocardiography and hemodynamic assessment (Richardson et al., 2021).




2.5 mNGS methodology and process

After preprocessing of the BALF samples, microbial genomic DNA was extracted using the TIANamp Micro DNA kit (TIANGEN Biotech, Beijing) following the manufacturer’s instructions. Subsequently, DNA libraries were constructed through processes including DNA fragmentation, end-repair, 3’ adenylation, adapter ligation, PCR amplification and purification. The quality of the resulting libraries was assessed using an Agilent 2100 Bioanalyzer (Agilent, USA) and an ABI StepOnePlus real-time PCR system. Finally, qualified libraries were subjected to sequencing on a NextSeq 550Dx platform (Illumina, USA) with a read length of 75 bp.

Illumina Next 550 sequencers are utilized for macrogenomics sequencing, with each macrogenomics sequencing batch containing 15-20 samples and including one negative control. The internal reference is derived from Arabidopsis thaliana and is provided by the sequencing manufacturer. High-quality sequencing data were obtained by eliminating low-quality and short reads (<35bp in length), followed by the generation of strictly aligned reads to pathogen species (SDSMRN) and pathogen genus (SDSMRNG). The list of microorganisms acquired through the aforementioned analytical process was compared against an internal background database encompassing microorganisms present in over 50% of laboratory samples within the past three months. Suspected background microorganisms were excluded, while suspicious pathogens were identified as those exhibiting SDSMRN > 50 and at least three times higher than the control; however, suspicious pathogens with SDSMRN < 50 should have a minimum fivefold increase compared to the control.




2.6 Statistical analysis

Statistical analysis of all collected data was performed using SPSS for Windows (version 21.0; SPSS Inc., Chicago, IL, USA). Continuous variables were presented as mean ± standard deviation and compared using an unpaired t-test. Skewed continuous variables were expressed as quartiles and compared using the Mann-Whitney U test. Categorical variables were represented as frequency (composition ratio) and compared using Pearson’s χ test or Fisher’s exact test. Multicollinearity among predictors was assessed using variance inflation factors (VIFs). A VIF value exceeding 10 was considered indicative of significant collinearity. For the logistic regression analysis, we employed a binary logistic regression model to examine the relationship between the predictor variables and the outcome variable. P<0.05 indicates that the differences were statistically significant.





3 Results



3.1 Comparative analysis of patients undergoing ECPR based on ECMO weaning and survival status at discharge

The comparison of ECPR patients between the successful ECMO weaning group and the ECMO weaning failure group is presented in Table 1. ECPR patients who successfully weaned from ECMO exhibited lower SOFA scores on admission in comparison to those with failed weaning (11.89 ± 2.19 vs 13.58 ± 1.75, p<0.001, Table 1). Moreover, they had a shorter duration of ECPR consumption (31.78 ± 14.18 min vs 40.20 ± 18.61 min, p=0.031, Table 1), and had higher rates of mNGS testing (47.2% vs 15%, p=0.002, Table 1). Baseline lactate levels were lower in the success group compared to the failure group; however, this difference did not reach statistical significance level.


Table 1 | The characteristics between the successful ECMO weaning group and the ECMO weaning failure group.



The comparison of ECPR patients based on survival status at discharge is presented in Table 2. The survival group exhibited a lower incidence of CRRT (34.8% vs 66.0%, p=0.014, Table 2), higher utilization of mNGS testing (54.2% vs 19.2%, p=0.002, Table 2), greater success in ECMO weaning (100% vs 23.1%, p<0.001, Table 2), shorter duration of ECPR consumption (29.75 ± 13.15 min vs 39.19 ± 17.96 min, p=0.024, Table 2), and lower SOFA scores (10.96 ± 1.88 vs 13.62 ± 1.68, p<0.001, Table 2) compared to the non-survival group at discharge. Laboratory examinations upon admission revealed lower levels of creatinine (89.66 ± 43.75 μmol/L vs 118.89 ± 62.58 μmol/L, p=0.043, Table 2) and lactate (7.35 ± 4.82 mmol/L vs 11.57 ± 5.69 mmol/L, p=0.002, Table 2) in the survival group compared to the non-survival group. During the period >48h and within 7d after ECMO, the most aberrant laboratory examinations showed lower WBC counts [(9.49 ± 3.80)×109/L vs (12.80 ± 6.57)×109/L, p=0.024, Table 2], ALT [85.50 (52.50-164.75)U/L vs 238.50 (90.00-754.00)U/L, p=0.003, Table 2], AST[142.50 (83.50-221.00)U/L vs 447.50 (119.75-1683.25)U/L, p=0.001, Table 2], creatinine (133.51 ± 89.93 μmol/L vs 187.61 ± 89.24 μmol/L, p=0.017, Table 2), and NT-pro-BNP [2785 (738.5-5620.05)pg/ml vs 5566.00 (1720.75-11828.50)pg/ml, p=0.024, Table 2] levels in the survival group compared to the non-survival group.


Table 2 | The characteristics between the survivors and the non-survivors at discharge.






3.2 Characteristics of EOP and non-EOP patients

Compared to non-EOP patients, EOP patients exhibited significantly higher SOFA scores (13.70 ± 1.86 vs 12.27 ± 2.12, p=0.004, Table 3), longer duration of ECPR consumption (42.41 ± 17.20 min vs 32.80 ± 16.20 min, p=0.021, Table 3), lower rate of mNGS testing (11.1% vs 40.8%, p=0.007, Table 3), and elevated levels of CRP, PCT and WBC counts (the highest CRP, PCT and WBC counts during the period >48h and within 7d after ECMO) [CRP: 99.80 (58.20-171.50) mg/dl vs 34.19 (9.77-103.28) mg/dl, p =0.003; PCT: 12.52 (4.36-25.78) ng/ml vs 3.57 (0.38-15.77) ng/ml, p =0.003; WBC counts: (16.62 ± 6.19) ×109/L vs (9.08 ± 3.89)×109/L, p<0.001; respectively, Table 3] compared to non-EOP individuals.


Table 3 | Characteristics of ECPR patients with or without EOP.



The gender, BMI, comorbidities, baseline levels of white blood cell counts, red blood cell counts, hemoglobin, platelet counts, alanine transaminase, aspartate transaminase, creatinine, NT-proBNP, cTnI, CRP, procalcitonin and lactate; the most abnormal levels of red blood cell counts, hemoglobin and platelet counts during the period >48h and within 7d after ECMO assistance; the rate of successful weaning from ECMO; and percentages of prophylactic antibiotic use exhibited no statistically significant differences between EOP patients and non-EOP patients (all p>0.05; Table 3).




3.3 Details of mNGS assay

Among the 76 patients who underwent ECPR, BALF was tested using mNGS within 48 hours in a subset of 23 individuals (30.3%). Within this subgroup, acute myocardial infarction (AMI) was identified as the primary cause in 16 patients (69.6%), while fulminant myocarditis accounted for the primary cause in 3 patients (13.0%). Furthermore, four patients (17.4%) were diagnosed with other conditions such as poisoning and smog exposure. Among these cases, eleven patients (47.8%) yielded positive mNGS results. Subsequently, we performed a specific analysis to identify the presence of pathogens associated with each respective primary disease (Figure 2).




Figure 2 | Distribution of microorganisms that tested positive for mNGS. AMI, acute myocardial infarction; FM, fulminant myocarditis; G+, Gram-positive bacteria; G-, Gram-negative bacteria; mNGS, metagenomic next-generation sequencing.



The pathogens detected by mNGS (within 48 hours during ECMO) included bacteria and viruses, predominantly consisting of oropharyngeal colonizing bacteria. Specifically, the detected strains comprised 4 strains of Haemophilus parainfluenzae, 2 strains of Streptococcus pneumoniae, 1 strain each of Streptococcus anginosus and Streptococcus mitis, as well as single strains of Staphylococcus hominis, Gemella morbillorum, Haemophilus influenzae, Dialister pneumosintes. Additionally, there were 3 strains of Human alpha herpes virus 1, 2 strains of Human beta herpes virus 5, along with single strains of Epstein-Barr virus, Human parainfluenza virus 3, Cyto Megalo Virus and Torque teno virus type29.

The positive pathogens detected were classified based on the primary disease. Among 16 patients with AMI, a total of 4 (30.8%) Gram-positive strains, 3 (23.1%) Gram-negative strains, and 6 (46.2%) viral strains were identified. In the case of fulminant myocarditis in 3 patients, one (25.0%) Gram-positive strain, two (50.0%) Gram-negative strains, and one (25.0%) viral strain were detected.




3.4 Comparison of mNGS assay and BALF culture results

BALF culture results performed in parallel (<48h) with the mNGS test revealed no bacterial or other pathogenic growth. However, 48 hours to 7 days after ECMO onset, all EOP patients’ BALF cultures were positive. As shown in Figure 3, there were eight strains of Enterobacter aerogenes, six strains of Acinetobacter baumanii, four strains of Enterobacter cloacae, three strains of Stenotrophomonas maltophilia, one strain of Bacteroides fragilis, and five strains of Staphylococcus aureus.




Figure 3 | Positive pathogens detected by mNGS and BALF culture. A total of 48 pathogens were detected, including 39 bacteria, 9 viruses.



The comparison between mNGS and BALF culture results revealed that mNGS detected a higher proportion of Gram-positive bacteria and viruses as pathogens, whereas BALF culture results showed a higher proportion of Gram-negative bacteria.




3.5 Predictors of clinical outcomes

Logistic regression was employed to analyze the predictors of ECMO weaning failure, mortality at discharge, and the incidence of EOP.

Ultimately, patients with lower SOFA scores on admission [OR (95%CI): 1.447 (1.107-1.890), p=0.007, Table 4] and those who underwent early mNGS testing within 48 hours after ECPR [OR (95%CI): 0.273 (0.086-0.865), p=0.027, Table 4] demonstrated a higher probability of successful weaning from ECMO.


Table 4 | Univariate and multivariate logistic regression analysis of predictors of ECMO weaning failure, mortality at discharge, and the incidence of EOP.



Patients with higher SOFA scores on admission [OR (95%CI): 2.404 (1.422-4.064), p=0.001, Table 4], and elevated lactate levels [OR (95%CI): 1.176 (1.017-1.361), p=0.029, Table 4] exhibited an increased likelihood of mortality at discharge.

Furthermore, early mNGS detection [OR (95%CI): 0.186 (0.035-0.979), p=0.047, Table 4], and lower CRP levels (48h-7d after ECMO) [OR (95%CI):1.011 (1.003-1.019), p=0.006, Table 4] were associated with a reduced incidence of EOP.





4 Discussion

In the present study investigating patients who underwent ECPR following IHCA, early mNGS testing of BALF samples was associated with a reduced occurrence of EOP and improved successful weaning from ECMO.

In the logistic regression model, early mNGS testing was found to be an independent negative predictor of EOP development and an independent positive predictor of successful withdrawal of ECMO in patients undergoing ECPR. Nosocomial infections significantly contribute to mortality among critically ill patients admitted to hospitals, particularly those who have experienced cardiac arrest. The reported incidence of hospital-acquired infections in ECMO patients varies widely in the literature, ranging from 20% to 60% (Schmidt et al., 2012; Grasselli et al., 2017; Austin et al., 2017; Juthani et al., 2018; Bizzarro et al., 2011). ECPR patients often undergo various invasive procedures such as tracheal intubation, placement of indwelling ECMO cannula, deep venous puncture, CRRT and IABP, which substantially increase the risk of infection (Vincent et al., 1995). In our study, BALF samples were collected within 48 hours after initiation of ECMO from IHCA patients and subjected to routine culture and mNGS testing. The results revealed that routine cultures yielded negative findings for BALF samples; however, mNGS detected multiple pathogens including bacteria and viruses with a predominance of viral species and oral colonizing bacteria. Between 48 hours and 7 days after ECMO initiation, BALF cultures from ECPR patients demonstrated the presence of multiple pathogenic bacteria including multi-drug resistant (MDR) strains such as Acinetobacter baumannii and methicillin-resistant Staphylococcus aureus (MRSA).

The infection caused by MDR pathogens has been demonstrated to be a significant risk factor for increased mortality in ECPR patients admitted to the intensive care unit (ICU), and is also associated with higher costs of ICU admission (Neidell et al., 2012; Depuydt et al., 2008). Due to the prolonged use of antibiotics, patients in the ICU are particularly susceptible to MDR pathogen infections. In our study, most of the ECPR patients received prophylactic antibiotic therapy but inevitably developed MDR pathogenic infections. Therefore, it is crucial for us to address how we can effectively prevent and reduce MDR infections. In this study, we have introduced a novel diagnostic test that facilitates the identification of pathogen distribution among patients undergoing ECPR following IHCA, and evaluates its diagnostic efficacy for EOP.

The mNGS test has been widely employed in clinical practice. In the context of infectious diseases, the mNGS test exhibits exceptional sensitivity, a short testing cycle, and broad applicability (Brown et al., 2018; Carpenter et al., 2019). Moreover, it obviates the need for pathogenic bacterial isolation and remains unaffected by antibiotic usage, thereby reducing false negative rates. Importantly, mNGS analysis holds the potential to detect all nucleotide sequences within a sample theoretically enabling simultaneous analysis of multiple pathogens. A recent investigation demonstrated that mNGS of BALF samples could yield more precise diagnostic information for lung infections (Chen et al., 2021). In our study cohort, patients who underwent early mNGS testing exhibited significantly higher success rates in ECMO withdrawal and notably lower incidence of EOP. Additionally, the small proportion of Gram-positive bacteria shown by the mNGS test may be due to the fact that the majority of prophylactic antibiotic applications were broad-spectrum antibiotics targeting Gram-positive bacteria.

The incidence of MDR can be reduced by shortening the duration of prophylactic antibiotic administration for individuals without detectable causative organisms. Conversely, individuals with identified suspected causative organisms should adjust their dosing regimen to precisely treat existing infections and prevent the emergence of medically-induced MDR infections resulting from antibiotic misuse. Additionally, patients undergoing ECPR exhibit heightened levels of inflammatory factors and may even develop a systemic inflammatory response (Stub et al., 2011; Wengenmayer et al., 2017; Millar et al., 2016). Inflammation plays a pivotal role in the pathogenesis of EOP. Not only does infection directly contribute to EOP, but it also exacerbates inflammation, thereby promoting the development of EOP and potentially influencing the success of ECMO withdrawal. This study reaffirmed the association between inflammation and EOP. Multivariate logistic regression analysis demonstrated that CRP serves as one of the predictors for EOP development, consistent with previous research findings (Shiba et al., 2020). Although PCT levels were significantly higher in the EOP group compared to the non-EOP group, they did not independently predict EOP occurrence, aligning with prior studies (Mongardon et al., 2010; Zielińska-Borkowska et al., 2012).

Furthermore, our study confirms previous findings regarding the relationship between SOFA score and mortality rate at charge, ECPR time-consuming and incidence of EOP, which is consistent with previous studies (Haas et al., 2017; Rietdijk et al., 2020). The lack of significant correlation between ECPR time-consuming and mortality may be attributed to limited sample size considerations. In recent years, lactate has emerged as a critical predictor for assessing the risk of death and neurological outcomes in patients undergoing cardiac arrest (Bartos et al., 2020; Hayashida et al., 2017). Pre-ECPR lactate levels have been increasingly recognized as a potential prognostic marker for mortality, supported by several studies (Bertic et al., 2022; Dennis et al., 2017; Halenarova et al., 2022). However, post-ECPR, the use of lactate clearance as a prognostic marker remains debated. A cohort study on ECPR patients reported limited prognostic value for lactate clearance in predicting mortality (Jung et al., 2019). Conversely, an international multicenter study highlighted the association between pre-ECPR lactate levels, lactate clearance within 24 hours of ECPR initiation, and one-year survival in refractory cardiac arrest patients. They found a significant, dose-dependent correlation between lactate clearance and one-year survival (Thevathasan et al., 2024). Our study identified peak lactate levels post-ECPR as an independent predictor of mortality at discharge. However, we acknowledge that our study did not specifically analyze lactate clearance post-ECPR, which limits our comprehensive understanding of lactate dynamics in post-ECPR prognosis.

The current study has several limitations. Firstly, the retrospective design and small sample size present significant limitations that affect the generalizability of our findings. The retrospective nature of the study means that the data was collected from existing records, which may introduce inconsistencies and incomplete information not originally intended for the current research focus. This could lead to inaccuracies and limit the applicability of our results to other settings or populations. Secondly, considering the financial burden associated with mNGS testing, a majority of the patients tested were critically ill. Finally, only 23 patients underwent mNGS within 48 hours after ECPR, out of which only 11 BALF specimens yielded pathogen detection. Therefore, it is crucial to emphasize the significance of mNGS testing following ECPR and advocate for multiple repetitions of mNGS testing along with comparison to conventional cultures.




5 Conclusion

In patients treated with ECPR following IHCA, early mNGS testing to clarify microbial flora facilitates timely adjustments of antibiotic regimens, potentially reducing the incidence of EOP and improving short-term patient prognosis.
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Background

The objective of this study is to utilize metagenomic next-generation sequencing (mNGS) to analyze the risk factors causing negative microbial cultures, comprehensively delineate the microbial profiles neglected by traditional cultures, and optimize the pathogenetic diagnostic procedure accordingly.





Research design and methods

We enrolled 341 patients diagnosed with OI at our center between 2016 and 2022, and gathered data including age, gender, clinical diagnosis, duration of antibiotic use prior to sampling, microbial culture results, and mNGS results for these patients. According to microbial detection results, risk factors for negative microbial culture and mNGS results were investigated through univariate and multivariate analyses, and the microbial profile in cases with negative microbial cultures was summarized in conjunction with mNGS results. Building upon this, we suggest strategies to enhance the positivity rate of microbial cultures based on clinical experience.





Results

Invasive osteoarticular infection (IOI), multi-infections, rare pathogen infections, and prior antibiotic use are risk factors for negative microbial cultures. When the duration of prior antibiotic use is ≥3 days, mNGS demonstrates significantly higher pathogen detection efficiency than microbial culture. Moreover, the risk of negative microbial culture increases by 4.8 times with the exposure to each additional risk factor (OR=4.043, 95%CI [2.835, 5.765], P<0.001). Additionally, over one-third of culture-negative OI involve polymicrobial infections or rare pathogens.





Conclusions

Clinicians should tailor microbial culture strategies based on patient conditions. When needed, they can collaborate with mNGS or optimize microbial culture conditions based on mNGS results to enhance the efficiency of pathogen diagnosis.





Keywords: osteoarticular infection, negative microbiological cultures, metagenomic next-generation sequencing, risk factors, pathogen diagnosis




1 Introduction

According to a research group at the 2018 International Consensus Meeting (ICM), the incidence of infection in all subspecialties of orthopedics in North America ranges from 0.1% to 30.0%, and the healthcare cost per patient ranges from $17,000 to $15,000 (Schwarz et al., 2019; Yagupsky and Ceroni, 2023). Osteoarticular infection (OI) pose severe threats, causing excruciating pain, functional impairment, and potentially life-threatening complications, significantly diminishing patients’ quality of life and imposing a substantial burden on healthcare systems (Yagupsky, 2019; Coulin et al., 2021). Accurate and early diagnosis of pathogens is critical for effective treatment of OI, disease management, and the prevention of infection transmission; unclear pathogen diagnosis is a major cause of patient treatment failure because timely treatment is difficult (Goswami et al., 2022).

Currently, the preferred technique for pathogenetic diagnosis in the clinic is microbiological culture. However, the literature suggests that in up to 42% of infections, microbiological culture fails to find the pathogen (Reisener and Perka, 2018). Treatment outcomes are often suboptimal in culture-negative OI, particularly in prosthetic joint infections (PJI), where culture-negative patients face a four-fold higher risk of requiring revision surgery compared to their culture-positive counterparts (Mortazavi et al., 2011). To enhance the detection efficiency of causative pathogens, clinicians are pursuing multifaceted and comprehensive research endeavors. Molecular diagnostic techniques, such as PCR and metagenomic next-generation sequencing (mNGS), have emerged as promising alternatives (Jacovides et al., 2012; Tarabichi et al., 2018). Compared to traditional methods, mNGS offers several advantages, including the ability to detect pathogens that are challenging to culture or exhibit atypical phenotypic characteristics, as well as the capacity to identify multi-infections (Zhang et al., 2019). In the context of OI, mNGS has proven invaluable for detecting culture-negative cases and identifying rare or unusual causative agents (Fang et al., 2021a; Mei et al., 2023).

Microbiological cultures often fail to identify the causative pathogens due to various factors, such as inadequate sample volumes and delayed sample transportation, which markedly reduces the likelihood of isolating the infecting microorganisms (Jain et al., 2015; Sousa et al., 2021). Moreover, the diagnostic performance of microbiological cultures is influenced by the type of OI, with invasive osteoarticular infections (IOI) posing greater challenges for pathogen identification compared to primary osteoarticular infections (POI) (Fang et al., 2022). Invasive orthopedic joint infections (IOI) are typically caused by invasive medical procedures, such as joint puncture, surgical operations (for example, joint replacement surgery, arthroscopy, etc.), or the introduction of pathogens through blood circulation, caused by invasive dental procedures and venous catheters. Primary osteoarticular infections (POI) occur when local tissue infections or inflammations directly extend to bones and joints, generally in the absence of clear external invasive elements (Klosterman et al., 2021). While previous studies have identified various factors influencing microbial culture positivity rates, a comprehensive clinical evaluation of risk factors associated with negative culture results remains lacking.

This study utilized clinical data from a substantial cohort of OI patients treated at our institution to conduct a comprehensive investigation of risk factors associated with negative microbial cultures. Additionally, we performed an in-depth analysis of the microbial characteristics observed in culture-negative cases of OI. Based on these findings, we advocate for an integrated approach to pathogen diagnosis that incorporates metagenomic diagnostics to improve the detection rate of microbial cultures, ultimately aiming to advance early diagnosis and prompt treatment interventions.




2 Patients and methods



2.1 Patient selection

With the approval of the Ethics Committee of the First Affiliated Hospital of Fujian Medical University (MRCTA, FMU ECFAH[2015]084-2), we enrolled patients who were diagnosed with OI at our facility between 2016 and 2022. Upon admission, they underwent a comprehensive examination, including blood collection for white blood cell count, measurement of erythrocyte sedimentation rate (ESR) and C-reactive protein (CRP) levels. Additionally, for some patients, we evaluated the white blood cell count, white blood cell differential, and leukocyte esterase (LE) in synovial fluid. All patients underwent microbial culture and mNGS. Pathogenetic information of OI patients is obtained from microbial cultures, mNGS, or PCR. Diagnosis is confirmed by at least two senior orthopedic surgeons, two senior infectious disease experts, and one senior microbiologist referencing the diagnostic criteria established at the 2018 International Consensus Meeting (ICM). The inclusion criteria are as follows: (1) Confirmed diagnosis of OI; (2) adequate samples for pathogen testing, including microbiological culture and mNGS; (3) complete medical records; and (4) agreed to participate in this study. The exclusion criteria were as follows: (1) had comorbidities of other infectious diseases, (2) had comorbidities of malignant neoplasms, and (3) had incomplete medical records. All OI patients included in this study were divided into IOI and POI according to the occurrence of infection, among which IOI included periprosthetic joint infection (PJI), implant-related infection (IRI), surgical site infection (SSI), septic arthritis (SA) and other bone and joint infections caused by open injuries or invasive operations. POI included primary septic arthritis (PSA), osteomyelitis (OM), musculoskeletal tuberculosis (MTB), suppurative spondylitis (SS), and so on. In addition, prosthetic joint infection (PJI) refers to infection around the joint prosthesis caused by bacteria, fungi or other microorganisms after prosthetic joint replacement surgery. The diagnosis of PJI is based on the criteria of the Musculoskeletal Infection Society (MSIS). Additionally, prosthetic joint infection (PJI) is an infection of the area surrounding the joint prosthesis following joint replacement surgery, caused by bacteria, fungi, or other microorganisms, and the diagnosis of PJI is based on the Musculoskeletal Infection Society (MSIS) criteria.




2.2 Specimen collection and microbial culture

Specimens were transferred to the microbiology laboratory within half an hour after collection, and microbiological cultures were performed by pretreatment according to the sample type. For tissue specimens, an appropriate amount of specimen was digested and ground with 1 ml of trypsin (Qingdao Haibo Biotechnology Co., Ltd., HBPM0153) in an automatic fast grinder (40 Hz, 90 s) until the tissue samples were homogenized. The tissue homogenates were inoculated on blood culture plates and incubated under anaerobic and aerobic conditions. For liquid specimens (e.g., synovial fluid, pus, wound exudate, etc.), specimens were injected into Bactec Plus/F or BactecPeds Plus/F aerobic and anaerobic blood culture flasks (Becton Dickinson, Germany) and incubated in a Bactec 9050 autos tat (Becton-Dickinson, Germany) incubated in a Bactec 9050 automated thermostat (Bectn-Dickinson, Germany) for 14 days. For implants removed intraoperatively, 400 ml of sterile saline was added for sonication (40 Hz, 5 min) to disrupt the biofilm, which was prepared as an ultrasound lysate and then injected into aerobic culture bottles (9239513; Becton-Dickinson, Franklin Lakes, New Jersey, USA) and anaerobic culture bottles (9293496; Becton-Dickinson) for 14 days.




2.3 mNGS

Specimen pre-treatment was consistent with that described in microbiological culture and mNGS assay was performed according to the previously described method (Tarabichi et al., 2018; Wang et al., 2020). Briefly nucleic acid extraction was first performed by taking 500μl of liquid or homogenate and extracting total deoxyribonucleic acid (DNA) using the TIANamp Micro DNA kit (DP316, Tiangen, China) according to the manufacturer’s instructions. Subsequently, library construction and sequencing were performed to randomly fragment the DNA into 200-300 bp fragments. dsDNA HS assay kit (Thermo Fisher Scientific, USA) was used to detect the concentration of the DNA libraries; after cyclisation, the libraries were replicated by rolling the ring to produce DNA nanospheres. The prepared DNA nanospheres were loaded onto sequencing chips and sequenced using the BGISEQ-500 platform (UWIC, China). Ultimately, a bioinformatics analysis was performed to exclude low-quality data and sequences shorter than 35bp. Human genomic sequences (Hg19) were eliminated using Burrows-Wheeler alignment, and the residual data were compared against a microbial database to categorize them into viruses, fungi, bacteria, and parasites.




2.4 Interpretation of mNGS results

Interpretation of mNGS results was based on previous literature. Genome coverage was defined as the length of detected pathogen sequences divided by the total length of the reference genome (Street et al., 2017; Miao et al., 2018). Relative abundance at the genus level was defined as the proportion of microbial genera in the same broad category (bacteria, fungi, viruses, parasites) among the detected pathogens. Taking into account previous reports in the literature, the thresholds were set as follows: (1) For common background bacteria including Burkholderia spp, Ralstonia spp, Delftia spp, Sphingomonas spp, Streptomyces spp, Sodaria spp, Aspergillus spp, and Albugus spp, they were also identified as pathogens when the relative abundance at the genus level was ≥80%. (2) The pathogenic species was determined by having the greatest coverage rate and standardized number of reads stringently mapped to pathogen at the species level (SDSMRNS) among the pathogenic genera. (3) When standardized, the Mycobacterium TB complex was judged to be the pathogenic bacteria due to the extremely low nucleic acid output; the number of reads stringently mapped to pathogen in genus level (SDSMRNG). In cases with negative microbiological cultures but positive results for mNGS, the following criteria were used to assess the confidence of the mNGS results (Wang et al., 2019; Xie et al., 2021):(1) The use of a third method such as 16S PCR, which showed results that were consistent with those of the mNGS assay. (2) Based on previous studies, pathogens have been reported to cause osteoarticular infections and the reported clinical features are consistent with those of the patients. (3) Targeted therapy is effective as determined by at least three senior clinicians.




2.5 Statistical analysis

Continuous variables with normal distribution were expressed as mean ± standard deviation and count data were expressed as numbers (percentages). Differences between the two groups were compared by chi-square test or McNemar test. All statistical analyses were performed using SPSS 26.0; P < 0.05 was considered statistically significant.





3 Results



3.1 Demographic characteristics

Our overall cohort included 419 patients with bone and joint infections. Of these patients, 75 were not screened via mNGS, and 3 were excluded due to incomplete follow-up data.Of the 341 enrolled patients, 272 had positive culturing results, while 69 had negative culturing results. There were no significant differences in age, BMI, a CCI, or sex between the two groups. Microbial culture-positive patients included 150 (55.15%) IOI patients, including 123 (45.22%) with PJI. There were 38 (13.97%) patients with multi-infections and 31 (11.40%) patients with infections of rare bacteria identified by mNGS. The duration of antibiotic use before sampling was 2.5 ± 3.6 days. The microculture-negative patients included 51 (73.91%) IOI patients and 42 (60.87%) PJI patients. There were 28 (40.58%) patients with multi-infections and 27 (39.13%) patients with infections caused by rare pathogens identified by mNGS. The duration of antibiotic use before sampling was 9.2 ± 6.0 days. The diagnosis of IOI, PJI, multi-infections, and rare pathogens infections and the duration of antibiotic use before sampling are important factors that may affect the results of microbial culture (Table 1).


Table 1 | Characteristics of patients.






3.2 Risk factors for negative microbial culture

According to the analysis results presented in Table 1, we utilized IOI, PJI, multi-infections, rare pathogens infections, and the use of antibiotics before sampling to construct a multifactor logistic regression model. The results showed (Figure 1) that for each additional day of antibiotic use before sampling, the probability of negative microbial culture significantly increased by 30.7% (OR=1.307, 95%CI [1.203, 1.420], P< 0.0001). The risk of culture-negative infection in patients with rare pathogens infection was 4.171 times greater than that in patients with nonrare pathogens infection, and the difference was significant (OR= 4.171, 95%CI [1.841, 9.450], P= 0.001). The risk of culture-negative infection in patients with multi-infections was 3.154 times greater than that in patients without multi-infections, and the difference was significant (OR= 3.154, 95%CI [1.494, 6.659], P= 0.003). The risk of culture-negative infection in IOI patients was 3.053 times greater than that in POI patients (OR= 3.053, 95%CI [1.014, 9.188], P= 0.047). There was no significant increase in the risk of negative microbial culture results in PJI patients compared with non-PJI patients (OR= 0.457, 95%CI [0.164, 1.272], P= 0.134).




Figure 1 | Binary logistic regression analysis of risk factors leading to negative microbial culture results.






3.3 The advantages of mNGS in detecting pathogen information in patients with OI

The percentages of positive microbial culture and mNGS results were calculated (Table 2). As shown in Table 2, approximately 79.77% (272/341) of the microbial cultures were positive, and 92.67% (316/341) of the mNGS samples were positive; the percentage of positive mNGS samples was significantly greater than the percentage of positive culture samples (P<0.0001). With mNGS results as the dependent variable, OI type, PJI, multi-infections, and the use of antibiotics before sampling were analysed to construct a multivariate logistic regression model. We found that (Figure 2A) IOI, PJI, multi-infections, and rare pathogens infections were not risk factors for mNGS negativity, but the probability of a negative microbial culture significantly increased by 23.2% for each additional day of antibiotic use before sampling (OR=1.232, 95%CI [1.134, 1.340], P<0.0001). In addition, stratification was conducted according to the duration of antibiotic use before sampling. The analysis results indicate that when antibiotics are used for ≥3 days prior to sampling, the rate of negative results in mNGS is significantly lower than that in microbiological culture (Figure 2B). Further analysis revealed that for risk factors including IOI, multi-infections, rare pathogens infections, and prior antibiotic use, the risk of negative results in microbiological culture increased by 4.8 times with exposure to each additional risk factor (OR=4.043, 95% CI [2.835, 5.765], P<0.001), while the risk of negative results in mNGS increased by 1.849 times with exposure to each additional risk factor (OR=1.849, 95% CI [1.257, 2.719], P<0.001).


Table 2 | Pathogenic detection rate of mNGS and microbial culture in IOI and POI.






Figure 2 | Advantage analysis of the aetiological diagnosis of mNGS. (A) Analysis of risk factors for negative mNGS detection. (B) Effect of the duration of antibiotic treatment before sampling on the percentage of negative microbial culture results and the mNGS aetiology results.






3.4 Microbial profiles of culture-negative OI detected by mNGS

Samples from infection sites of OI patients with negative microbial cultures were subjected to mNGS detection, where 38.71% were ultrasonic dissolution fluid samples, followed by synovial fluid (35.48%) and fresh tissue (25.81%) samples. From the entire cohort, 114 different pathogens were detected by mNGS, 45 of which were gram-positive organisms, 56 were gram-negative organisms, 10 were fungi, 2 were mycoplasmas, and 1 was rickettsia (Supplementary Table S1). Among these, 13.15% of the pathogenic bacteria (15 out of 114 species) were present in at least 3 patients (approximately 5%). When ranked according to the incidence of culture-negative OI cases, the most common strains were Staphylococcus aureus, Staphylococcus epidermidis, Pseudomonas aeruginosa, Pseudomonas monteri, Limonobacter fraudiensis, and Mycoplasma hominis (Figure 3). mNGS revealed that 46.67% (28 patients) of the culture-negative OI patients had multiple pathogenic microorganisms. The median number of pathogens identified in each multiple infection was 5, and the mean and standard deviation were 6.8 ± 5.1 (Figure 3). In addition, of the 28 multi-microbial patients, 82.14% had multiple species defined as common (based on a 5% incidence threshold); in these cases, the median and average were 3 and 3.4 ± 2.7 common species, respectively. In the case of multi-infections, the relative abundance of a bacterium was used as an indicator of the dominant microorganism. In our sample set, Mycoplasma hominis, Streptococcus agalactis, Enterococcus faecalis, and Staphylococcus aureus were the most common among the multiple microbial infections, while Staphylococcus aureus, Staphylococcus epidermidis, and Pseudomonas aeruginosa had the highest incidence (Figure 4).




Figure 3 | A bar graph is presented for samples with negative microbial cultures, illustrating the overall distribution frequency of diverse microorganisms identified by mNGS (green bars) and their frequency in polyinfections (red bars). Only pathogens that were reported at least three times in the study area were included in mapping.






Figure 4 | Trends in pathogen incidence and prevalence, as summarized based on the relationship between incidence and study-wide mean relative abundances.






3.5 Representative culture-negative cases diagnosed by mNGS

Representative culture-negative patients that were accurately diagnosed utilizing the mNGS method are listed in Supplementary Table S2. Patients 1–5 had PJI, and no pathogenic bacteria were detected via microbial culture. The pathogens detected by mNGS were Candidatropicalis, Coxiella burnetii, Fusobacterium nucleatum, Mycoplasmahominis, and Finegoldiamagna, all of which were cultured fussy bacteria. Patient 6 presented with sudden knee swelling, pain, and an increased skin temperature. PSA was suspected, but preoperative synovial microbiological cultures were negative. mNGS suggested that the pathogen may be Parvimonas micra (P. micra), an anaerobic bacterium that requires specific culture conditions and is difficult to isolate through conventional culture methods. To confirm the results, 16S PCR was used to identify pathogenic bacteria, and the results were consistent with the mNGS results, indicating that P. micra was a true pathogen rather than a background bacterium. Preoperative synovial microbiological cultures in patients 7-9 were negative, but mNGS suggested Mycobacterium abscess, Mycobacterium tuberculosis, and Mycobacterium columbiae, respectively. After treatment with targeted antibiotics, the infections were well controlled. The pathogens in patients 10–12 were Mycobacterium abscess, Mycobacterium tuberculosis, and Mycobacterium columbiae, respectively. Patients 10 and 11 were treated with antibiotics within 2 weeks, resulting in low bacterial viability, a low bacterial load, and negative microbial culture results. Patient 13, had chronic PJI; the sample was a joint prosthesis, and the reason for the negative culture may be related to the immune escape mechanism of Staphylococcus aureus. mNGS suggested that the pathogen was Pseudomonas aeruginosa, although this bacterium has no special requirements for microbial culture and is generally easy to isolate.





4 Discussion

Targeted antibiotic therapy is a crucial strategy for treating OI, highlighting the importance of early etiological diagnosis. Despite the significant contribution of microbial cultures to OI treatment by clinicians over the years, there is still room for improvement in their sensitivity and accuracy in pathogen detection. To explore optimization of microbial culture systems, we collected microbial culture data and mNGS detection data from 341 OI patients at our medical center. Based on the mNGS detection results, we analyzed risk factors and microbial profiles for culture-negative specimens, we found that IOI, multi-infections, rare pathogens and prior antibiotic use (≥3 days) were key risk factors for negative microbial culture. In addition, PJI patients should also be given sufficient attention due to the particularity of their infection environment.As reported in previous studies, the use of antibiotics prior to sample acquisition was one of the significant risk factors associated with negative microbial cultures (Berbari et al., 2007; Kalbian et al., 2020). Our results showed that mNGS is more tolerant to pre-sampled antibiotic use than microbiological culture, and mNGS pathogen detection significantly reduces the percentage of negative results at ≥3 days of pre-sampled antibiotic use. Given the high sensitivity of mNGS for the aetiological detection of bone and joint infections, the use of prophylactic antibiotics when OI is diagnosed or suspected and when the pathogen has not yet been identified depends on the clinician’s judgement based on serological examination of the CRP, RSR, and PCT and clinical manifestations such as local redness, swelling, and pain. Especially for patients with PJI, the International Medicine (ICM) consensus in 2018 indicated that in the case of a diagnosis or suspected PJI, there is no need to force the treatment of unknown pathogens, thus antibiotics can be withheld (Schwarz et al., 2019).

Multi-infection may occur in a proportion of cases, and these factors may lead to uncertainty in the diagnosis of the aetiological agent (Hoffman et al., 2006; Wolcott et al., 2013). In the present study, mNGS revealed that 34/69 patients had mixed infections. In fact, in an infected ecosystem at an orthopaedic surgical site, when the absolute amount of microbial space and nutrients is insufficient, two or more microbial populations compete for the same resources, and the dominant flora may eliminate other microbial species in the same environment or affect the growth rate of microorganisms under symbiosis (Hoffman et al., 2006; Wolcott et al., 2013; Xie et al., 2020). This competitive relationship leads to fewer microbes and, as the number of microbial species increases, the risk of negative culture results increases. Due to the complex environment at the time of injury, the probability of multi-infections is significantly greater in IOI patients than in POI patients. In the present study, we revealed that disease type significantly affects the risk of negative microbial cultures.

In addition, another important reason for negative microbial culture results is infection by rare pathogens (Signat et al., 2011; Chenouard et al., 2019; Anagnostakos et al., 2021; Huang et al., 2022). Among these atypical pathogens, Mycobacterium tuberculosis and Mycobacterium abscessus requires a special growth medium; otherwise, it is difficult to culture the results (Lasso and Pérez, 2009; Watanabe et al., 2023). For Mycoplasma, Fungi, and Propionibacterium acnes (P. CNES), the culture conditions are strict; thus, it can take 21 days to isolate the pathogen (Zappe et al., 2007; Rienmüller and Borens, 2016; Singh et al., 2023). In the case of these atypical pathogens, molecular diagnostic techniques such as polymerase chain reaction or mNGS are often needed to confirm the diagnosis (Huang et al., 2022; Suárez-Cuervo et al., 2022). It is worth noting that IOI encompass a diverse array of causative agents, ranging from common bacterial pathogens to rare etiologies like Mycobacteria, Fungi, and Rickettsia, with a subset of cases involving multi-infections (Thoendel et al., 2017; Huang et al., 2019; Krauth et al., 2021).

Further, patients with implant-associated infection in clinical practice often develop chronic infection, and the pathogenic bacteria can form biofilms on the surface of implants, reducing the number of pathogenic bacteria in tissues and resulting in negative bacterial culture, which is common in patients with chronic PJI (Gbejuade et al., 2014). In recent years, our team showed that Staphylococcus aureus can undergo small colony mutations in chronic infections, resulting in low toxicity, low metabolism, and difficulty culturing (Cai et al., 2023). In the above circumstances, although pathogens are difficult to detect, they still possess pathogenicity, and these pathogens exist in a state similar to viable but non-culturable (VBNC) (Xu et al., 1982; Murugan and Vasudevan, 2018; İzgördü et al., 2022). In the VBNC state, microbes cannot be detected by traditional laboratory methods, but they can be revived under the right conditions. Moreover, invading pathogens can form intracellular infections that evade the host’s immune defenses (de Mesy Bentley et al., 2017; Krauss et al., 2019). During chronic infection, Staphylococcus aureus can colonize bone cells or bone lacunae; thus, the bacteria can colonize the host for a long time and the number of bacteria outside the cell can be reduced, resulting in negative culture results.

In summary, based on this study, we propose providing recommendations for optimizing the clinical microbiological testing workflow accordingly (Figure 5). In fact, we have gradually applied the above strategies to clinical applications, and early studies by our team have shown that tissue grinding can significantly improve the positive rate of microbial culture (Fang et al., 2021b). Additionally, the work of Bonnet M et al. has demonstrated that modifying microbial culture conditions—such as altering the culture medium, extending incubation periods, and adjusting anaerobic settings—can enhance the positivity rate of microbial cultures (Bonnet et al., 2019). Furthermore, the advantage of mNGS in detecting multiple infections and rare pathogens has been confirmed (Li et al., 2018; Wang et al., 2019; Xiao et al., 2019; Xie et al., 2023; Qian et al., 2024). Although mNGS testing has many advantages over traditional pathogen detection methods, it cannot completely replace traditional methods. Exploring the right timing for using mNGS, expanding potential application scenarios, and combining it with microbial culture plans can optimize the detection of pathogenic microorganisms, thereby better serving patients and physicians.




Figure 5 | Diagram of the optimized strategy for pathogen detection in osteoarticular infections. OI, osteoarticular infection; CN, culture negative; CP, culture positive; PJI, periprosthetic joint infection; mNGS, metagenomic next-generation sequencing; PCR, polymerase chain reaction.






5 Conclusions

In this work, based on the results of mNGS, we identified IOI diagnosis as a significant risk factor for negative microbiological cultures and further identified significant correlations among IOI diagnosis, multi-infections, and PJI diagnosis. Compared to microbiological culture methods, mNGS is more effective at excluding factors such as the diagnosis of IOI, multi-infections, PJI, and the presence of rare organisms, thus significantly improving the detection of pathogenic microorganisms. However, pre-sampling antibiotic use is an important risk factor for negative microbiological culture and mNGS results. Based on the above findings, we further developed a process for pathogenic microbiological diagnosis in the clinic; we believe that this process can provide clinicians with ideas to accelerate the early pathogenic diagnosis of infected patients.
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Background

This study aimed to evaluate the efficacy of metagenomic next-generation sequencing (mNGS) technology for identifying pathogens associated with spinal infection (SI).





Methods

A retrospective analysis was conducted on clinical data from 193 patients with suspected SI between August 2020 and September 2024. Based on histopathological results, the patients were divided into the SI group (n=162) and the non-SI group (n=31). The diagnostic performance of mNGS technology was compared with that of laboratory examination, imaging examination, and microbial culture.





Results

Among SI group, mNGS detected 135 pathogens in 77.78% (126/162) of the cases, including nine cases of multiple infections. One or more pathogens were detected using mNGS in 86 patients with SI and negative microbial cultures. Staphylococcus aureus (22.22%, n=30) and Mycobacterium tuberculosis (22.22%, n=30) were the major pathogens, while various rare pathogens such as anaerobes, Brucella, and Coxiella burnetii were also detected. For the 40 cases with positive results for both culture- and mNGS-based identification, high consistency (77.50%) was observed. Antibiotic use did not significantly affect the mNGS detection rate (P = 0.45). There was no significant difference in the positivity rate of mNGS between CT-guided needle biopsy (80.00%) and surgical sampling (77.17%) (P = 0.72). The sensitivity of mNGS (77.78%) was significantly higher than that of traditional microbial culture (27.16%), and the specificity was similar (90.32% vs. 96.77%). Although the sensitivities of erythrocyte sedimentation rate-based assay (91.36%), magnetic resonance imaging (88.27%), and C-reactive protein-based assay (87.65%) were better than those of mNGS, their specificities were generally low (20%-40%).





Conclusion

The pathogens responsible for SI are complex and diverse. As a novel diagnostic method, mNGS exhibits a high sensitivity and extensive pathogen coverage for SI diagnosis. When combined with imaging and laboratory indicators, mNGS can significantly improve the accuracy of SI diagnosis and provide strong support for clinical treatment.





Keywords: metagenomic next-generation sequencing, microbial culture, spinal infection, pathogens, sensitivity, specificity




1 Introduction

Spinal infection (SI) are primarily caused by bacteria, fungi, and other pathogens that invade the spinal bone and soft tissue via the blood circulation or direct attack (Gregori et al., 2019). SI can be divided into pyogenic infections (bacteria) and granulomatosis infections (fungi, parasites, etc.), with significant differences in antibiotic selection and treatment strategies (Lener et al., 2018; Kleck et al., 2024). Therefore, the rapid and accurate identification of pathogens is essential for the treatment of SI.

Traditional microbial culture, the gold standard for infection diagnosis, plays a pivotal role in the identification of SI pathogens; however, it is time-consuming and has a low positivity rate (only approximately 20% to 50%) (Guo et al., 2022; Li et al., 2024; Lin et al., 2023). Molecular diagnostic techniques, such as multiplex polymerase chain reaction (PCR) and 16S rRNA gene sequencing, have narrow pathogen detection coverage, are unable to identify multiple microbial infections, and may miss uncommon pathogens. Metagenomic next-generation sequencing (mNGS), an emerging molecular diagnostic method, has attracted considerable clinical attention. mNGS allows direct pathogen detection from biological samples without prior assumptions or reliance on traditional cultures. It can be used to simultaneously analyze thousands of DNA fragments, enabling the comprehensive detection of pathogens, such as bacteria, fungi, viruses, and parasites (Gu et al., 2019). This technology has been applied to the detection of pathogens in various infectious diseases, such as bloodstream, nervous, urinary, and respiratory systems, and has shown great potential in orthopedic infections (Yin et al., 2022; Wilson et al., 2019; Jia et al., 2023; Guo et al., 2021; Huang et al., 2020). However, instances of clinical utilization with mNGS for SI remains relatively limited, with only a few relevant reports.

Therefore, this study aimed to comprehensively evaluate the diagnostic performance and clinical application of mNGS for the detection of SI pathogens. This is expected to provide clinicians with a more accurate, rapid, and comprehensive diagnostic tool to improve the treatment and management of patients with SI.




2 Materials and methods



2.1 Study design

A retrospective approach was adopted to collect clinical data of patients with suspected SI from the Fuzhou Second General Hospital from August 2020 to September 2024. The data included demographic characteristics, imaging results, laboratory findings, histopathological results, microbial cultures, and mNGS test results. Cases were categorized into the SI group and the non-SI group based on the histopathological results to investigate the clinical characteristics of patients with SI, and compare the diagnostic efficacy of mNGS with laboratory and imaging examinations. This study was approved by the Ethics Committee of the Fuzhou Second General Hospital (No. 2024200), and all patients provided written informed consent.




2.2 Inclusion and exclusion criteria

Inclusion criteria: ① Patients with Clinical Suspicion of SI: Suspected SI is defined as the presence of new or worsening spinal pain and/or neurological symptoms, accompanied by at least one of the following abnormalities: fever; elevated erythrocyte sedimentation rate (ESR) or C-reactive protein (CRP) levels; bloodstream infection or infective endocarditis. Radiological findings should be consistent with the characteristics of discitis, spondylitis, or spondylodiscitis, which include vertebral endplate destruction, disc inflammation, and the presence of necrosis or pus within the intervertebral disc space, paraspinal soft tissue, or epidural space (Berbari et al., 2015; Huang et al., 2023; Yin et al., 2024). ② Patients underwent mNGS, traditional microbial cultures, inflammatory marker tests including CRP, ESR, and procalcitonin (PCT), as well as imaging tests including computed tomography (CT) and magnetic resonance imaging (MRI). ③ The final diagnosis of spinal infection is based on pathological examination. The criteria for a positive diagnosis include nodular granulomatous inflammation, suppurative inflammation, or the presence of infectious lesions on pathological examination (Huang et al., 2023).

Exclusion criteria: ① Patients whose mNGS results indicated potential contamination during sample collection, transportation, or processing were excluded. Potential contamination is defined as follows: sampling not performed or supervised by a spinal surgeon, non-aseptic sampling procedures, samples not collected from a sealed body cavity or having any contact with skin, and samples not stored under sealed conditions or transported via an unqualified cold chain during the collection and transportation process. ② Patients with incomplete clinical data; ③ Patients who declined mNGS testing; and ④ Patients who were ultimately diagnosed with spinal tumors.




2.3 Sample collection and processing

Tissue samples were collected using CT-guided needle biopsy or open surgery. Fresh samples were immediately divided into three portions: one portion was sent to the laboratory for microbial culture, another portion was fixed in formalin for histopathological analysis in the pathology department, and the remaining portion was immediately placed in sterile, nuclease-free, or other amplification inhibitor-free, special sealed containers, preserved using dry ice, and transported under cold-chain conditions to the Agene Genomics Laboratory (Fuzhou, China), where it underwent mNGS testing within 24 hours.




2.4 Culture procedure

Tissue samples were added to 5 mL brain-heart infusion broth, processed using a vortex mixer and grinding machine (Shanghai Jingxin Industrial Development Co., Ltd., Shanghai, China) and inoculated onto blood agar plates for microbial culture under anaerobic and aerobic conditions. The culture period is usually 7 days but may be extended to 14 days in special circumstances, especially in the presence of negative cultures with a high clinical suspicion of SI. When colonies grew on the blood agar plates, individual colonies were picked, and the isolated strains were further verified and identified using MALDI-TOF MS (Bruker Daltonics GmbH, Billerica, MA, USA) and Phoenix 100 (Becton Dickinson and Company, Sparks, MD, USA).




2.5 mNGS procedure

mNGS testing followed a standard protocol, including sample processing, DNA extraction, library construction and sequencing, and bioinformatics analysis. Specifically: a 3×3×3 mm³ tissue cube or a 0.5 cm biopsy tissue is obtained from the patient using a disposable blade and placed in 300 µL of preservative solution. Tissue digestion buffer, lysis buffer, and buffer solution are added to a grinding tube containing grinding beads, and after a 10 minute cell disruption process, DNA is extracted using a magnetic bead-based pathogenic microorganism DNA extraction kit (Fuzhou OJX Biotechnology Co., Ltd, Fuzhou, China). The DNA concentration is measured using a fluorometer (Qubit 4.0, Invitrogen). A DNA sample library preparation kit (Fuzhou OJX Biotechnology Co., Ltd, Fuzhou, China) is utilized for library preparation, followed by the circularization of double-stranded libraries using a DNA cyclization reaction kit (Fuzhou OJX Biotechnology Co., Ltd, Fuzhou, China) to prepare DNA Nanoballs. The DNA Nanoball concentration is verified again using a Qubit 4.0 fluorometer to ensure a concentration of ≥8 ng/μL.

Sequencing is performed on the MGISEQ-200 platform (MGI Tech Co., Ltd., Shenzhen, China) using the MGISEQ-200RS high-throughput sequencing reagent kit (MGI Tech Co., Ltd., Shenzhen, China) in SE50 mode. After splitting the sequencing data, filtering out low-quality reads, and removing adapters, the data is aligned with the human genome (hg38+NCBI partial) using bwa-mem2 (v2.1) to exclude human DNA. Unaligned sequences are extracted using samtools (1.16.1) fasta -f 4.

PCR duplicates are further removed using seqkit v0.11.0, and the remaining sequences are aligned with the Kraken 2 Standard (kraken2 2.0.7-beta) and NCBI NT databases (blastn v2.9.0+). Each round of mNGS testing includes both a negative control (composed of plasma-free nucleic acids and fragmented human genomic DNA) and a positive control (a mixture containing inactivated Klebsiella pneumoniae, Streptococcus pneumoniae, Mycobacterium tuberculosis, and human cytomegalovirus).

The positivity criteria were as follows (Wilson et al., 2019; Schlaberg et al., 2017; Luan et al., 2021): (1) Sequence data met quality control standards, with library concentration above 50 pM, Q20 value greater than 85%, and Q30 value greater than 80%; (2) No target species were detected in the negative control on the same chip, or reads per million (sample)/reads per million (NC) ≥ 5; (3) Bacterial diagnostic threshold: genus relative abundance > 15% and sequence count > 30; (4) Fungal diagnostic threshold: genus relative abundance > 15% and sequence count > 50; (5) For the pathogens of high clinical concern and difficult to detect such as M. tuberculosis and Brucella, the detection of one specific sequence could be judged as positive (Expert Group on Consensus for High-Throughput Sequencing, 2023; Chinese Society of Laboratory Medicine, 2020);

The laboratory procedures and bioinformatics analyses for mNGS were conducted by Agene Genomics Laboratory (Fuzhou, China). All results were reviewed by at least two experienced clinicians, one laboratory microbiologist and one bioinformatics expert to distinguish between infection, colonization, and contamination. The review process considered factors such as sample type, testing history, clinically relevant pathogens, microbial pathogenicity, and clinical medication information. When determining whether an opportunistic pathogen is the causative agent, consideration should be given to the patient’s immune status, underlying diseases, and the source of the specimen. In the presence of a large number of background or miscellaneous bacterial sequences without a dominant microorganism, contamination should be the primary consideration, followed by the possibility of an opportunistic pathogen.




2.6 Statistical analysis

An exhaustive statistical analysis was performed on all collected data, including the patients’ clinical characteristics and pathogen detection results. Descriptive data are presented as mean (standard deviation, SD) and median (interquartile range, IQR), and categorical variables are presented as frequencies and percentages. To compare the performances of the different detection methods, statistical methods such as the unpaired t-test, Mann–Whitney U test, chi-square test, and Fisher’s exact test were used. All statistical analyses were performed using GraphPad Prism 9.5 software, with the significance level set at 0.05.





3 Results



3.1 Demographic characteristics

Based on the inclusion and exclusion criteria, a total of 193 patients with suspected SI were divided into the SI group (n=162) and the non-SI group (n=31) according to histopathological results. Among SI group, 86 were male and 76 were female, with an median age of 66 years (IQR: 15 years). The most common site of infection was the lumbar spine (131 patients, 80.86%) followed by the thoracic spine (30 patients, 18.52%). As the procalcitonin (PCT) detection threshold was set at 0.05, values below this threshold were considered 0.025 for quantitative statistical analysis, according to the literature (Cheng et al., 2023). There were significant differences in ESR, CRP and MRI findings between the SI group and the non-SI group. Further details are listed in Table 1. The clinical data of all patients, as well as the relative abundance and sequence counts of the pathogens, are available for review in the Supplementary Materials.


Table 1 | Demographic and clinical characteristics.






3.2 Results of microbial culture and mNGS

In the SI group, a total of 44 species of pathogens were detected through microbial cultures, including Staphylococcus aureus (31.82%, n=14), Escherichia coli (13.64%, n=6), Staphylococcus epidermidis (9.09%, n=4), and Brucella melitensis (6.82%, n=3). The positive detection rate among the tested samples was 27.16% (44/162). In contrast, mNGS detected pathogens in 77.78% (126/162) of the samples, identifying 135 pathogens, in nine patients infected with multiple pathogens. mNGS also detected one or more pathogens in 86 patients with SI and negative culture results. The main pathogens identified were S. aureus (22.22%, n=30), M. tuberculosis (22.22%, n=30), Streptococcus spp. (8.89%, n=12), anaerobes (8.15%, n=11), Escherichia coli (7.41%, n=10), and B. melitensis (5.19%, n=7). Most Streptococcus spp. belonged to the normal microbiota of the oral cavity, including Streptococcus mitis, Streptococcus oralis and Streptococcus gordonii. Coxiella burnetii, which is rarely reported in literature, was detected in six samples. However, four culture-positive cases were missed during mNGS detection; these were associated with S. aureus (n=1), S. epidermidis (n=2) and Moraxella osloensis (n=1). Further details are shown in Figure 1.




Figure 1 | Distribution of pathogen detected by mNGS (A) and microbial Culture (B) for Spinal infection.



Among the 40 SI cases with positive results for both culture and mNGS, 31(77.50%) showed complete consistency in species-level identification, one (2.50%) showed consistency at the genus level, four (10.00%) showed partial consistency, and four (10.00%) showed complete disagreement. Further details are shown in Figure 2.




Figure 2 | (A) Concordance between metagenomic next-generation sequencing and culture positivity in spinal infection; (B) To compare the number of pathogens detected by metagenomic next-generation sequencing and culture in spinal infection.






3.3 Impact of antibiotic use on mNGS

The 162 patients with SI were divided into two groups based on the use of antibiotics before sampling: an antibiotic use group (118 cases) and a non-use group (44 cases). The main antibiotics used were vancomycin (74.58%, n=88), cefoperazone/sulbactam (5.08%, n=6), and levofloxacin (4.24%, n=5). The results showed that the detection rate of mNGS in the antibiotic-use group was 76.27% (90/118), whereas that in the non-use group was 81.82% (36/44), with no significant difference between the two groups (P = 0.45).




3.4 Impact of sampling method on mNGS

Based on the differences in sampling methods, 162 patients with SI were classified into the needle biopsy group (n=35) and the open surgery group (n=127). The mNGS detection rates in the CT-guided needle biopsy and surgical sampling groups were 80.00% (28/35) and 77.17% (98/127), respectively. Statistical analysis revealed no significant difference between the two methods (P = 0.72). However, the impact of sampling method on culture results was significant, with a detection rate of only 11.43% (4/35) in the needle biopsy group, significantly lower than the 31.50% (40/127) in the surgical sampling group, indicating a statistically significant difference (P = 0.02). Further details are presented in Table 2.


Table 2 | Comparison of detection rates between mNGS and culture using different sample collection methods.






3.5 Diagnostic performance of mNGS in SI

We compared the diagnostic efficacy of mNGS with traditional microbial culture, laboratory tests, and imaging studies in detecting SI. We defined the normal ranges for laboratory indicators as follows: ESR (15 mm/h for males, 20 mm/h for females), CRP (8 mg/L), PCT (0.05 ng/mL), and values above these ranges were considered positive. Positive CT and MRI results indicate the presence of inflammation or infection. Statistical analysis showed that the sensitivity, specificity, positive predictive value, negative predictive value and accuracy of mNGS were 77.78%, 90.32%, 97.67%, 43.75% and 79.79%, respectively. The sensitivity and specificity of traditional microbial culture were 27.16% and 96.77%, respectively. These results indicate that mNGS has higher sensitivity and similar specificity in the diagnosis of SI. The sensitivity of MRI (88.27%), CRP (87.65%) and ESR (91.36%) was higher than that of mNGS, but the specificity was generally low (about 20%-40%). Further details are presented in Table 3.


Table 3 | Comparison of the diagnostic value of mNGS and other methods (%) (n=162).







4 Discussion

The early symptoms of SI, such as back pain, fever, and abnormal spinal morphology, are not specific, and the delay from the first symptom to the diagnosis is often 2 to 6 months (Babic and Simpfendorfer, 2017; Tsantes et al., 2020; Gregori et al., 2019). Although SI accounts for only 2% to 7% of the incidence of osteomyelitis throughout the body, failure to receive timely and accurate diagnosis and treatment can lead to severe consequences, including spinal deformities, neural function damage, paralysis, and even death (Srinivasan et al., 2014; Lener et al., 2018; Guo et al., 2022). Therefore, exploring new diagnostic methods to improve the accuracy of SI diagnosis is particularly important. mNGS has higher sensitivity than traditional culture techniques and shows great potential for identifying SI pathogens.

This study showed that the positivity rate of mNGS (77.78%) in the diagnosis of SI was significantly higher than that of microbial culture (27.16%), which is consistent with other reports (Guo et al., 2022). Among the 86 patients with SI and negative culture results, mNGS successfully detected the pathogens. In the diagnosis of complex polymicrobial infections, mNGS also outperformed traditional culture, which is consistent with a study by Mei et al (Mei et al., 2023). This reflects the high sensitivity of mNGS for detecting SI pathogens and its unique advantages in diagnosing complex infections. However, four culture-positive SI cases were missed by mNGS, suggesting that mNGS has limitations, especially with respect to the lack of a unified consensus on judgment criteria (Jiang et al., 2023; Greninger, 2018). Further investigation is required to determine whether the detected organisms are pathogenic. Among the 40 SI cases that were positive on both culture and mNGS, the results were highly consistent (77.50%). However, four cases were completely inconsistent, and after anti-infective treatment covering both pathogens, the prognosis was good; however, the specific source of infection remained unclear. Although this could have been due to multiple infections, the possibility of specimen contamination cannot be excluded. Therefore, strictly following sterilization and experimental protocols, ensuring the accurate use of blank controls, and promptly correcting false-positive results potentially caused by contamination are crucial (Tan et al., 2024).

In this study, we conducted an in-depth comparison of the differences between microbial cultures and mNGS for detecting pathogenic strains. Microbial cultures primarily contained S. aureus, E. coli and B. melitensis. In contrast, mNGS exhibited significant advantages in terms of the number and types of strains detected, with S. aureus and M. tuberculosis ranking in the top two positions, which is consistent with previous studies (Zhang et al., 2022, Zhang et al., 2023). Not only did mNGS detect common pathogenic microorganisms in SI, but it also identified difficult-to-culture or potentially opportunistic microorganisms such as M. tuberculosis, anaerobes, Brucella, and C. burnetii. These difficult-to-culture bacteria are difficult to detect in conventional cultures, even after extended culture times. Considering the high incidence of M. tuberculosis in China (Dong et al., 2023) and the commonality of Brucella infections in animal husbandry areas (Jiang and Kan, 2020), mNGS shows tremendous potential for identifying these difficult-to-culture infectious pathogens (Jin et al., 2023; Du et al., 2023; Yang et al., 2023). Furthermore, mNGS revealed that most Streptococci and anaerobes detected in patients with SI were normal oral microbiota. A report indicates that normal oral microbiota may enter the bloodstream in the context of oral diseases, becoming a significant factor in the occurrence of SI (Kilinc et al., 2024). Therefore, during clinical diagnosis and treatment, comprehensive judgment should be made by considering both the patient’s clinical manifestations and the possibility of specimen contamination. If the detected pathogenic microorganisms align with clinical expectations, the accuracy and specificity of sequencing results should be confirmed. When interpreting opportunistic pathogens, clinicians should exclude contamination and background microorganisms, taking into account the patient’s immune status and the consistency with clinical manifestations (Chinese Society of Laboratory Medicine, 2020). Regarding the detected C. burnetii, although it has rarely been reported in literature, clinicians should consider the possibility of Q fever when facing slowly progressive spinal cord disease with negative culture results (Lundy et al., 2019).

This study found no significant difference in the detection rates between the antibiotic-use and non-use groups using mNGS. This result reflects the advantage of mNGS for pathogen detection as it directly detects pathogenic nucleic acids and is not affected by antibiotic use during the detection process. This also suggests that in clinical settings, for patients who have undergone empirical treatment with antibiotics, the selection of mNGS is more conducive to identifying pathogens. Early identification of the pathogen, followed by the administration of targeted antibiotics and the reduction of unnecessary use of broad-spectrum antibiotics, is of great significance in improving patient prognosis and alleviating economic burdens. Selection of the sample type is crucial for improving the detection rate of pathogens. Surgical sampling significantly increased the detection rate of SI microbial cultures (from 11.43% to 31.50%), whereas the detection rate of mNGS showed no significant difference (from 80.00% to 77.17%). This reflects the flexibility of mNGS in sample type selection, which is almost unaffected by specimen type and can sensitively detect pathogens, even with small amounts of specimen (Duan et al., 2021). Needle biopsy is a viable option for patients who cannot or are unwilling to undergo surgical treatment and mNGS can detect pathogens in such patients in a better manner.

Currently, imaging techniques such as CT and MRI, as well as inflammatory markers such as CRP, ESR, and PCT, are commonly used in the diagnosis of SI (Jeong et al., 2015; Lener et al., 2018). Our study showed that ESR was the most sensitive diagnostic method for SI, with a sensitivity of 91.36%, while inflammatory markers, CT, and MRI were also relatively sensitive. However, the specificities of these indicator-based assays were not as high as that of mNGS. Additionally, these imaging- and inflammatory marker-based techniques cannot directly determine the type of pathogen, which limits their usefulness for treatment. Microbial culture plays an irreplaceable role in the diagnosis and treatment of SI and provides crucial information on antibiotic sensitivity. However, its sensitivity is only 27.16%, which may have led to missed diagnoses. In contrast, mNGS has a significantly higher sensitivity (77.78%) and better specificity than imaging and inflammatory markers, serving as an important complement to microbial culture and reducing the missed diagnosis rate of SI. Additionally, while microbial culture, imaging, and inflammatory markers currently still offer cost advantages, the ongoing advancements in mNGS are leading to a continuous reduction in its testing costs. A comprehensive mNGS analysis using imaging and laboratory indicators can improve the accuracy of SI diagnosis and provide precise treatment for patients.

The establishment of thresholds for pathogen diagnosis using mNGS is influenced by numerous factors, including sequencing platforms, sequencing protocols, specimen types, pathogen species, and patient conditions. Currently, there is a lack of universally accepted diagnostic thresholds (Expert Group on Consensus for High-Throughput Sequencing, 2023). Consequently, the detection of a small number of sequence reads in sterile specimens often poses a challenge in distinguishing between genuine infection and contamination. While increasing sequencing depth allows for the detection of a greater variety and quantity of pathogens, thereby enhancing the ability to identify low-abundance pathogens, it also results in an increase in both sequencing costs and analysis time (Zhang et al., 2019; Liu et al., 2022). Although this study has established positive criteria based on expert consensus and preliminary laboratory data, relying solely on relative abundance and sequence count for judgment may lead to false-positive or false-negative results. Therefore, when low sequence counts are detected for clinically significant and difficult-to-detect pathogens such as M. tuberculosis and Brucella species, a comprehensive multidisciplinary assessment incorporating the patient’s clinical information is necessary. Such assessments should be continually validated and refined in clinical practice.

This study had some limitations. ① Although the sample size was relatively large, the study was limited by the retrospective single-center study nature, which may have led to selection bias. Moreover, the high cost of mNGS technology restricts the sample size. ② The diagnostic criteria for SI have not yet been unified. Although this study used histopathology as a reference to calculate sensitivity and specificity, pathological results can be difficult to distinguish between inflammation and infection, potentially introducing bias into the results. ③ Considering the diversity of different sequencing platforms, sequencing workflows and the background bacteria of samples, there is still a lack of widely accepted and rigorously validated methods to ensure that mNGS meets the standards of test validation, reproducibility and quality assurance. ④ Due to technical limitations of clinical mNGS, sequencing costs, and database constraints, it is often difficult for mNGS to obtain the sequences of all microorganisms in a sample, which may lead to the omission of pathogenic microorganisms at low concentrations in clinical samples (Yin et al., 2024). Additionally, due to database biases and small sequence read length (50 bp) it is also possible for mNGS to yield false positives or misalignments between closely related organisms.




5 Conclusion

The pathogens causing SI are complex and diverse. In addition to S. aureus and M. tuberculosis, anaerobes, Brucella, C. burnetii, and other pathogens should receive clinical attention. The mNGS technique, which is not limited to antibiotics or sample types, significantly improves the detection rate of SI pathogens, especially those that are difficult to identify by microbial culture. Based on the application of mNGS, clinicians can gain a more comprehensive understanding of the etiological characteristics of SI, enabling the early determination of precise antibiotic treatment plans. This not only helps reduce the overuse of empirical antibiotics and improves treatment efficacy but also significantly improves patient outcomes and reduces unnecessary medical costs. It is recommended that in clinical practice, mNGS be combined with imaging and laboratory indicators for suspected SI cases to enhance the diagnostic accuracy and better serve patients.
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Background

Metagenomic high-throughput sequencing (mNGS) represents a powerful tool for detecting nucleic acids from various pathogens, such as bacteria, fungi, viruses and parasites, in clinical samples. Despite its extensively employed in the pathogen diagnosis for various infectious diseases, its application in diagnosing stroke-related infection, and its potential impact on clinical decision-making, anti-infection treatment, clinical intervention, and patient prognosis remain insufficiently explored. Additionally, while mNGS offers promising potential, it facts limitations related to sensitivity, specificity, cost, and standardization, which could influence its integration into routine clinical practice.





Methods

We retrospectively analyzed 18 stroke patients admitted to the First Affiliated Hospital of Medical College of Shantou University from January to February 2023, comparing culture-based methods with mNGS detection, and assessing its significance in etiological diagnosis. Additionally, we evaluated the performance differences among various sequencing platforms.





Results

Among the 18 stroke patients enrolled, pulmonary infections were identified in 7 cases, urinary tract infections in 1 case, central nervous system infections in 10 cases, and combined pulmonary and central nervous system infections in 2 cases, with 2 cases yielding negative results. mNGS detected pathogens in 13 cases, aligning with clinical diagnoses (75% concordance), whereas culture-based methods yielded positive results in only 6 cases (22% concordance). Importantly, for 9 of the 18 patients, adjustments to anti-infective treatment regimens based on mNGS results led to improved symptomatic relief and infection control. This suggests that mNGS can contribute to more timely and precise treatment modifications, particularly for infections with low pathogen loads, potentially enhancing clinical outcomes.





Conclusion

Our findings highlights the utility of mNGS in diagnosing stroke-associated infections by providing a more comprehensive etiological diagnosis compared to traditional method. While mNGS shows promise in enhancing diagnostic accuracy and guiding clinical treatment, it high cost and technical challenges need addressing before widespread clinical adoption. Future research should focus on optimizing mNGS protocols, integration it with convertional diagnostic tools, and evaluating its cost-effectiveness and clinical impact through larger, multicentric studies.
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Introduction

Cerebrovascular disease, a prevalent clinical condition predominantly instigated by cerebral ischemia or hemorrhage, manifests with sudden onset and rapid progression, posing a serious threat to patient safety if left untreated (Wang, 2018; QiaoZhen et al., 2019). Current clinical strategies for stroke management primarily revolve around enhancing cerebral blood circulation, thrombolytic therapy, and antiplatelet interventions. Despite these efforts, complications such as ventilator-associated pneumonia, acute upper gastrointestinal bleeding and catheter-associated bloodstream infection often ensue. Among these complications, Stroke-associated infection (SAI) emerges within 7 days post-stroke, with pulmonary infection and urinary tract infection being the most prevalent (Hannawi et al., 2013; Liu et al., 2018; Teh et al., 2018).

The incidence of stroke-associated pneumonia ranges from 7% to 38%, with gram-negative bacteria such as Klebsiella pneumoniae and Acinetobacter baumannii being the most commonly isolated pathogens (Ji et al., 2013b; Smith et al., 2015; Yu et al., 2016; Teh et al., 2018). Additionally, studies have indicated a prevalence of gram-positive bacteria, including Staphylococcus aureus and Staphylococcus epidermidis, along with fungi like Candida albicans in stroke-related infections (Ji et al., 2013a, 2014; Jin et al., 2017; Liying and Cortez, 2021; Haijin, 2023). Notably, the emergence of gram-negative bacteria as predominant pathogens underscores the importance of targeted antimicrobial selection based on sensitivity profiles (Liying and Cortez, 2021; Haijin, 2023). Meanwhile, the advent of SAI complicates the clinical management, exacerbating the condition and substantially elevating mortality and morbidity risks.

Recognizing the pivotal role of early and accurate pathogen identification in guiding targeted anti-infective therapy, innovative diagnostic approaches are imperative. Metagenomic high-throughput sequencing (mNGS) technology, capable of unbiased detection of bacteria, fungi, viruses, and other pathogens in clinical samples, has garnered substantial recognition for its diagnostic utility in infectious diseases (Jin et al., 2017). Notably, conventional diagnostic methods, including microbial culture, antigen-antibody assays, and nucleic acid detection, have been augmented by mNGS in recent years (Wilson et al., 2014). However, while mNGS has demonstrated efficacy in diagnosing nervous system infections (Fan et al., 2019; Wilson et al., 2019; Xing et al., 2020; Zhang et al., 2020; Lei et al., 2021), its application in SAI diagnosis warrants further exploration.

This study aims to assess the diagnostic performance of mNGS in SAI detection, comparing it with conventional methods and evaluating different high-throughput sequencing platforms. Through retrospective analysis of stroke patients admitted to the First Affiliated Hospital of Medical College of Shantou University, we elucidate the role of mNGS in enhancing etiological diagnosis and optimizing clinical treatment regimens. Our findings provide valuable insights into the potential of mNGS to revolutionize SAI management, ultimately improving patient outcomes.





Methods




Study design

Patients with a clinical dagnosis of suspected stroke-associated infection (SAI) were randomly selected from the First Affiliated Hospital of the Medical College of Shantou University between January 2023 and February 2023. Eligible participants were aged between 18 and 80 years.

Exclusion criteria were applied to ensure the integrity of the study. Patients who voluntarily withdrew from the study were excluded, as were cases with incomplete data for any reason. Additionally, subjects were excluded if detection of pathogens was not possible due to errors in sample collection, preservation, or procedural mistakes, and if re-sampling was not feasible. Participants with inadequate nucleic acid quality or failed experiments that could not be re-sampled were also excluded. Finally, any other individuals deemed inappropriate for continued participation by the researchers were excluded from the study.

Infection-related samples, including blood, cerebrospinal fluid, sputum, and urine samples were collected for culture and mNGS detection. This study adhered to the Declaration of Helsinki and received approved from the Ethics Review Board of the First Affiliated Hospital of Shantou University. Informed consent was obtained from all participating patients, and the samples were used exclusively for this study.





Sample collection

Patient information, including demographics and laboratory results, was collected from the hospital information system (HIS). Patients were categorized into group based on clinical diagnosis: pulmonary infection, urinary tract infection, and central nervous system infection.




Clinical Definitions

A) Pulmonary Infection: Includes:

Post-Stroke Pulmonary Infection: Specifically defined as pneumonia occurring within 7 days following a stroke in non-mechanically ventilated patients.

Standards: Diagnosed based on radiographic evidence of lung infiltrates or consolidation.

B) Urinary Tract Infection (UTI): Encompasses infections involving:

Upper Urinary Tract Infections: Such as pyelonephritis.

Lower Urinary Tract Infections: Such as cystitis.

Standards: Diagnosed based on clinical symptoms (e.g., frequency, urgency, dysuria, or flank pain) in conjunction with urinalysis findings (e.g., pyuria, positive nitrite test) and urine microscopy (e.g., presence of white blood cell casts, bacteria).

C) Central Nervous System (CNS) Infection: Includes infections where pathogens—such as viruses, bacteria, fungi, or parasites—invade the brain, meninges, or spinal cord.

Standards: Diagnosed based on PCR assays. Additional evidence includes elevated white blood cell counts, altered glucose levels, or increased protein levels in CSF.





Disease Severity

A) The majority of recruited patients presented with moderate to severe infections, as indicated by clinical evaluations and laboratory results.

B) The definition of urinary tract infections encompasses both upper and lower urinary tract infections.

C) The infections selected for study included:

Pulmonary Infections: post-stroke pneumonia.

Urinary Tract Infections: Infections involving the entire urinary system.

Central Nervous System Infections: Infections affecting the brain, meninges, or spinal cord caused by various pathogens.






Culture method

Specimens were collected prior to or following initiation of antimicrobial treatment, with the initial specimen ideally obtained at disease onset to minimize contamination. None of the patients had received antimicrobial treatment before specimen collection, ensuring that the samples were not influenced by prior antibiotic use. The culture-based methods employed for pathogen identification adhered to standard clinical protocols. These included techniques such as blood cultures for systemic infections, sputum cultures for pulmonary infections, and urine cultures for urinary tract infections. For central nervous system infections, cerebrospinal fluid cultures were used. Each culture type followed established procedures to accurately isolate and identify the suspected microorganisms.




Collection of cerebrospinal fluid

The patients were positioned in the decubitus or lateral decubitus position with knee flexion. The collection site was determined at the posterior superior iliac spine and the posterior midline intersection of the spine, typically targeting the 3rd to 4th lumbar spinous process space. Following local anesthesia with 1-2% lidocaine, a sterile needle was vertically inserted into the intervertebral spinous space. Approximately 3 mL of cerebrospinal fluid was aspirated and transferred into a sterile container for culture.





Collection of urine specimens

Urine samples were obtained from various sources, including catheters, indwelling catheters and midstream urine. For molecular diagnosis, urine specimens were preferably collected from the first urine voided in the morning. Samples were promptly transported to sterile containers for testing.





Collection of lower respiratory tract samples

Under local anesthesia with 2% lidocaine, a bronchoscope was introduced through the nose or mouth. The bronchoscope was directed to severe areas identified through imaging or bronchoscope findings. Bronchial brush, bronchial aspirates and other relevant samples were collected into sterile containers and promptly sent for testing. It is essential to note that bronchoscopic specimens are susceptible to contamination by upper respiratory tract flora, necessitating rigorous quality assessment.





Collection of sputum

Patients were instructed on the distinction between sputum and saliva, with denture removal recommended if applicable. After gargling with water to minimize contamination, patients were guided to cough up deep sputum vigorously. Saliva and post-nasal secretions were not considered suitable for sputum testing.





Collection of blood samples

Blood culture samples were collected in accordance with antimicrobial drug use labels. It is recommended to obtain 2-3 sets of samples from different sites testing, ensuring comprehensive assessment.






mNGS detection method

To mitigate the influence of a single sequencing platform, both the BGI MGI 500 and Genemind GenoLab M high-throughput sequencers were employed for mNGS detection.

For the BGI MGI 500 platform, DNA was extracted from tissue samples using the TIANamp Micro DNA kit (DP316, Tiangen Biotech, Beijing, China) according to the manufacturer’s recommendations, fragmented with by Bioruptor (Thermofisher ScSAIntific, Waltham, Massachusetts, USA-RRB-instrument) yielding 200 bp fragments, and subjected to terminal repair, a-tail treatment, and barcode ligation, followed by PCR amplification. Quality control included assessment of fragment size using the Agilent 2100 system and quantification of DNA library concentration using the Qubit dsDNA HS Assay Kit. Libraries were pooled, and single-stranded DNA loops were formed and sequenced using the MGI 500 platform via SE50 mode. High-quality sequencing data underwent preprocessing to remove low-quality reads, adapter contamination, and short reads (< 50 bp). Human sequences were eliminated by aligning to the GRCH38 human reference genome using Burrows-Wheeler Alignment (BWA) (v0.7.13). Subsequently, non-human sequences were aligned to the NCBI NT database using SNAP (v2.0.2). Advanced data analysis included taxonomic annotation, genome coverage/depth calculation, and abundance calculation using internal scripts.

For the Genemind GenoLab M platform, DNA extraction was performed using the Shengkang Medical Universal Pathogen Nucleic Acid Extraction Kit. The extracted DNA was fragmented, and library construction was conducted using the Shengkang Medical Library Kit. Total DNA fragments, ranging from 200-300bp in size, were extracted and processed for library construction using the Shengkang Medical Library Kit. DNA end repair, linker ligation, and PCR amplification were conducted according to kit protocols. Quality control of library and insert fragment sizes was performed using the Agilent 2100 Bioanalyzer. Sequencing of the constructed library was carried out in SE150 mode using the Genemind GenoLab M sequencer, generating a minimum of 20M sequence data. Low-quality, low-complexity, and <70bp sequences were filtered out, and human reference genome sequences were removed. High-quality sequencing data were then compared with the microbial genome database for microbial identification.

The entire process adhered to stringent quality control measures. Clinicians integrated patient history, clinical features, and relevant auxiliary examination results to assess the pathogenicity of mNGS results.





Statistical analysis

Normal distribution and homogeneity of variance were assessed using the T-test. Differences in continuous variables between groups were analyzed using the Student’s t-test and the chi-square test. Propensity score matching (PSM) was employed to assess the diagnostic effect of NGS accurately. Statistical analysis was conducted using SPSS 26.0(IBM, Armonk, NY) software, with significance set at Pvalue < 0.05.

For bioinformatics analysis, data quality control was performed using Fastp to filter and trim sequencing reads. The BWA (Burrows-Wheeler Aligner) algorithm was employed for sequence alignment, followed by taxonomic classification using Kraken2 to identify microbial species present in the samples. Antimicrobial resistance (AMR) analysis was conducted using tools such as CARD (Comprehensive Antibiotic Resistance Database) to assess the presence of resistance genes in the metagenomic data.






Results




Patient and sample characteristics

The study included a total of 18 patients, comprising 11 men and 7 women, with a mean age of 54. Demographics and pertinent characteristics of the enrolled patients are summarized in Table 1. Among them, 7 cases were diagnosed with pulmonary infection, 1 case with urinary tract infection, 10 cases with central nervous system infection, 2 cases with combined pulmonary and central nervous system infections, and 2 cases yielded negative results (Figure 1). There were no significant differences observed in sex, age or medical history among the groups.


Table 1 | Baseline characteristics and clinical indices of patients included.






Figure 1 | Flow chart of patients included. ① Indicates that both methods detected the infection or confirmed no infection, resulting in consistent outcomes. ② Represents the number of positive samples detected by mNGS. ③ Indicates follow-up monitoring after medication.



Of the 18 patients (Table 1), mNGS analysis was conducted on 27 samples, which included various sample types such as sputum, urine, or cerebrospinal fluid (CSF) from the same patient, yielding 19 positive results. One sample was deemed substandard due to sputum contaminated, and 16 samples were deemed clinically significant. The mNGS results were consistent with clinical diagnosis in 14 cases, effectively identifying the actual infection status of the patients. Discrepancies were noted in 4 cases. Among the discordant cases, two were positive for mNGS but considered sample contamination in conjunction with other clinical indications (Figure 1).





Comparison between mNGS detection and culture-method

In this study, simultaneous cerebrospinal fluid (CSF) and blood samples yielded negative results, while sputum and urine samples showed varying detection rates in both testing methods (Figure 2). In cases where the test results return negative for a specific sample, the combination of clinical characteristics allows for the exclusion of infection in the sampled area of the infected patient. Therefore, this negative result aligns with the clinical presentation (Figure 2D). However, contamination during clinical collection was a concern for sputum and urine samples, necessitating further clinical correlation for interpreting positive results.




Figure 2 | Distribution of pathogens in different specimens by different detecting methods. (A) Distribution of pathogenes in sputum culture; (B) Distribution of pathegenes in urine culture; (C) Distribution of mNGS-detected Pathogenes; (D) mNGS detected in culturing negative samples; (E) Frequency of mNGS-detected pathogen; (F) mNGS detected pathogenic frequency of different specimens.



Among the 18 patients, 14 showed negative results in culture, of which 6 were also negative in mNGS. Excluding one case considered contaminated, 7 patients tested positive in mNGS, resulting in a positive rate of 53% and a diagnostic agreement of 73%.

Viral infections were detected in 10 out of 18 cases, with a detection rate of 55% and a concordance rate of 90%. Hence, mNGS exhibited superior performance in detecting low-load pathogens, particularly in virus diagnosis, providing more sensitive results.

These findings suggest that while mNGS demonstrates superior performance in detecting low-load pathogens, particularly viruses, its efficacy in identifying bacterial pathogens is hindered by the bacterial load. mNGS can effectively detect low-load viruses because viral genomes often have unique sequences that can be amplified even in small quantities, allowing for reliable identification. Additionally, viruses typically replicate within host cells, resulting in higher concentrations of viral nucleic acids in samples.

In contrast, low-load bacterial pathogens present challenges due to their diverse genetic makeup and the potential for contamination. Bacterial DNA may be present in lower concentrations, and if the pathogen load is too low, there may not be enough genetic material to achieve reliable detection. Some bacteria may also exist in a viable but non-culturable state, complicating detection by mNGS. This highlights the need for improved methods to optimize mNGS for low-load bacterial infections, as addressing these challenges will be essential for enhancing its diagnostic capabilities in clinical settings.





Enhanced pathogen detection through metagenomic high-throughput sequencing

Our study utilized both culture-based methods and BGI SE50 sequencing to identify pathogens in sputum and urine samples, firstly. The pathogens identified by traditional culture-based methods were all cultivable types. In our results, culture-based methods identified six bacterial species (including M. catarrhalis, Staphylococcus aureaus, Burkholderia cepacian, Pseudomonas aeruginosa, Acinetobacter baumannii, and Corynebacterium striatum) in sputum (Figure 2A) and four bacterial species (including Candida nivariensis, Escherichia coli, Enterococcus Faecium, and Candida albicans) in urine (Figure 2B). In contrast, BGI SE50 sequencing detected a broader range of microorganisms, including viruses, bacteria, fungi, and others (Figure 2C). And our results fully demonstrate this point. BGI SE50 sequencing detected the presence of the following 13 pathogens in negative control samples, encompassing both cultivable bacterial pathogens and non-cultivable viruses (such as varicella-zoster virus, John Cunningham virus, EBV, CMV). These pathogen detection results based on negative control samples can serve as indicators for further infection in specific anatomical sites of infected patients, thus holding clinical significance (Figures 2D, E). Furthermore, our comparison of corresponding samples, where traditional methods and mNGS were both employed, demonstrated that mNGS could detect numerous low-level pathogenic bacteria and viruses, highlighting its superior sensitivity compared to culture-based methods (Figure 2F).





Influenced clinical intervention protocols by mNGS outcomes

In 9 of the 18 patients, adjustments to the treatment regimen based on the mNGS test results resulted in improved symptomatic relief of the infections, especially for patients with low-load pathogen infections, earlier and more accurate adjustments can be made (Figure 1). It highlights the effectiveness of mNGS in guiding treatment decisions for better clinical outcomes.





Performance comparison




Performance in data quality

Taking into account the positive correlation between sequence length and matching accuracy, we incorporated the GenoLab M sequencer and employed the long-read mode SE150 for mNGS. Our rationale was to assess whether longer sequence lengths could augment the accuracy and sensitivity of pathogen detection. Both platforms demonstrated comparable levels of sequencing data quality across all sequencing data, as indicated by similar Q30 scores. However, the overall data quality of the GenoLab M platform exhibited slight superiority and robustness compared to that of the MGI200 platform (Figure 3A). For all the detected pathogens by the MGI200 and GenoLab M sequencers, a total of 69 were identified by both platforms. Notably, the GenoLab M platform revealed a greater diversity of unique pathogens, totaling 313, surpassing the number identified by the MGI200 platform (Figure 3B). Despite sequencing four different clinical infection samples, both platforms demonstrated comparable levels of detected fragments, as evidenced by, similar frequency number of detected pathogens (Figure 3C) and similar data volume levels of detected pathogens (Figure 3D). However, the detected pathogenes of the GenoLab M platform was slightly superior to that of the MGI200 platform.




Figure 3 | MGI 500 and GenoLab-M detected data quality. (A) Distribution of reads with a quality score of 30 across two sequencing platforms; (B) Detected pathogens based on metagenomic next-generation sequencing (mNGS) from the two platforms; (C) Number of pathogenic bacteria identified from four sample types using the data output from both platforms; (D) Distribution of sequence counts for pathogenic bacteria derived from the data output of the two platforms across the four sample types.







Performance in microbiological testing

Subsequently, our analysis assessed significant disparities in the performance of the two platforms in detecting clinically relevant bacteria, fungi, and viral species. Compared to the MGI200 platform, the GenoLab M platform’s long-read sequencing mode demonstrated higher sensitivity and detected a greater number of pathogenic microorganisms. Notably, among the pathogens detected by both platforms, the GenoLab M platform exhibited a higher frequency of pathogen detection compared to the MGI200 platform (Figure 4A). Interestingly, in various infection samples, the microbial species detected in sputum samples showed minimal differences between the MGI200 and GenoLab M platforms, with GenoLab M exhibiting slightly superior performance. For instance, GenoLab M detected Staphylococcus aureus and Human Herpesvirus 7, which were not detected by the MGI200 platform. Furthermore, compared to the MGI200 platform, the GenoLab M platform’s sequencing identified a broader range of infection-associated pathogens in blood, urine, and cerebrospinal fluid (CSF) samples, showcasing superior performance (Figure 4B).




Figure 4 | MGI 500 and GenoLab-M detected the difference of microorganisms. (A) Types and number of pathogenic microorganisms detected in all samples based on sequencing data from the MGI500 and GenoLab-M platforms; (B) Types and number of pathogenic microorganisms detected in the four sample types based on sequencing data from the MGI500 and GenoLab-M platforms.







Functional gene testing performance

In addition to species identification, antimicrobial resistance (AMR) gene detection was pursued. Three cases(14,26, and 40) were positive for four AMR genes. Four structural antibiotic resistance genes were identified in the respective species according to CARD (Table 2). Notably, the mecA gene abundance was 372.3701359, indicating MRSA’s (Methicillin-Resistant Staphylococcus aureus) resistance to all beta-lactam antibiotic. While this case underscores the potential of mNGS in detecting AMR genes, challenges remain. including detecting First, limitations in sequence read depth from the host hindered the detection of allelic variations in AMR genes. Second, short-read sequencing data lack the context necessary to accurately determine the genomic positions of resistance genes. Additionally, distinguishing between AMR genes carried by plasmids and those carried by chromosomes remains problematic. Furthermore, even if an AMR gene is detected, its contribution to disease resistance may be hindered by factors such as poor expression, silencing, or inactivation. Future studies will prioritize the analysis of AMR genes using NGS technology.


Table 2 | List of AMR genes.









Discussion

Stroke-associated infections (SAIs) present significant challenges in clinical management due to their potential to exacerbate patient morbidity and mortality. In the current diagnostic and treatment landscape, the prophylactic administration of antimicrobial agents, coupled with the unique characteristics of central nervous system infections, frequently contributes to false-negative outcomes in pathogen detection. While conventional diagnostic methods may yield false-negative results, metagenomic high-throughput sequencing (mNGS) offers a promising alternative for comprehensive pathogen detection. By employing unbiased detection of nucleic acids from various pathogens, including bacteria, fungi, viruses, and parasites, mNGS provides a holistic approach to identifying infectious agents in clinical samples (Zhang et al., 2020; Chen et al., 2022b). This comprehensive assessment addresses the limitations of conventional methods, particularly in cases where microbial cultures may fail to detect low-load or fastidious pathogens due to prior antimicrobial exposure or inherent difficulties in cultivation (Guo et al., 2019; Erdem et al., 2021; Gao et al., 2021; Ge et al., 2021; Guo et al., 2021; Chen et al., 2022a; Gan et al., 2022; Gu et al., 2022). Therefore, the integration of mNGS into diagnostic protocols holds significant promise for improving the accuracy and timeliness of pathogen identification in stroke-associated infections. Our study aimed to evaluate the diagnostic performance of mNGS in SAIs, comparing it with culture-based methods and assessing different high-throughput sequencing platforms.

Our findings reveal the substantial diagnostic utility of mNGS in identifying pathogens across diverse clinical samples, including cerebrospinal fluid, blood, sputum, and urine, obtained from SAI patients. Notably, mNGS exhibited a superior detection rate compared to culture-based methods, particularly in identifying low-load and difficult-to-culture pathogens. This enhanced sensitivity of mNGS is crucial for accurate pathogen identification, guiding targeted antimicrobial therapy and improving patient outcomes. In addition, our study compared the performance of two mainstream high-throughput sequencing platforms, BGI MGI 500 and Genemind GenoLab M, in mNGS analysis. The GenoLab M platform demonstrated slightly superior performance in mNGS, which could be attributed to its longer sequencing reads, leading to increased alignment accuracy and enhanced ability to precisely assign sequences to specific pathogens. Additionally, the higher accuracy of sequencing data may also contribute to this improved performance. It is important to note that this does not imply inferior sequencing data quality from the MGI 500 platform. Rather, our findings suggest that while extending read length in mNGS can enhance diagnostic accuracy, maintaining sequencing data quality is equally essential. Our study results provide evidence in support of this notion to a certain extent.

Furthermore, our study highlights the clinical implications of mNGS in optimizing treatment regimens for SAI patients. By identifying pathogens with high sensitivity and specificity, mNGS enables clinicians to tailor antimicrobial therapy promptly and effectively, reducing the risk of treatment failure and recurrence.

The comparison of two mainstream high-throughput sequencing platforms, BGI MGI 500 and Genemind GenoLab M, underscores the importance of selecting appropriate sequencing technologies for optimal diagnostic performance. While both platforms demonstrated efficacy in pathogen detection, variations in sequencing depth and data quality may influence diagnostic accuracy. Further studies should aim to standardize sequencing protocols and optimize bioinformatics analysis to enhance the reliability and reproducibility of mNGS results.

Despite the promising results, the limitations of our study must be acknowledged. The relatively small sample size introduces a degree of uncertainty into our findings, and as such, our results should be interpreted as a preliminary evaluation of mNGS’s potential in this context. This limitation emphasizes the need for larger-scale studies to further optimize and validate the diagnostic capabilities of mNGS for stroke-associated infections. Future research should consider multicenter designs to enhance sample diversity and strengthen the reliability of the findings.

Additionally, the cost of mNGS remains a significant barrier to its widespread clinical adoption, particularly in resource-limited settings. While the price of mNGS has historically been high, the rapid development of sequencing technologies and the entry of multiple companies into the market may drive costs down. As with other technologies, such as the cost-per-gigabase for sequencing, we anticipate that as mNGS becomes more established, prices will become more aligned with clinical needs. The increasing availability of sequencing instruments and associated products is encouraging, suggesting that mNGS may eventually become a more accessible diagnostic tool.

Moreover, our study also emphasizes the significance of mNGS in detecting antimicrobial resistance (AMR) genes, providing valuable insights into guiding antibiotic therapy and preventing SAI recurrence. Despite the challenges in interpreting AMR gene data, particularly regarding allelic variations and gene expression, mNGS holds promise as a valuable tool for personalized antimicrobial therapy.

It is crucial to discuss the inherent limitations and advantages of mNGS in pathogen detection. While it excels at identifying a diverse array of pathogens, its effectiveness can be hindered by low microbial load, especially for bacterial pathogens. The sensitivity of mNGS for low-load pathogens can vary, posing challenges for detecting bacteria present in minimal quantities. In contrast, mNGS demonstrates exceptional sensitivity for viral pathogens, often outperforming traditional methods in this regard. This duality underscores the importance of ongoing research into optimizing mNGS for low-load bacterial detection.

In summary, while our study emphasizes the substantial potential of mNGS in diagnosing and managing SAIs, it also serves as a call to action for further research and development. By addressing the limitations identified, including sample size, cost, and optimization for low-load pathogen detection, we can pave the way for more effective clinical applications of mNGS. The future holds promise for mNGS as a transformative tool in clinical microbiology, particularly for complex and challenging infections such as SAIs.





Conclusion

In conclusion, our study underscores the superior diagnostic performance of metagenomic high-throughput sequencing (mNGS) compared to culture-based methods in identifying pathogens associated with stroke-associated infections (SAI). mNGS demonstrates higher sensitivity and shorter turnaround time, particularly beneficial for detecting microorganisms that cannot be cultured, are difficult to cultivate, or are at risk of antibiotic exposure. The comprehensive nature of mNGS allows for unbiased detection of a wide range of pathogens, including bacteria, fungi, viruses, and parasites, overcoming the limitations of traditional culture methods, especially in culture-negative SAI patients. Furthermore, mNGS’s ability to detect antimicrobial resistance genes enhances its utility as a valuable adjunct to microbial culture, aiding in guiding targeted antimicrobial therapy and improving patient outcomes. Overall, our findings highlight the significant potential of mNGS in revolutionizing the diagnosis and management of SAI, paving the way for enhanced clinical decision-making and patient care in this challenging clinical context.

Moreover, the differential performance of various high-throughput sequencing platforms and sequencing mode underscores the importance of selecting appropriate technologies to optimize diagnostic accuracy. Despite the challenges and limitations, mNGS holds immense potential for revolutionizing the diagnosis and management of SAIs, ultimately improving patient outcomes and reducing healthcare burden. Further research efforts aimed at standardization, cost reduction, and validation in larger cohorts are warranted to facilitate the widespread clinical adoption of mNGS in SAI diagnosis and management.
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Background

The capability of mNGS in diagnosing suspected LRTIs and characterizing the respiratory microbiome in lung cancer patients requires further evaluation.





Methods

This study evaluated mNGS diagnostic performance and utilized background microbial sequences to characterize LRT microbiome in these patients. GSVA was used to analyze the potential functions of identified genera.





Results

Bacteria were the most common pathogens (n=74) in LRTIs of lung cancer patients, and polymicrobial infections predominated compared to monomicrobial infections (p<0.001). In diagnosing LRTIs in lung cancer patients, the pathogen detection rate of mNGS (83.3%, 70/84) was significantly higher than that of sputum culture (34.5%, 29/84) (p<0.001). This result was consistent with that of non-lung cancer patients (p<0.001). Furthermore, in the specific detection of bacteria (95.7% vs. 22.6%) and fungi (96.0% vs. 22.2%), the detection rate of mNGS was also significantly higher than that of CMTs mainly based on culture (p<0.001, p<0.001). However, in the detection of CMV/EBV viruses, there was no significant difference between the detection rate of mNGS and that of viral DNA quantification (p = 1.000 and 0.152). mNGS analysis revealed Prevotella, Streptococcus, Veillonella, Rothia, and Capnocytophaga as the most prevalent genera in the LRT of lung cancer patients. GSVA revealed significant correlations between these genera and tumor metabolic pathways as well as various signaling pathways including PI3K, Hippo, and p53.





Conclusion

mNGS showed a higher pathogen detection rate than culture-based CMTs in lung cancer patients with LRTIs, and also characterizing LRT microbiome composition and revealing potential microbial functions linked to lung carcinogenesis.
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Introduction

Lung cancer patients are susceptible to lower respiratory tract infections (LRTIs) due to their immunocompromised status (Peng et al., 2021). However, etiological diagnosis of LRTIs remains challenging, with causative pathogens unidentified in ~50% of cases (Zhu et al., 2018), especially among lung cancer patients, whose infections often present with polymicrobial etiology (Peng et al., 2021; Sun et al., 2021). Moreover, the inability of lung cancer patients to produce adequate sputum or tolerate invasive procedures such as bronchoalveolar lavage fluid (BALF) further limited our ability to identify the infecting pathogens (Rolston et al., 2007). Conventional microbiological tests (CMTs), including microbial culture, antibody-antigen assays, and nucleic acid testing, are widely used for the etiological diagnosis of LRTIs (Han et al., 2023). However, these methods have significant limitations. Standard microbial cultures grow slowly and are affected by stringent environmental conditions and low sensitivity (Gadsby et al., 2019; Liu et al., 2021a). Additionally, culture results can be influenced by antimicrobial agents and the quality of sample collection (Datta et al., 2017). While tests for specific pathogens, such as pneumococcal urinary antigen and respiratory virus nucleic acid detection, can help identify suspected pathogens or differentiate between bacterial and viral infections, they are often time-consuming and prone to high rates of missed diagnoses (Murphy et al., 2020). Furthermore, given that many hospitals lack complex detection methods for specialized pathogens, such as immunofluorescence microscopy for Pneumocystis jirovecii, using comprehensive molecular biology techniques becomes essential for aiding in the etiological diagnosis of LRTIs in lung cancer patients (Liu et al., 2021). Metagenomic Next-Generation Sequencing (mNGS) is a high-throughput nucleic acid sequencing technique that enables unbiased identification of diverse pathogenic microbes, including viruses, bacteria, fungi, and parasites, within clinical specimens, and mNGS has seen widespread adoption in the etiological diagnosis of infectious diseases, especially for the detection of rare, novel, and complicated infection diseases (Chiu and Miller, 2019; Li et al., 2021). Previous studies compared the diagnostic capabilities of mNGS and CMTs in the diagnosis of LRTIs among immunocompromised patients, such as those admitted to the intensive care unit, with rheumatic diseases, and with malignancies (Peng et al., 2021; Shi et al., 2022; Sun et al., 2022; Wang et al., 2024). However, considering the diversity of pathogen profiles among immunocompromised patients with various underlying conditions that could impact diagnostic performance, it becomes imperative to focus on analyzing studies specifically related to a cohort of patients with lung cancers.

In addition, mNGS enables the sequencing and analysis of mixed microbial genomes (Schloss and Handelsman, 2003), allowing for the identification of not only pathogenic bacteria but also the characterization of the lower respiratory tract (LRT) microbiome using background flora data in lung cancer patients. Accumulating evidence suggests a strong link between LRT microbiome dysbiosis and lung carcinogenesis, potentially through mechanisms such as upregulation of host inflammatory pathways, activation of oncogenic molecular pathways, and release of carcinogenic microbial metabolites (Gustafson et al., 2010; Ramírez-Labrada et al., 2020; Sepich-Poore et al., 2021). Importantly, LRT microbiome dysbiosis can also modulate host immune responses, ultimately impacting the effectiveness of anti-tumor treatment. Routy and Derosa et al. demonstrated reduced efficacy of immune checkpoint inhibitors (ICIs) therapy in patients with advanced epithelial cancers, including lung cancer, who received antibiotics (Derosa et al., 2018; Routy et al., 2018).

Given these challenges, prompt pathogen identification in LRTIs of lung cancer patients is crucial, facilitating optimal treatment selection and improving prognosis. Additionally, to further elucidate the role of the LRT microbiome in disease development, this study investigated its composition and function in lung cancer patients.





Methods




Study design and patient population

This retrospectively enrolled patients with suspected LRTIs who visited Wuhan Union Hospital from March 2021 to January 2023. Patients meeting any one of the following criteria from 1-4 and criteria 5-7 were included in this study (Mandell et al., 2007): (1) New-onset cough, sputum, or worsening of pre-existing respiratory disease symptoms, with or without purulent sputum, chest pain, dyspnea, and hemoptysis; (2) fever; (3) signs of pulmonary consolidation or moist rales on auscultation; (4) peripheral blood leukocyte count higher than 10×109/L or lower than 4×109/L; (5) lung imaging showing new patchy infiltrates, lobar or segmental consolidation, ground-glass opacities, or interstitial changes, with or without pleural effusion; (6) patients with a history of primary lung cancer; (7) patients who underwent mNGS. Patients without complete medical records and those who died within 24 hours after mNGS detection were excluded. A total of 110 patients were ultimately included in this study, which has been approved by the Wuhan Union Hospital (No. 2024-0158-01). Due to its retrospective design and the use of anonymized data, the ethics committee waived the requirement for informed consent. We confirm that all procedures were conducted in compliance with the relevant guidelines and regulations.

Propensity score matching (PSM) was used to control potential confounding bias in this study. Using the nearest neighbor matching algorithm from the MatchIt package, propensity scores were calculated through a generalized linear model with logistic regression. The lung cancer diagnosis served as the dependent variable, with covariates including sex, age, application of antibiotics before mNGS, and application of glucocorticoids before mNGS. A caliper width of 0.02 was applied to ensure matching of individuals with propensity scores within this narrow range, thereby enhancing matching precision. Ultimately, we successfully matched 102 lung cancer patients with 102 non-lung cancer patients as controls, all with LRTIs, for subsequent analysis.





Clinical data collection

This study gathered baseline characteristics and clinical data from patients, encompassing pulmonary function results, imaging features, laboratory tests, antimicrobial treatment, and clinical outcomes. In addition, all patients included in the study contributed pertinent clinical samples, such as BALF, sputum, blood, throat swabs, or urine, for various CMTs, including culture, immunological assays (e.g. antigen detection, (1/3)-β-D-glucans), molecular biology techniques (e.g. multiplex PCR, X-pert MTB/RIF), and direct microscopic examination.





mNGS of BALF

All patients received a standardized bronchoscopic examination conducted by experienced specialists at our institution. Following the identification of imaging and endoscopic findings, BALF samples were collected from the affected lung regions using sterile saline solution. The BALF samples were promptly cryopreserved and submitted for mNGS analysis. BALF samples underwent comprehensive mNGS analysis by a specialized testing company. The workflow commenced with nucleic acid extraction, followed by library construction. During library preparation, nucleic acids underwent fragmentation and end-repair processes. A single-base adenine (A) was added to the 3’ end of DNA fragments, and adapters (indexes) were ligated to both ends of the DNA fragments using “T-A” ligation, rendering the library compatible with the Illumina sequencing platform. After library quantification and pooling, the prepared sample was hybridized on the sequencing chip and analyzed by next-generation sequencing. Bioinformatics analysis compared detected microbial nucleic acid sequences with comprehensive reference databases, enabling precise identification of microbial species and their relative abundance. The report characterized both pathogenic and commensal microbiota across human body sites, with a detection scope including 10,989 bacterial species (comprising 196 actinobacteria and 159 mycoplasma/chlamydia/rickettsia), 5,050 viral species, 1,179 fungal species, 282 parasitic species. Various sequencing platform parameters were employed to ensure data quality and reliability, including mapping read number (at species and genus levels), abundance (at species levels), depth and coverage rate were critically utilized to eliminate potential interfering microorganisms and generate a definitive official report.





Infection diagnosis and mNGS result analysis

The final diagnosis was determined through independent review of all patient records by two professional pulmonologists (LY and QQ). The diagnosis of infectious and further identification of pathogenic microorganisms in infectious diseases, were based on clinical manifestations, laboratory findings, chest imaging, microbiological examinations (including CMTs and mNGS), and response to antimicrobial therapy. Disagreements were resolved through discussion or consultation with a senior pulmonologist (YBH) when necessary.

Consistency between mNGS results and clinical diagnosis was defined as either mNGS-positive results matching the final diagnosis or mNGS-negative results with a non-infectious final diagnosis. Inconsistency was defined as either mNGS-positive results discordant with the final diagnosis or mNGS-negative results in cases of infectious disease.





Gene set variation analysis

Tumor microbiome count data from NSCLC in The Cancer Genome Atlas (TCGA), reported by Narunsky-Haziza et al. (2022) (https://github.com/knightlab-analyses/mycobiome), were used for GSVA. Pathway gene sets were obtained from the Kyoto Encyclopedia of Genes and Genomes (KEGG) database. Spearman’s correlation coefficient was used to assess the relationship between intratumoral microbiota and KEGG pathway in paired TCGA samples. Before GSVA, we applied Haziza’s pipeline to address batch effects in TCGA tumor microbiome data, using Voom to convert taxonomic counts to log-counts per million (log-cpm) and performing supervised normalization (SNM).





Statistical analysis

Categorical variables were expressed as n (%), while continuous variables were presented as median (25th-75th percentiles). Fisher’s exact test was used for bivariate analysis of discrete variables. All statistical analyses were performed using the Statistical Package for the Social Sciences soft-ware (SPSS) version 25.0 software package (IBM, USA). Two-tailed P values < 0.05 were considered statistically significant. Graphs were generated using GraphPad Prism (version 10). GSVA and PSM were performed using R software (version 4.3.1).






Results




Patient demographics

This study included 110 lung cancer patients with suspected LRTIs who underwent mNGS testing at Wuhan Union Hospital between March 2021 and December 2023 (Table 1). The cohort was mostly male (87, 79.1%), with median age of 62 years (57.8, 68.3) and body mass index (BMI) of 22.6 (20.5, 24.8). Among all patients, non-small cell lung cancer (NSCLC) was most common (103, 93.6%), mainly comprising lung adenocarcinoma (LUAD) (52, 47.3%) and lung squamous cell carcinoma (LUSC) (38, 34.5%), with the remainder being SCLC (7, 6.4%). In terms of Tumor-Node-Metastasis (TNM)-based classification, the majority of patients (80, 72.7%) were at stage III-IV, whereas a smaller proportion (19, 17.3%) were at stage I-II. The remaining patients (11, 10%) had unknown or unclassified stages. The median hospital stay was 11.5 days (8, 17.8) and mNGS testing was performed a median of 4 days (3, 7) after admission. Additionally, the median duration between the last anti-tumor treatment and mNGS testing was 20 days (0, 61.5). Prior to mNGS testing, a majority of (95, 86.4%) patients received antibiotic therapy. A subset of (20, 18.2%) patients were treated in the intensive care unit (ICU), of whom a small number (8, 7.3%) ultimately died. Among the 110 lung cancer patients, 102 were 1:1 matched with non-lung cancer patients based on PSM. Standardized mean differences (SMD) for covariates were <0.01, indicating optimal covariate balance (Supplementary Table 1).


Table 1 | Demographic and baseline characteristics of 110 lung cancer patients with suspected LRTIs.







LRTIs features in lung cancer patients

LRTIs were diagnosed in 96 lung cancer patients (96, 87.3%), while 14 patients (12.7%) were attributed to non-infectious etiologies, including disease progression and immune-related pneumonitis (Table 1). Among the 96 patients, 84 had microbiologically confirmed diagnoses, yielding 74 bacterial, 55 fungal, and 28 viral strains (Figure 1A). The most common bacterial infections were Acinetobacter baumannii (8, 5.1%), Pseudomonas aeruginosa (7, 4.5%), and Mycobacterium tuberculosis (6, 3.8%) infections. For fungal infections, Aspergillus fumigatus (17, 10.8%), Candida albicans (14, 8.9%), and Pneumocystis jirovecii (14, 8.9%) infections were most prevalent. Viral infections were predominantly caused by Epstein-Barr virus (EBV) (7, 4.5%) and cytomegalovirus (CMV) (7, 4.5%) (Figure 1B). Among infected lung cancer patients, bacterial infections were most prevalent (53, 55.2%), followed by fungal (48, 50.0%) and viral (22, 22.9%) infections. In cases of polymicrobial infections, bacterial-fungal infections were most common (16, 16.7%), while bacterial-fungal-viral infections were observed in a small subset of patients (6, 6.3%) (Figure 1C). Overall, in LRTIs among lung cancer patients, polymicrobial infections were characterized by a significantly higher prevalence of bacterial (p<0.001), fungal (p<0.001), and viral infections (p<0.001), particularly Pneumocystis jirovecii, CMV (p=0.023), and EBV (p<0.001) infections (Table 2).




Figure 1 | Pathogens detected in lower respiratory tract infections (LRTIs) of lung cancer patients (n=110) by metagenomic next-generation sequencing (mNGS) and conventional microbiological tests (CMTs). (A) Composition of pathogens in lung cancer patients with positive mNGS and CMTs results; (B) Distribution of pathogens identified by mNGS and CMTs; (C) The number of lung cancer patients with LRTIs for various pathogens.




Table 2 | LRTIs pathogens in 110 lung cancer patients.







Assessment of mNGS diagnostic performance in lung cancer patients

This study further evaluated the diagnostic capability of mNGS. We initially assessed the consistency between mNGS results and clinical diagnoses. The analysis revealed 84 (76.4%) cases with consistent mNGS and clinical diagnoses, 14 (12.7%) cases with inconsistent results, and 12 (10.9%) indeterminate cases (Figure 2A). About 86.4% (86.4%, 95/110) patients underwent sputum culture. The diagnostic accuracy between mNGS and sputum culture was further compared in these patients (Figure 2D; Supplementary Table 2). Among patients diagnosed with infection, the pathogens detection rate was higher in mNGS (83.3%, 70/84) than the sputum culture (34.5%, 29/84) (p<0.001). In non-infected patients, no significant difference was observed between the mNGS (72.7%, 8/11) and the sputum culture (90.9%, 10/11) (p=0.586). Additionally, we examined the differences in mNGS result consistency with clinical diagnoses between matched lung cancer and non-lung cancer patients. In 102 propensity score-matched lung cancer patients, 72 (70.6%) cases showed consistent mNGS and clinical diagnoses, 18 (17.6%) cases were inconsistent, and 12 (11.8%) cases were indeterminate (Figure 2B). Among 88 lung cancer patients tested with both mNGS and sputum culture, mNGS demonstrated significantly higher pathogen detection rates compared to sputum culture in both infected (82.1% vs. 32.1%, p<0.001) and non-infected patients (70.0% vs. 10.0%, p=0.020) (Figure 2E; Supplementary Table 2). Similarly, in 102 matched non-lung cancer patients, mNGS revealed 54 (52.9%) consistent, 23 (22.5%) inconsistent, and 25 (24.6%) indeterminate cases (Figure 2C). Of 84 non-lung cancer patients simultaneously tested, mNGS showed significantly higher pathogen detection in infected patients (72.3% vs. 38.5%, p<0.001), with comparable results in non-infected patients (0.0%, 0/1) (Figure 2F; Supplementary Table 2). Finally, we compared mNGS and CMTs mainly including culture in diagnosing diverse pathogens across matched lung cancer and non-lung cancer patients to evaluate mNGS’s pathogen-specific detection capability. The results showed that in lung cancer and non-lung cancer patients, mNGS demonstrated higher positive detection rates for bacteria (p<0.001, p<0.001) and fungi (p<0.001, p=0.006) compared to CMTs (Table 3). Moreover, comparing the performance of mNGS in BALF and EBV-DNA/CMV-DNA testing in whole blood and plasma for diagnosing EBV and CMV infections revealed no significant differences between lung cancer and non-lung cancer patients (Supplementary Table 3).




Figure 2 | Evaluating the performance of mNGS in diagnosing LRTIs in lung cancer patients and non-lung cancer patients. (A) Consistency analysis between mNGS and final diagnosis in lung cancer patients (n=110); (B) Consistency analysis between mNGS and final diagnosis in matched lung cancer patients (n=102); (C) Consistency analysis between mNGS and final diagnosis in matched non-lung cancer patients (n=102); (D) The detection performance of mNGS and sputum culture in lung cancer patients (n=95). (E) The detection performance of mNGS and sputum culture in matched lung cancer patients (n=88). (F) The detection performance of mNGS and sputum culture in matched non-lung cancer patients (n=84).




Table 3 | Diagnostic performance of CMTs and mNGS in matched lung cancer patients and non-lung cancer patients with LRTIs.







mNGS reveals LRT microbiome features in lung cancer patients

Our study analyzed background microbial sequence reads representing normal commensal/colonizing microbiota in the LRT from lung cancer patients’ mNGS data to characterize their LRT microbiome. mNGS analysis of BALF obtained from the tumor-involved lobe (TL) provides a characterization of the background microbiota, representing the tumor microenvironment in the LRT of lung cancer patients. Conversely, mNGS analysis of BALF from non-tumor-involved lobes (nTL) characterizes the non-tumor microbiota in these patients. The predominant bacterial genera in the TL of lung cancer patients were Prevotella, Streptococcus, Veillonella, Rothia, and Capnocytophaga and so on (Figure 3). Furthermore, this study additionally collected species-level reads of commensal microbiota between the two groups (Supplementary Table 4). Significant differences in microbial composition were observed between TL and nTL (Figure 4A). TL showed higher prevalence of Prevotella, Streptococcus, Rothia, and Capnocytophaga genera, while Veillonella was more abundant in nTL. Moreover, this study characterized the commensal/colonizing microbiota in BALF from TL of lung cancer patients and non-cancer controls to compare microbiome alterations (Supplementary Tables 5, 6). The results showed significantly higher mapping read number of Prevotella, Streptococcus, Veillonella, Rothia, and Capnocytophaga in lung cancer patients compared to non-lung cancer patients. Microbial prevalence patterns varied among patient subgroups, stratified by smoking status, gender, tumor histology, TNM stage, and pulmonary function (Figures 4B–F). Prevotella and Veillonella were more prevalent in smokers, males, LUSC patients, and those with Forced Expiratory Volume in 1 second/Forced Vital Capacity (FEV1/FVC) ≥ 70%, but differed in TNM stages. Prevotella predominated in TNM stages III-IV, while Veillonella was more frequent in stages I-II. In contrast, Streptococcus, Rothia, and Capnocytophaga showed higher prevalence in non-smokers, females, LUAD patients, cases with FEV1/FVC < 70%, and those with TNM stages III-IV. These findings reveal distinct microbial prevalence patterns associated with smoking status, gender, histology, pulmonary function, and TNM stage, highlighting the complex interplay between the LRT microbiome and patient characteristics in lung cancer.




Figure 3 | The predominant commensal/colonizing microbial genera in tumor-involved lobes of lung cancer patients.






Figure 4 | The predominant commensal/colonizing microbial genera in the LRT of lung cancer patients among different clinical subgroups. (A) Differences in microbial genera composition between tumor-involved lobe (TL) and non-tumor-involved lobe (nTL) in lung cancer patients; (B) Differences in microbial genera composition between non-smokers and smokers in TLs of lung cancer patients; (C) Differences in microbial genera composition between female and male in TLs of lung cancer patients; (D) Differences in microbial genera composition between lung adenocarcinoma (LUAD) and lung squamous cell carcinoma (LUSC) in TLs of lung cancer patients; (E) Differences in microbial genera composition between Tumor-Node-Metastasis (TNM) I-II and TNM III-IV in TLs of lung cancer patients; (F) Differences in microbial genera composition between Forced Expiratory Volume in 1 second/Forced Vital Capacity (FEV1/FVC) ≥ 70% and FEV1/FVC < 70% in TLs of lung cancer patients.







GSVA

We further performed GSVA using gene sets from the KGEE database on transcriptomic data from TCGA-NSCLC samples (n=987). The results revealed that 18 microbes in lung cancer patients’ LRT significantly correlated (|r| > 0.2, P < 0.001) with 9 major metabolic pathways, primarily including carbohydrate, lipid, and energy metabolism, as well as metabolism of cofactors and vitamins (Figure 5). Among these, Prevotella, Streptococcus, Veillonella, Rothia, and Capnocytophaga exhibited negative correlations with 8 metabolic pathways, including inositol phosphate metabolism and fatty acid biosynthesis, among others. Conversely, these genera showed positive correlations with 19 metabolic pathways, encompassing the citrate cycle (TCA cycle) and glycolysis/gluconeogenesis, as well as additional related pathways. Additionally, we identified correlations between these common genera and pathways in Genetic Information Processing (DNA replication, nucleotide excision repair), Environmental Information Processing (PI3K-Akt, Notch, and Hippo signaling pathways), Cellular Processes (p53 signaling pathway), Organismal Systems (T and B cell receptor signaling pathways, IL−17 signaling pathway), and Human Diseases (Platinum drug resistance, Pathways in cancer, Small cell lung cancer) (Supplementary Figures 1–5). These findings contribute to the understanding of the unique biological role of microbiota in the lung tumor microenvironment.




Figure 5 | Relationship between intratumor microbe and metabolic pathway in TCGA-NSCLC patients. The symbol "*" indicates a p-value < 0.1, "**" indicates a p-value < 0.05, and "***" indicates a p-value < 0.001.








Discussion

Our study enrolled 110 lung cancer patients with suspected LRTIs, of whom 96 (87.3%) were diagnosed with infection based on mNGS, CMTs, and clinical data. Over half of the infections were polymicrobial, with bacteria being the most common, followed by fungi. In lung cancer patients with LRTIs, mNGS demonstrated a significantly higher detection rate for bacterial and fungal pathogens compared to CMTs. However, the difference was not significant when detecting viral infections, a finding consistent with results in non-lung cancer patients. Particularly in the case of sputum culture, mNGS demonstrated a higher pathogen detection rate in patients with LRTIs, regardless of their lung cancer status. Furthermore, Our study identified Prevotella, Streptococcus, Veillonella, Rothia, and Capnocytophaga as prevalent genera in TL of lung cancer patients, with distinct distribution patterns across clinical subgroups. Analysis revealed correlations between the metabolic activity of these genera and signaling pathways including PI3K-Akt, Hippo, and p53.

Despite growing interest in the unbiased, culture-independent diagnostic tool mNGS, its routine use for pathogen identification remains debated. Particularly for lung cancer patients, there is a lack of studies directly comparing the diagnostic performance of mNGS and CMTs in those patients with suspected LRTIs. Peng et al. (Peng et al., 2021) analyzed the diagnostic performance of mNGS compared to CMTs in immunocompromised patients, including 10% with solid tumors, and found no significant difference in overall diagnostic accuracy, particularly for fungal infections. Wang et al. (2024) reported superior performance of mNGS over CMT in detecting bacteria and fungi in severe pneumonia among cancer patients, which is consistent with our findings. However, only less than 35% of their cohort were lung cancer patients. In contrast, our study specifically evaluates the diagnostic performance of mNGS in lung cancer patients with LRTIs, highlighting its relevance in this particular population.

Lung cancer patients are prone to polymicrobial infections in the LRT, resulting in exacerbated respiratory symptoms. Understanding the distribution of pathogens in LRTIs among these patients is crucial for effective infection prevention and appropriate antibiotic use (Li et al., 2021). However, data on polymicrobial infections in cancer patients remain limited. Our study enhances understanding of LRTI epidemiology in lung cancer patients. Results show predominance of bacterial infections, primarily Gram-negative, followed by fungal infections, aligning with previous reports (Wang et al., 2023). For both lung cancer and non-lung cancer patients, mNGS outperformed CMTs in overall bacterial and fungal detection, particularly when compared with culture methods, and this is consistent with previous findings (Sun et al., 2022; Zhang et al., 2022) across different populations, which showed that mNGS pathogen detection rates (67%-80%) were significantly higher than those of traditional culture (19%-45%). These findings demonstrate the broad clinical applicability of mNGS, indicating that its diagnostic performance remains relatively stable across patients with different underlying diseases. White’s study (White et al., 2017) found Aspergillus fumigatus as the most common pathogen detected by mNGS in confirmed invasive aspergillosis pneumonia, with mNGS outperforming CMTs in diagnosis. This conclusion also applies to lung cancer patients in our study. Contrary to previous findings (Shi et al., 2022), our study revealed no significant difference in diagnostic yield between mNGS and CMTs for viral infections. Specifically, mNGS performance was comparable to CMV/EBV-DNA detection in plasma and whole blood, a well-established method for CMV/EBV infection in immunocompromised hosts (Nowalk and Green, 2016). All SARS-CoV-2 cases in our study were detected by pharyngeal swab testing, while this pathogen was not included in the mNGS detection panel. This finding suggests a potential need to expand the mNGS detection scope to encompass emerging pathogens in future studies. Our findings highlight the value of mNGS for diagnosing LRTIs, particularly for fastidious or slow-growing pathogens, in lung cancer patients. However, combining mNGS with conventional cultures may provide more comprehensive diagnostic information.

Previous studies (Yu et al., 2016; Liu et al., 2018; Narunsky-Haziza et al., 2022) have shown significant differences in LRT microbiome diversity between lung cancer patients and non-lung cancer patients. Specifically, lung cancer patients typically exhibit lower α-diversity in their microbiome. Additionally, some studies (Segal et al., 2013; Iksen et al., 2021) have found that lung cancer patients possess a richer supraglottic microbiome than non-lung cancer patients. They suggest that dysbiosis of the LRT microbiome may exacerbate pulmonary inflammation, as indicated by elevated neutrophil and lymphocyte levels in BALF (Segal et al., 2013). This dysbiosis might also regulate epithelial cell proliferation, differentiation, and invasion, thereby promoting the occurrence and progression of lung cancer (Iksen et al., 2021). Building on these findings, we used mNGS to characterize the LRT microbiome and explore potential carcinogenic mechanisms of enriched bacterial communities in lung cancer patients through GSVA. Previous studies (Dong et al., 2021; Sepich-Poore et al., 2021; Wang et al., 2022) have identified Prevotella, Streptococcus, Veillonella, Rothia, and Capnocytophaga as commonly enriched bacterial genera in the LRT of lung cancer patients, consistent with our findings. Among these genera, Capnocytophaga is considered a normal member of the oral microbiota in both animals and humans. Therefore, we further analyzed these populations at the species level (Supplementary Table 6). In the LRT of lung cancer patients, Capnocytophaga gingivalis was the most abundant species, followed by Capnocytophaga sputigena. Both species are found in the human oral cavity, and previous studies have identified Capnocytophaga sputigena as a pathogen in human infectious diseases (Kim et al., 2014; Liu et al., 2021b). Additionally, Capnocytophaga gingivalis has been shown to invade oral squamous cell carcinoma tissues and promote the invasion and metastasis of cancer cells (Zhu et al., 2024). Considering the potential influence of clinical features on LRT microbiota distribution in lung cancer patients (Ramírez-Labrada et al., 2020; Zheng et al., 2021; Kim et al., 2022), we stratified patients into subgroups for detailed microbial characterization. Prevotella and Veillonella were more associated with male, smoking, FEV1/FVC ≥ 70%, and squamous cell carcinoma patients. Notably, Prevotella was more prevalent in TNM stage III-IV, while Veillonella was more common in TNM stage I-II. Conversely, Streptococcus, Rothia, and Capnocytophaga were more prevalent in female, non-smoking, adenocarcinoma, TNM stage III-IV, and FEV1/FVC < 70% patients. These findings enhance our understanding of common microbial distribution across lung cancer subgroups. Some of our findings align with previous studies. Huang et al. (2019) found Rothia and Capnocytophaga enrichment in metastatic LUAD, and Veillonella in metastatic LUSC. Liu et al. (2018) noted higher Streptococcus abundance in lung cancer patients with emphysema versus those without. These findings underscore the potential association between LRT microbiota composition and clinical features in lung cancer patients. GSVA revealed positive correlations between these genera and diverse cancer metabolic pathways, including glycolysis and the TCA cycle. The Warburg effect demonstrates that cancer cells increase their glucose uptake and aerobic glycolysis to support tumor development (Nie et al., 2020). Recent evidence (Anderson et al., 2018) showed that some cancer cells, especially those with deregulated oncogenes and tumor suppressor expression, depend heavily on the TCA cycle for energy and biosynthesis. In addition, GSVA identified potential oncogenic pathways linked to these genera, including the PI3K-Akt pathway, known to be upregulated in early NSCLC and regulate cell proliferation, survival, differentiation, and invasion. Tsay et al. (2018) demonstrated that Prevotella, Streptococcus, and Veillonella promote PI3K pathway upregulation in airway epithelial cells, potentially contributing to lung carcinogenesis. Additionally, dysbiotic lung microbiota stimulated γδT cell proliferation and activation, inducing IL-17 production and promoting neutrophil infiltration and inflammation in the tumor microenvironment (Dong et al., 2021). Dysregulation of pathways such as Hippo signaling can induce lung cancer in model organisms (Harvey et al., 2013), while disruptions in P53 signaling pathways and platinum drug resistance enhance drug tolerance in lung cancer patients (Mo et al., 2022). These oncogenic and treatment-related pathways were also associated with these genera, but further experiments are needed to validate their role in lung cancer promotion via these pathways.

There were some limitations in our studies. Firstly, this retrospective study was limited by sample size. Future studies with larger cohorts are warranted to validate our findings. Secondly, prospective studies utilizing microbiome sequencing of BALF are recommended to comprehensively characterize the LRT microbiota in lung cancer patients. Lastly, further experimental studies are needed to elucidate the specific mechanisms by which microbes promote lung carcinogenesis.





Conclusion

Our study evaluated mNGS performance in diagnosing suspected LRTIs in lung cancer patients and elucidated LRTI epidemiological patterns in this population. Furthermore, by analyzing background microbial sequence reads from mNGS data, we characterized the microbiome features of the LRT in lung cancer patients. GSVA was employed to explore potential carcinogenic mechanisms associated with identified genera. This study comprehensively assessed mNGS clinical utility in diagnosing LRTIs while investigating characteristics and biological significance of the lung cancer-associated microbiome.
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Introduction

Bloodstream infections are a critical challenge worldwide due to the slow turnaround time of conventional microbiological tests for detecting bacteremia in septic patients. Noscendo GmbH (Duisburg, Germany) has developed the CE/IVD pipeline DISQVER for clinical metagenomics testing based on cell-free DNA (cfDNA) from blood samples to address this issue.





Methods

We conducted a retrospective study to evaluate the diagnostic utility of this methodological setup in improving treatment decisions since it was introduced into our clinical setting. Between January 2021 and June 2022, the first 300 cases in which DISQVER was applied at our university hospital were collected and analyzed. The results were compared with routine microbiology test results, clinical picture, associated treatment decisions, and clinical course.





Results

Our findings demonstrate that DISQVER results where no pathogen was reported effectively ruled out bacterial bloodstream infections, whereas positive results varied in their usefulness. While the metagenomic approach proved highly valuable for detecting non-culturable and rare pathogens, its utility was limited in cases where detected microorganisms were commonly associated with the microbiota.





Discussion

Performing on-site analysis might mitigate delays resulting from logistical challenges and might help optimizing antibiotic stewardship. Once prompt results can be obtained, the relevance of incorporating molecular resistograms will become more pronounced. Further, the specific patient subgroups that most benefit from this analysis must be worked out. Guiding clinicians in identifying the infection focus based on the detected bacteria would significantly improve patient care. Lastly, evidence of filamentous fungi must be diligently followed up.
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1 Introduction

Despite the extensive range of antibiotics available in the 21st century, bacterial bloodstream infections remain among the most significant global challenges for intensive care units and diagnostic laboratories and cause substantial morbidity and mortality (Retamar et al., 2012; Lillie et al., 2013; McNamara et al., 2018; Timsit et al., 2020). In addition to the growing number of pathogens resistant to first-line antibiotics, a significant challenge is the lack of a timely diagnostic workup with sufficient sensitivity to identify causative microorganisms and their susceptibility (Retamar et al., 2012; Gutiérrez-Gutiérrez et al., 2017; Timsit et al., 2020). Both aspects are vital to significantly improve clinical outcomes of bloodstream infections, as timely administration of appropriate antimicrobial therapy is paramount for treating sepsis (Gutiérrez-Gutiérrez et al., 2017; Timsit et al., 2020; Asner et al., 2021). Blood cultures remain the most recognized microbiological tests for detecting bacteremia in septic patients; however, these can take several days to provide results (Loonen et al., 2014). Moreover, they are prone to contamination or false-negative results, mainly when collected after antibiotic therapy (Hall and Lyman, 2006; de Prost et al., 2013; Loonen et al., 2014). As a result, septic patients are typically treated with an empirical broad-spectrum antibiotic (combination), leading to a significant risk of antimicrobial overtreatment, antibiotic-induced toxicity, and selection of multidrug-resistant pathogens (Takamatsu et al., 2020; Bruns and Dohna-Schwake, 2022). Biological markers that indicate host’s endogenous response to infection are already widely used (Xie, 2012; Cho and Choi, 2014). Yet, this approach can only tell something about the presence of an infection, not about the infectious agent. Regarding the latter, various novel techniques were developed to improve or complement conventional methods and to recognize bloodstream infections earlier (Liesenfeld et al., 2014, B).

Next-generation sequencing of circulating cfDNA (cell-free DNA) from whole blood samples has recently become clinically available for sepsis diagnostics (Grumaz et al., 2016; Long et al., 2016; Grumaz et al., 2020). While this approach has the potential to provide valuable complementary input to conventional diagnostics, its impact is still to be determined. Starting in 2020, several German public health insurances have begun to cover the cfDNA-based pathogen detection method DISQVER developed by Noscendo GmbH (Duisburg, Germany). Intensive care physicians and microbiologists have since utilized this promising new diagnostic method across Germany. Nevertheless, evidence-based protocols outlining when and in which cases this analysis is most beneficial still need to be formulated. Intending to determine the clinical utility of this method, we retrospectively compared the DISQVER results with routine diagnostic results and treatment decisions in the first 300 cases in which DISQVER was applied at our University Hospital and assessed whether it enabled faster and/or more guided decisions.




2 Materials and methods

The UKB is a tertiary referral and maximum care hospital with over 1,200 beds. Our microbiological diagnostic unit services the entire hospital, but predominantly, the intensive care departments of the hospital used the DISQVER tests in the period under performance study assessment. For DISQVER samples blood was drawn into Streck blood collection tubes which were retrieved by courier upon request and processed off-site (Noscendo GmbH Laboratories, Reutlingen, Germany). Reports were sent at the earliest on the 2nd day after sample collection, with shipping duration matching the time required for subsequent processing. Samples collected and shipped on weekends or national holidays were not processed before the subsequent working day.

Sample preparation and sequencing and analysis have been previously described (Blauwkamp et al., 2019; Brenner et al., 2021). The DISQVER platform comprises a curated microbial genome reference database of over 16 000 microbial species covering more than 1500 pathogens and can detect bacteria, DNA viruses, fungi, and parasites. The report comprises a list of microorganisms detected at clinically relevant levels for each analyzed sample, along with their respective read counts, and does not include a molecular resistogram, treatment recommendations, or other interpretative clinical guidance.

The first 300 DISQVER results generated in our hospital were retrieved from the online access platform and matched the results of blood cultures (BCs) collected on the same day (+/-24h). Blood cultures were incubated for up to 5 days in the Bactec FX blood culture system (Becton Dickinson, Heidelberg, Germany). For identification the Vitek MS (bioMérieux, Marcy l’Etoile, France) was used. DISQVER samples taken from the same patient and with the same results within 14 days were considered as duplicates, and only the first was considered for analysis.

In cases of DISQVER results positive for blood-culturable pathogens (BCP) the results of BCs collected on the same day were retrieved. In the case of matching BC results, it was recorded whether (and if so, by how much) DISQVER results were available faster than routine results and whether, based on that, treatment decisions were made/or could have been made more quickly. In cases without BC collected on the sampling date, results of BCs collected up to 72 hours earlier or later were retrieved, together with the results of other microbiological tests performed during that hospitalization, information on the clinical picture, and clinical course. Cases with DISQVER results positive for BCP but without matching BC or non-BC tests were screened on whether there was a modification in ongoing antibiotic therapy based on the DISQVER result and whether the DISQVER result could explain clinical improvement or lack thereof.

In DISQVER negative cases for BCP (negative or such only reporting viral pathogens), it was retrieved if BC were collected on the same day or at least up to 72 hours earlier or later and if and what growth occurred in these. DISQVER turnaround time was determined for all cases. Likewise, for all blood samples collected, both for blood cultures and cfDNA sequencing, the collection site and modality (e.g., central venous catheter, arterial catheter, or peripheral venipuncture) were documented.

All data relevant to the study are included in the article.

The University Hospital Bonn ethics committee confirmed that no ethics approval was required for this study.




3 Results

Samples of the first 300 cases that met the defined selection criteria belonged to 248 patients and were collected between January 1st, 2021, and June 22nd, 2022. Another 51 samples were collected in that period but were considered as duplicates and were excluded. The median age was 58.6 years (range: 4-91 years), with 154 males (62.1%) and 94 females (37.9%). Figure 1 shows how often DISQVER results matched routine microbiology and clinical picture.




Figure 1 | Display if and how often blood was drawn for cultures simultaneously as for microbial cell-free DNA (mcfDNA) sequencing and whether results of routine investigations and the patient’s clinical picture corresponded to DISQVER results.



In 161 cases, the DISQVER pathogen test was negative. In 51 cases, only viral DNA was detected. The remaining 88 cases were positive for blood-culturable pathogens (BCP). BCP-positive DISQVER results occur into four categories: 1) those confirmed by blood cultures (BC) collected on the same day (+/-24 hours); 2) those confirmed by BC collected earlier or later than DISQVER samples during that hospitalization; 3) those in which DISQVER pathogens were only found in other microbiological samples; and 4) those that could not be reconfirmed in routine diagnostics.

In 131 (43.66%) cases, the actual turnaround time matched the minimum expected duration of two days due to transportation and processing. These were exclusively cases in which samples were collected between Mondays and Thursdays. In 66 (22.00%) of cases reports were available after three days and only included such in which samples were collected between Sundays and Wednesdays. In the remaining 105 (35.00%) of cases, reports were sent within four days, primarily due to sample collection on Fridays, Thursdays, and Saturdays (in this order), or even later if national holidays further impeded transportation or processing. Turnaround time for Thursday samples depended on collection time: those collected in the late afternoon were shipped earliest on Friday resulting in mentioned delayed DISQVER reporting.



3.1 Negative DISQVER results

BCs were drawn within 24 hours of DISQVER sampling in 91 of the 161 DISQVER negative cases. In eight cases, there was growth of a microorganism in BC. Clinically seven were deemed contaminations at an early stage, and these grew Corynebacterium amycolatum (1/6 BC), Cutibacterium acnes (2/6 BC), Enterococcus faecium (1/6 BC), Staphylococcus epidermidis (1/6 BC), Staphylococcus haemolyticus (1/6 BC), Staphylococcus hominis (1/9 BC), and Streptococcus anginosus (1/6 BC). One, growing Rothia mucilaginosa (2/12 BC) presented an interpretative challenge but was ultimately classified as a colonization of the central venous catheter (CVC) rather than a bloodstream infection, leading to the replacement thereof.

In 29 cases, BC was not drawn within 24 hours but at least within 72 hours of DISQVER sampling. In one case, there was growth of Staphylococcus aureus in 1/23 BC. Subsequently, the patient was closely monitored, but no treatment was administered, and no adverse outcomes were observed.




3.2 DISQVER results only positive for viral pathogens

Epstein-Barr virus, Human alphaherpesvirus 1, Human betaherpesvirus 6B, Human cytomegalovirus, and torque teno viruses were the viral pathogens most commonly detected in this group of DISQVER results. BCs were drawn within 24 hours of DISQVER sampling in 31 of these 51 cases. In seven cases, microorganisms grew in BC. Clinically, all were deemed contaminations. In one case, out of 3 BCs collected from CVC, one was positive with Candida albicans and one with Candida glabrata. The patient received voriconazole in addition to meropenem and moxifloxacin due to a suspicion of nosocomial pneumonia and sepsis. Clinically, the findings of Candida were not considered relevant in the context of the pneumonia, and the anti-fungal therapy was not modified to better cover the Candida species, without adverse outcomes. The remaining BC featured growth of Cutibacterium acnes (1/6 BC), Granulicatella adiacens (1/3 BC), and thrice Staphylococcus epidermidis (1/6; 1/6; 2/6 BC).

In another seven cases, BC were not obtained within 24 hours but within 72 hours of DISQVER sampling. In one case, there was growth of C. albicans in 1/12 BC, yet the attending physicians clinically assessed it as either a contaminant or a result of potential sample mishandling.

Our investigation found that contamination was suspected in retrospect in 16 out of 17 cases where growth occurred in BCs that were DISQVER negative for BCP. However, due to the positive BC microscopy findings with gram-positive staphylococci, vancomycin treatment was initiated in two patients. In the 17th case (C. albicans in 1/12 BC), colonization of the CVC was deemed more likely than bloodstream infection. However, due to insufficient documentation, this could ultimately not be definitively confirmed.




3.3 DISQVER concordant with BC collected within 24h

In only nine cases out of the 55 (16.36%) in which BC were collected within 24 hours of DISQVER sampling, the pathogens detected by DISQVER grew in BC (see Figure 2). These were Bacteroides fragilis (1/2 BC), twice Enterococcus faecium (3/4; 4/6 BC), Escherichia coli (4/12 BC), Pseudomonas aeruginosa (1/6 BC), twice S. aureus (2/4; 5/8 BC) and S. epidermidis (12/12 BC). In one case, DISQVER reported Candida parapsilosis and E. faecium, where only C. parapsilosis grew in BC (3/8).




Figure 2 | Comprehensive overview of the concordance between DISQVER positive results, BC, other routine investigations and the clinical picture.



In four cases, the results of DISQVER testing were available within two days of sample collection; in one case, it took three days, and in another four cases (all four collected late on Fridays), it took four days. Gram-stain results were available sooner than the DISQVER results in six cases, with five of these cases also having identification via MALDI-TOF MS and phenotypical susceptibility profiles available earlier.

DISQVER only provided additional diagnostic information in one case, where it detected B. fragilis. As a result, the clinical microbiologist recommended adding metronidazole to the ongoing antibiotic therapy (meropenem), which seven days later turned out to be the only tested substance the isolate was susceptible to, as per the EUCAST 2024 v14 breakpoints (version 01.01, 2024).




3.4 DISQVER positive but BC collected within 24h negative

In 32/41 cases in which BC were collected within 24 hours of DISQVER sampling and the pathogens detected by DISQVER did not grow in BC, information on ongoing or prior antibiotic therapy was available. In 27 of these cases, the patients were receiving an antimicrobial therapy at the time the blood cultures were collected, that would likely have inhibited the growth of the respective pathogens detected by DISQVER (in 20 cases patients were on antimicrobial therapy for already >7 days). In two cases the ongoing and prior antimicrobial therapy only partially explained the lack of growth in BC. In three cases no antimicrobials were administered (see Figure 2).




3.5 Conflicting findings

In five cases, despite blood culture being collected on the same day, DISQVER and BC findings contradicted each other. In none of these cases, peripheral blood was collected for DISQVER. In four of these, S. epidermidis grew in BC (1/6; 2/6; 2/6; 4/11), whereas DISQVER reported 1) Delftia spp., Pseudomonas spp., Burkholderia spp., and C. acnes; 2) Aspergillus fumigatus, Staphylococcus pasteuri, and S. hominis, 3) Lactobacillus spp. and C. albicans and 4) C. acnes. All four S. epidermidis grew in BCs collected from CVC. In one case Pichia kudriavzevii (Candida krusei) grew in 3/7 BC but DISQVER reported A. fumigatus, Aspergillus nidulans and C. parapsilosis.




3.6 DISQVER concordant with earlier or later BC

In 13 additional cases, pathogens detected by DISQVER grew in BC that were collected markedly earlier or later than DISQVER sampling but during that same hospitalization. These are displayed in Table 1, and in three cases, 20 or more days separated DISQVER sampling and sampling of the concordant BC. In seven cases, pathogens were also detected in specimens other than BC. DISQVER often detected multiple pathogens simultaneously, but only some grew in blood cultures. In four cases, DISQVER pathogens with the highest number of reads were not those that grew in BC, but in two of these cases, those with the most reads grew in other clinical specimens. The clinical picture and course matched DISQVER results in all but one case.


Table 1 | DISQVER results (with reads) confirmed by BC collected >72 hours earlier or later than DISQVER sampling and where applicable in non-BC routine microbiological samples.



In four cases, it was possible to discern from the case record that therapy was changed/extended based on the DISQVER evidence. The patients with DISQVER reports of Lichthehimia ramosa and Rhizopus microsporus were both in aplasia with radiological suspicion of a pulmonary focus. The former received a partial lung resection within a few weeks due to a mucormycosis. The latter’s liposomal amphotericin B dosage was increased. In both patients, clinical improvement occurred.




3.7 DISQVER pathogens only detected in other clinical samples

In 25 cases, DISQVER pathogen reports were not matched by BC results but by the results of other routine investigations. Table 2 lists these cases. In 22/25 cases, clinical presentation matched the DISQVER results. In one case, additional data would have been required for appropriate evaluation but was not available. In 13 of these cases, it was possible to assess, based on existing records, whether the ongoing antibiotic therapy was modified exclusively due to the DISQVER report. This occurred in only one of these 13 cases but without clinical improvement.


Table 2 | DISQVER results (with reads) only confirmed by non-BC diagnostic tests.






3.8 DISQVER pathogens not found in routine diagnostics

In 32/88 positive cases, none of the pathogens identified by DISQVER were detected in any other microbiological tests. Therefore, it was crucial to correlate the results with the clinical presentation. For instance, imaging findings strongly suggested fungal pneumonia in all five cases in which DISQVER reported Aspergillus species. Two of these patients were switched to voriconazole and isavuconazole, respectively, resulting in significant improvement. Another case involved the detection of Fusobacterium necrophorum by DISQVER in a patient subsequently diagnosed with Lemierre’s syndrome. Table 3 provides the DISQVER results, the consistency of the clinical presentation with the result, whether there was a modification in ongoing antibiotic therapy based on the DISQVER result, and whether the DISQVER result could explain clinical improvement or lack thereof.


Table 3 | DISQVER results (with reads) not found in other diagnostic tests.



In Germany, hospital billing, usually via DRGs, for sepsis is dependent on the identification of pathogens, as the identification of a pathogen often results in more targeted and possibly more expensive treatment. In 57/88 of DISQVER-positive cases, i.e. 19% of all cases, DISQVER pathogen detection could have led to an increase in the diagnosis-related group (DRG) based per-case reimbursement.





4 Discussion

cfDNA circulating in plasma has mainly been used as a prognostic marker so far and has been appraised as a good predictor of patient outcome in ICU (Dwivedi et al., 2012; Ahmed et al., 2016; Volik et al., 2016; Chiu and Miller, 2019), less so as a marker of sepsis (Ahmed et al., 2016). However, rather than sequenced, cfDNA is only quantitatively assessed when used as a prognostic marker. Given that most circulating cfDNA in the blood is host-derived (Dwivedi et al., 2012), studies discarding the value of cfDNA in sepsis primarily refer to circulating cell-free host DNA. With metagenomic next-generation sequencing (mNGS) techniques, it is principally possible to sequence mentioned DNA in every routine molecular laboratory within hours (Chiu and Miller, 2019). When mNGS is applied to cfDNA, cfDNA is not only quantitatively assessed. Sequencing cfDNA generates high-quality data that can be used for purposes ranging from tumor detection (Volik et al., 2016) to pathogen identification (Forsblom et al., 2014; Grumaz et al., 2016; Long et al., 2016; Hong et al., 2018; Huang et al., 2018; Grumaz et al., 2020; Wang et al., 2021), as in our study.

Rather than human DNA, in sepsis diagnostics, most of the interest is limited to sequenced microbial DNA. However, due to technical considerations, human DNA is generally sequenced alongside and only filtered out bioinformatically. As a result, the term cfDNA sequencing is often used when only microbial cell-free DNA (mcfDNA) is evaluated. Attention is therefore warranted when comparing studies evaluating the clinical potential of measuring cfDNA, sequencing cfDNA, and sequencing cfDNA for pathogen detection. Plasma mcfDNA testing has the potential to identify, in a hypothesis-free manner, a broad spectrum of infections throughout the body and inform clinicians beyond the classic manifestations of infectious disease. The results of our study, however, highlight that in our setting, the method does not yet seem to live up to its potential.

Studies involving from tens to hundreds of subjects have attempted to evaluate the sensitivity (70.0%-92.9%) and specificity (62.7%-88.2%) of mcfDNA sequencing for pathogen identification, using the results of conventional methods and/or clinical judgment as reference standards (Han et al., 2020). We did not aim to determine the sensitivity or specificity of the test. However, it should be noted that in no DISQVER-negative sample (and those only reporting viruses), there was cultural growth of a microorganism that was undoubtedly considered the causative pathogen. To truly capture the sensitivity, it would be beneficial to compare the performance of DISQVER and cfDNA sequencing in general, in addition to culture and clinic, also to metagenomic tests that also target/include intracellular DNA. Given the hypothetical relatively short turnaround time, if the high sensitivity were confirmed, the test would prove very valuable in ruling out an infection.

In this study, it was not possible to reliably assess whether DISQVER-negative results lead to an antibiotic de-escalation, which should be addressed in future studies. In our study, clinicians mainly called upon DISQVER when all other diagnostic options had been exhausted, but the patient was still suspected of having an infectious condition. However, the strength of metagenomics may lie in its potential for early exclusion of infections, which could yield significant benefits in antibiotic stewardship.

Another strength lies in detecting pathogens that are difficult or slow to grow, unexpected, or already treated with antibiotics; this advantage is common to all metagenomic approaches and has been widely documented (Gu et al., 2019; Han et al., 2020; Freeman Weiss et al., 2021). Examples from our study include Chlamydophila psittaci, Cyclospora cayetanensis, Fusobacterium necrophorum, and various Aspergillus spp. results in combination with radiological suspicions of fungal pneumonia. In retrospect, the detection of filamentous fungi almost invariably aligned with the clinical presentation and progression, underscoring their identification as particularly significant. The inclusion of parasites and viruses within the scope of detection significantly broadens the diagnostic potential, offering capabilities that extend well beyond the confines of traditional blood culture methodologies. Notably, from an accounting perspective, the identification of such pathogens, including those that may have been suppressed by antibiotic treatment, entitled to increased DRG-based per-case reimbursement in 19% of cases.

In addition to its use for sepsis diagnosis, sequencing cfDNA has also been discussed for preventive pathogen detection before the onset of bloodstream infections in particularly vulnerable patient groups (Goggin et al., 2021). Furthermore, cfDNA sequencing also holds interesting potential when applied to diagnose invasive infections beyond sepsis and using materials other than blood (Yu et al., 2022; Li et al., 2023; Hu et al., 2024; Petri et al., 2024). Our study encountered instances where DISQVER identified pathogens that were only later detected in blood cultures. However, more commonly, we observed reports that presented challenges in interpretation for attending physicians, particularly in cases where multiple intestinal or skin pathogens were detected. In this regard, an intriguing breakthrough could be the suggestion of a probable infection focus based on evidence of specific pathogen patterns. Additionally, it warrants investigation whether the identification of torque teno viruses or other viruses could serve as a marker for excessive patient immunosuppression (Redondo et al., 2022). The most conflicting cases, all from DISQVER samples collected from CVCs, suggest a strong recommendation to avoid sampling from CVC.

Our study’s findings indicate that the processing time is a significant obstacle when using the DISQVER method in practice. This is not due to the method itself but is caused by logistical and operational issues. In most cases where the DISQVER results were concordant with those of the blood culture, the DISQVER report was available later than the microscopy results and, in some cases, even later than the preliminary and final results of antimicrobial susceptibility testing. This was particularly true when samples were obtained during weekends. Thus, the test would seem more suitable for sepsis diagnosis when it can be performed on-site, when needed, or at least daily, as the entire sample preparation and sequencing process for the DISQVER method can be conducted in most advanced laboratories equipped for molecular diagnostic testing, utilizing sequencing platforms that are increasingly available in microbiology departments and are often already established in molecular pathology and human genetics laboratories. Also, it is crucial to recognize that knowledge of the pathogen causing an infection does not directly dictate treatment choice. Hence, the ability to identify resistance genes and, ideally, to generate molecular antibiograms beyond resistance genes will be critical. However, this aspect will only become relevant once rapid results can be obtained.

Limitations of the study include its retrospective single-center design and the absence of an in-depth cost-benefit analysis. Additionally, comparing DISQVER to other NGS-based and non-NGS-based methods would enhance the assessment of its clinical utility.




5 Conclusion

Logistical delays currently compromise one of the main advantages that molecular genetic tests have over slow blood culture diagnostics. Performing on-site analysis could remedy this and maximize the potential of metagenomics to rapidly rule out infections and support antibiotic management. It is important to determine exactly which patient groups would benefit most from this relatively costly method in order to integrate it seamlessly into regular diagnostic procedures. Although its utility may be limited if the identified microorganisms are largely part of the body’s normal microbial community, the occasional detection of relevant pathogens missed by conventional methods has led to benefits in diagnosis, treatment and cost-effectiveness.





Data availability statement

The original contributions presented in the study are included in the article/supplementary material. Further inquiries can be directed to the corresponding author.





Ethics statement

The studies involving humans were approved by University Hospital Bonn ethics committee. The studies were conducted in accordance with the local legislation and institutional requirements. Written informed consent for participation was not required from the participants or the participants’ legal guardians/next of kin in accordance with the national legislation and institutional requirements.





Author contributions

CN: Conceptualization, Data curation, Formal analysis, Investigation, Methodology, Project administration, Supervision, Visualization, Writing – original draft, Writing – review & editing. NK: Data curation, Formal analysis, Writing – review & editing. AY: Data curation, Writing – review & editing. THa: Data curation, Writing – review & editing. RM: Data curation, Writing – review & editing. CB: Data curation, Writing – review & editing. THo: Data curation, Writing – review & editing. AH: Conceptualization, Data curation, Writing – review & editing. MP: Conceptualization, Data curation, Formal analysis, Investigation, Project administration, Resources, Supervision, Writing – review & editing.





Funding

The author(s) declare that no financial support was received for the research, authorship, and/or publication of this article.





Conflict of interest

The authors declare that the research was conducted in the absence of any commercial or financial relationships that could be construed as a potential conflict of interest.





Generative AI statement

The author(s) declare that no Generative AI was used in the creation of this manuscript.





References

 Ahmed, A. I., Soliman, R. A., and Samir, S. (2016). Cell free DNA and procalcitonin as early markers of complications in ICU patients with multiple trauma and major surgery. Clin. Lab. 62, 2395–2404. doi: 10.7754/Clin.Lab.2016.160615

 Asner, S. A., Desgranges, F., Schrijver, I. T., and Calandra, T. (2021). Impact of the timeliness of antibiotic therapy on the outcome of patients with sepsis and septic shock. J. Infect. 82, 125–134. doi: 10.1016/j.jinf.2021.03.003

 Blauwkamp, T. A., Thair, S., Rosen, M. J., Blair, L., Lindner, M. S., Vilfan, I. D., et al. (2019). Analytical and clinical validation of a microbial cell-free DNA sequencing test for infectious disease. Nat. Microbiol. 4 (4), 663–674. doi: 10.1038/s41564-018-0349-6

 Brenner, T., Skarabis, A., Stevens, P., Axnick, J., Haug, P., Grumaz, S., et al. (2021). Optimization of sepsis therapy based on patient-specific digital precision diagnostics using next generation sequencing (DigiSep-Trial)—study protocol for a randomized, controlled, interventional, open-label, multicenter trial. Trials 22 (1), 714. doi: 10.1186/s13063-021-05667-x

 Bruns, N., and Dohna-Schwake, C. (2022). Antibiotics in critically ill children—a narrative review on different aspects of a rational approach. Pediatr. Res. 91, 440–446. doi: 10.1038/s41390-021-01878-9

 Chiu, C. Y., and Miller, S. A. (2019). Clinical metagenomics. Nat. Rev. Genet. 20, 341–355. doi: 10.1038/s41576-019-0113-7

 Cho, S. Y., and Choi, J. H. (2014). Biomarkers of sepsis. Infect. Chemother. 46, 1–12. doi: 10.3947/ic.2014.46.1.1

 de Prost, N., Razazi, K., and Brun-Buisson, C. (2013). Unrevealing culture-negative severe sepsis. Crit. Care 17, 1–2. doi: 10.1186/1364-8535-17-1001

 Dwivedi, D. J., Toltl, L. J., Swystun, L. L., Pogue, J., Liaw, K. L., Weitz, J. I., et al. (2012). Prognostic utility and characterization of cell-free DNA in patients with severe sepsis. Crit. Care 16, 1–11. doi: 10.1186/cc11466

 Forsblom, E., Aittoniemi, J., Ruotsalainen, E., Helmijoki, V., Huttunen, R., Jylhävä, J., et al. (2014). High cell-free DNA predicts fatal outcome among Staphylococcus aureus bacteraemia patients with intensive care unit treatment. PloS One 9, e87741. doi: 10.1371/journal.pone.0087741

 Freeman Weiss, Z., Leon, A., and Koo, S. (2021). The evolving landscape of fungal diagnostics, current and emerging microbiological approaches. J. Fungi. 7, 127. doi: 10.3390/jof7020127

 Goggin, K. P., Griffen, A., Kohler, C., Allison, K. J., Inaba, Y., Ahmed, A. A., et al. (2021). 75: microbial cell-free DNA sequencing for prediction of culture-negative infection events in children with cancer. J. Pediatr. Infect. Dis. Soc. 10, S8–S9. doi: 10.1093/jpids/piaa170.024

 Grumaz, C., Hoffmann, A., Vainshtein, Y., Kopp, M., Grumaz, S., Stevens, P., et al. (2020). Rapid next-generation sequencing–based diagnostics of bacteremia in septic patients. J. Mol. Diagn. 22, 405–418. doi: 10.1016/j.jmoldx.2019.12.006

 Grumaz, S., Stevens, P., Grumaz, C., Decker, S. O., Weigand, M. A., Hofer, S., et al. (2016). Next-generation sequencing diagnostics of bacteremia in septic patients. Genome Med. 8, 1–13. doi: 10.1186/s13073-016-0326-8

 Gu, W., Miller, S., and Chiu, C. Y. (2019). Clinical metagenomic next-generation sequencing for pathogen detection. Annu. Rev. Pathol. 14, 319. doi: 10.1146/annurev-pathmechdis-012418-012751

 Gutiérrez-Gutiérrez, B., Salamanca, E., de Cueto, M., Hsueh, P. R., Viale, P., Paño-Pardo, J. R., et al. (2017). Effect of appropriate combination therapy on mortality of patients with bloodstream infections due to carbapenemase-producing Enterobacteriaceae (INCREMENT): a retrospective cohort study. Lancet Infect. Dis. 17, 726–734. doi: 10.1016/S1473-3099(17)30228-1

 Hall, K. K., and Lyman, J. A. (2006). Updated review of blood culture contamination. Clin. Microbiol. Rev. 19, 788–802. doi: 10.1128/CMR.00062-05

 Han, D., Li, R., Shi, J., Tan, P., Zhang, R., and Li, J. (2020). Liquid biopsy for infectious diseases: a focus on microbial cell-free DNA sequencing. Theranostics 10, 5501. doi: 10.7150/thno.45554

 Hong, D. K., Blauwkamp, T. A., Kertesz, M., Bercovici, S., Truong, C., and Banaei, N. (2018). Liquid biopsy for infectious diseases: sequencing of cell-free plasma to detect pathogen DNA in patients with invasive fungal disease. Diagn. Microbiol. Infect. Dis. 92, 210–213. doi: 10.1016/j.diagmicrobio.2018.06.009

 Hu, Y., Zhao, Y., Zhang, Y., Chen, W., Zhang, H., and Jin, X. (2024). Cell-free DNA: a promising biomarker in infectious diseases. Trends Microbiol. 11, S0966-842X(24)00168-9. doi: 10.1016/j.tim.2024.06.005

 Huang, T., Yang, Z., Chen, S., and Chen, J. (2018). Predictive value of plasma cell-free DNA for prognosis of sepsis. Zhonghua. Wei. Zhong. Bing. Ji. Jiu. Yi. Xue. 30 (10), 925–928. doi: 10.3760/cma.j.issn.2095-4352.2018.010.003

 Li, X., Yang, L., Li, D., Yang, X., Wang, Z., Chen, M., et al. (2023). Diagnosis of neurological infections in pediatric patients from cell-free DNA specimens by using metagenomic next-generation sequencing. Microbiol. Spectr. 11, e02530–e02522. doi: 10.1128/spectrum.02530-22

 Liesenfeld, O., Lehman, L., Hunfeld, K. P., and Kost, G. (2014). Molecular diagnosis of sepsis: New aspects and recent developments. Eur. J. Microbiol. Immunol. 4, 1–25. doi: 10.1556/EuJMI.4.2014.1.1

 Lillie, P. J., Allen, J., Hall, C., Walsh, C., Adams, K., Thaker, H., et al. (2013). Long-term mortality following bloodstream infection. Clin. Microbiol. Infect. 19, 955–960. doi: 10.1111/1469-0691.12101

 Long, Y., Zhang, Y., Gong, Y., Sun, R., Su, L., Lin, X., et al. (2016). Diagnosis of sepsis with cell-free DNA by next-generation sequencing technology in ICU patients. Arch. Med. Res. 47, 365–371. doi: 10.1016/j.arcmed.2016.08.004

 Loonen, A. J. M., Wolffs, P. F. G., Bruggeman, C. A., and Van den Brule, A. J. C. (2014). Developments for improved diagnosis of bacterial bloodstream infections. Eur. J. Clin. Microbiol. Infect. Dis. 33, 1687–1702. doi: 10.1007/s10096-014-2153-4

 McNamara, J. F., Righi, E., Wright, H., Hartel, G. F., Harris, P. N., and Paterson, D. L. (2018). Long-term morbidity and mortality following bloodstream infection: a systematic literature review. J. Infect. 77, 1–8. doi: 10.1016/j.jinf.2018.03.005

 Petri, F., Mahmoud, O. K., Ranganath, N., El Zein, S., Abu Saleh, O., Berbari, E. F., et al. (2024). “Plasma microbial cell-free DNA next-generation sequencing can be a useful diagnostic tool in patients with osteoarticular infections,” in Open Forum Infectious Diseases, vol. 11. (Oxford University Press, US), ofae328.

 Redondo, N., Navarro, D., Aguado, J. M., and Fernández-Ruiz, M. (2022). Viruses, friends, and foes: The case of Torque Teno Virus and the net state of immunosuppression. Transplant. Infect. Dis. 24, e13778. doi: 10.1111/tid.13778

 Retamar, P., Portillo, M. M., López-Prieto, M. D., Rodríguez-López, F., De Cueto, M., García, M. V., et al. (2012). Impact of inadequate empirical therapy on the mortality of patients with bloodstream infections: a propensity score-based analysis. Antimicrobial. Agents Chemother. 56, 472–478. doi: 10.1128/AAC.00462-11

 Takamatsu, A., Yao, K., Murakami, S., Tagashira, Y., Hasegawa, S., and Honda, H. (2020). “Barriers to adherence to antimicrobial stewardship postprescription review and feedback for broad-spectrum antimicrobial agents: a nested case-control study,” in Open forum infectious diseases, vol. 7. (Oxford University Press, US), ofaa298.

 Timsit, J. F., Ruppé, E., Barbier, F., Tabah, A., and Bassetti, M. (2020). Bloodstream infections in critically ill patients: an expert statement. Intensive Care Med. 46, 266–284. doi: 10.1007/s00134-020-05950-6

 Volik, S., Alcaide, M., Morin, R. D., and Collins, C. (2016). Cell-free DNA (cfDNA): clinical significance and utility in cancer shaped by emerging technologies. Mol. Cancer Res. 14, 898–908. doi: 10.1158/1541-7786.MCR-16-0044

 Wang, L., Guo, W., Shen, H., Guo, J., Wen, D., Yu, Y., et al. (2021). Plasma microbial cell-free DNA sequencing technology for the diagnosis of sepsis in the ICU. Front. Mol. Biosci. 8, 487. doi: 10.3389/fmolb.2021.659390

 Xie, L. (2012). New Biomarkers for Sepsis. Sepsis - An Ongoing and Significant Challenge. InTech. Available online at: http://dx.doi.org/10.5772/50197.

 Yu, L., Zhang, Y., Zhou, J., Zhang, Y., Qi, X., Bai, K., et al. (2022). Metagenomic next-generation sequencing of cell-free and whole-cell DNA in diagnosing central nervous system infections. Front. Cell. Infect. Microbiol. 12, 951703. doi: 10.3389/fcimb.2022.951703




Publisher’s note: All claims expressed in this article are solely those of the authors and do not necessarily represent those of their affiliated organizations, or those of the publisher, the editors and the reviewers. Any product that may be evaluated in this article, or claim that may be made by its manufacturer, is not guaranteed or endorsed by the publisher.

Copyright © 2025 Neidhöfer, Klein, Yürüktümen, Hattenhauer, Mispelbaum, Bode, Holderried, Hoerauf and Parčina. This is an open-access article distributed under the terms of the Creative Commons Attribution License (CC BY). The use, distribution or reproduction in other forums is permitted, provided the original author(s) and the copyright owner(s) are credited and that the original publication in this journal is cited, in accordance with accepted academic practice. No use, distribution or reproduction is permitted which does not comply with these terms.




ORIGINAL RESEARCH

published: 13 March 2025

doi: 10.3389/fcimb.2025.1532257

[image: image2]


Identification of causative agents of infective endocarditis by metagenomic next-generation sequencing of resected valves


Vladimir Lazarevic 1*†, Nadia Gaïa 1†, Truong-Thanh Pham 2, Mikaël de Lorenzi-Tognon 1,3, Myriam Girard 1, Florian Mauffrey 1, Yannick Charretier 1, Gesuele Renzi 3, Christoph Huber 4‡ and Jacques Schrenzel 1,2,3‡


1 Genomic Research Laboratory, Department of Medicine, Geneva University Hospitals (HUG) and University of Geneva, Geneva, Switzerland, 2 Division of Infectious Diseases, Department of Medicine, Geneva University Hospitals (HUG), Geneva, Switzerland, 3 Laboratory of Bacteriology, Division of Laboratory Medicine, Department of Diagnostics, Geneva University Hospitals (HUG), Geneva, Switzerland, 4 Division of Cardiovascular Surgery, Department of Surgery, Geneva University Hospitals (HUG), Geneva, Switzerland




Edited by: 

Li Ang, First Affiliated Hospital of Zhengzhou University, China

Reviewed by: 

Beiwen Zheng, Zhejiang University, China

Todd Kitten, Virginia Commonwealth University, United States

*Correspondence: 

Vladimir Lazarevic
 vladimir.lazarevic@genomic.ch

†These authors have contributed equally to this work and share first authorship

‡These authors have contributed equally to this work and share senior authorship


Received: 21 November 2024

Accepted: 19 February 2025

Published: 13 March 2025

Citation:
Lazarevic V, Gaïa N, Pham T-T, de Lorenzi-Tognon M, Girard M, Mauffrey F, Charretier Y, Renzi G, Huber C and Schrenzel J (2025) Identification of causative agents of infective endocarditis by metagenomic next-generation sequencing of resected valves. Front. Cell. Infect. Microbiol. 15:1532257. doi: 10.3389/fcimb.2025.1532257






Background

Infective endocarditis (IE) is a rare and life-threatening condition with considerable mortality rates. Diagnosis is often complicated by negative blood culture results, limiting the accurate identification of causative pathogens. This study aimed to evaluate the effectiveness of metagenomic next-generation sequencing (mNGS) of cardiac valve specimens compared to conventional clinical laboratory methods for identifying pathogens in IE.





Methods

Nineteen patients with suspected IE who were scheduled for surgical valve removal were prospectively enrolled. The metagenomic workflow included bacterial DNA enrichment from resected valves using the Molzym Ultra-Deep Microbiome Prep, sequencing of metagenomic libraries using the Illumina MiSeq platform, and Kraken 2 taxonomic assignments based on read data.





Results

Valve mNGS achieved a sensitivity of 82.4% and a specificity of 100% relative to the final adjudicated pathogen diagnosis. Blood culture, considered the reference standard, exhibited slightly higher sensitivity (88.2%) with comparable specificity (100%). In comparison, valve culture (sensitivity: 29.4%, specificity: 50.0%) and microscopy (sensitivity: 35.3%, specificity: 100%) showed lower diagnostic performance. Delays between blood culture negativization and valve resection impacted mNGS sensitivity, likely due to pathogen clearance. Notably, valves resected within 12 days from blood culture negativization achieved 100% diagnostic accuracy, emphasizing the importance of timing for optimal mNGS results.





Conclusion

This study underscores mNGS as a valuable diagnostic tool for detecting IE pathogens, complementing traditional diagnostic methods. The detection of antibiotic resistance genes and multi-locus sequence typing profiles in some samples further demonstrated its utility.
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1 Introduction

Infective endocarditis (IE) represents an inflammation of the inner layer of the heart (endocardium), notably cardiac valves, mostly of bacterial origin. IE is a rare condition, with 1.5–11.6 cases per 100,000 person-years (Bin Abdulhak et al., 2014), but it presents diagnostic and therapeutic challenges, as evidenced by its high mortality rates: 10–24% short-term and 22–37% long-term for 30-day and 1-year mortality, respectively (Ahtela et al., 2019).

Since 2009, there has been an increased incidence of IE in several European countries. Possible contributing factors include ageing population, increased use of cardiovascular devices, increase in intravenous drug use, emergence of coagulase-negative staphylococci and enterococci (not targeted by antibiotic prophylaxis strategies) as causative agents, improved clinical awareness of IE and recent restriction of antibiotic prophylaxis before invasive dental procedures (Chu et al., 2008; Thornhill et al., 2020).

The most common causative agents of IE are gram-positive bacteria–staphylococci, streptococci and enterococci –followed by the gram-negative HACEK group (Haemophilus spp., Aggregatibacter spp., Cardiobacterium hominis, Eikenella corrodens and Kingella spp.) organisms (Moreillon and Que, 2004). Blood cultures, a gold standard for IE diagnosis, yield negative results in about 20% cases (Kong et al., 2022). Negative results are mainly caused by antibiotic drugs administration prior to the collection of blood for culture as well as infections with difficult-to-culture bacteria such as Coxiella burnetii, Bartonella spp., Brucella spp. and Tropheryma whipplei. Yet, the causative agent of culture-negative IE can be identified in 50–80% of cases using alternate diagnostic assays such as serological testing, cardiac valve culture, PCR, qPCR, microscopy or immunochemistry, as well as blood PCR or qPCR assays (Fournier et al., 2010; Fournier et al., 2017).

The current guidelines of the American Association for Thoracic Surgery recommend PCR testing to identify/confirm causative organisms in excised valves (Pettersson and Hussain, 2019). Next-generation sequencing (NGS) techniques, such as targeted 16S rRNA gene amplicon sequencing and metagenomic NGS (mNGS), offer the capability to identify co-pathogens and those with low relative abundance, which might be missed by traditional culture methods and 16S rRNA broad-range PCR (BR-PCR) (Eichenberger et al., 2023; Flurin et al., 2023; Hong et al., 2023). Moreover, mNGS presents the potential for pathogen typing and predicting antibiotic resistance profiles (Cheng et al., 2018; Chan et al., 2019; Cheng et al., 2019; Choutko et al., 2019; Flurin et al., 2023).

The aim of this study was to evaluate the diagnostic performance of mNGS on cardiac valve specimens from 19 patients with suspected IE, comparing it with that of standard clinical laboratory tests. Understanding the strengths and limitations of mNGS is crucial for advancing diagnostic strategies, particularly in cases where conventional methods may not always provide definitive results.




2 Methods



2.1 Participants

The study was conducted at the University Hospitals of Geneva (HUG), Geneva, Switzerland. Between October 2017 and January 2020, participants with possible infective endocarditis (IE) were recruited as part of this prospective cohort study. Possible IE was defined based on modified Duke’s criteria, requiring either 1 major and 1 minor criterion or 3 minor criteria to be met (Li et al., 2000). All adults (≥18 years old) were eligible for the study if IE was suspected and a surgical intervention was scheduled. Exclusion criteria included hematopoietic stem-cell transplant recipients and possible IE managed without surgical intervention. We examined all microbiological data, including blood and biopsy cultures, biopsy microscopy, and, where relevant, BR-PCR or species-specific qPCR on blood or surgical biopsies, and serological testing. The primary outcome measured was the concordance between mNGS analyses and other microbiological findings, as well as with the retrospectively adjudicated final diagnosis of IE, which was based on an aggregate of clinical and microbiological data. All procedures performed in this study involving human participants were in accordance with the Declaration of Helsinki.




2.2 Blood culture

An average of three sets of blood culture bottles (BD BACTEC Standard Anaerobic/Aerobic medium, BD, USA) was filled with 8–10 mL of blood sampled through peripheral venous puncture and incubated into an automated continuous monitoring system (BD BACTEC FX 400, BD) at 35°C for 5 days. Positive blood cultures flagged by the system were then sub-cultured onto the following agar plates: Columbia agar with 5% sheep blood (BioMérieux, France), chocolate agar (BioMérieux), MacConkey agar (BioMérieux), Columbia colistin-nalidixic acid (CNA) agar with 5% sheep blood (BD, USA) and CDC anaerobic blood agar plates (Anaerobe Systems, USA). The solid media were incubated under aerobic conditions (72 h incubation at 35°C in 5% CO2 atmosphere) except for CDC agar plates that were incubated under anaerobic conditions (48 h incubation at 35°C). This work was performed either by a lab technician for samples collected before 2019 or by the WASPLab automated system (Copan, Italy) after 2019. The latter concerns 4 study participants, namely number 16, 18, 19 and 20. Each plate was manually assessed for growth and if positive, microorganisms were identified using matrix-assisted laser desorption ionization time-of-flight mass spectrometry (MALDI-TOF MS) BioTyper (Bruker Daltonics, Germany) system and antimicrobial susceptibility testing (AST) was performed subsequently using the disk diffusion method following EUCAST recommendations with a SIRscan image analyzer (i2A, France) (Cherkaoui et al., 2020).




2.3 Valve culture

A fragment of the biological valve or of the tissue associated with the mechanical valve was carefully cut into small pieces in a sterile environment (LabGard, NuAire, USA) and placed into a ProbeAX mixing vessel (Axonbiotech, Germany). The tube was then run onto the grinding device (Ultra-TurAX Tube Drive, IKA, Germany) for 3 minutes at 6,000 rpm to homogenize the tissue. At least 3 mL of the resulting homogenized liquid solution was transferred to an emptied eSwab tube (490CE.A, Copan, Italy) and plated manually (before 2019) or via the WASPLab automated system (after 2019) onto: Columbia agar with 5% sheep blood, chocolate agar, MacConkey agar, Columbia colistin-nalidixic acid (CNA) agar with 5% sheep blood and CDC anaerobic blood agar. Additionally, 5 mL of brain-heart infusion (BHI) broth (BD, USA) was inoculated with the homogenized liquid solution. Inoculated solid and liquid media were incubated under aerobic conditions (72 h incubation at 35°C in 5% CO2 atmosphere) except for CDC agar plates that were incubated under anaerobic conditions (48 h incubation at 35°C). After visual identification of positive BHI cultures, they were subsequently plated onto solid media for aerobic cultivation, following the procedure described above. Every day, each plate was manually assessed for growth, and if positive, microbes were identified by MALDI-TOF MS and AST performed as described above.




2.4 Methicillin-susceptibility testing of Staphylococcus aureus

Methicillin-susceptibility for S. aureus isolates from valve tissue or blood cultures was assessed both phenotypically by performing AST (see above) and by real-time qPCR targeting mecA and femA genes as described previously (Francois et al., 2003; Emonet et al., 2016).




2.5 Microscopy

Smear slides for microscopic examination were prepared either from a droplet of homogenized liquid valve samples (see above) or from the scrubbed swab in case of mechanical valve samples. Two slides were prepared for each sample and then stained with Color Gram Kit (BioMérieux, France) and Acridine Orange (BD, USA). Results were interpreted as semi-quantitative based on the number of cells counted in a microscopic field at 100×-magnification for bacterial cells (+, 1–5 forms/field; ++, 5–25 forms/field; +++, >25 forms/field) following published international recommendations (Church et al., 2000).




2.6 Serological tests for Bartonella henselae, Brucella spp., C. burnetii and Francisella tularensis

Serum samples were sent to laboratories accredited for serological analysis to detect antibodies to B. henselae (Institute of Medical Microbiology, Zurich, Switzerland), C. burnetii (Central Institute of the Valais Hospital, Sion, Switzerland), Brucella spp. (CERBA Laboratory, Cergy-Pontoise, France) and F. tularensis (Centre for Laboratory Medicine, St. Gallen, Switzerland).




2.7 Broad-range 16S rRNA PCR on blood and valve tissues

BD Vacutainer K2 EDTA Tubes (BD, USA), used to collect blood samples from peripheral venous puncture, and frozen stored valve samples were sent to the certified diagnostic laboratory (Institute of Medical Microbiology, Zurich, Switzerland) for BR-PCR testing. DNA extraction and identification by 16S rRNA gene amplification and Sanger sequencing were performed as described previously (Bosshard et al., 2003; Rampini et al., 2011).




2.8 Specific qPCR for C. burnetii and T. whipplei on blood and valve tissues

Blood samples collected through peripheral venous puncture in BD Vacutainer K2 EDTA Tubes (BD, USA), and frozen stored valve samples were sent to the certified diagnostic laboratories for identification of C. burnetii (Central Institute of the Valais Hospital, Sion, Switzerland) and T. whipplei (Institute for Medical and Molecular Diagnostics, Zurich, Switzerland) by qPCR.




2.9 DNA extraction from cardiac valves

DNA extraction from cardiac valves was carried out on the material remaining after the removal of a valve fragment for bacterial cultivation. The specimen was minced with a scalpel and homogenized with Hard Tissue Homogenizing Mix 2 mL-tubes (Omni International, USA) on a Bead Ruptor 4 (Omni International) at speed 3 for 30 s. DNA extractions were performed using the Ultra-Deep Microbiome Prep Kit (Molzym, Germany), which is designed to enrich bacterial DNA by selectively lysing host cells and removing human DNA through DNase treatment. Two different pre-treatments were applied to each specimen. The first (hereafter, MOLZ) included proteinase K-based tissue solubilization following the manufacturer’s instructions. The second (hereafter, MOLZ-CH) used a collagenase/hyaluronidase mixture instead. For that purpose, to the valve homogenate we added 1/10 volume of each of the three enzymes: Type I and II collagenases from Clostridium histolyticum (Sigma C0130 and C6885), and hyaluronidase from bovine testes (Sigma H3506), prepared as a 2% solution in Dulbecco’s phosphate-buffered saline with MgCl2 and CaCl2 (DPBS; D8662, Sigma-Aldrich). Reactions were incubated on a thermomixer for 90 min at 37°C with shaking at 1,000 rpm. Purified DNA was eluted in 100 µL of water and stored at –20°C. For negative extraction controls (NECs), DPBS was used instead of clinical samples.

Supplementary Table S1 provides details regarding the sample mass and variations to the core extraction protocols, such as the addition of a buffer prior or after valve homogenization and the addition of a spin/centrifugation step for removal of macroscopically visible undigested valve material. For patient #16, two available valve fragments were analyzed.




2.10 Quantification of human and bacterial DNA

The concentrations of human and bacterial DNA in valve extracts were determined by qPCR targeting human beta-actin and bacterial 16S rRNA reference genes, respectively, as previously described, using 1 µL of non-diluted DNA extract (Leo et al., 2021).




2.11 Metagenomic DNA sequencing

Metagenomic libraries were prepared at Fasteris (Plan-Les-Ouates, Switzerland) using Nextera XT DNA Sample Preparation Kit (Illumina, USA) and sequenced (2×250 cycles) on an Illumina MiSeq instrument with the MiSeq Reagent Kit v3.




2.12 Bioinformatics analysis

FASTQ files were trimmed with Trimmomatic v.0.36 using the following parameters: LEADING 11, TRAILING 11, SLIDINGWINDOW:20:28 and MINLEN:100. Duplicated reads were removed using the in-house script remove_duplicate_v2.pl (https://github.com/GRL-HUG/duplicates.git). Low-complexity reads were filtered out with Komplexity (–threshold 0.5 –filter) and fastq files were rewritten using Fastq-pair (Clarke et al., 2019; Edwards and Edwards, 2019).

Human DNA sequence clean-up was performed by assigning reads to the human genome (GRCh38.p13) using Kraken 2 in paired-end mode (Wood et al., 2019). Unassigned read pairs were subjected to further analysis using Kraken 2 (–confidence 0.1), in three successive rounds (Lazarevic et al., 2022), utilizing genome databases for bacteria, fungi/viruses/archaea/protozoan parasites, and prokaryotic viruses. At each step, Bracken was employed to re-evaluate the relative abundances of species (Lu et al., 2017). Bracken databases were built with k-mer size of 35 and ideal read length of 250.

For the purpose of comparison, we also performed taxonomic assignments of host-depleted reads using MetaPhlAn 3 (v.3.0.1), using default parameters (Beghini et al., 2021).

Quality filtered non-human reads were assembled using metaSPAdes v.3.12.0 with a k-mer set -k 21,33,55,77 (Nurk et al., 2017). Contigs were tested for the presence of acquired antimicrobial resistance genes (ARG) with ResFinder 4.1 (https://cge.cbs.dtu.dk/services/ResFinder/, accessed 01-09-2022) with ≥90% identity and minimum length of 40% (Bortolaia et al., 2020). To associate ARG to a bacterial host, we performed BLASTN analysis (https://blast.ncbi.nlm.nih.gov/Blast.cgi, accessed 07-09-2022) of relevant contigs (Altschul et al., 1990).

To determine sequence types (ST) of identified IE pathogens, we compared assembled contigs to the PubMLST allele sequence and associated profile data using the https://cge.cbs.dtu.dk/services/MLST/web-server (version 2.0.9, accessed 19-09-2022) (Jolley et al., 2018).

Genetic relatedness between genomic sequences of relevant streptococcal species were assessed using OrthoANI, which calculates average nucleotide identity (ANI) (Lee et al., 2016). From the (100–ANI) distance matrix we constructed the neighbor-joining tree using the nj function implemented in R 4.2.0 ape 5.6-2 package (Paradis et al., 2004; R Core Team, 2022).




2.13 Statistical analysis

The negative and positive percent agreement (NPA/PPA) between mNGS results and those from blood culture, valve microscopy, and valve culture were calculated using 2×2 contingency tables. Sensitivity, specificity, and accuracy of diagnostic methods were determined using the final diagnosis of IE as a reference. This diagnosis was established through clinical adjudication after a thorough review of each participant’s electronic health records. Given that microscopy alone does not provide species-level identification, the reference cell morphology and staining characteristics of relevant species were considered when comparing valve microscopy results with those from mNGS and the final pathogen diagnosis. A 95% confidence interval was applied to all calculated metrics, and the McNemar test was used for comparison analysis of the obtained results.

Wilcoxon tests were used to compare differences in bacterial load or contaminant abundance.





3 Results



3.1 Cohort description

From 19 patients suspected of IE who underwent cardiac valve resection, we collected relevant
data from routine diagnostic tests, including culture and microscopy, as well as molecular and serology testing if applicable (Supplementary Table S2). mNGS analysis for all samples was conducted in a research laboratory (Supplementary Table S1). Seventeen patients were ultimately diagnosed with IE (15 males and 2 females), and the diagnosis was rejected in two cases (1 male and 1 female). Patients had a median age of 65 years, with a range of 30–84 years.




3.2 Routine clinical microbiology tests

Blood cultures detected bacteria in 15/19 patients initially categorized as having possible or
definite IE (Supplementary Table S2). In all but one case, a single pathogen was identified, mostly represented by gram-positive cocci belonging to genera Staphylococcus (n=5), Streptococcus (n=5), Aerococcus (n=1) and Abiotrophia (n=1). In two cases, the causative pathogen was a gram-negative HACEK organism–Aggregatibacter aphrophilus and C. hominis. In one case, culture identified a mixed infection by Streptococcus constellatus and A. aphrophilus.

Valve biopsy cultures confirmed 4/15 blood-culture positive and 3/4 blood-culture negative results. In one sample, the culture of the biopsy identified Prevotella oralis in addition to the two species found by blood culture (S. constellatus and A. aphrophilus). For 10 patients with positive blood-cultures, no bacterial growth was observed for valve biopsies samples. Finally, in one patient, valve culture revealed Staphylococcus epidermidis, while blood culture remained sterile; however the growth was observed only in liquid medium, suggesting a contamination.

Broad-range 16S rRNA gene testing was performed for patients #7 and #8 on blood and valve samples, respectively. The results were a negative finding for patient #7 and identification of Streptococcus agalactiae in patient #8, consistent with the blood culture results.

The blood and valve qPCR test for T. whipplei (patients #2 and #19) yielded negative results, consistent with findings from other tests. In patient #19, C. burnetii was detected through blood and valve qPCR and by serology; routine blood and valve culture tests do not identify this intracellular pathogen.

Negative serological tests of five patients were in agreement with other routine laboratory tests. In patient #19, positive C. burnetii serology was in agreement with the blood qPCR test result. Patient #20 was serologically positive for B. henselae, while other routine tests pointed to Streptococcus gallolyticus as the IE causing pathogen, suggesting a prior B. henselae infection unrelated to the current IE episode.

Microscopic examination of valves yielded concordant results with valve cultures in 12 out of 19 cases. Among these, 10 cases showed negative findings, while two were positive. In patient #6, the identification of gram-positive cocci and gram-negative rods matched the valve culture; however, the relatively minor presence of gram-positive rods did not align with the organisms isolated in culture. Furthermore, valve microscopy detected the presence of bacteria in three patients where valve cultures were negative. Conversely, in three cases where valve cultures were positive, microscopic examinations did not reveal any bacteria.




3.3 Reagent contaminants and criteria for positive mNGS results

The mNGS analysis yielded substantially more reads for valve samples compared to NECs (Supplementary Table S1). We identified 86 species present in at least half (14/28) of the NECs, with mean relative abundances being higher than those in valve specimens. These species were deemed reagent contaminants (Figure 1). Cutibacterium acnes was the most abundant contaminant followed by Ralstonia pickettii, Micrococcus luteus, and Moraxella osloensis (Figure 1). Hathewaya histolytica (Clostridium histolyticum) was detected in all MOLZ-CH NECs, at significantly higher abundance compared to MOLZ NECs (Figure 2). Obviously, the H. histolytica DNA originated from the clostridial collagenase preparations used in the MOLZ-CH procedure.




Figure 1 | Major contaminant and pathogen species identified in valve samples and negative extraction controls (NEC). Relative abundances determined by Kraken 2 are plotted according to the colour gradient scale given at the bottom. (a) Contaminant species. Among 86 putative contaminant species, those with the relative abundances >2.5% in at least one NEC are reported. (b) IE-causing pathogens. Relative abundances are reported for the most abundant species of each genus given that they were, in both extracts, >1%, and higher than the summed up relative abundances of contaminant species.






Figure 2 | Putative reagent contaminants in the host-depleted mNGS dataset. (a) Percentage of reads assigned to H. histolytica. The statistical significance of variations related to the extraction method (MOLZ vs MOLZ-CH) for valve samples or NECs was evaluated using the Wilcoxon signed-rank test. Differences between valve samples and NECs were compared using the Wilcoxon rank-sum test. Only changes that were statistically significant are reported. (b) Percentage of reads assigned to putative contaminant species. The reads assigned to putative contaminant species were summed up and expressed relative to the total number of assigned non-human reads. Wilcoxon rank-sum test was used to assess the differences between mNGS positive valve samples, mNGS-negative valve samples and negative extraction controls (NECs), processed with the same extraction method. Only significant changes are reported.



A valve was regarded as infected when the relative abundance of at least one bacterial species in both MOLZ and MOLZ-CH data sets was (i) greater than 1% (Figure 1) and (ii) higher than the sum of the relative abundances of contaminant species. If several
species of the same genus matched these criteria, the one with the greatest relative abundance was
deemed IE-causing. When considering MOLZ- and MOLZ-CH-processed samples separately, additional species that exceeded the positivity cut-off of 1% in one of the two extracts were identified for two valve specimens (#6 and #8) (Supplementary Table S3). However, these species had substantially lower abundance compared to the dominant species of the same genus, which did not alter the outcome in identifying the IE-causing pathogen.

The cumulative relative abundance of contaminant species was substantially lower in mNGS-positive samples than in those considered mNGS-negative (Figure 2). Taxonomic profiles obtained using Kraken 2 (Figure 1) and those generated by MetaPhlAn 3 (Supplementary Figure S1), a more specific but less sensitive profiling tool, were highly congruent.

While we found no pathogen in any of the NECs when assessing them against the criteria for
mNGS-positivity, three specific NECs exhibited a substantial proportion of reads matching pathogens identified in their corresponding clinical specimens (Supplementary Figure S2). These findings strongly suggest the possibility of sample-to-NEC contamination during concurrent processing.




3.4 Comparison of mNGS and routine tests results

Overall, valve mNGS and blood culture results (Supplementary Table S2) showed high positive percent agreement (PPA) of 85.7% (CI 95% 68.6–94.3%) but moderate-to-low negative percent agreement (NPA) of [40% (CI 95% 14–73.2%), p=0.65]: 11 blood culture-positive and two -negative tests results were confirmed by valve mNGS. In one patient (#6), valve mNGS confirmed the presence of S. constellatus, did not confirm A. aphrophilus but identified two additional bacteria, Tannerella forsythia and P. oralis; this case was considered ‘polymicrobial IE’ for the purpose of agreement analyses. In three valve mNGS tests, pathogens identified by blood culture were not confirmed. In two cases, valve mNGS identified, respectively, S. aureus and C. burnetii, while blood culture detected no growth.

Valve mNGS and microscopy showed low PPA of 42.9% (CI 95% 32.8–53.6%) but 100% (CI 95% 47.8–100%) NPA with five concordant negative results (p=0.0047). In the case of three valves that tested mNGS-positive for streptococci and one for Staphylococcus, we confirmed the presence of gram-positive cocci through microscopic analysis. Cocci were also microscopically identified in one valve infected with Aerococcus urinae, but only following acridine orange staining. In patient #6 who had a polymicrobial valve infection, staining and microscopy revealed gram-positive cocci and gram-negative rods, consistent with the species identified by valve mNGS. However, gram-positive rods, far less abundant in microscopic observations, did not correspond to species detected by mNGS (and culture). In the remaining eight mNGS-positive valves, no bacteria were identified by microscopic examination.

The comparison of valve mNGS results with those from valve culture (p=0.011) yielded a lower PPA [35.7% (95% CI: 25–48%)] than comparisons with blood culture and microscopy. Notably, mNGS identified a pathogen in nine cases where valve culture was negative. In patient #6, with a mixed infection, both mNGS and culture detected S. constellatus and P. oralis, but additional species were identified specifically by each—T. forsythia by mNGS and A. aphrophilus by valve culture. The NPA between mNGS and valve culture reached 80% (95% CI: 35.9–96.6%). For patient #18, valve liquid culture was positive for S. epidermidis, likely indicative of contamination (see above), which would explain the corresponding negative result from mNGS.




3.5 Accuracy of diagnostic tests relative to final pathogen identification

In relation to the final diagnosis of IE, valve mNGS demonstrated a sensitivity of 82.4% (CI 95% 56.6–96.2%), specificity of 100% (CI 95% 15.8–100%) and accuracy of 84.2% [(CI  95% 60.4–96.6%), p=0.083] for pathogen identification. This significantly outperformed valve biopsy culture [sensitivity of 29.4% (CI 95% 10.3–56%), specificity of 50% (CI 95% 1.3–98.7%) and accuracy of 31.6% (CI 95% 12.6–56.6%), p=0.022] and microscopy [sensitivity of 35.3% (CI 95% 14.2–61.7%), specificity of 100% (CI 95% 15.8–100%) and accuracy of 42.1% (CI 95% 20.2–66.5%), p=0.00091]. Blood culture showed slightly higher concordance with the final pathogen diagnosis than valve mNGS [sensitivity of 88.2% (CI 95% 63.6–98.6%), specificity of 100% (CI 95% 15.8–100%) and accuracy of 89.5% (CI 95% 66.9–98.7%), p=0.16]. However, the accuracy of mNGS reached 100% (CI 95% 78.2–100%) for valves resected within the first 12 days following blood culture negativization [sensitivity of 100% CI 95% 75.3–100), specificity of 100% (CI 95% 15.8–100%)].




3.6 Relative and absolute bacterial load in mNGS-positive and -negative samples

Quantification using qPCR revealed significant variations in both bacterial and human DNA
extracted across samples, spanning more than three orders of magnitude (Supplementary Table S1). qPCR and mNGS provided highly concordant estimates of bacterial DNA proportion relative to the combined bacterial and human DNA components (Figure 3). Both absolute and relative abundance of bacterial DNA were notably higher in mNGS-positive samples compared to their mNGS-negative counterparts and NECs (Figure 4).




Figure 3 | Correlation between qPCR and mNGS-based estimates of the relative bacterial load. The bacterial fraction is expressed relative to the sum of human and bacterial components in MOLZ (a) or MOLZ-CH (b) samples.






Figure 4 | Differences in the bacterial load between samples from mNGS-positive valves, mNGS-negative valves and negative extraction controls. (a) qPCR-based assessment of bacterial DNA in the extracts. (b) The relative abundance of bacterial DNA, expressed as a percentage of the total DNA content (i.e., the sum of human and bacterial DNA abundances as estimated by qPCR). (c) mNGS-based estimate of the relative bacterial DNA abundance, expressed in relation to the combined counts of human and bacterial reads. Statistical significance between sample groups processed with the same extraction method was evaluated using the Wilcoxon rank-sum test, while differences between extraction methods were assessed with the Wilcoxon signed-rank test. Only statistically significant differences are presented. MOLZ and MOLZ-CH denote the two extraction methods used for valve samples, and ‘NEC’ represents negative extraction controls.






3.7 Detection of antibiotic resistance genes and sequence types

The ResFinder analysis of assembled contigs identified ARGs in six samples (Supplementary Table S4). In five of them, we were able to reasonably associate the ARG with the detected IE
pathogen(s). For example, in patient #6, who had a mixed valve infection, we assigned both
tetracycline-resistance tetM and macrolide-resistance ermB genes to Streptococcus, while tetracycline-resistance gene tetQ and beta-lactam resistance gene cfxA3 were assigned to Prevotella. Furthermore, we detected the penicillin-resistance conferring beta-lactamase (blaZ) gene in two valves (patients #2 and #4) infected by S. aureus. In the case of patient #4, our mNGS analysis also detected the S. aureus mecA gene, thus confirming the result of the clinical microbiology laboratory (Supplementary Table S2). In two patients (#8 and #20) we confidently associated the identified ARGs with streptococcal IE pathogens. However, in the case of patient #5, who had endocarditis due to Abiotrophia defectiva, the two ARGs detected by mNGS, blaOXA-60b and tetM, were not linked to this species: The blaOXA-60b gene was assigned to Ralstonia, a major reagent contaminant; the tetM-bearing contig was identical or nearly identical to DNA fragments found on plasmids or transposons of various bacterial species.

For five identified IE pathogens (two Staphylococcus and three
Streptococcus species), PubMLST allelic profiles are available. We compared the
assembled contigs of samples positive for these species to the reference alleles. Complete MLST
profiles were obtained for three samples (Supplementary Table S5). For three other, 2–6 (of 7) alleles were identified. In one sample, no MLST loci were detected possibly due to the limited number of pathogen reads.





4 Discussion

We show the great potential of the valve mNGS to validate and complement blood culture results in identifying IE causative agents. This was particularly evident when analyzing resected valves within 12 days from the last positive blood culture. Three valves removed 16, 18, and 45 days after the last positive blood culture were considered negative by mNGS, which suggests pathogen clearance most likely due to the antibiotic treatment. However, one valve tested mNGS-positive to A. defectiva (patient #5) despite an interval of 27 days between the last positive blood culture and valve resection. At the time of valve excision, pathogen cells were likely scarce, dead or non-culturable, leading to negative results in both valve culture and microscopic identifications. However, pathogen DNA was still detectable through mNGS analysis. In line with our findings, Eichenberger et al. (2023) demonstrated that the estimated median duration of IE pathogen detectability following the initiation of antibiotic treatment was 38.1 days for microbial cell-free DNA in plasma, compared to just 3.7 days for blood cultures. Similarly, Flurin et al. (2023) showed that pathogen DNA remained detectable in blood at 100% through 2 days after the last positive blood culture, dropping to 75-79% by one week.

In cases where valve cultures yielded positive results, the samples were collected within a maximum of 7 days following the last positive blood culture. The longest period between the last positive blood culture and positive microscopy findings was 11 days. These findings, along with the predominance of negative results in most specimens, underscore the reduced diagnostic efficacy of valve culture and microscopy when compared to valve mNGS (Shrestha et al., 2015).

Some pathogens identified by valve mNGS but not found by blood culture are more likely to be actual IE causative agents than false positive detections. One of these, C. burnetii (patient #19), was confirmed by specific blood and valve qPCR testing. In another case (patient #6), P. oralis and T. forsythia found by mNGS were missed by blood culture tests, while the valve biopsy culture test did not report T. forsythia. The combined results of different tests suggest that in this patient, a complex biofilm in the valve tissue was formed of at least four oral species (S. constellatus, A. aphrophilus, T. forsythia and P. oralis). None of the diagnostics tests used reported all of these species. mNGS analysis reported three of them and A. aphrophilus was detected but below the chosen positivity threshold.

In the mNGS analysis, we used the relative abundance >1% as an arbitrary threshold for pathogen positivity, provided that it exceeded the summed up relative abundance of contaminant species. When applying a more relaxed mNGS positivity cut-off of >0·04%, pathogens were still not recovered for the three blood-culture-positive patients (#3, #10 and #13). Further relaxing the mNGS positivity criteria by excluding comparison of pathogen to contaminants abundances, led to the identification of A. aphrophilus in patient #6 and S. aureus in patient #10. However, this was associated with numerous likely false-positive detections in eight patients, including 17 additional genera per patient.

Significantly higher bacterial loads in mNGS-positive samples when compared to mNGS-negative ones suggests that pan-bacterial qPCR can be an effective initial screening method to select samples for mNGS analysis.




5 Limitations

Our study had several limitations. First, the small number of participants may introduce imprecision in performance calculations. Second, our study focused on participants with possible IE scheduled for surgical valve resection, thus representing a selected population. Third, diagnosing IE is challenging and relies on a combination of medical history, clinical signs, imaging, and laboratory tests with imperfect performances, leading to not infrequent equivocal cases. Fourth, the processing of cardiac valve tissue by clinical laboratories is prone to bias when only small fragments are analyzed. Fifth, although mNGS retains some ability to detect pathogens despite antimicrobial therapy, its performance is affected by longer intervals between the suspicion of diagnosis and surgery. Sixth, the accurate discrimination of closely-related bacterial species proves challenging due to short NGS read length and k-mer-based taxonomic classification. In our study, in 13 out of 14 patients with mNGS-positive valve results, the dominant species identified by mNGS was consistent with blood culture/qPCR results. In five of these patients, we detected several streptococcal species with a relative abundance exceeding 1%. Figure 5 shows a trend of decreasing relative abundances of likely misclassified species as their genetic distance from the major pathogen increases. Seventh, the efficacy of host DNA removal, aimed at increasing the proportion of bacterial-origin reads varied among samples, resulting in different performances in detecting ARGs and bacterial typing. Despite its limitations, mNGS shows promising results when combined with current IE diagnostic approaches.




Figure 5 | Assignments of reads to streptococcal species. The abundance of the dominant Streptococcus species in a given patient is set to 100% for both (MOLZ and MOLZ-CH) valve extracts. The abundance of other streptococcal species (with at least 1% relative abundance in both MOLZ and MOLZ-CH datasets) is expressed as a percentage relative to the dominant species according to the color gradient scale given at the bottom (right). The scale bar (bottom left) shows genetic distance (100–ANI). S. epidermidis was used as an outgroup to root the dendrogram.






6 Conclusion

Identification of IE pathogens by mNGS of valve specimens is in good agreement with results of blood culture and outperforms valve culture and microscopy. The challenge of identifying IE causative agents via valve mNGS, when valve resection occurs a longer time after blood culture positivity, can be attributed to pathogen clearance. Overall, our results support the utility of mNGS in diagnosing IE, offer insights into its strengths and limitations and pave the way for improved strategies for identifying the causative agents of IE.
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31 Aspergillus fumigatus
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Characteristic

Age

Mean yr 58.7

Distribution no. (%)

1-20 yr 1(1.2)

21-60 yr 38 (46.9)
=60 yr 42 (51.9)

Gender no. (%)

Female 34 (42.0)

Male 47 (58.0)
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Symptom Medical Diagnostic Days Complications Treatment Outcome  References
history methods from
onset
to
diagnosis

1 1.5/M Fever, No Pyogenic 28 Neck abscess Triple antibiotic therapy Recovery (Sheehan
neck fluids (flucloxacillin, clindamycin, and et al, 2019)
abscess bacterial gentamicin) for 8 days, and co-

culture amoxiclav for 7 days,
underwent incision, and
drainage of the neck abscess.

2 17/F Fever, sore Recurrent Blood 13 Thrombosis of the left Amoxicillin and clavulanate Recovery (Gama
throat, tonsillitis culture, IV, pulmonary potassium + metronidazole for et al,, 2020)
malaise imaging septic embolism. 4 weeks, anticoagulation

findings therapy for 6 weeks.
3 17/F Fever, No Blood and 6 Shock, right Laparotomy, drainage, and right Recovery (Tamura
abdominal abscess ovarian abscess. adnexectomy, underwent et al,, 2020)
pain cultures continuous hemodiafiltration,
meropenem+vanconmycin
+clindamycin for 5 days,
cefmetazole for 14 days.

4 15/F Fever, No Blood 10 Necrotizing pneumonia, Piperacillin tazobactam for Condition (El Chebib

cough, culture pleural effusion, lung 21 days. improved et al, 2020)
shortness function decline.
of breath

5 15/F Fever, sore No Blood 9 Pulmonary septic Meropenem for more than 10 Recovery (Repper
throat, culture embolism, thrombosis of  days and amoxicillin et al,, 2020)

neck bilateral IJV. clavulanate for 4 weeks,
stiffness, anticoagulation therapy for
headache 6 weeks.

6 17/M Cough, No Blood 30 Septic emboli to the CBCT-guided aspiration of Condition (Monroe
sore throat culture lungs, kidneys, and abscess in the carotid space, improved and Amlie-

spleen, left jugular and broad-spectrum intravenous Lefond,
dural venous sinus antibiotic for more than 2018)
thrombosis, and a 4 months.
carotid space abscess.
7 16/M Fever No Blood - Thrombosis of the Prolonged antibiotic therapy Recovery (Dal Bo
culture left IV and anticoagulation therapy for et al,, 2019)
4 weeks.

8 16/M Diarrhea, No Blood 11 Right IV thrombosis, VATS pleurodesis procedure, Recovery (Whittle
vomiting, culture right parapharyngeal benzylpenicillin and et al,, 2018)
abdominal abscess, pulmonary metronidazole for 6 weeks,

pain abscesses, amoxicillin and metronidazole 2
pleural effusion weeks, anticoagulation therapy
for more than 8 weeks.

9 16/M Sore No Blood 15 Pulmonary Metronidazole for 10 days. Recovery (Rana
throat, culture consolidation, et al, 2017)
fever, pleural effusion

shortness
of breath

10 15/M Fever, No Blood 7 Epidural abscess Hemilaminectomy Recovery (Sinatra and
headache, culture spanning T2-L3 level decompression, meropenem for Alander,
neck pain with extension into the 6 weeks. 2017)

psoas and the paraspinal
musculature, pulmonary
septic embolism.

11 17/M Sore No Blood 10 Shock, extensive vein Meropenem and metronidazole Condition (He
throat, culture thrombosis, vertebral for more than 6 months, improved et al, 2015)

neck artery dissection, anticoagulation therapy for
stiffness and thrombosis. 6 months.

12 14/M Headache, No Blood and 7 paranasal sinus abscess, Craniotomy-+abscess incision Recovery (Creemers-
fever, nasal intraorbital abscess, right  drainage, ceftriaxone and Schild

vomiting, swab culture frontal subdural abscess. ~ metronidazole for 5 days, et al, 2014)
malaise, meropenem and metronidazole
dizziness for 4 days, penicillin for

M, male; F, female; 1}V, internal jugular vein; ARDS, acute respiratory distress syndrome; CBCT, cone beam computed tomography; VATS, assisted thoracoscopic surgery.

7 weeks.
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Total(n = 28)

Age (years) 59.0 (50.0, 76.0) 65.0 (60.0, 75.0) 55.0 (52.0, 65.0) 57.0 (49.0, 80.0) 0.482
<45 3 (10.7%) 0 0 3(20.0%)

45-59 11 (39.3%) 1(20.0%) 5(62.5%) 5(33.3%)

=60 14 (50.0%) 4(80.0%) 3(37.5%) 7(46.7%)

Sex 0.522
Male 17 (60.7%) 2(40.0%) 5(62.5%) 10(66.7%)

Female 11 (39.3%) 3(60.0%) 3(37.5%) 5(33.3%)

Classification 0.373
Non-Severe pneumonia 18 (64.3%) 2(40.0%) 5(62.5%) 11(73.3%)

Severe pneumonia 10 (35.7%) 3(60.0%) 3(37.5%) 4(26.7%)

Basic illness 0.260
Yes 24 (85.7%) 5(100%) 8(100%) 11(73.3%)

No 4 (14.3%) 0 0 4(26.7%)

Hypertension 12 (42.9%) 2(40.0%) 4(50.0%) 6(40.0%) 0.882
Diabetes 5 (17.9%) 1(20.0%) 2(25.0%) 2(13.3%) 0.815
Emphysema 3 (10.7%) 1(20.0%) 2(25.0%) 0 0.087
Coronary heart disease 6 (21.4%) 1(20.0%) 3(37.5%) 2(13.3%) 0488
Chronic renal insufficiency 3 (10.7%) 1(20.0%) 2(25.0%) 0 0.087
Hepatitis 3 (10.7%) 0 2(25.0%) 1(6.7%) 0.261
Tumor 3 (10.7%) 0 1(12.5%) 2(13.3%) 1.000
Clinical symptoms

Fever 12 (42.9%) 0 4(50.0%) 8(53.5%) 0.121
Chills 5(17.9%) 0 2(25.0%) 3(20.0%) 0.665
Cough,Expectoration 26 (92.9%) 5(100%) 8(100%) 13(86.7%) 0.683
Hemoptysis 1 (3.6%) 0 1(12.5%) 0 0.464
Shortness of breath 14 (50.0%) 3(60.0%) 6(75.0%) 5(33.3%) 0.164
Anorexia 5 (17.9%) 1(20.0%) 1(12.5%) 3(20.0%) 1.000
Sore throat 8 (28.6%) 3(60.0%) 0 5(33.3%) 0.052
Runny nose,stuffy nose 5 (17.9%) 1(20.0%) 1(12.5%) 5(33.3%) 1.000
Headache 8 (28.6%) 2(40.0%) 2(25.0%) 3(20.0%) 0.865
Nausea 7 (25.0%) 1(20.0%) 2(25.0%) 4(26.7%) 1.000
Weak 8 (28.6%) 1(20.0%) 2(25.0%) 2(13.3%) 1.000
Chest tightness 4 (14.3%) 0 2(25.0%) 4(26.7%) 0.617
Diarrhea 3 (10.7%) 1(20.0%) 2(25.0%) 0 0.087
Muscle ache 5 (17.9%) 2(40.0%) 0 3(20.0%) 0210
Complication 0.880
Yes 15 (53.6%) 3(60.0%) 5(62.5%) 7(46.7%)

No 13 (46.4%) 2(40.0%) 3(37.5%) 8(53.3%)

Respiratory failure 10 (35.7%) 2(40.0%) 5(62.5%) 3(20.0%) 0.117
ARDS 3 (10.7%) 2(40.0%) 1(12.5%) 0 0.045
Heart failure 4 (14.3%) 1(20.0%) 2(25.0%) 1(6.7%) 0362
Renal insufficiency 3 (10.7%) 1(20.0%) 0 2(13.3%) 0.560
Liver insufficiency 4 (14.3%) 1(20.05) 0 3(20.0%) 0.474
Shock 2 (7.1%) 1(20.0%) 0 1(6.7%) 0.405
Coagulation abnormalities 2 (7.1%) 1(20.0%) 1(12.5%) 0 0.206
Hypoproteinemia 7 (25.0%) 3(60.0%) 2(25.0%) 2(13.3%) 0.097
Acidosis 4 (14.3%) 1(20.0%) 2(25.0%) 1(6.7%) 0.362
Sepsis 5 (17.9%) 1(20.0%) 2(25.0%) 2(13.3%) 0.815
MODS 5(17.9%) 3(60.0%) 0 2(13.3%) 0.035
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Laboratory find- Total (h = 28) BA.5.2.48+BA.5.2.49 BF.7.14 (n=8) DY (n=15)
ings +BA.5.2.6 (n=5)
Leukocyte (x10°/L) 4.83 (4,10, 9.14) 10.12 (5.27, 14.26) 7.80 (6.10, 11.76) 424 (349,447) | 0002 3.50-9.50
Neutrophils (x10°/L) 3.97 (277, 822) 9.51 (398, 12.93) 6.04 (528, 10.93) 288 (185,374) | 0.009 1.80-6.30
Lymphocytes (x10°/L)  0.81 (0.31, 1.00) 0.53 (021, 091) 052 (029, 0.99) 093 (035, 1.14) | 0410 110320
Monocytes (x10°/L) 0.45 (0.29, 0.60) 0.40 (036, 0.87) 058 (043, 0.87) 035(025,049) | 0118 0.10-0.60
15100 (117.00, 17750 (108.50, 15100 (119.00, 100.00-300.00
5
Platelets (x10°/L) i 150.00 (85.00, 175.50) S ioh 0.486
) 113.00 (88.25, 82,50 (67.00, 12500 (95.00, 120.00-160.00
Hemogl L 108.00 (80.50, 136. .12
emoglobin (g/L) 13325) 08.00 (80.50, 136.50) p 13600) 0.123
CRP (mg/L) 17.67 (4.76,9022) | 10415 (28.46, 157.72) 2001 (769, 114.06) | 1114 (278,38.62) | 0094  0-10.00
PCT (ng/mL) 0.29 (0.07, 1.69) 131 (0.23, 3.39) 061 (022, 1.69) 010 0.06,1.01) | 0226  0-005
ALT (U/L) 22.00 (13.00, 22,00 (1150, 33.00) 1150 (725, 37.75) | 2800 (1900, ozas | 5000
39.00) 40.00)
30,50 (23.00, 33.00 (24.00, 0-40.00
AST (UL 29.00 (19.50, 55. 26,50 (14.25, 43. 0.
ST (U/L) oo 9.00 (19.50, 55.50) 650 (1425,4375) | L0 705
Total bilirubi I 3.40-17.10
L)" 2t bilirubin (llmo 8.10(6.17,1492) | 8.80 (6.5, 24.40) 7.15 (648, 33.95) 880 (450, 14.70) | 0573
Direct bilirubi | 0-6.18
L)"“ rabin (umol/ o 3 15 53 5.00 (4.05, 18.40) 470 (330, 7.35) 320 (250,8.40) 0182
Indirect bilirubi 01600
ACHER SR 3.75 (2.20, 5.30) 3.80 (2.50, 6.00) 3.10 (2,05, 3.75) 420 (200,550) | 0.564
(umol/L)
Bl it 3.10-800
ood urea nitrogen 695 (4.64,10.50) | 8.1 (6.23, 13.70)) 7.30 (4.99, 18.16) 510 (350,845 | 0.265
(mmol/L)
- 87.50 (67.75, 90,50 (5225, 87.00 (64.00, 53.00-104.00
Creatinine (mg/dL) 99.85) 79.60 (68.50, 96.80) 346.00) 100.60) 0.940
37.40 (33.07, 38.60 (3270, 40.00-55.00
Albumin (g/L) ( 35.50 (33.60, 4455) 36,65 (3263, 41.43) { 0.903
1252) 42.70)
1266 (1165, 1270 (12.00, 10.70-14.00
PT () ot 12.90 (12.00, 13.77) 1218 (1136, 1408) 70 0519
30.69 (27.80, 3147 (2780, 21.00-35.00
APTT (5) 5.6 28.80 (26.14, 30.14) 3175 (2689,3589) | 0 0.201
578.42 (240.17, 3469.50 (242.25, 459,50 (211.25, 0-400.00
DDT (ug/ml) ( 1387.00 (547.15, 2840.50) ( ¢ 0.125
2883.00) 6879.04) 788.65)
Troponin (pg/mL) 2181 (7.35,4621) | 17.50 (9.71, 143.40) 3735 (2130,7484) | 17.80 (652, 26.60) | 0235 0-14.00
10050 (49.90, 55,50 (27.00, 105.00 (57.00,
CK (U/L) STE5 228,00 (53.35, 554.50) i 55110 0214 50.00-310.00
1550 (10.70,
CK-MB (U/L) 1435 (972,2605) | 1180 (8.5, 15.57) 1555 (788,2018) 20)( 0.927 0-25.00
) 56.75 (33.82, 15340 (36.75, 56,50 (3130,
Myoglobin (pg/mL) P 399.30 (39.65, 580.90) 5 g 0325 0-70.00
221.00 (197.00, 282,50 (213.00, 212,00 (195.00,
LDH (UL 249.00 (184.75, 313.75 0419 120.00-250.00
v 321.00) ¢ ) 453.50) 292.00)
IL-6 (pg/ml) 20,55 (635,47.15) | 19.76 (11.99, 223.06) 2925 (2033,82.92) | 1024 (356,35.42) | 0246 0-5.40
qSOFA score 1(0,1) 1(0, 1) 0(0, 1) 1(0, 1) 0418 0
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Project

Total(n = 28)

BA.5.2.48+BA.5.2.49
+BA.5.2.6 (n=5)

Percentage of total T cells
(%)

Percentage of total CD4 T
cells (%)

Percentage of total CD8 T

cells (%)

Percentage of B cells (%) #

Percentage of NK cells (%)#

CD4/CD8 ratio (/)

Total lymphocyte count (ut/

D

Total T cell count (u/l)

CD4 T cell count (u/1)

CD8 T cell count (/)

B cell count (/1) #

NK cell count (u/l) #

Lab value

N value

70.29 (57.54,
77.82)

34.88 (26.00,
51.20)

26.40 (18.04,
32.96)

17.98 (2.58,

33.14)

14.21 (10.43,
18.58)

1.39 (0.72, 2.30)

553.00 (450.00,
976.00)

449.00 (193.00,
696.00)

257.00 (88.00,
380.00)

127.00 (78.00,
284.00)

46.00 (20.00,
83.00)

54.00 (51.00,
78.00)

26.86 (22.23,
29.69)

24.05 (20.05,
26.75)

62.14 (36.54, 73.65)

29.80 (9.14, 43.77)

26.00 (12.25, 37.76)

20.53 (14.43, 47.33)

14.21 (8.04, 1858)

0.71 (0.32, 2.22)

485.00 (218.00, 1014.00)

142.00 (114.00, 702.00)

97.00 (25.00, 301.00)

91.00 (36.00, 365.00)

45.00 (25.00, 216.00)

54.00 (26.00, 90.00)

2171 (19.49, 30.15)

22.86 (15.85, 26.75)

: Due to unforeseen circumstances, 9 patients were missing this data(n=19).

77.76 (57.29,
85.97)

52.19 (25.48,
69.84)

22.99 (17.79,
30.07)

7.41 (251, 23.50)

13.35 (10.39,
20.64)

1.69 (0.86, 3.44)

527.00 (468.00,
672.00)

449.00 (238.00,
551.00)

346.00 (86.00,
363.00)

101.00 (80.00,

204.00)

56.00 (26.00,
85.00)

53.00 (51.00,
77.00)

27.01 (23.43,
28.65)

23.71 (19.40,
25.40)

66.22(58.97,
77.73)

33.02(31.04,
40.94)

27.36(19.72,
37.26)

15.45(1.98, 33.29)

14.63(10.37,
19.36)

1.39(0.89, 2.29)

873.00(449.00,
1018.00)

472.00(265.00,
760.00)

281.00(97.00,
435.00)

190.00(100.00,
340.00)

28.50(10.00,
73.00)

56.00(43.00,
110.00)

27.06(23.73,
30.65)

24.69(20.29,
27.00)

0.205

0.138

0.617

0.184

0.996

0.349

0594

0320

0.351

0.298

0420

0.747

0.647

0497

56.00-86.00

33.00-58.00

13.00-39.00

5.00-22.00

5.00-26.00

0.71-2.78

1530.00-

3700.00

723.00-2737.00

404.00-1612.00

220.00-1129.00

80.00-616.00

84.00-724.00

>35

>35
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Project Non-Severe

(n=18)
Percentage of total T 71.64 (62.90, 79.51) 58.02 (50.21, 0.121
cells (%) 73.67)
Percentage of total CD4 36.67 (31.91,55.91)  26.03 (17.20, 0.146
T cells (%) 45.42)
Percentage of total CD8 26.05 (19.28, 30.73)  29.79 (16.06, 0.796
T cells (%) 35.15)
Percentage of B cells (%) 8.54 (248, 21.91) 21.06 (13.08, 0.133
# 33.43)
Percentage of NK cells 13.16 (10.18, 17.78) 17.20 (7.63, 0.720
(%)# 20.48)
CD4/CDS8 ratio (/) 1.39 (0.95, 2.48) 1.04 (0.39, 2.40) 0.286
Total lymphocyte count 910.00 (507.00, 389.00 (231.00, 0.001*
(w1 1034.00) 579.00)
Total T cell count (/1) 525.00 (364.00, 165.00 (121.00, 0.001*
812.00) 360.00)
CD4 T cell count (/1) 356.00 (218.00, 85.00 (43.00, 0.001%
442.00) 149.00)
CD8 T cell count (u/1) 160.00 (99.00, 82.00 (38.00, 0.035*
330.00) 185.00)
B cell count (u/1) # 51.00 (13.00, 87.00) 46.00 (36.00, 1.000
66.00)
NK cell count (u/l) # 64.00 (54.00, 52.00 (20.00, 0.050*
‘ 103.00) 64.00)
Lab value 26.86(23.57,30.12) 25.62 0.332
(20.50,28.60)
‘ N value 24.47(22.29,27.26) 22.00 0.099
(16.61,25.21)
IL-6(pg/ml) 9.80(3.91,21.97) 88.02 <0.001*
(33.19,279.40)
qSOFA score 0(0,1) 1(1,2) <0.001*

#: Due to unforeseen circumstances, 9 patients of Non-Severe pneumonia were missing this
data(n=19).
=P<0.05.
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Pulmonary mNGS GeneXpert

r i Pulmon: Di .
Numbe Symptoms Location infltration reaiilts e agnosis
1 male 68 none right stripe shadows negative negative NTP

; patchy exudation / 2 3
2 male 56 cough/fever/ chest pain left mass shadows negative negative NTP
3 male 86 dyspnea bilateral floccus exudation negative negative NTP
4 male 81 cough/chest tightness bilateral nodules/patchy exudation negative negative NTP
5 male 75 cough/bloody phiegm/ right stripe shadows negative negative NTP
chest tightness
6 male 63 fever/coug.h/ sputum/ right consolidation /atelectasis negative negative NTP
chest tightness
2 . patchy exudation . :
7 4 t ht t NTP
male 9 chest pain rigl Inodules /atelectasis negative negative
8 male 56 fever right stripe shadows negative negative NTP
9 male 77 chest tightness right nodules/cavity negative negative NTP
10 male 52 fever/ chest pain right consolidation negative negative NTP
11 female 58 chest tightness right consolidation /atelectasis negative negative NTP
12 cought sputum/ left atchy exudation /small cavi negative negative NTP
mide | 45 chest tightness patey, 4 & &
13 male 70 fever right patchy exudation negative negative NTP
14 female 43 chest pain/chest tightness right patchy exudation /nodules negative negative NTP
15 male 71 chest tightness bilateral stripe shadows negative negative NTP
16 male 50 cough/chest tightness right patchy exudation negative negative NTP
. patchy exudation /nodules/ . .
17 male 25 fever/cough/ chest pain left local consolidation positive positive TP
18 female | 45 chest and back pain right patchy emdation ositive negative ™
P e /mass shadows ¥ &
19 male 50 cough/fever/ chest pain right patcly exudatmn. nodules/ negative positive TP
small cavity
20 male 56 feverjchestiand back patn right mass shadows negative negative TP
[chest tightness
21 male 32 fever/chest pain/ left consolidation negative positive T
chest tightness Ipatchy exudation
22 male 45 cough/chest tightness right none positive negative TP
23 male 18 cough/sputum left patchy exudation /atelectasis negative negative TP
24 male 56 cough/chest pain right patchy exudation negative negative TP
25 male 18 chest pain right nodules/local consolidation positive negative TP
26 male 33 fever/chest tightness left stripe shadows positive positive vl
27 male 54 fever/chest tightneess left patchy exudation /nodules positive positive TP
28 hest tights bilateral Hodiles it ti ™
male 69 chest tightness aterd Iconsolidation /atelectasis postive negative
29 male 25 fever bilateral stripe shadows negative negative TP
. . patchy exudation / . .
30 male 5 cough/chest pain right local consolidation negative negative TP
cough/ sputum/ . . . .
31 male 3 cheet tightness right patchy exudation negative positive TP

‘TP, tuberculous pleurisy; NTP, non-tuberculous pleurisy.
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The number of samples (N=16)
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Characteristics TP (n)

Age (years)

<30 5 0
31-60 9 8
=61 1 8
Sex
Male 14 14
Female 1 2
Smoking history 5 8
Diabetes 3 1

TP, tuberculous pleurisy; NTP, non-tuberculous pleurisy.
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2 Debridement of the external Debridement of the Aspergillus flavus detected .
Admitted to Follow up: patient recovered

: auditory canal and mastoid temporomandibular joint in secretions by mNGS
Emergency medical

Case 1

—7 >

22-11-4 11-10 | 11-17 22-12-5 22-12-16 23-3-16

Voriconazole on the first day at a
dose of 400 mg, followed by 200

mg intravenously bid

Empirical antibiotic treatment  Admitted to Hospital. Aspergillus flavus and Staphylococcus

at the local hospital detected in secretions and granulation tissue by mNGS Hospital discharge Follow up: patient recovered
Case 2
22-12-5 23-1-16 23-2-3 23-4-20

Voriconazole on the first day at a dose of 400 mg, followed by 200 Voriconazole 200 mg bid
mg intravenously bid via intravenous drip via oral administration

Linezolid 600 mg bid
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[ 1. Non-pregnant or lactating, without primary and secondary \

immunodeficiency diseases, age>18

2. Imaging examination (eg. CT or ultrasound) showed pleural

Total patients : effusion without anti-tuberculosis treatment
(n=31)

3. Pleural effusion was judged as exudate by routine,
biochemical examination and Light standard, pleural effusion
carcinoembryonic antigen (CEA) was negative

4. Cytological examination of pleural fluid exfoliation found no
mNGS and Xpert detect tumor cells
pleural effusion

pleural effusion cultured (n=1)

Sputum Mycobacterium
tuberculosis smear mictoscopy (1=1)

Bronchial mucosal biopsy (n=1) '
Other 16 cases were entered in

15 cases diagnosed with tuberculous pleural _ '
lymph node biopsy (x=1) the non-tuberculous pleural effusion group

effusion (TPE), entered tuberculous pleural

effusion group (TP) (NTE)

Pleural biopsy (n1=2)

Phlegm Xpert (n=2)

Lung tissue biopsy (1=3)

Alveolar lavage fluid mNGS (n=4)
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Total reac cted in case 1 by mNGS Total reads detected in ca

Lymphocryptovirus
Aspergillus Staphylococeus
Stenotrophomonas

Staphylococeus

Escherichia

Moraxella

Cutibacterium Veillonella | 0.04

Acinetobacter
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Clinical features Numbers

Case number 361
Sex, male, n (%) 241 (66.76)
Age, years median (Q1, Q2) 57 (47, 68)
Medical history, n (%)
Chronic respiratory disease 45 (12.47)
Hypertension 106 (29.36)
Diabetes mellitus 59 (16.34)
Chronic kidney disease 73 (20.22)
Tumor 60 (16.62)
Chronic cardiac disease 77 (21.33)
Chronic hepatic disease 64 (17.73)
Cerebrovascular disease 46 (12.74)
za(r;z)ple number per case, n =361
1 245 (67.87)
2 98 (27.15)
3 11 (3.05)
4 3(0.83)
5 2 (0.55)
6 1(0.28)
9 1(0.28)
Sample type, n (%) =151
BALF 194 (37.96)
Blood 180 (35.23)
CSF 51 (9.98)
Sputum 19 (3.72)
Tissue 19 (3.72)
Pleural and ascites 15 (2.94)
Joint fluid 11 (2.15)
Urine 6 (1.17)
Drainage fluid 3(0.59)
Secretions 3(0.59)
Vitreous humor 2 (0.39)
Aqueous humor 2 (0.39)
Swab 2(0.39)
Bone marrow 1(0.2)
Bile 1(02)
Pus 1(0.2)
Pericardial effusion 1(0.2)
Infectious types, n (%) n =210
Respiratory system infection 112 (53.33)
Multifocal infection 38 (18.10)
Bloodstream infection 22 (10.48)
Skin and soft tissue infection 13 (6.19)
Central nervous system infection 6 (2.86)
Intra-abdominal Infection 6 (2.86)
Urinary system infection 6 (2.86)
Bone and joint infection 3(143)
Eye infection 3(1.43)
Cardiovascular system infection 1(0.48)

BALF, bronchoalveolar lavage fluid; CSF, cerebrospinal fluid.
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Characteristic

age 0.616 0751
Mean (SD) M $ 59.43 (8.50) 60.25 (5.09) 58.73 (7.46) 60.82 (9.14) 60.80 (7.69)
Median (IQR) x;;f:s.m) ?:::0, 62.75) 59.00 (5400, 63.50) (557;.)(‘))0, 68.50) f:;.)go, 63.00)
Range R 45.00, 74.00 54,00, 69.00 45.00, 74.00 45,00, 73.00 | 5300,7300
I I PP T TR ErTC TR T L P
1A 17 (57%) 5 (63%)
stage 1B 9 (30%) 2 (25%) 50,999
114 (13%) 1(13%)
smoke 5 (23%) 2 (18%) 1(20%) 50.999
cation lower 14 (47%) 0.(0%) — 7 (32%) 4(36%) |3 t60%) .
upper 16 (53%) 8 (100%) 15 (68%) 7 (64%) 2 (40%)
antibiotic 0.441 0.221
Aminoglycosides 3 (10%) 2 (25%) 3 (14%) 1 (9.1%) 1 (20%)
Cephalosporins 26 (87%) 6 (75%) 19 (86%) 10 (91%) 3 (60%)
Penicillin 1(33%) 0.(0%) 0 (0%) 0 (0%) 1(20%)
'n (%).

Wilcoxon rank sum test; Fisher’s exact test; Wilcoxon rank sum exact test.
*Kruskal-Wallis rank sum test; Fisher’s exact test.
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Sensitivity%  Specificity’  ppye (95% CI)  NPV% (95% CI)  AUC (95% CI)

Sample type

(95% CI) (95% CI)
Culture 56.72 (52.03-61.42) 96.32 (94.53-98.1) 9507 (93.02-97.12) | 6399 (59.44-68.53) 0765 (0.72-0.81)
Total (N = 428) mNGS 89.08 (86.12-92.03) | 94.74 (92.62-96.85) 95.5 (93.53-97.46) 87.38 (84.23-90.52) 0.919 (0.89-0.949)
Culture+mNGS 94.96 (92.88-97.03) 9158 (88.95-9421) | 9339 (91.03-9574) | 9355 (91.22-95.88)  0.933 (0.905-0.961)
Culture 63.97 (56.67-71.27) 100 (100-100) 100 (100-100) 37.97 (30.59-45.36) 0.82 (0.757-0.882)
BALF (N = 166) mNGS 95.59 (92.46-98.71) 90 (85.44-94.56) 97.74 (95.49-100) 81.82 (75.95-87.69) | 0.928 (0.862-0.994)
Culture+mNGS 99.26 (97.97-100.56) 90 (85.44-94.56) 97.83 (95.61-100.04) | 96.43 (93.61-99.25) 0946 (0.883-1)
Culture 33.33(25.98-40.68) | 9533 (92.04-98.62) | 77.27 (70.74-83.81) 75 (68.25-81.75) 0.643 (0.545-0.742)
Blood (N = 158) mNGS 7451 (67.71-8131) | 9439 (90.81-97.98) | 86.36 (81.01-91.71) 88.6 (83.64-93.55) 0.845 (0.768-1)
Culture+mNGS 88.24 (83.21-93.26) | 90.65 (86.12-95.19) 81.82 (75.8-87.83) 94.17 (90.52-97.83) | 0.894 (0.834-0.955)
Culture 14.29 (2.52-26.05) 100 (100-100) 100 (100-100) 81.82 (68.85-94.78) | 0.571 (0.314-0.829)
CSE (N = 34) mNGS 28.57 (13.39-43.76) 100 (100-100) 100 (100-100) 8438 (72.17-9658) | 0.643 (0.382-0.904)
Culture+mNGS 28.57 (13.39-43.76) 100 (100-100) 100 (100-100) 84.38 (72.17-9658) | 0.643 (0.382-0.904)
Culture 66.67 (38.81-94.52) 100 (100-100) 100 (100-100) 7143 (44.73-98.13) 083 (57.57-100)
Tissue (N = 11) mNGS 100 (100-100) 100 (100-100) 100 (100-100) 100 (100-100) 1(1-1)
Culture+mNGS 100 (100-100) 100 (100-100) 100 (100-100) 100 (100-100) 1(1-1)
Culture 81.25 (63.22-99.28) 50 (26.9-73.1) 92.86 (80.96-104.75) 25 (5-45) 0656 (0.21-1)
Sputum (N = 18) mNGS 93.75 (82.57-104.93) 100 (100-100) 100 (100-100) 66.67 (44.89-88.44) 0969 (0.887-1)
Culture+mNGS 100 (100-100) 50 (26.9-73.1) 94.12 (83.25-104.99) 100 (100-100) 075 (0.289-1)
Culture 50.09 (44.04-74.14) | 9474 (87.9-101.57) | 92.86 (84.97-100.74) = 66.67 (52.24-81.1) 0.769 (0.621-0.917)
Other (N = 41) mNGS 95.45 (89.08-101.83)  94.74 (87.9-101.57) = 9545 (89.08-101.83) = 94.74 (87.9-101.57) 0951 (0.873-1)
Culture+mNGS 100 (100-100) 89.47 (80.08-98.87) | 91.67 (83.21-100.13) 100 (100-100) 0947 (0.865-1)

BALE, bronchoalveolar lavage fluid; CSF, cerebrospinal fluid; PPV, positive predictive value; NPV, negative predictive value; CI, confidence interval.
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Univariate regression analysis Multivariate regression analysis

Variables
OR (95%Cl) P Value OR (95%Cl) P Value

ECMO weaning failure patients with ECPR

SOFA Score 1.540 (1.185-2.002) 0.001 1.447 (1.107-1.890) 0.007
mNGS 0.197 (0.067-0.585) 0.003 0.273 (0.086-0.865) 0.027
ECPR time 1.033 (1.002-1.066) 0.039
Lactate levels 1.072 (0.987-1.165) 0.097
Mortality at discharge
SOFA Score 2.409 (1.569-3.700) <0.001 2404 (1.422-4.064) 0.001
ECPR time 1.043 (1.004-1.084) 0.032 1.051 (0.985-1.122) 0.133
mNGS 0.201 (0.07-0.581) 0.003 0.209 (0.042-1.041) 0.056
Lactate levels 1.161 (1.048-1.287) 0.004 1.176 (1.017-1.361) 0.029
NT-pro-BNP 1.000 (1.000-1.000) 0.034 1.000 (1.000-1.000) 0.177
Creatinine 1.007 (1.001-1.014) 0.022
‘White blood cell 1.141 (1.012-1.286) 0.031
Alanine transaminase 1.002 (1.000-1.003) 0055

Incidence of EOP

mNGS 0.181 (0.048-0.684) 0.012 0.186 (0.035-0.979) 0.047

ECPR time 1.035 (1.004-1.066) 0.026 1.035 (0.999-1.073) 0.053
SOFA Score 1.432 (1.104-1.856) 0.007 1.341 (0.999-1.800) 0.051
CRP levels 1.008 (1.002-1.013) 0.010 1.011 (1.003-1.019) 0.006
PCT levels 1.014 (0.996-1.033) 0.131

The levels of NT-pro-BNP, creatinine, white blood cells, alanine aminotransferase, CRP, and PCT were determined as the most aberrant values observed during ECMO (>48 hours & <7 days after
ECMO). mNGS, metagenomic next-generation sequencing; IHCA, in-hospital cardiac arrest; ECPR, extracorporeal cardiopulmonary resuscitation; EOP, early onset pneumonia; SOFA,
sequential organ failure assessment; CRP, C-reactive protein; PCT, Procalcitonin; WBC, Procalcitonin; ECMO, extracorporeal membrane oxygenation; OR, odds ratio; CI, confidence interval.
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Variables

Male, (n%) 17 (63.0) 33 (67.3) 0.700
Age, (y) 4926 + 1631 47.88 +16.01 0.722
SOFA Score** 1370 + 1.86 1227 £2.12 0.004
Time consuming of ECPR*, (min) 4241 +17.20 32.80 + 16.20 0.018
Laboratory examinations at ECMO onset

White blood cell, (10°/L) 15.82 +7.97 1357 £ 5.79 0.161
Red blood cell, (10'%/L) 424 +1.07 3.87 £0.92 0.125
Hemoglobin, (g/L) 127.74 + 34.13 118.03 +29.88 0.202
Platelet, (10°/L) 199.07 + 111.31 21041 + 94.50 0.640
Alaninetransaminase, (U/L) 40.00 (22.00-214.00) 61.00 (18.50-128.00) 0.799
Aspartate transaminase, (U/L) 74.00 (27.00-358.00) 68.00 (22.50-405.50) 0.741
Creatinine, (tmol/L) 11582 +50.28 106.26 + 62.99 0.500
NT-pro-BNP, (pg/ml) 1639.00 (176.00-8820.00) 574.00 (187.00-7293.50) 0.629
cTnl, (ng/ml) 0.43 (0.06-2.00) 0.50 (0.06-3.92) 0.543
CRP, (mg/L) 19.41 (3.51-48.08) 18.95 (3.80-76.23) 0.753
Procalcitonin, (ng/ml) 0.26 (0.06-5.56) 0.31 (0.08-3.81) 0.905
Lactate, (mmol/L) 1066 + 5.39 1001 +5.98 0.638

Most abnormal value of laboratory examinations during ECMO (>48 hours & <7 days after ECMO)
White blood cell***, (10°/L) 16.62 + 6.19 9.08 +3.89 <0.001
Red blood cell, (10'2/L) 302053 3.03 £0.63 0931
Hemoglobin, (g/L) 9128 + 16.96 92.73 +20.34 0.754
Platelet, (10°/L) 92,07 + 59.98 83.16 + 38.94 0491
CRP**, (mg/L) 99.80 (58.20-171.50) 34.19 (9.77-103.28) 0.003
Procalcitonin**, (ng/ml) 12.52 (4.36-25.78) 3.57 (0.38-15.77) 0.003
ECMO weaning success, (n%) 11 (40.7) 25 (51.0) 0.390
mNGS*, (n%) 3(11.1) 20 (40.8) 0.007
Prophylactic antibiotics use, (n%) 26 (96.3) 41 (83.7) 0.103
Survivor, (n%) 5 (18.5) 19 (38.8) 0.069

The data was shown as the mean + SD, median (interquartile 25-75) or n (percentage). *Indicate significant difference (*indicate p<0.05, **indicate p<0.01, ***indicate p<0.001). ECPR,
extracorporeal cardiopulmonary resuscitation; EOP, early onset pneumonia; SOFA, sequential organ failure assessment; ECMO, extracorporeal membrane oxygenation; CRP, C-reactive protein;
mNGS, metagenomic next-generation sequencing.
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Survivors

Non-survivors

Variables
24) =52)
Male, (n%) 14 (58.3) 36 (69.2) 0.352
Age, (y) 51.13 + 13.99 47.1 £ 16.86 0311
BMI, (Kg/m?) 2407 +2.46 24.67 +3.27 0.428
History of smoking, (n%) 7(29.2) 22 (42.3) 0.273
Comorbidities, (n%)
Hypertension 6 (25.0) 16 (30.8) 0.606
Type 2 diabetes 4 (16.7) 12 (23.1) 0.524
Dyslipidemia 1(4.2) 2 (3.8) 1.000
Primary disease, (n%)
Acute myocardial infarction 15 (62.5) 32 (61.5)
Fulminant myocarditis 3(12.5) 3(5.8)
0312
Pulmonary embolism 4(16.7) 5(9.6)
Others 2(83) 12 (23.1)
IABP, (n%) 10 (41.7) 15 (28.8) 0.269
SOFA Score*** 10.96 + 1.88 13.62 + 1.68 <0.001
ECPR related variables
Time consuming of VA-ECMO cannulation, (min) 18.04 + 9.67 18.12 + 8.79 0.974
Time consuming of ECPR¥, (min) 2975 + 13.15 39.19 + 17.96 0.024
Shunt, (n%) 11 (45.8) 25 (48.1) 0.856
Methods of cannulation, (n%)
Percutaneous puncture 21 (87.5) 43 (82.7)
0.845
Surgical incision 3(12.5) 9(17.3)
Laboratory examinations
White blood cell, (10°/L) 1359 + 5.89 14.73 £7.05 0.494
Red blood cell, (10'*/L) 3.89 +0.95 4.06 + 1.00 0491
Hemoglobin, (g/L) 119.00 + 30.20 122.63 +32.42 0.645
Platelet, (10°/L) 210.08 + 66.42 204.67 + 112.99 0.828
Alanine transaminase, (U/L) 52.50 (18.25-172.00) 51.50 (20.50-150.50) 0.767
Aspartate transaminase, (U/L) 60.00 (18.50-421.00) 77.00 (28.50-308.75) 0.374
Albumin, (g/L) 4279 + 42.00 36.25 + 15.43 0.324
Total bilirubin, (umol/L) 8.20 (5.65-15.58) 11.10 (6.48-17.85) 0.232
Creatinine*, (umol/L) 89.66 + 43.75 118.89 + 62.58 0.043
Prothrombin time, (s) 12.70 (10.73-14.50) 12.70 (11.25-18.20) 0.368
APTT, (s) 48.85 + 37.75 40.34 + 16.95 0.301
NT-pro-BNP, (pg/ml) 460.40 (112.25-3847.72) 1117.50 (304.28-9233.25) 0.089
cTnl, (ng/ml) 0.46 (0.15-5.76) 0.47 (0.06-2.54) 0.737
CRP, (mg/L) 25.18 (3.44-69.99) 18.34 (3.76-59.28) 0.542
Procalcitonin, (ng/ml) 0.36 (0.12-5.22) 0.25 (0.07-3.82) 0.337
Lactate**, (mmol/L) 7.35 £ 4.82 11.57 + 5.69 0.002
Most abnormal value of laboratory examinations during ECMO (>48 hours & <7 days after ECMO)
White blood cell*, (10°/L) 9.49 +3.80 12.80 + 6.57 0.024
Red blood cell, (10'*/L) 3.19 +0.50 2.95 +0.62 0.099
Hemoglobin, (g/L) 97.68 + 15.57 89.69 + 20.17 0.090
Platelet, (10°/L) 92.75 + 38.07 8337 +51.06 0.425
Alanine transaminase**, (U/L) 85.50 (52.50-164.75) 238.50 (90.00-754.00) 0.003
Aspartate transaminase**, (U/L) 142.50 (83.50-221.00) 447.50 (119.75-1683.25) 0.001
Creatinine*, (umol/L) 13351 +89.93 187.61 + 89.24 0.017
NT-pro-BNP*, (pg/ml) 2785 (738.5-5620.05) 5566 (1720.75-11828.50) 0.024
cTnl, (ng/ml) 4.75 (0.48-8.45) 2.61 (0.56-9.95) 0.783
CRP, (mg/L) 69.30 (18.68-105.56) 70.97 (17.68-160.93) 0.631
Procalcitonin, (ng/ml) 3.45 (0.47-14.16) 7.01 (1.50-21.45) 0.151
EOP, (n%) 5(20.8) 22 (42.3) 0.069
mNGS**, (n%) 13 (54.2) 10 (19.2) 0.002
ECMO weaning success***, (n%) 24 (100) 12 (23.1) <0.001

The data was shown as the mean + SD, median (interquartile 25-75) or n (percentage). *Indicate significant difference (*indicate p<0.05, **indicate p<0.01, ***indicate p<0.001). BMI, body mass
index; IABP, intra-aortic balloon pump; SOFA, sequential organ failure assessment; VA-ECMO, veno-arterial extracorporeal membrane oxygenation; ECPR, extracorporeal cardiopulmonary
resuscitation; APTT, activated partial thromboplastin time; CRP, C-reactive protein; EOP, early onset pneumonia; mNGS, metagenomic next-generation sequencing.
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Sampling Cultivation qPCR Metagenomics

Hme Before After Detected/ Genome Reads (%) Uk-mer Uk-mers/
enrichment enrichment total equivalents counts (log)  reads ratios
49 H1 1 Autumn 2020 Positive: NA 3 27.4(SD: 0.3) 25804 1812 (0.02%) 39232 (46) 217
‘moderate growth
50_H1 1 Spring 2021 Negative Negative 3 NoCq <158 153 (0.002%) 193 (23) 13
51H2 2 Autumn 2020 Negative Positive 13 NoCq <1158 101 (0.002%) 309 23) 31
52 H2 2 Spring 2021 Negative Negative 3 NoCq <58 67 (0.001%) 218 (23) B3
53 H2 2 Autumn 2021 Negative Negative o3 NoCq <1158 57 (0.0006%) 107 (20) 19
55.H3 3 Spring 2021 Negative Negative 7} 34.9 (3D 17) <158 57 (0.0007%) 148 (22) 26
56_H3 3 Autumn 2021 Positive: rich growth  NA 3 24.4(SD: 0.0) 200737 8584 (0.08%) 190 208 (5.3) 22
61 H5 5 Spring 2021 Negative Negative o3 NoCq <1158 74 (0.002%) 13 21) 15
62.H5 5 Autumn 2021 Positive: very NA o3 NoCq <158 73 (0.001%) 165 (22) 23
sparse growth
63_H6 6 Autumn 2020 Negative Negative o3 NocCq <158 71 (0.0007%) 104 20) 15
64 HG 6 Spring 2021 Negative Negative 3 321 (SD: 0.2) <1158 31 (0.0003%) 56 (17) 18
65_H6 6 Autumn 2021 Positive: sparse growth  NA 303 343 (SD: 0.4) <158 25 (0.0002%) 8719) 35

Read numbers denote reads assigned to P. alcalifaciens by Kraken2Uniq, while relative abundances in percent denote relative abundances estimated by Bracken. Coloured cells indicate that the parameter exceeds threshold set. NA: not applicable. Uk-mer: unique k-mer.
Threshold used: 569 Uk-mer counts and a Uk-mers/reads ratio of 5.2.
QPCR was run in triplicates.
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Success Failure

Variables
(n=36) (n=40)
Male, (n%) 50(65.8) 21(58.3) 29(72.5) 0.194
Age, (y) 48.37 £ 16.02 50.33 + 15.10 46.6 + 16.80 0314
BMI, (Kg/m2) 24.48 £ 3.03 2417 £2.85 24.76 £ 3.19 0.404
History of smoking, (n%) 29 (38.2) 12 (33.3) 17(42.5) 0411

Comorbidities, (n%)

Hypertension 22 (289) 9 (25.0) 13 (32.5) 0472
Type 2 diabetes 16 (21.1) 7 (19.4) 9(22.5) 0744
Dyslipidemia 3(39) 1(28) 2(5.0) 1.000

Primary disease, (n%)

Acute myocardial infarction 47 (61.8) 21 (58.3) 26 (65.0)

Fulminant myocarditis 6(7.9) 4(111) 2(5.0)
0.096

Pulmonary embolism 9 (11.8) 7 (19.4) 2(5.0)

Others 14 (18.4) 4(111) 10 (25.0)
IABP, (n%) 25 (32.9) 15 (41.7) 10 (25.0) 0.123
SOFA Score* 1278 + 213 11.89 +2.19 1358 + 1.75 <0.001

ECPR related variables
Time consuming of VA-ECMO cannulation, (min) 18.09 + 9.01 17.19 £9.31 18.90 + 8.77 0.414
Time consuming of ECPR*, (min) 3621 + 17.09 3178 + 14.18 4020 + 18.61 0.031
Shunt, (n%) 36 (47.4) 16 (44.4) 20 (50.0) 0.628
Methods of cannulation, (n%)

Percutaneous puncture 64 (84.2) 32(88.9) 32 (80.0)
0.289

Surgical incision 12 (15.8) 4(111) 8(20.0)

Laboratory examinations 7 7

White blood cell, (109/L) 1437 + 6.69 1464 + 5.58 14.13 £ 7.61 0.746
Red blood cell, (1012/L) 4.00 +0.98 3.92 +0.86 4.07 + 1.08 0.509
Hemoglobin, (g/L) 12148 + 31.58 119.79 +29.02 123.00 + 34.01 0.661
Platelet, (109/L) 206.38 + 100.20 206.11 +79.14 206.63 + 116.99 0.982
Alanine transaminase, (U/L) 51.50 (19.25-155.50) 67.50 (18.25-189.00) 38.50 (20.50-117.50) 0.529
Aspartate transaminase, (U/L) 69.50 (24.25-391.00) 132.95 (21.0-421.0) 60.50 (28.50-276.25) 0.831
Albumin, (g/L) 38.32 + 26.69 39.75 + 34.62 37.03 + 17.05 0.660
Total bilirubin, (umol/L) 10.65 (6.08-16.73) 9.05 (5.65-16.63) 11.10 (6.70-17.78) 0.308
Creatinine, (Lmol/L) 109.66 + 58.62 10141 +54.74 117.08 + 61.65 0.248
Prothrombin time, (s) 1270 (11.20-17.33) 12.90 (11.08-15.35) 12.20 (11.20-18.03) 0.983
APTT, (s) 43.03 £ 25.46 4562 + 32.06 407 +17.67 0.403
NT-pro-BNP, (pg/ml) 714.80(186.00-7699.75) 497.99(120.20-5985.25) 1117.50(372.62-9022.00) 0.173
Tnl, (ng/ml) 0.46 (0.06-2.54) 0.46 (0.15-6.57) 0.47 (0.06-2.26) 0.696
CRP, (mg/L) 19.18 (3.66-59.28) 18.91 (3.54-51.16) 20.31 (4.83-73.52) 0913
Procalcitonin, (ng/ml) 0.30 (0.08-4.12) 0.26 (0.08-3.68) 0.31 (0.07-5.49) 0.603
Lactate, (mmol/L) 1024 £ 575 9.08 +5.15 1129 £ 6.11 0.095
EOP, (n%) 27 (35.5) 11 (30.6) 16 (40.0) 0.390
mNGS*, (n%) 23 (303) 17 (47.2) 6 (15.0) 0.002
Survival®, (n%) 24 (31.6) 24 (66.7) 0 <0.001

The data was shown as the mean + SD, median (interquartile 25-75) or n (percentage). *Indicate significant difference (*indicate p<0.05). IHCA, in-hospital cardiac arrest; ECPR, extracorporeal
cardiopulmonary resuscitation; BMI, body mass index; IABP, intra-aortic balloon pump; SOFA, sequential organ failure assessment; ECMO, extracorporeal membrane oxygenation; APTT,
activated partial thromboplastin time; CRP, C-reactive protein; EOP, early onset pneumonia; mNGS, metagenomic next-generation sequencing.
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2 Dog A Dog B Medians for both Empty faecal card

alcalifacie- dogs (range)
ns added
CFU Detected/ Genome Reads (%) Detected/ Genome Reads (%)  Uk- Uk-mers/ Detected/ Genome Reads (%)
total equivalents total equivalents mer counts reads ratio total equivalents
avg. avg. avg.
0 (n=5) o3 <1158 RI:69 o3 <ss RI:54 345 (22,103) 08 (03,19) on s 41 (0.02%)
(0.0007%) (0.0005%)
R2: R2:
73 (0.0007%) 34 (0.0004%)
LIXIO' (n=4) 03 <1153 RI:41 172 <ss RI:42 1575 (39, 301) 26/(10,54) o2 <1158 NA
(0.0005%) (0.0004%)
R2: R2:
75 (0.0007%) 74 (0.0008%)
LIx10° (n=4)  0/3 <1158 NA 3 <1158 NA NA NA o2 <1158 NA
LIxI0 (n=4) 273 137.7 (SD: 79.8) RI: 110 £ 2253 (SD:798) | RI:76 8745 (569,1425) 117 (52, 14.3) 20 <lss NA
(0.001%) (0.0008%)
R2: R2:
73 (0.0008%) 100 (0.001%)
LIxI0" (n=4) 373 4137 (SD:287.6) | R1: 100 303 29010 RI:318 5632 (1733, 220 (153,27.1) 20 1314 (SD:371)  NA
(0.001%) (SD: 2654.6) (0.003%) 27 140)
R2: R2:
173 (0.002%) 1020 (0.01%)
LIXI0® (n=4) 33 496.1 (SD:375.4) | R1:305 303 231681 RI: 5094 77 674, (7232, 266 (237,27.2) 20 21540 NA
(0.003%) (SD: 5067.7) (0.05%) 136 089) (SD: 335.9)
R2: R2:

857 (0.008%) 4886 (0.05%)

NA: not applicable (not sequenced). R1: biological replicate 1. R2: biological replicate 2. Read numbers denote reads assigned to P. alcalifaciens by Kraken2Uniq, while relative abundances in percent denote relative abundances estimated by Bracken. Uk-mer: unique k-mer.
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Parameter Groups tested over spiked-in CFU (log) using two-tailed t-test or two-sample Wilcoxon rank-sum
(Mann-Whitney) test

CFU log O vs. 1 CFU log 0 vs. 3 CFU log 0 vs. 4 CFU log 0 vs. 5
Uk-mer counts P=020 P =0.029 P =0.029 P =0.029
Uk-mer counts (log)* P =0.099 P =0.0003 P =0.0004 P =10.0001
Uk-mers/reads ratios | P = 034 P =0.029 P=0029 P =0.029
Read counts P =069 P =0.057 P =0029 P =0.029

‘The absolute number of reads P. alcalifaciens was significantly higher in samples that were spiked with 1.1x10" CFU P. alcalifaciens and more. Uk-mer: unique k-mer. * Denotes that the

parameter was assessed using the two-tailed t-test, while the other parameters were assessed using the Wilcoxon rank-sum (Mann-Whitney) test.
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Individuals  Total number of  Collection Time of Study aim

(n) samples (n) method sampling
Sensitivity 2 2% Charcoal swab Autumn 2021 Test sensitivity of metagenomic assay and establish a
assay DFC metagenomic threshold for presence of P. alcalifaciens
Field 5 12 Charcoal swab Autumn 2020 Test metagenomic threshold on samples positive and negative for
control DFC Spring 2021 P. alcalifaciens by cultivation

Autumn 2021

Field 448 448 DFC 2018-2019 Use metagenomic threshold to find occurrence of P. alcalifaciens
study in a large population of dogs

* Several DFCs from each dog were collected at the same timepoint and used to create samples spiked with Providencia alcalifaciens at five different dilutions.
DEC: dried faecal card. Charcoal swabs were used for cultivation, while DFCs were used for qPCR and metagenomics.
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y=38486-23101 x, R* = 0.64

Log CFU P. alcalifaciens

Genome equivalents P. alcdlifaciens vs. CFU P. alcalifaciens for dog A and dog B separately

y = 1.5098+0.2253 x, R = 0.26
y = —0.62271+0.98299 x, R* = 0.97
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sk factors

SHE alue OR value 95% Cls
Dyspnea 3951 1.021 14963 <0.001 52.003 7.023-385.037
Age <1.46 2326 1.087 4578 0.032 10233 1.216-86.147
Body Temperature >36.5 °C 2807 1.069 6.894 0.009 16556 2.037-134.538

PCP, Pneumocystis Pneumonia; B coefficient; S.E. standard error; OR odds ratio; Cls confidence intervals; Wald, Wald x2.





OPS/images/fcimb.2024.1398152/table2.jpg
ROC Curve Binary logistic regression analysis

facen ut-off Youden's index AUC 95% Cls P-value Coefficient OR 95% Cls
Bilateral lung lesions NA 0264 0632 0517-0747 0038 21066 1408362684 NA 0998
Ground glass shadow NA 0305 05652 05280777 0017 3214 24870 3.030-204.134 0003
Without Pleural effusion NA 0289 0645 0.529-0760 0023 1835 6263 1.692-23.182 0006
Dyspnea NA 0.809 0905 0.834-0975 <0.001 4.655 105.143 2459 <0.001
539220
Mechanical ventilation NA 0462 0731 0.614-0848 <0.001 3239 25500 5.334-121.910 <0.001
Post-surgery NA 0406 0703 0584-0822 0.001 2262 9.600 3.069-30.026 <0001
Tracheal dysplasia NA 0427 0713 0596-0.83 0.001 2119 8320 2929-23.651 <0.001
Premature delivery NA 0296 0618 05240772 002 2207 9.091 2331-35.452 0001
Age () 146 0627 0752 0.641-0862 <0.001 2987 19817 6296-62.369 <0.001
Body Temperature (°C) 3665 0404 0700 0.579-0821 0.002 1714 5550 2163-14.242 <0001
Heart rate (/min) 127.00 0488 0794 0.691-0.896 <0.001 219 8991 332524314 <0001
Procalcitonin (ng/mL) 024 029 0641 05170765 0027 1491 4441 1614-12215 0004
e gt hoebopinn s o P o Lo 2016 wsas oo
Respiratory rate (/min) 29.00 0392 0679 0.564-0.794 0.005 2053 7788 2407-25.197 0001
Hemoglobin (g/L) 11450 0404 0683 0.558-0808 0.04 1714 5550 2163-14242 <0.001
CDS8 percentage (%) 2084 0378 0711 05960825 0.001 1845 6328 2306-17.366 <0001
Total protein (g/L) 59.05 0284 0641 0.520-0762 0027 1242 3462 1.381-8.680 0.008
Serum creatine (jmol/L) 2450 0522 0719 0.597-0841 0.001 2379 10792 374331116 <0001
Albumin (g/1) 3755 0.205 0585 04570713 0.183 0.851 2343 0.954-5751 0063
Aspartate aminotransferase (U/L) 3850 0267 0664 0.548-0.779 0010 1107 3025 1237739 0015

PCP, Pneumocystis Pneumonia; ROC Curve, receiver operating characteristic curves; AUC, area under the curve; Cls, confidence intervalss OR, odds ratio.
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Clinical information PCP (N=34) non-PCP (N

Gender(male) 52 (61.18%) 21 (61.76%) 31 (60.78%) 0.761
Age 2.00(0.42, 7.00) 0.58 (0.27, 1.00) 5.33 (1.625~8.00) <0.001

Underlying diseases

Congenital heart diseases 9 (10.59%) 5 (14.71%) 4 (7.84%) 0.304
Post-surgery 22 (25.88%) 17 (50.00%) 5 (9.80%) <0.001
Pulmonary artery sling 2 (2.35%) 2 (5.88%) 0 0.15

Tracheal dysplasia 26 (30.58%) 19 (55.88%) 7 (13.72%) <0.001
Malignant tumor 5 (5.88%) 4 (11.76%) 1 (1.96%) 0.074
Immunocompromised 13 (15.29%) 8 (23.53%) 5 (9.80%) 0.072
Premature birth 15 (17.64%) 12 (35.29%) 3 (5.88%) <0.001

Clinical manifestations

Fever 63 (74.12%) 26 (76.47%) 37 (72.55%) 0.498
Dyspnea 39 (45.88%) 32 (94.12%) 7 (13.73%) <0.001
Cough 76 (89.41%) 30 (88.23%) 46 (90.20%) 1

Body temperature 36.50 (36.20, 37.70) 37.40 (36.45, 38.43) 36.50 (36.20, 36.80) 0.002
Heart rate 120 (100.00, 136.00) 135 (121.50, 150.50) 105 (98.00, 122.00) <0.001
Respiratory rate 34 (25.00, 40.00) 35 (30.00, 40.50) 28 (24.00, 36.50) 0.005

Laboratory findings

White blood cells (10°/L) 9.79 + 4.94 9.67 + 4.88 9.87 + 5.03 0.854
Neutrophils (%) 56.69 + 21.39 53.78 + 23.04 58.55 + 20.26 0.313
Lymphocyte (%) 34.04 + 19.63 3723213 31.99 + 18.39 0.226
Hemoglobin (g/L) 117 (101.00, 128.00) 108 (93.25, 119.75) 121 (112.00, 129.00) 0.004
Platelets (10°/L) 342.67 + 164.40 305.21 + 141.50 366.70 + 174.61 0.089
Albumin (g/L) 38.59 +6.22 39.50 + 6.49 38.00 + 6.03 0.017
Aspartate aminotransferase (U/L) 36.00 (28.00, 52.00) 43.00 (31.00, 65.25) 34.00 (27.00, 45.50) 0.010
Alanine aminotransferase (U/L) 21.00 (14.00, 39.00) 24 (1675, 39.25) 20.00 (13.00, 37.50) 0.148
Creatinine (umol/L) 24.00 (16.00, 32.00) 17.00 (15.75, 23) 28.00 (20.50, 33.00) 0.001
Urea (mmol/L) 3.80 (2.42, 4.60) 3.46 (2.32, 4.70) 3.87 (2.92, 441) 0.503
Direct bilirubin (umol/L) 3.30 (2.60, 5.10) 3.45 (2,65, 7.13) 3.20 (2.40, 4.30) 0.199
Total bilirubin (umol/L) 7.30 (4.60, 12.40) 8.05 (4.75, 22.83) 6.70 (4.45, 10.10) 0.115
Total protein (g/L) 61.20 (55.70, 67.00) 59.00 (52.05, 64.10) 62.10 (59.05, 67.05) 0.027
Lactate dehydrogenase (U/L) 288.00 (225.00, 365.00) 302.50 (226.25, 401.00) 283.00 (224.50, 362.50) 0.528
Procalcitonin (ng/ml) 0.12 (0.07, 0.25) 0.16 (0.09, 0.60) 0.12 (0.07, 0.18) 0.027
C-reactive protein (mg/L) 4.49 (0.50, 38.75) 3.92 (0.50, 66.18) 4.49 (0.50, 30.25) 0.955
Prothrombin time (S) 12.20 (11.50, 13.20) 12.25 (11.45, 13.60) 12.00 (11.45, 13.00) 0.428
Activated thrombin time (S) 28.75 (24.5, 35.60) 30.55 (25.93, 39.73) 27.8 (23.65, 32.65) 0.020
D-dimer (mg/L) 0.78 (0.40, 1.94) 0.73 (0.39, 1.54) 0.78 (0.40, 2.02) 0.557
CD3 (%) 61.37 (54.32, 67.49) 61.37 (50.32, 66.28) 61.37 (57.29, 68.91) 0.097
CDS8 (%) 25.01 (19.28, 28.38) 20.24 (1341, 25.10) 25.01 (24.39, 29.89) 0.001
CD4 (%) 33.64 (28.22, 36.72) 33.64 (24.11, 39.4) 33.64 (29.26, 36.04) 0.847

Computed Tomography images

Bilateral lesions 73 (85.88%) 34 (100.00%) 39 (73.47%) 0.001
Pleural effusion 23 (27.05%) 3 (8.82%) 20 (39.22%) 0.003
Ground-glass opacity 12 (14.11%) 11 (32.35%) 1 (1.96%) <0.001
Emphysema 38 (44.71%) 13 (38.23%) 25 (49.02%) 0.412
Duration of hospital stay 12.00 (9.00, 17.00) 14.00 (9.75, 21.25) 12.00 (9.00, 15.00) 0.178
Duration from onset to admission 13.00 (6.00, 30.00) 12.50 (5.00, 74.00) 13.00 (6.00, 20.00) 0.188
Mechanical ventilation 19.00 (22.35%) 17.00 (50.00%) 2.00 (3.92%) <0.001
Outcome

28-day death 3 (3.53%) 2 (5.88%) 1 1 (1.96%) 1 0.558
Death of discharge 2 (2.35%) 2 (5.88%) 0 0.158

PCP, Pneumocystis pneumonia.
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Gender M M M M M ¥ M M E ¥ ¥ ¥ M
Agey 15 3 1 10 8 1 1 2 1 1 5 7 1 13
Underlying Diabetes mT No ALL ALL ALL ALL ALL AML Ms. ALL ALL TALABL | AA
disease
Symptoms
Fever Yo Yes Yes Yes Yes Yes Yes Yes Yes Yes Yo Yo Yes Yes
Cough No Yes Yes No Yes No No Yes Yes Yes Yes No No No
Sputum No No No No No No No Yo No No No No No No
Chest pain No No No No No No No No No Yes No No No No
Abdominal No No No No No No No No No No No No No Yes
pain
Neutropenia | No No Yes Yes Yes No Yo Yo Yes Yes Yes No No Yes
Coma No No No No No No No No No No No Yes Yes Yos
Convulsions | No No No No No No No No No No No No Yes No
Mycological evidence
G N N NA N N N N N N N N N N N
aM N N N N N N N N N N N N N N
BALF Culwre P N N N N N N N N N N N N N
BALF IF 3 NA N NA Na NA » » » NA N NA N NA
Histopathologic | NA 3 N NA NA » NA NA NA NA » N NA NA
(mediastinum) | (lung) (ung,kidney) (lung)
BALFmNGS | Rhizopus | NA Rhizopus | NA NA Lichtheimia NA NA Rhizopus onyzae | NA Rhizopus NA Rhizopus NA
(Sequences. oryzac (7); oryzae (8) ramose (1); @) microspores microspores
Number) Aspergillus Cytomegalovirus Human @ (1106);
Jumigatus ) betaherpesvirus 1 Hacmophilus Enterococcus
(105) (6342); Human influenzac (68) Jaecium (99);
betaherpesvirus Human
) betaherpesvirus
s@34)
BloodmNGS  NA NA NA Rhizomucor | Rhizomucor Na Rhizomucor | Rhizomucor | Rhizopus oryzae | Rhizomucor | NA Rhizomucor  NA Rhizomucor
(Sequences. pusills (463; | pusilus (1358); pusilus pusillus (1972 pusilus (1425); michei(); pusillus (3116);
Number) Aspergills Human (16672) (1410 Human Human Rhizomucor Mycobacterium
Sumigatus (1) | betaherpesvirus Aspergillus betaherpesvirus 1| betaherpestirus pusilus 6) @
1a16) terreus (8) (30); Human | 7(1)
betaherpesvirus
)
TisuemNGS | NA Rhizopus NA NA NA NA NA NA NA NA NA NA NA NA
(Sequences microspores
Number) Gos
Clinical forms~ Pulmonary ~ Pulmonary  Pulmonary  Pulmonary | Pulmonary Disseminated | Disseminated | Pulmonary | Pulmonary Disseminated | Pulmonary Disseminated | Pulmonary Disseminated
of
mucormycosis
Clasificaion | Probable Proven Probable  Probable Probable Proven Probable Probable | Probable Probable Proven Probable Probable Probable
of diagnosis
Treatment LAmBand | LAmB isavuconazol | LAmBand | L-Amband posscomazole | L-AmB LAmBand | L-AmbBand LAmBand | LAmBand  LAmBand | LAmBand | LAmBand
posaconazole posaconazole | posaconazole possconazole | posaconszole | posacomszole | posacomazole | posaconazole | posaconazole | posaconazole
Surgery No No No No No Lobectomy Vacuum No No No Lobectomy | No No No
Saaling
Drainage
Outcome Death Death Alive Alive Death Alive Alive Alive Daath Death Alive Alive Death Alive

M, male; F, female; MT, mediastinal tumor; ALL, acute lymphocytic leukemia; AML, acute myeloid leukemia; MS, Myeloid sarcoma;

ALL/LBL, T-cell acute lymphoblastic leukemia/lymphoma; AA, Aplastic anemia; IF, immunofluorescence: G, 1,3 beta-D glucan
detection test; GM, galactomannan test; mNGS, Metagenomic next-generation sequencing: N, negative; P, positives NA, not applied; L-Am, liposomal amphotericin B.
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Pulmonary rinary tract Central nervous system Concurrent Negitibe

Gender (male/female) /7 ‘ 4/3 10 5/5 11 2/0
Age (Min~Max) 54 (26-85) ‘ 53.7 (32-85) 72 47.7 (26-62) 38.5 (32-45) 65 (58-72)
Cardiovascular disease 13/5 ‘ 52 10 91 2/0 0/2
Cerebrovascular discase 13/5 ‘ 413 0/1 2/8 0/2 2/0
COVID-19 171 ‘ 6/1 10 10/0 2/0 2/0

Cardiovascular and cerebral diseases encompass a wide range of conditions that significantly impact public health. Notably, stroke, a major type of cerebrovascular disease, is linked to high
morbidity and mortality rates (Johnson etal., 2016; O'Donnell et al,, 2016). Furthermore, cardiovascular diseases, including heart attacks and heart failure, remain leading causes of death globally
(Murray et al,, 2019). The prevalence of these diseases necessitates effective diagnostic and treatment strategies.
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No.

mple GS results Sequencing reads Relative abundance

Case 1 Brain abscess fluid Aspergillus fumigatus 54 ‘ 41.43%
Case 2 Brain abscess fluid Aspergillus fumigatus 150 ‘ 99%
Rhizomucor michei 4 NA
Case 3 CSF
A Rhizomucor pusillus 6 ‘ NA

NA, not applied.





OPS/images/fcimb.2024.1386377/fcimb-14-1386377-g002.jpg
A Distribution of pathogens B Distribution of pathogens

<»

E Frequency of

Albicans

varicella-zoster virus
COVID-19
Human Herpesvirus 1
John virus
Human Herpesvirus 6
CMV|
Esv

0

in sputum culture in urine culture

M. catarrhalis @ andida pivariensis
" Pseudomonas aeruginosa ® Enterococcus Faecium
W Staphylococcus aureaus W Candida albicans

W Acinetobacter baumannii

W Burkholderia cepacia

W Corynebacterium striatum

mNGS-detected Pathogen

05 1 15 2 25 3
Frequency of Pathogenic Bacteria

1 2 3 4 5 6 1
Frequency of Pathogenic Fungus and Virus

C Distribution of D mNGS-Detected in
mNGS-detected Pathogen

\

culturing negative samples

F

4

F mNGS-detected Pathogenic Frequency of Different Specimens

= Vius
= Bacteria

B
" Unddtected

Corynebacterium
Baumanii
Pseudomonas aeruginosa)
Burkholderia cepacia
Staphylococcus aureus|
Moraxella catarrhalis

0 02 04 06 08 1 12
Pathogenic Frequency in Spytum Specimens

Candida albicans
Enterococcus Faecium
Escherichia coli
Smooth Candida

04 06 08
Pathogenic Frequency in Urine Specimens






OPS/images/fcimb.2024.1393242/fcimb-14-1393242-g002.jpg





OPS/images/fcimb.2024.1386377/fcimb-14-1386377-g001.jpg
- e e e e e e e e e e e e e e

" Number of Enrolled patients: (Time) ;
L. 18:(2023.01~2023.02) . _ .
. . Non-infected
Detected Infected Individuals(16) Individuals(2) Clinical diagnosis

m Two lnﬁividua!s

;Number of Detected®
: Individuals: 1 A=

..............................

¢ Improvement after :

Seven Individuals One Individuals Ten Individuals Two Individuals . drugusing 1
...... Numberof Numberu[ Numberﬂl ; r__'li“ﬁ“_»-l:ﬂ‘_"-lﬂ n;-:_:ul:s nuh Y mNGS ng
Individuals: 1 Individuals: 8 Individuals: 2 the clnical diagnosis 3S detecti

.............................................................................................

: Non-improvement after : " Improvement after ;|
: drug-using 3 5 drug-using: 8 } : drug-using: 2






OPS/images/fcimb.2024.1393242/fcimb-14-1393242-g001.jpg





OPS/images/fcimb.2024.1386377/crossmark.jpg
©

2

i

|





OPS/images/fcimb.2024.1393242/crossmark.jpg
©

2

i

|





OPS/images/fcimb.2024.1437665/table3.jpg
Methods Sensitivity Specificity PPV NPV Accuracy

mNGS 77.78 90.32 97.67 43.75 79.79
Culture 27.16 ‘ 96.77 97.78 20.27 38.34
CT 73.46 25.81 83.80 15.69 65.80
MRI 88.27 2581 86.14 29.63 78.24
CRP 87.65 3548 87.65 35.48 79.27
ESR 91.36 19.35 85.55 30.00 79.79
PCT 6235 3871 84.17 16.44 58.55

PPV, positive predictive value; NPV, negative predictive value; mNGS, metagenomic next-generation sequencing; CT, computed tomography; MRI, magnetic resonance imaging; CRP, c-reactive
protein; ESR, erythrocyte sedimentation rate; PCT, procalcitonin.
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CMTs

Microbial classification

positive results

Microbial classification

mNGS

positive results

1 Pathogen negative DNA virus Primate erythroid parvovirus type 1
2 Pathogen negative Fungi Pneumocystis jiroveci
Fungi Aspergillus nidularis
Fungi Cryptococcus neoformans Grubii variant
3 Pathogen negative DNA virus Epstein-Barr virus
4 Pathogen negative Pathogen negative
5 Fungi Candida albicans Mycoplasma Mycoplasma hominis
DNA virus Human cytomegalovirus
RNA virus Nasovirus type C
Fungi Pneumocystis jiroveci
Fungi Candida albicans
6 Pathogen negative Gram-positive bacteria Staphylococcus aureus
7 Pathogen negative Fungi Pneumocystis jiroveci
8 Pathogen negative Fungi Aspergillus flavus/Aspergillus oryzae
DNA virus Epstein-Barr virus
DNA virus Human cytomegalovirus
9 Pathogen negative Pathogen negative
10 DNA virus Human cytomegalovirus Fungi Pneumocystis jiroveci
Fungi Aspergillus flavus/Aspergillus oryzae
DNA virus Herpes simplex virus-1
DNA virus Epstein-Barr virus
DNA virus Human cytomegalovirus ‘
11 DNA virus Human cytomegalovirus Fungi Pneumocystis jiroveci ‘
DNA virus Epstein-Barr virus ‘
DNA virus Human cytomegalovirus ‘
12 DNA virus Human cytomegalovirus DNA virus Epstein-Barr virus
DNA virus Human cytomegalovirus
13 Pathogen negative DNA virus Epstein-Barr virus
14 Gram-positive bacteria Gcocci Fungi Aspergillus fumigata
Gram-positive bacteria G+ bacilli
15 Gram-positive bacteria Grcoccl Fungi Pneumocystis jiroveci
16 DNA virus Human cytomegalovirus Fungi Pneumocystis jiroveci
DNA virus Human cytomegalovirus
DNA virus Molluscum contagiosum virus
17 Fungi Marneffei basket fungus Fungi Pneumocystis jiroveci
RNA virus Human coronavirus OC43
Fungi Marneffei basket fungus
18 Pathogen negative Fungi Aspergillus fumigata
19 Pathogen negative Pathogen negative
20 Pathogen negative Fungi Pneumocystis jiroveci
DNA virus Human cytomegalovirus
RNA virus Nasovirus type B
21 Pathogen negative DNA virus Epstein-Barr virus
DNA virus Molluscum contagiosum virus
Mycoplasma Ureaplasma urealyticum
Gram-positive bacteria Mycobacterium avium complex
22 Pathogen negative Fungi Pneumocystis jiroveci
23 Gram-negative bacteria Raoultella ornithinolytica Fungi Pneumocystis jiroveci
DNA virus Human cytomegalovirus DNA virus Human cytomegalovirus
RNA virus Nasovirus type C
2 Fungi Pneumocystis jiroveci Fungi Pneumocystis jiroveci
Fungi Aspergillus fumigata Mycoplasma Mycoplasma hominis
Gram-positive bacteria Mycobacterium Tuberculosis RNA virus Nasovirus type C
RNA virus Human parainfluenza virus type 3
25 Pathogen negative Pathogen negative
26 Fungi Aspergillus flavus complex Fungi Pneumocystis jiroveci
Fungi aspergillus flavus DNA virus Human cytomegalovirus
DNA virus Human cytomegalovirus Fungi Aspergillus flavus/Aspergillus oryzae
Fungi Fusarium verticillioide
27 Gram-negative bacteria Pseudomonas aeruginosa Gram-negative bacteria Pseudomonas aeruginosa
28 Pathogen negative Pathogen negative
29 Pathogen negative Fungi Pneumocystis jiroveci
DNA virus Human cytomegalovirus
30 Pathogen negative Pathogen negative
31 Gram-positive bacteria Mycobacterium Tuberculosis Gram-negative bacteria Acinetobacter baumannii
Gram-positive bacteria Mycobacterium tuberculosis complex
32 Pathogen negative Fungi Pneumocystis jirovec
Fungi Aspergillus flavus/Aspergillus oryzae
RNA virus Human coronavirus NL63
Gram-positive bacteria Staphylococcus haemolyticus
33 Gram-negative bacteria Klebsiella pneumoniae Fungi Aspergillus flavus/Aspergillus oryzae
Gram-negative bacteria Moraxella catarrhalis
Gram-negative bacteria Klebsiella pneumoniae
34 Pathogen negative Fungi Aspergillus fumigata
DNA virus Epstein-Barr virus
DNA virus Human cytomegalovirus
35 Pathogen negative Fungi Pneumocystis jiroveci
DNA virus Human cytomegalovirus
36 Gram-negative bacteria Pseudomonas aeruginosa Gram-positive bacteria Streptococcus pneumoniae

mNGS, Metagenomic next-generation sequencing; CMTs, Conventional microbiological tests.

Gram-positive bacteria

Mycobacterium Tuberculosis

Gram-positive bacteria

Gram-positive bacteria

Mycobacterium avium complex

Streptococcus mitis
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needle biopsy = Open surgery

I group (n=35) group (n=127)
mNGS, n (%) 28 (80.00) 98 (77.17) 0.72
Culture, n (%) 4 (11.43) 40 (31.50) 0.02

mNGS, metagenomic next-generation sequencing.
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Value

aracter
Age (years) 4425 £ 16.27
Gender (female vs. male) 31/5
CD4"T cell count, cells/UL 50.50 (16.50, 187.75)
CD4/CD8 0.10 (0.03, 0.40)
White blood cell count, 10°/L 5.02 (3.48, 8.13)
HIV viral load (Copies/ml)
Can not be detected 15 (41.67)
<1000 7 (19.44)

21000 14 (38.89)
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ot | Non-SI P
SRR group (n=162) = group (n=31) value
Age, years, 66 (15) 67 (16) 0.4
Median (IQR)

Sex, n (%)

Male 86 (53.09) 20 (64.52) 0.24
Female 76 (46.91) 11 (35.48) 0.24
Infection site, n (%)

Cervical spine 1 (0.62) 0 (0.00) >0.99
Thoracic spine 30 (18.52) 8 (25.81) 0.35
Lumbar spine 131 (80.86) 22 (70.97) 0.21
Sacral vertebrae 0 (0.00) 1(3.22) 0.16
Laboratory findings

ffz}a:gézm 33.98 (56.25) 20.70 (50.89) 0.00
i{sj{d’i:]“(llth’R) 68.50 (49.50) 53.45 (33.61) 0.01
;Cegla(:gég‘g) 0.07 (0.15) 0.06 (0.10) 0.91
CT, n (%) 119 (73.46) 23 (74.19) 0.93
MRI, n (%) 143 (88.27) 23 (74.19) 0.04
Underling disease, n (%)

Diabetes 34 (20.99) 6 (19.35) 0.84
Hypertension 61 (37.65) 11 (35.48) 0.82
Operation history, 90 (55.56) 21 (67.74) 021
n (%)

SI, spinal infection; IQR, interquartile range; CRP, c-reactive protein; ESR,
erythrocytesedimentation rate; PCT, procalcitonin; CT, computed tomography; MRI,
magnetic resonance imaging.
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SAMEA7388130 SAMEA7388131 SAMEA7388129 SAMEA7388132

Bioempie IDIENA) LCR_98 LCR_99 LCR.88  LCR_88_98_99
Hospital date 6 14 27 Negative control
Total 944071 979841 2493377 145943
Quality filtered 582319 314872 1277830 26469
Number of read pairs Human 572562 266901 1254920 6249
Unclassified 5026 29300 13169 8617
Microbial 4731 18671 9741 11603
Candida albicans 0 0 0
Micrococcus luteus 14.12 9.44 11.43 13.09
Read pairs % in microbial fraction Cutibacterium acnes 27.52 14.10 11.36 30.42
Moraxella osloensis 173 153 6.53 5.71
Kocuria rhizophila 4.08 8.25 0.09 4.67

For each sample, values represented in bold type indicate the three most abundant microbial species. For additional information regarding the mNGS pipeline, refer to the Supplementary File.
Shading was used to highlight the positive, clinically important result.
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Positive Negative P Value

‘ <0.0001
Microbial culture ‘ 272 69 /
mNGS ‘ 316 25 /

101, invasive osteoarticular infection; POI, primary osteoarticular infection.





OPS/images/fcimb.2024.1322847/fcimb-14-1322847-g001.jpg
LP, VD, dura,

arachnoidea, LP, shunt, cauda equina biopsy
procedures LP LP cortex biopsy LP, shunt ~ ependym biopsy |p P P
hospital days 6 14 19 27 34 43 67 Fi) 78 126 165
2|a CuL CUL cuL]
218 TBC TBC EUB
(,Q-; CUL CUL TBE||LYME DIV. SEROLOGY CUL CUL
O e et
Sla TBC|] [BRUCELLA HCV
of..
© BDG BDG BDG BDG BDG BDG
CuL] [TBC|] [CUuL CUL [EBV] BDG
S M/E EUB TBC CUL
%) — E— E—
g_ HIV EBV TOX TBC
PAN JCV
e PAN
o
e 0G| [EBEl [BDG|
(0]
= NGS| [NGS 'NGS|
protein (g/L) 5.04 4.16 5.41 5.05
glucose (mmol/L) 1.57 1.95 213 0.89
Q. |lactate (mmol/L) 5.8 54 71 792
8 leucocytes M/L 1310 1026 1707 7188
o mononucl. cells M/L 574 636 872 3236
polynucl. cells M/L 736 390 835 3952
red cell count M/L 330 480 210 2000
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Characteristics

Age (years) 585+ 16.7 62.1 + 14.1 0.099

BMI (kg/m2) 2497 +2.73 2445 +2.14 0.092

aCCI 1.89 + 1.45 2.16 + 1.36 0.170

Gender (M/F) 122/150 34/35 0.510

Diagnosed with 101 or POI 150/122 51/18 0.005

Diagnosed with PJI, n (%) 123 (45.22%) 42 (60.87%) 0.020
Multi-infection detected by mNGS, n (%) 38 (13.97%) 28 (40.58%) < 0.0001
Rare pathogen detected by mNGS, n (%) 31 (11.40%) 27 (39.13%) < 0.0001
Prior use of antibiotics (days) 25+3.6 9.2 £6.0 < 0.0001

CP, culture positive; CN, culture negative; BMI, body mass index; aCCL age-adjusted Charlson Comorbidity Index; M, Male; F, Female; IOL, invasive osteoarticular infection; PO, primary
osteoarticular infection; PJI, prosthetic joint infection.
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Sample Collection

Microbial culture

Pathogen comfirmed

101, Multi-infections, Rare pathogens infections, Prior use of antibiotics > 3 days

Tissue grinding; Prosthesis ultrasonic lysis; Ultrasound-guided puncture

Prolonging cultivation time; Utilizing special culture media; Setting special culture temperature

mNGS; PCR

Optimizing microbial cultivation protocols based on molecular diagnostic results





OPS/images/fcimb.2024.1230650/table1.jpg
Characteristic n (%)/1QR

Male 24 (63.2%)
Age, years 55 (36, 63)
Antibiotic use before tests 23 (55.3%)
Comorbidity
Diabetes 4 (10.50%)
Hypertension 6 (15.8%)
Cardiovascular disease 4 (10.50%)
History of cancer 4 (10.5%)
COPD 1 (2.6%)
Hospital stay 8 (6, 13)
Prognosis

Improved 37 (97%)

Not improved V 1 (3%)

CURB-65 score

0 25 (66%)
1 10 (26%)
2 2 (5%)

3 1 (3%)
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OR (95% CI)

Prior use of 1.232 (1.134, 1.340)

antibiotics (days)

Rare pathogen 2.354 (0.825, 6.717)

Reference category: No

Multi-infection
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101 or POI :
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Female

Age (years old)
Median (range) age
<1
1-3
3—5
>5
Underlying disease (%)
| Congenital heart disease
Tracheomalacia
Tracheal stenosis

Tracheal foreign body combined with pulmonary
infection

Anemia

Vitamin D deficiency
Cutaneous fistula
Hydronephrosis
Subglottic hemangioma

Days from admission to sampling

Patient data, n (%)

47 (69.1%)

21 (30.9%)

1y3m (Imo to 11 y r)
27
21

13

12 (17.6%)
4 (5.9%)
6 (8.8%)

8 (11.7%)

6 (8.8%)
11 (16.2%)
1 (1.5%)
1 (15%)
1 (1.5%)

3(1,4)
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Clinical treatments and outcomes

Stopped empiric antibiotic therapy, n (%)
Adjusted antibiotic regimen, n (%)

Adjusted antibiotics plus hormones and
immunosuppressants, n (%)

Hospitalization days, mean ( + SD)
Admitted to ICU, n (%)

Cured, n (%)

Improved, n (%)

30-day case fatality, n (%)

Data are presented as average + SD or numbers (percentages).
"/" represents "not available".

All patients

(n=115)
67 (58.3%)

29 (25.2%)
19 (16.5%)

156+ 117
41 (35.7%)
4(3.5%)
103 (89.5%)

8 (11.3%)

Infection-related RP-DPLD
(n=48)

175 + 140
33 (68.8%)
4(83%)
38 (79.2%)

6 (12.5%)

Noninfectious RP-DPLD
(n=67)

142 £9.6
8 (11.9%)
0
65 (97.0%)

2 (3.0%)

>0.05

<0.05

>0.05

<0.05

>0.05
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LRTTIs Patients

Recruited for assessment at the Third Affiliated Hospital of Zhengzhou University
(collected during September 1, 2020—March 31, 2021)

Exclusion criteria: Add criteria:

«  Age> 18 years presence of respiratory symptoms

+ Contraindications to bronchoscopy chest X-ray or CT scan shows LRTIs

«  Guardian disagrees with bronchoscopy without clinical improvement, infectious markers or
image deterioration after 72-hour treatment

written informed consent to undergo the procedure

Sputum: smear staining, microbiological culture
Blood test: MP, EBV,CMYV antibodies; PCR
analysis for EBV and CMV

Admission day

Swab test: PCR analysis for Flu-A, Flu-B,
RSV,ADV and MP

BALF: mNGS, smear staining,

Day of bronchoscopy microbiological culture, MP PCR

Paired Sputum: mNGS
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All patients Infection-related RP-DPLD Noninfectious RP-DPLD

Characteristics

(n=115) (n=48) (n=67)
Sex, male, n (%) 63 (54.8%) 28 (58.33%) 35 (52.23%) >0.05
Age, mean ( £ SD) 6441 £ 1371 67.73 1530 62.03 + 1200 50,05
C-reactive protein (mg/L), mean ( + SD) 66.64 + 67.94 913 + 7248 47.73 £ 5805 <0.001
1L-6 (pg/mL), mean ( + SD) 156.67 + 333.8 260.05 + 438.81 68.9 + 16677 <0.05
PCT (ng/mL), mean ( + SD) 32141194 5.86 + 16.69 0.86 + 374 <0.05
200<P/F < 300 mmHg, n (%) I 38 (33.04%) 15 (31.25%) 23 (34.32%) 5005
100<P/F < 200 mmHg, n (%) 59 (51.30%) 25 (52.08%) 34 (50.74%) 50,05
P/F < 100 mmHg, n (%) 18 (15.66%) 8 (16.67%) 10 (14.92%) 5005
gg and high-fow humidified oxpgenin 90 (78.26%) 35 (72.91%) 55 (82.08%) 5005
Intubation and IV, n (%) 21 (18.26%) 9 (27.08%) 12 (17.91%) >0.05
Vasoconstrictor, n (%) 33 (28.70%) ‘ 18 (37.5%) 15 (22.38%) >0.05
ECMO, n (%) 3 (2.61%) 1.(208%) 2 (2.98%) 5005
CRRT, n (%) 4(3.48%) 3 (6.25%) 1(1.49%) 5005

Data are presented as average + SD or numbers (percentages). RP-DPLD, rapidly progressive diffuse parenchymal lung diseases; PCT, procalcitonin; P/F, oxygenation index (PaO,/FiO,); NIV,
non-invasive ventilation; IV, invasive ventilation; CRRT, continuous renal replacement therapy.
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Disease

Disease
subtypes

Histopathological description of representative patient

category
Infection- Infection-induced
related RP- RP-DPLD
DPLD

CTD-ILD co-

infection

IPF co-infection

Noninfectious CTD-ILD
RP-DPLD

snf

DLI

Metastatic
malignant tumor
of the lung

IPAF
HP

or

Pulmonary
lymphoma

Smoking related
ILD

Radiation
pneumonitis

IPPFE

SLE with SS

Vasculitis

DM

Rheumatoid
arthritis

AAS

AAV

EPD

1gG4-RD

Sarcoidosis
LAM

Amiodarone-
induced lung
injury

PD-1

Paraquat

29

12

10

1

Chronic inflammation of the lung tissue, focal lymphocytic infiltration, widening of alveolar septum
and capillary distention with hyperplasia of elastic fibers, macrophage accumulation in part of
alveolar cavity.

Chronic inflammation of the vascular wall with a large number of neutrophil infiltration.

Chronic inflammation and fibrosis, localized fibroblastic proliferation, protruding into the luminal
surface of coated respiratory epithelium.

The alveolar septum was not significantly widened and focal aggregation of few histocytes in the
alveolar space, small foci of fibrosis, infiltration by a small amount of lymphocytes and plasma cells
within the interstitium.

Localized organizing pneumonia in the alveolar lumen and atypical granulomas were seen.

Presented with focal organizing pneumonia, atypical hyperplasia of alveolar epithelium and fibrous
thickening of interalveolar septa.

The pulmonary septum was widened, mild hyperplasia of alveolar epithelial cells, as well as
cellulose-like exudate, lymphocytes and foamy histocytes were visible in alveolar cavities.

Vascular malformation and proliferation; organizing pneumonia was seen in peripheral lesions,
macrophage accumulation in the alveolar space.

Chronic bronchiolitis with peritubula fibrous tissue hyperplasia and collagenization, focal infiltrates
of eosinophils.

Fibrous tissue hyperplasia in the focal alveolar septum along with infiltration by lymphocytes and
plasma cells, the ratio of IgG4-positive cells to plasma cells was 30%.

A few granuloma tissue formed in the lung, necrosis was not found.
Multifocal hyperplasia of interstitial immature smooth muscle cells, and cystic lumen was seen.

Fibrous hyperplasia in the bronchiolar walls along with inflammatory cell infiltration, peripheral
lung and interstitial fibrosis, as well as focal vascular sclerosis.

A few lung tissue and alveolar septum were slightly widened and a small amount of lymphocyte
infiltration was observed.

Chronic inflammation of a few bronch and lung tissue.

Visible tumor nodules.

Alveolitis, localized organizing pneumonia.
Bronchiolar lumen occlusion and peribronchial lymphocyte aggregates.

Vascular malformation with bleeding, cellulose exudation of alveolar cavities, with organizing
pneumonia.

Interstitial round cells in vessels wall and interstitium was observed.

Hyperplasia of the bronchiole mucosa epithelium, dilated lumens, the small blood vessels
hyperplasia, localized organizing pneumonia around the pneumatic cavity.

A focal pseudostratified columnar ciliated epithelium was observed and hyperplasia of alveolar
epithelium, chronic inflammation.

Chronic inflammation in the lungs with hyperplasia of elastic fibers.

Data are presented as numbers. RP-DPLD, rapidly progressive diffuse parenchymal lung diseases; SLE, systemic lupus erythematosus; SS, Sjogren syndrome; DM, dermatomyositis; IPF,
idiopathic pulmonary fibrosis; CTD-ILD, connective tissue disease-related interstitial lung disease; HP, hypersensitivity pneumonitis; ASS, antisynthetase syndrome; AAV, anti-neutrophil
cytoplasmic antibody associated vasculitis; EPD eosinophilic pulmonary diseases; 1gG4-RD, 1gG4 related diseases; LAM, lymphangioleiomyomatosis; IPAF, interstitial pneumonia with
autoimmune features; DLI, drug-induced lung injuries; OP, organizing pneumonia; ILD, interstitial lung disease; IPPEE, idiopathic pleuroparenchymal fibroelastosis.

"/" represents "not available".
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Variables 95%Cl sensitivity cutoff valu

1d APACHE II score 0.626 0.498~0.754 ‘ 0.857 0.344 0.064 125
3d APACHE 11 score 0.747 0.627~0.866 ‘ 0.675 0.767 <0.001 16.5
7d APACHE 11 score 0.837 0.736~0.938 ‘ 0.645 0.889 <0.001 16.5
CD8" T cell (/uL) 0.692 0.566~0.819 ‘ 0.7907 0.6129 0.005 220.1
Length of ICU (d) 0.660 0.533~0.786 ‘ 0.814 0.438 0.019 125
combination model 0.928 0.856~1.000 ‘ 0.871 0.923 <0.001 =

Note: The combination model included the variables, age, APACHE I score on days 1, 3 and 7, CD8* T cell count and length of ICU.
1d, 1st day; 3d, 3rd day; 7d, 7th day; APACHE II score, acute physiology and chronic health evaluation II score.
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MODEL 1 MODEL 2

OR (95% CI) OR (95% CI)
1d APACHE II score 1.082 (1.007,1.163) 0031 1.083 (1.003,1.169) 0041
3d APACHE II score 1.163 (1.059,1.278) 0.002 1.149 (1.046,1.263) 0.004
7d APACHE II score 1.268 (1.118,1.437) <0.001 1251 (1.103,1.419) <0.001
Lymphocyte count (x10%/L) 0815 (0.505,1.317) 0404 0818 (0.511,1.309) 0.401
CD3" T cell (/uL) : 0.999 (0.997,1.000) 0.036 0999 (0.998,1.000) 0.110
CD8" T cell (/uL) 0.994 (0.990,0.998) 0.005 0994 (0.989,0.998) 0.008
Length of ICU (d) | 0918 (0.8530.988) 0022 0916 (0.849,0.988) 0023

Model 1 represents unadjusted confounding factors, while Model 2 represents adjusted for age, history of smoking and drinking. And a supplementary analysis of the Variance Inflation Factor
(VIF) was conducted. The analysis showed that the VIF values of all 8 models were less than 5, indicating that there was no significant correlation between the included variables.

1d, 1st day; 3d, 3rd day; 7d, 7th day; APACHE II score, acute physiology and chronic health evaluation II score.
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Survival group

Deceased group

(N =32) (N = 43)
Primary endpoint 28-day mortality (%) 0 5713 <0.001
i Secondary endpoint | ICU mortality (%) 0 18.6 0.010
90d mortality (%) 0 100 <0.001
Length of ICU (d) 11 (7,17) 8 (4,11) 0018
Length of hospital stay 17 027) 12619 0.067

(LOS, d)
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Survival group Deceased group

(N =32) (N = 43)

Disease assessment

1d P/F (mmHg) 15117 (84.62,190.27) 101.60 (67.28,144.63) 0.007
3d P/F (mmHg) 124.76 (102.15,237.03) 101.52 (68.99,147.66) 0.033
7d P/F (mmHg) 178.33 (131.58,248.92) 111.81 (73.55,155.44) 0.001
1d APACHE 1I score 16 (10,21) 18 (14,22) 0.064
3d | APACHE 11 score 13 (9,17) 20 (15,23) <0.001
7d APACHE 1I score 10 (6,15) 19 (13,.23) <0.001
Lab test
Routine blood test WBC (x10°/L) 11.48 + 8.12 10.46 + 5.96 0.801
HB (g/L) 110.39 + 23.87 103.75 + 25.07 0.235
PLT (x10°/L) 187.72 + 84.43 174.04 + 107.79 0.993
Neutrophil count (x10°/L) 8.38 (4.38,13.27) 9.20 (5.05,13.70) 0.510
Neutrophil ratio (%) 90.55 (77.95,92.70) 92.90 (82.30,95.80) 0.069
Lymphocyte count (x10%/L) 0.70 (0.46,1.03) 0.41 (0.22,082) 0.018
Lymphocyte ratio (%) 6.40 (4.28,15.03) 5.20 (2.10,8.50) 0.057
Renal function urine output (mL/d) 1050 (438,1250) 850 (400,1775) 0.777
Creatinine (ummol/L) 67.00 (49.50,102.50) 72.00 (51.30,138.23) 0.559
Liver function ALT (U/L) 24.00 (14.00,45.00) 22.00 (13.75,39.75) 0.517
AST (U/L) 41.50 (23.25,47.00) 34.00 (19.00,50.25) 0810
TBIL (ummol/L) 11.20 (5.70,18.90) 9.20 (6.90,15.75) 0.851
Albumin (g/L) 30.60 (27.10,32.80) 29.00 (25.90,34.10) 0.630
Inflammatory index PCT (ng/mL) 0.84 (0.35,8.53) 0.36 (0.15,1.48) 0.060
CRP (mg/L) 131.87 (61.14,214.75) 111.33 (60.79,195.50) 0315
ESR (mm/h) 63.00 (42.00,85.00) 33.00 (22.00,82.00) 0.087
Lymphocyte subsets count CD3" T cell (/ul) 562.36 (302.42,926.10) 293.47 (136.07,598.98) 0.019
CD4" T cell (/uL) 228.00 (145.86,393.79) 114.15 (56.90,303.62) 0.084
CD8" T cell (/ul) 247.93 (134.65,356.00) 138.00 (66.32,208.84) 0.005
Cytokine TNF-o. (pg/mL) 191 (1.26,3.27) 2.14 (1.44,2.64) 0.775
IL-6 (pg/mL) 24.30 (6.16,213.28) 42.33 (8.92,106.20) 0.720
IL-10 (pg/mL) 2,66 (2.16,4.33) 2.86 (2.17,6.66) 0.508

1d, Ist day; 3d, 3rd day; 7d, 7th day; P/E, oxygenation index (PaO,/FiO,); APACHE II score, acute physiology and chronic health evaluation II score; WBC, white blood cell count; Hb,
hemoglobin concentration; PLT, platelet count; NE, neutrophil count; NE%, neutrophil ratio; LY, lymphocyte count; LY%, lymphocyte ratio; ALT, alanine aminotransferase; AST, aspartate

aminotransferase; Tbil, total bilirubin; PCT, procalcitonin; CRP, C-reactive protein; ESR, erythro sedimentation rate; IL, interlukin; TNF, tumor necrosis factor.
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Total patients

Survival group

Deceased group

(N = 75) (N =32) (N = 43)
Age (years) 66 (51,70) 59 (44,67) 68 (59,73) 0.004
Sex n (%) 0.567
Male a5 (60) 18 (56.3) 27 (62.8)
Female 30 (40) 4 (43.8) 16 (37.2)
Comorbidities (%)
Immunosuppressive diseases | 39 (52) 40.6 60.5 0.089
Chronic lung diseases 11 (14.67) 9.4 18.6 0.431
Cardiovascular disease 32 (42.67) 344 4838 0.210
Diabetes 12 (16) 9.4 20.9 0.177
Cerebrovascular disease 11 (14.67) 12.5 163 0.898
Chronic kidney disease 9(12) 12.5 11.6 0.908
Smoking n (%) 0.656
Never 49 (65.33) 12 (37.5) 14 (32.6)
Former/Current 26 (34.67) 20 (62.5) 29 (67.4)
Alcohol use n (%) 0.726
I Never 60 (80.0) 7 (21.9) 8(18.6)
Former/Current 15 (20.0) 25 (78.1) 35 (81.4)
ARDS onset time (h) 72 (48,120) 72 (48,120) 72 (24,144) 0.850
Disease severity at admission
APACHE II score, 17 (13,21) 6 (10,21) 8(14,22) 0.064
Pa0,/FiO, (mmHg) 112.22 (76.00,157.31) 151.17 (84.62,190.27) 101.60 (67.28,144.63) 0.007
Severity of ARDS, n (%) 0.227
Mild 8 (10.67) 5 (15.62) 3(6.98)
Moderate 36 (48) 17 (53.12) 19 (44.19)
Severe 31 (41.33) 10 (31.25) 21 (48.84)
IMYV duration (h) 72 (0,216) 0 (0,156) 99 (21,231) <0.001
PPV (n%) 18 (24.66) 5 (16.67) 13 (30.23) 0.186

Immunosuppressive diseases, encompassing autoimmune diseases, hematologic diseases, neoplastic conditions and post-organ transplantation states; Chronic lung diseases, include chronic
obstructive pulmonary disease (COPD), bronchial asthma, chronic pulmonary embolism, interstitial lung disease, bronchiectasis, lung abscess and postoperative lung cancer; Cardiovascular
disease, comprises coronary atherosclerotic heart disease, hypertension, chronic heart failure and arrhythmia; Cerebrovascular disease, compassing cerebral hemorrhage, newly diagnosed
cerebral infarctions, and postoperative brain injuries.

ARDS, acute respiratory distress syndrome.

ARDS onset time, was identified as the length of a known clinical insult or new/worsening respiratory symptoms developed to ARDS.

APACHE I score, acute physiology and chronic health evaluation I score.

IMV, invasive mechanical ventilation.

PPV, prone position ventilation.
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Acinetobacter junii: 15
Aspergillus fumigatus: 130
Aspergillus fumigatus: 18
Aspergillus fumigatus: 21

Aspergillus oryzae: 159,
Aspergillus flavus: 64,
Candida albicans: 30

Bacteroides ovatus: 21, Bacteroides fragilis: 11
Fusobacterium necrophorum: 1021
Klebsiella aerogenes: 6

Kocuria palustris: 78, Brevibacterium linens: 26, Lactobacillus reuteri: 21,
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Prevotella jejuni: 99
Prevotella nigrescens: 27
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Comamonas testosteroni: 455, Pseudomonas litoralis: 139, Klebsiella sp.: 124,
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DISQVER result with reads The same species in other microbiological samples  24h* 72h*
Aspergillus fumigatus: 381 = BAL-PCR (-1), 3 TS (+3) = 21
Aspergillus fumigatus: 860 TS (-8, -6, -5, -1)

Staphylococcus epidermidis: 50 | - 6 6 v
Enterococcus faecium: 8 | -
Candida albicans: 103 = Wound (+15, +22, +32, +33) v
Candida albicans: 35,  Wound (-38, -29, -8, -3), TS (+7) % v
Candida parapsilosis: 4 Wound (-5)
Candida dubliniensis: 8402, = BAL (0) 9 R v
Candida albicans: 11 Stool (-7), Urine (-10, -11, -13)
Candida tropicalis: 6 AbPu (0) = 6
Chlamydophila psittaci: 812 Serological Test (+29) 12 6 v
Citrobacter freundii: 112, TS (-1, 0)
Prevotella oris: 12,  Abscess (-15)
Streptococcus milleri: 11, | - 10 - v
Streptococcus anginosus: 6, | -
Streptococcus intermedius: 6 | -
Citrobacter koseri:11 = TS (-2, -1), BAL (0, + 2), Stool (+8), Urine (+25) 6 v
Cyclospora cayetanensis: 41 = Anal ~Swab-PCR (+3) 12 v
Enterococcus faecium: 542 Wound (-14, -11, -5) = * v
Enterococcus faecium: 19 Joint Sonication (-19) 9 6 v
Enterococcus faecium: 129, = Ascites (-2), AbPu (0)
Bacteroides uniformis: 27, - 9 = v
Bacteroides ovatus: 11 | -

Escherichia coli: 13 Bile (-7) v
Legionella pneumophila: 12 Urine AG-Test (-1), TS (0), TS-PCR (0) 6 6 v
Kiebsiella pneumoniae: 121 =~ BAL, BAL-PCR, TS (-2) 2 v

Enterococcus faecalis: 13 -
Prevotella nigrescens: 28 = Fascial Tissue (-4)
Prevotella oris: 12 - - 6 v
Mycoplasma salivarium: 9 | -

Pseudomonas aeruginosa: 22654 = Wound (+1), Urine (+1, +2), Stool (+2) 6 8 v
Roseomonas gilardii: 14 | - R v
Mucor circinelloides: 3 | TS (-7, -3, +3) BAL (-6, -2) -

Serratia marcescens: 34, = TS (+2, +10, +23) P
Enterococcus faecium: 11~ Wound (-19, +20)
Staphylococcus aureus: 148~ Sputum (-4), TS (+3) 6 v
Staphylococcus aureus: 93,  BAL (-1, 0), BAL-PCR (-1)
Serratia marcescens: 32,  BAL (-1, 0), BAL-PCR (-1) 6 v
Neisseria flavescens: 22, -
Neisseria subflava: 12| -
Aspergillus fumigatus: 90, = Aspergillus-Ag in TS (+29) 6 5 ”
Malassezia globosa: 7 -
Enterococcus faecium: 5 Bile (+9) 6 - x
Enterococcus faecium: 1477, Wound (0) Urine (-28)
Proteus mirabilis: 276, | -
Klebsiella pneumoniae: 157,  Wound (0) 6 -

Pseudomonas aeruginosa: 34,
Lactobacillus paracasei: 21

Urine (-3, -1), Wound (0)

CP, Clinical picture matches DISQVER result. Numbers in brackets refer to the days samples were collected before (-) or after (+) NGS sampling. (AbPu, abdominal punctation; BAL, bronco-
alveolar-lavage; BC, blood culture; PIPu, pleural punctuation; TS, tracheal secretions).
*Number of blood cultures collected within 24 and 72 hours of DISQVER sampling.
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Aspergillus fumigatus: 68  BC (+6)

2BC (-12)

Bacteroides fragilis: 194,
Klebsiella pneumoniae: 99, Phocaeicola vulgatus: 97,

- - 6 v
Klebsiella oxytoca: 66, N
Klebsiella aerogenes: 33 ZASCitER TS 1)
Candida dubliniensis: 652735, NS (-20, -1), Stool (-15), Urine (-15, -5), BC (-12,-6), Wound (-8, -7, -4, -1), PIPu (-5)
Candida albicans: 110, = -
9 3, v
Ureaplasma parvum: 100, | -
Candida tropicalis: 29 -
Enterococcus faecium: 10 2 BC (-42) 3 ©
Enterococcus faecium: 39, = Bile (-15), 2 BC (-13), AbPu (-7, -6, +17), Wound (-6) 4 6
Enterococcus faecium: 1201, ~ Wound (-10, -7, 0) v
Candida albicans: 4 4 BC (-13)
Lichthehimia ramosa: 132 - v
Enterococcus faecium: 65  BC (+5)
Pseudomonas aeruginosa: 418 Stool (-19, +21), NS (-1, +7, +12), BC (+20, +38) 10 - v
Rhizopus microsporus: 134 - . s ,
Staphylococcus haemolyticus: 123 3 BC (-6), CVC tip (-5)
Staphylococcus aureus: 282 3 BC (-8, -7, -6) 2 - v

Staphylococcus epidermidis: 6223, 2 BC (-6)
Enterococcus faecium: 1047, = -
Staphylococcus haemolyticus: 437, - - - v
Veillonella parvula: 151, = -
Lactobacillus delbrueckii: 63 = -

Staphylococcus epidermidis: 204, 25 BC (+62, +63, +64, +65, +66, +69)

3 6 v
Aspergillus fumigatus: 16 -
Enterococcus faecium: 575, Urine (-14, -3), Stool (-2)
Staphylococcus haemolyticus: 108, = - 3 3 %

Staphylococcus epidermidis: 29, BC (-3)
Enterococcus faecalis: 10, = -

CP, Clinical picture matches DISQVER result. Numbers in brackets refer to the days samples were collected before (-) or after (+) DISQVER sampling. (AbPu, abdominal punctation; BC, blood
culture; CVC, central venous catheter; NS, nasopharyngeal swab; PIPu, pleural punctuation; TS, tracheal secretions). All microbiological samples collected during that respective hospital stay
were considered.

*Number of blood cultures collected within 24 and 72 hours of DISQVER sampling.

¥ = matching clinical picture and x = not matching clinical picture.
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hor Country, Age Male/ | Manifestation Chest Sample Method Co- Mechanical Clinical Fundamental
year female image infection | ventilation | diagnosis disease
The United | 11 months Cyanotic, irritable, Lung tissue | Cytopathic Respiratory | Oxygen, supplemental
etal (3) | States, 1971 lethargic enlarged heart effect, failure,
antigen— ‘myocarditis
antibody
reaction
Treacy et al. | Ireland, 2010 | 11 years 1/0 | Sore throat None Myocardial | PCR No No Viral Cardiopulmonary Death None
) tissue myocarditis | resuscitation
Valdés et al. | Cuba, 2008 Smonths— 42 Fever, anorexia, Slight Myocardial | PCR Not Not mentioned Viral Not mentioned Death Dilated
(5) 15 years headache, oliguria | cardiomegaly | tissue mentioned myocarditis cardiomyopathy,
splenectomy, B-
thalassemia, sick cell
anemia
Briassoulis | Greece, 2000 | 4.5 years, 0/1 | Drowsiness, Cardiomegaly | Blood PCR No Yes Viral Mechanical ventilation, | Survival | None
etal. (6) headache, vomiting myocarditis | diuresis, fluid restriction,

inotropic support with
dobutamine

N ————
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149 patients met criteria of ARDS

90 patients met the ininclusion
criteria

59 patients met the exclusion criteria

12 patients were <18 years old

5 patients were pregnancy

17 patients had contraindications for
fiberoptic bronchoscopy

15 patients with severe organ failure
10 patients were failed to obtain
informed consent when needed or had
incomplete medical record records

75 ARDS patients caused by
pneumonia

15 patients were excluded

10 patients caused by extrapulmonary
aetiology

2 patients caused by drug

3 patients caused by others

28d outcome

32 patients of
survival group

43 patients of
dead group
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Characteristic Value

Age, year, median (1QR) (575,683
Male,n (%) 7 (791%)
BMLmedian (1QR) 226(205,248)
Infection
Yo 96 (73%)
No 14027%)

Imaging fingdings
Uniateral 57 (518%
Bilteral 53 (182%

Infection site matches primary lung cancer location

Yes 8 (91%)
No 2 (o9%)
Application of antibiotics before mNGS, n (%) 95 (86:4%)
Antibacteral thrapy. 93 (515%)
Antbacterialantfungal theapy 15037%)
Antibacteralantviral therapy 11.000%)
Antbactrialantifungalantviel therapy 3@7%)
Histology
Nscte 103 (936%)
LuAD 52473%)
Lusc 3 (345%)
Others 13018%)
sac 7(64%)
CTNM stage
1 19.073%)
v 8 (27%
Hospial LOS (day) median (1QR) 11560178
Dicton b s o G5 o ish
e v e 00,65
1CU admission rate, n (%) 20 (182%)
8039

LRTIs, Lower respratory tract infctons; IQR,interquartile range: BMI body mass indes;
mNGS, metagenomic next generation sequencing: NSCLC, non-smal cel lung,cance
LUAD,lung adenosarcinoma; LUSC, lung squamous eell crcinoma; SCLC. small cell lung.
cancer, CTNM, tumor-node-metastasis; LOS, length of stay; ICU, intensive care unit.
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Indicators

A virus

White Blood Cell (x10°cells/L) 2.12 8.58 3.50-9.50
Neutrophil (x10%cells/L) 1.80 7.19 1.80-6.30
Neutrophil percentage (%) 84.90 83.90 40.00-75.00
Lymphocyte (x10°cells/L) 0.26 0.74 1.10-3.20
Lymphocyte percentage (%) 12.30 8.60 20.00-50.00
Blood platelet (x10°cells/L) 79 223 125-350
Prothrombin time (s) 159 16.6 14.0-16.0
Zlnygleg)sensitive C-reactive protein 249.41 21.93 0.00-6.00
Lnterleukin-6 (pg/mL) 78.99 8.26 0.00-7.00
Procalcitonin (ng/mL) 14.040 0.248 <0.500

pO, (mmHg) 32,00 68.40 80.00-100.00
pCO, (mmHg) 32.00 52.10 35.00-45.00
Nucleic acid testing for influenza Positive | Negative Negative
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Characteristic/

Symptom
Age (years) 51
Sex Male

Date of illness onset 29 Feb 2024

Date of admission 6 Mar 2024
Date of discharge 17 Apr 2024
Signs or symptoms

Fever Yes

Body temperature 39.0

Q)

Cough Yes

Sputum production Yes

Dizzy Yes
Weakness Yes

Chest tightness Yes
Bacterial culture Staphylococcus epidermidis, Acinetobacter joni,

Carbapenem-resistant Enterobacter cloacae

Fungi culture Candida albicans

Glucocorticoid Yes

therapy

Antibiotic therapy Meropenem, omacycline, voriconazole,

levofloxacin, amikacin

Antiviral therapy Oseltamivir
Anticoagulant Low molecular weight heparin calcium
therapy

Oxygen therapy Noninvasive ventilator positive pressure ventilation
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IF, immunofluorescence; mNGS, Metagenomic next-generation sequencing.
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Characteristics Severe pneumonia Non-survival Survival

(n=236) (n=89) (n=147)
Age, years 71.38 + 14.65 73.19 £ 13.30 7029 + 1535 0.140
Male, n(%) 167 (70.7) 57 (64.0) 110 (74.8) 0.077
Comorbidities
Hypertension, n(%) 106 (44.9) 48 (53.9) 58 (39.5) 0.030
DM, n(%) 78 (33.0) 35 (39.3) 78 (33.1) 0.111
COPD, n(%) 48 (20.3) 15 (16.9) 48 (20.3) 0301
CAD, n(%) 81 (34.3) 37 (41.6) 44 (29.9) 0.068
Stroke, n(%) 75 (317) 31 (34.8) 44 (29.9) 0443
Cancer, n(%) 48 (20.3) 16 (18.0) 32(21.8) 0.483
Influenza, n(%) 22 (9.3) 9 (10.1) 13 (8.8) 0.745
COVID-19, n(%) 57 (24.1) 24 (27.0) 33 (224) 0432
Laboratory detection
WBC, x10A9/L 10.66 + 5.89 1048 + 5.30 10.78 + 6.26 0712
NEU, % 83.68 + 14.29 84,62 £ 14.76 83.08 + 13.99 0431
LYM, x10A9/L 0.82 + 0.76 075 £ 0.72 0.87 +0.78 0239
LYM%, % 10.18 + 1112 9.80 + 12.65 1043 £ 10.05 0.677
PLT, x10A12/L 182 (137,232) 175 (124.5214) 187 (142.5,257) 0.026
PCT, ng/ml 0.30 (0.12,1.61) 038 (0.16, 2.23) 0.23 (0.11,0.91) 0.005
CRP, ng/ml 70.05 (30.23,110.22) 73.66 (35.95,120.40) 61.43 (22.54,104.55) 0.076
Disease severity assessn{ent
APACHEII score 25.69 + 7.41 27.80 £ 7.20 24.35 £ 7.07 <0.001
SOFA score 5(37) 6 (4,10) 1(3,7) 0.001
CURB-65 score 3.98 + 0.87 4.08 +0.92 392083 0.169
Others
LOS, days 20 (12,35) 13 (7, 20) 30 (16, 48) <0.001
LOIS, days 11 (421) 9 (3,145) 14 (5, 30) <0.001
Duration of MV, hours 213.0 (48.8,483.8) 158.0 (64.5,321.0) 246.0 (48.0,692.0) 0.034
Costs, million(CNY) 8.12 (4.27,18.56) 744 (3.55,12.46) 943 (4.65, 26.33) 0.01

DM, diabetes mellitus; COPD, chronic obstructive pulmonary disease; CAD, coronary artery disease; COVID-19, coronavirus disease 2019; WBC, white blood cell count; NEU, neutrophilic
granulocyte percent; LYM, lymphocyte count; LYM%, lymphocyte percentage; PLT, platelet count; PCT, procalcitonin; CRP, C-reactive protein; CURB-65 score, consists of five parameters,
namely confusion, blood urea nitrogen (BUN) > 7 mmol/L, respiratory rate > 30 breaths/minute, systolic blood pressure < 90 mmHg or diastolic blood pressure < 60 mmHg, and age > 65 years.
Each parameter met earns 1 point, with a total score ranging from 0 to 5 points. LOS: length of stay; LOIS, Length of ICU stay; MV, mechanical ventilation; CNY, China Yuan.
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3. Incomplete clinical data (n=21)

4. Failing to pass the quality control of mNGS (n=10)

5. Patients died due to withdrawal of treatment (n=15)

237 severe pneumonia patients enrolled for further analysis

28 days follow up

Survival (n=147) Non-survival (n=89)
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mNGS+2  mNGS- Sensitivity ~ Specificity PPV NPV

kappa agreement

(%) (VA] (VA] (%)
CMT+ 2 1
cohorc : 68.6 163 387 926 0.136 55.1
(=89 oMT- 29 25
chotB | CMT+ 4 6
Fiood piaic 88.7 329 485 885 0.197 569
> = cMT- 47 23
specimen
cMT+ 71 17
Total
%) 80.7 387 447 906 0.177 56.1
(n= cMT- 76 18
cohort A vs. cohort B (P-value) 0019 0.128
cohort A CMT+ I 9
o 100 0 333 0 0 333
(n=3) CMT- 2 0
oMT+ 23 7
non-blood | cohort B 76.7 26.9 523 583 0037 536
specimen (n=56) p— ® -
CMT+ 2 7
Tf;l 77.4 25 511 583 0.025 525
(n=59) cMT- 21 7
chort A | CMT+ 2 1
g 69.4 146 385 926 0.128 543
(n= cMT- 31 25
cMT+ 65 12
°°}i‘;: SB 84.4 292 492 765 0.3 548
(0=166) | cymT- 6 26
Total
specimens
Total CMT+ %0 23
v 796 352 457 836 0.139 547
I CMT- 94 51
cohort A vs. cohort B (P-value) 0.066 0.058
blood vs. non-blood specimen (P-value) 0.697 0.173

'mNGS+: The NGS results were found to be consistent with those of CMT.
mNGS, metagenomic next-generation sequencing; CMT, conventional microbiological testing; PPV, positive predictive value; NPV, negative predictive value; cohort A, neutropenia; cohort B,
non-neutropenia.
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mNGS, metagenomic next-generation sequencing; CMT, conventional microbiological testing; PPV, positive predictive value; NPV, negative predictive value; cohort A, neutropenia; cohort B,

non-neutropenia.
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Total

Characteristics

=153,%)
Age at allo-HSCT,years Median(range) 47(15-69)
Male 85(55.6)
Gender
Female 68(44.4)
AML 88(57.5)
MDS 20(13.1)
ALL/LBL 32(20.9)
Diagnosis
MPAL 2(1.3)
GS 2(1.3)
Other diseases 9(5.9)
MAC 133(86.9)
Conditioning regimens
RIC 20(13.1)
ATG-based 54(35.3)
PTCy-based 11(7.2)
GVHD prophylaxis
PTCy combined with ATG 75(49.0)
CSA/MTX/MPA-based 13(8.5)
MUD/MMUD 14(9.2)
Donor Type MSD 15(9.8)
HID 124(81.0)

allo-HSCT, allogeneic hematopoietic stem cell transplantation; AML, acute myeloid leukemia;
MDS, myelodysplastic syndrome; ALL/LBL, acute lymphoblastic leukemia/lymphoma;
MPAL, mixed-phenotype acute leukemia; GS, granulocytic sarcoma; MAC, myeloablative
conditioning; RIC, reduced intensity conditioning; GVHD, graft-versus-host disease; ATG,
antithymocyte globulin; PTCy, posttransplant cyclophosphamide; CSA,cyclosporin A; MTX,
methotrexate; MPA, mycophenolic acid; MUD, matched unrelated donor; MMUD,
mismatched unrelated donor; MSD, matched sibling donor; HID, haploidentical donor.
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Total

Variable

(n=271,%)

Peripheral blood 212(78.2)
BALF 29(10.7)
CSF 23(8.5)
Specimens lung biopsy tissue 2(0.7)
Urine 1(0.4)
Mucosal secretions 2(0.7)
Pleural effusion 2(0.7)
neutropenia 92(33.9)
Sampling time
Non-neutropenia 179(66.1)
0-12 days 79(29.2)
12-30 days 67(24.7)
Time after allo-HSCT T
30-90 days 67(24.7)
>90 days 58(21.4)

BALF, bronchoalveolar lavage fluid; CSF, crebra-spinal fluid; allo-HSCT, allogeneic
hematopoietic stem cell transplantation; mNGS, metagenomic next-generation sequencing.
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v
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| l
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(Test n=92) (Test n=179)
Blood specimen (n=89) Blood specimen (n=123)
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Comparison of diagnostic efficacy between mNGS and CMT
Detection of special pathogens by mNGS
Report of mNGS at specific sites
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Examination items Reporting time(h)

mNGS 19.55 £ 1.23

Culture 78.85 + 3.56

GM test 27.46 + 1.98
P <0.05
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acteristics IPA Non-IPA
Age(years) 5445 53.39 0.39
Sex, n (%) 0.31
Male 60 27 33
Female 66 35 31
BMI 2242 +3.50 23.02+3.78 0.71
Smoking history(7 years) n % 26 (14.9%) 16 (25%) 0.029
Glucocorticoid usage 34(54.8%) 14(21.9) 0.007
(=3 weeks)
Duration of antibiotic use 0.01 ]
>14d 46 32 14
<l4d 80 30 50
Diabetes mellitus, n (%) 28(45.2%) (21.1%) 0.02
Laboratory findings at ICU admission, n k%)

NEUT#/LYMPH#(20.9, <3.1 ) 30 (46.9%) 26(40.6%) 0.464
Hypoalbuminemia<35g/L 28 (45.1%) 22(34.3%) 0.23
Interleukin(IL)-6>0.5ng/L 30(48.3%) 14(21.8%) 0.03

Disease severity at ICU admission, n (%)

ICU stay>7d 32 (51.6%) 16(25%) 0.02

Central venous catheter placement >5d 29(47.9%) 15(23.1%) 0.02

SOFA score, median IQR 11(9,12) 9(8,11) 0.64

Invasive mechanical 31(50%) 15(43.8%) 0.04
Ventilation>4d, (n)

Rapid shallow breathing index 36 (58.1%) 22(33.3%) 0.001

(RSBI)<105, (n)
Septic shock 34(54.8%) 17(26.5%) 0.001
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B Aspergillus fumigatus B Aspergillus flavus
B Aspergillus niger B Aspergillus terreus
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Between March 2020 and September 2023, 130 patients with
AECOPD admitted to the ICU were suspected of IPA.

Excluded patients:
Incomplete clinical data n=4

62 patients with IPA
64 patients without IPA
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Total patients Survival group Deceased group P value
(N =75) (N = 32) (N = 43)

Positive rate n, (%) mNGS 70 (93.3) 29 (90.6) 41 (95.3) 0417

Traditional test 50 (66.7) 21 (65.6) 29 (67.4) 0.869
Turnaround time (d) mNGS 1(1,1) 1(1,1) 1(1,1) 0.787

Traditional test 4 (3.5) 5(3,5) 4 (3,5) 0.179
Overall positive rate n, (%)  Bacteria 52 (69.3) 18 (56.3) 34 (79.1) 0.034

Fungi 56 (74.7) 20 (62.5) 36 (83.7) 0.037

Viral 56 (74.7) 20 (62.5) 36 (83.7) 0.037
Overall Type of pathogen none 4(5.3) 3(94) 1(2.3)
n, (%)

One type 9 (12.0) 6(188) 3(7.0)

0.003
Two types 31(413) 17 (53.1) 14 (326)
>Three types 31 (41.3) 6(1838) 25 (58.1)

mNGS, metagenomics next-generation sequencing.
Traditional test, traditional microbiological methods of pathogenic detection.
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Variables up D

Male, n (%) 25(80.6%) 10(52.6%) 0.036
Age (year) 55.16+16.34 42.32£19.65 0.016
BMI (kg/m2) 24254332 22.8243.54 0.158
Smoking, n (%) 17(54.8%) 4(21.1%) 0.019

Comorbidities, n (%)

COPD 6(19.4%) 5(26.3%) 0.822

ILD 5(16.1%) 1(5.3%) 0.485

Hypertension 5(16.1%) 6(31.6%) 0.353

Type 2 diabetes 2(6.5%) 0(0%) 0.519

Coronary heart disease 5(16.1%) 1(5.3%) 0484
Murray Lung Injury Score 3.19+0.44 3.07+0.42 0332
SOFA scores (before ECMO assistance) 12.55+4.15 14.3246.43 0.294
SOFA scores (24 h of ECMO assistance) 13.06+4.55 13.74£6.36 0.665
APACHE 1I scores (before ECMO assistance) 20.13+6.52 15.63+5.19 0.014
APACHE 1I scores (24 h of ECMO assistance) 15.32+4.97 12.4246.81 0.089
Respiratory rate 27.00£9.2 24.68+7.21 0.355
Heart rate 114.03+22.64 112.58+18.62 0.815
Systolic pressure (mmHg) 119.74+17.45 118.63+19.20 0.834
Diastolic pressure (mmHg) 75.48+15.51 69.47+13.47 0.169
Mean arterial pressure (mmHg) 90.16+14.83 85.84+14.66 0.321
Pa02/FiO2 before ECMO 51(43.75-60.15) 55.8(43.7-66.55) 0322
PEEP before ECMO (cmH20) 9.29+3.75 10.3243.38 0.336
PEEP after ECMO (cmH20) 8.87+3.11 9.05+2.76 0.835
Vasoactive drug, n (%) 15(48.4%) 7(36.8%) 0425
Pneumothorax, n (%) 1(3.2%) 1(5.3%) 1.000
Prone position ventilation, n (%) 18(58.1%) 10(52.6%) 0.707
MODS, n (%) 17(54.8%) 7(36.8%) 0216
CRRT, n (%) 14(45.2%) 4(21.1%) 0.085

ECMO related complications, n (%)

Pulmonary hemorrhage 4(12.9%) 0(0%) 0.273
Coagulation dysfunction 11(35.5%) 3(15.8%) 0.132
DIC 1(3.2%) 1(5.3%) 1.000
Cerebral infarction 1(3.2%) 0(0%) 1.000
Cerebral hemorrhage 3(9.7%) 2(10.5%) 1.000
Limb complications 18(58.1%) 7(36.8%) 0.145
Renal insufficiency 14(45.2%) 6(31.6%) 0.341
Hepatic insufficiency 14(45.2%) 6(31.6%) 0.341
Mechanical ventilation time before ECMO (h) 22(4-71) 9(2-25) 0.280
Mechanical ventilation time (h) 276(193-544.5) 273(178.5-416) 0317
Duration of ECMO (h) 240(161.75-339) 166(120-211) 0.016
ICU stay time (days) 15(10.5-22.19) 19(13-24.5) 0.078
Hospital stay time (days) 17.5+7.87 26.95+9.87 0.000

vv-ECMO, veno-venous extracorporeal membrane oxygenation; Group D, deterioration group; Group I, improvement group; BMI, body mass index; COPD, chronic obstructive pulmonary
disease; ILD, interstitial lung disease; SOFA, sequential organ failure assessment score; PEEP, positive end-expiratory pressure; MODS, multiple organ dysfunction syndrome; CRRT, continuous
renal replacement therapy; DIC, disseminated intravascular coagulation; ICU, intensive care unit.

The data are shown as mean + SD, median (interquartile 25-75), or n (percentage).
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Variables 24 h before ECMO 24 h within ECMO ECMO weaned

Group D Group | Group D Group | Group |
(n=31) (n=19) (n=31) (n=19) (n=19)
WBCA (109/L) 11.98+6.5 8.9+4.75 13.12£7.45 9.27+4.67 16.11£11.87 12.55+4.23
Neutrophils® (*10°/L)  11.02£6.19 8.06+4.71 11.94+6.88 7.69+4.88 14.62£11.16 10.74+3.85
Lymphocyte (*10°/L) 0.48(0.14-1.01) 0.45(0.34-0.75) 0.42(0.26-0.79) 0.62(0.37-0.71) 0.46(0.31-1.12) 0.85(0.66-1.07)
Hb "&(g/L) 113£23.65 108.01+24.47 98.03+20.51 112.88+23.82 89.41+12.77 98.53£12.22
PLT &(’IOQIL) 171.32488.95 135.841+76.48 132.71+78.51 119.47+52.3 76.74+68.97 127.74460.24
ALT* (U/L) 34(19.5-56.5) 44(27.5-106) 39(25.5-88) 30(18-47) 38(26-80.5) 40(22-56)
ASTH(U/L) 43(29.5-86.5) 68(50.75-169.5) 60(39.5-99) 53(315-119.5) 52(40.5-124.5) 40(28.5-63.5)
Albumin (g/L) 30.85£6.53 30.749.63 30.77+8.67 33.28+9.85 36.7+10.08 38.6547.75
Globulin (g/L) 286472 26.66+5.44 27.47.6 23.59+6.24 30.26£10.75 26.3148.31
TB¥ (mmol/L) 15.2(10.9-24.9) 14.8(5.55-27.45) 15(11.55-35.95) 20.3(10.14-29.82) 48.5(20.99-118.7) 21(15-30.9)
DB ¥(mmol/L) 9.4(5.6-15.2) 6.6(3.8-20.15) 8.5(5.8-28.2) 12.4(5.75-20) 35.4(13.8-91) 10.7(6.905-16.95)
LDH* (U/L) 729(595-1005.5) 785(382-1086) 679(442-1188.5) 506(334-769) 971.5(578.5-1998.5)  454(359.5-559)
BUN"A%(mmol/L) 11.8(5.76-15.75) 6.79(6.12-8.91) 11.3(8.35-16.05) 8(6.25-9.45) 16.9(13.6-24.06) 9.5(7.2-15.6)
Cr* (umol/L) 65(55.5-87) 64(53.5-103) 65(55.5-105.35) 67.2(63-93.55) 96(71-187.5) 66(44-76.95)
eGFR (ml/min) 85.83+40.52 99.62+37.73 81.74+31.10 93.70+30.74 72.4+37.62 92.47435.17
PT* (s) 13.68+2.71 19.02+18.24 15.15+£3.28 14.06+2.89 15.67+3.85 13.25+3.86
INR¥ 1.240.24 1.21+0.43 1.3740.29 1.2840.27 1.41+0.35 1.21+0.35 ‘
APTT (s) 32.87+8.51 34.05:8.61 55.32+31.97 56.16+23.21 51.17+19.92 44.66£10.2 ‘
Fibrinogen (g/L) 425179 3.6+2.28 3.05+1.23 322+132 3.22+1.68 2.96+1.09 ‘
D-dimer (mg/L) 1.34(0.47-4.16) 2.65(0.475-8.85) 2.71(1.22-9.87) 1.925(0.71-3.75) 2.38(1.16-6.97) 2.39(1.03-5.14) ‘
‘ FDP(ug/mL) 13.34(5.39-48.94) 19.31(4.9-51.85) 19.8(6.54-76.4) 11.85(5.87-42.57) 14.2(9.28-50.68) 18.12(13.24-31.18) |
NT-pro-BNP “A¥(pg/ 2384.38(663.49- 277.1(226.06-
ml) 1514(484.05-5066.5) 422(180.28-1895.5) 4449) 1901.5) 2074(790.1-3645.41) 306.8(190.5-786.5)
PCT *(ng/ml) 133(0354-2.13) 1.5(0.5795-4.69) 2.7(0.94-8.48) 2.01(1.2-5.05) 3.348(1.31-13.38) 0.61(0.22-1.14)
CRP* (mg/L) 150(95.4-189.22) 85.8(37.27-113.7) 135.2(62.39-184.35) | 69.28(3851-119.18) | 114.07(59.55-186.24) = 45(11.85-92.77)
ESR® (mm/h) 48.5(34.95-75.4) 29(16.05-50.6) 30(17.75-41.25) ‘ 24.4(8.95-35.3) 38.6(25.55-70.5) 26.4(18.35-49.9)
PH 7.34£0.12 7.31+0.14 7.43+0.1 7.42+0.12 7.34£0.15 7.45%0.05
Pa02 (mmHg) 54.49+22.35 59.37+22.29 81.1+21.73 85.154£20.11 99.27+82.53 107.9+43.3
PaCO2 (mmHg) 46.12£1249 47.56+15.48 37.018.14 36.08+1031 42.19:9.4 41.71£7.58
Lactate® (mmol/L) 298+2.81 265423 29742.11 269224 | 6125636 1.48+0.82

Group D, deterioration group; Group I, improvement group; ECMO, extracorporeal membrane oxygenation; WBC, white blood cells; ALT, alanine aminotransferase; AST, aspartate
aminotransferase; TB, total bilirubin; DB, direct bilirubin; LDH, lactic dehydrogenase; BUN, blood urea nitrogen; Cr, creatinine; eGFR, estimated glomerular filtration rate; PT, prothrombin
time; INR, international normalized ratio; APTT, activated partial thromboplastin time; FDP, Fibrinogen Degradation Products; CRP, C-reactive protein; ESR, erythrocyte sedimentation rate.
The data are shown as mean + SD, median (interquartile 25-75), or n (percentage).

“Statistical significance in 24 h before ECMO.

“Statistical significance in 24 h within ECMO.

Statistical significance when ECMO was weaned.
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Pathogens

Targeted Antimicrobial
Treatment

Mold funli(n=2)

Monilia (n=3)

Aspergillus(n=4)

Aspergillus+Monilia (n=2)

Human herpes virus(n=4)

Influenza B virus(n=1)
Mycoplasma(n=1)

Pneumocystis jirovecii (n=2)

Stenotrophomonas
maltophilia (n=2)

Burkholderia cepacia(n=1)
Staphylococcus aureus(n=1)

Staphylococcuscohniisubsp
(n=1)

Staphylococcus capitis(n=1)

Acinetobacter baumannii
(n=2)

Klebsiella Pneumoniae(n=8)

Pseudomonas aeruginosa(n=5)

mNGS, metagenomic next-generation sequencing; TMP/SMZ, trimethoprim/

sulfamethoxazole.

Ampbhotericin B (n=1)
Esaconazole (n=1)
Fluconazole (n=1)

Amphotericin B aerosol inhalation (Liver
damage) (n=1)

Amphotericin B (n=1)
Voriconazole (n=3)
Voriconazole + carpofungin (n=1)
Carpofungin(n=2)
Ganciclovir (n=2)
Penciclovir (n=2)
Oseltamivir(n=1)
Moxifloxacin(n=1)
TMP/SMZ(n=2)
Ceftazidime(n=1)
TMP/SMZ(n=1)
Meropenem(n=1)

Biapenem + Linezolid(n=1)

Vancomycin(n=1)

Vancomycin(n=1)
Cefperazone-Sulbactam(n=1)
Piperacillin-tazobactam(n=1)
Cefperazone-Sulbactam (n=2)
Polymyxin B(n=1)
Ceftazidime-avibactam (n=3)
Polymyxin B(n=1)
Meropenem(n=1)
Cefperazone-Sulbactam (n=3)
Aztrenam+Ciprofloxacin (n=1)

Biapenem (n=1)
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detected by mNGS ( N=65 )

Kinds of pathogenic microorganisms

detected by culture (N=23 )

mNGS only
N=50

50/65 (76.9%)

Kinds of pathogenic microorganisms
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Kinds of pathogenic microorganisms

detected by mNGS in group 1 (N=26)

Group | only

Group D only Overlapping strains N=9

N=39 N=17 926 (36.4%)

39/56 (69.6%)
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Both | Culture mNGS Both-
+ + + (VA

Antibiotics

::rfv)Z“d cephalosporins 3 . 2 (16.7%)
3 cephalosporins (iv) 1 2 0

f-lactams (or) 3 1 1 (20.00%)
Quinolones (or/iv) ik 3 1 (25.00%)
Macrolides (or) 2 4 3 (33.33%)
2 (or/iv) 2 | 2 2 (33.3%)
Vancomycin (iv) 2 4 (66.7%)
Carbapenems (iv) 1 (100%)

Both+, results of mNGS and culture were both positive; Both-, results of mNGS and culture
were both negative, % rate of cases with Both- in which this class of antibiotic was used; mNGS
+, only the mNGS result was positive, culture was not; Culture+, only the culture result was
positive, mNGS was not; 1% Z“d, ged cephalosporins, first, second, and third generation
cephalosporins; 22, combination antibiotic treatment; Or, oral; Iv, intravenous.





OPS/images/fcimb.2023.1223576/table1.jpg
Variable Proven-IPA Proven

Age (y), m + sd 49.28 + 16.64 53.87 +13.32 0.076
Male,n (%) 28 (52.8) 87 (63.5) 0.177
Cough,n (%) 43 (81.1) 106 (77.4) 0.572
Expectoration,n (%) 34 (64.2) 81 (59.1) 0.525
Fever,n (%) 25 (47.2) 61 (44.5) 0.743
Tightness,n (%) 19 (35.8) 61 (44.5) 0.277
Hemoptysis,n (%) 13 (24.5) 17 (12.4) 0.04
Diabetes,n (%) 14 (26.4) 20 (14.6) 0.057
Immunocompromised,n (%) 8 (15.1) 30 (21.9) 0.293
Smoking,n (%) 16 (30.2) 44 (32.1) 0.798
Neutrophils*10A9/L,median (IQR) 4.19 (2.57,10.74) 4.68 (3.28,7.79) 0.533
Lymphocytes*10A9/L,median (IQR) 1.10 (0.73,1.68) 1.48 (0.95,1.92) 0.017
CRP (mg/L), median (IQR) 52.62 (6.20,111.60) 17.24 (3.10,61.19) 0.019
PCT (ng/mL), median (IQR) 0.06 (11.00,0.01) 0.07 (18.05,0.01) 0.686
GM test in serum,positive, n (%) * 3(7.0) 7 (6.0) . 0.828
GM test in BALF, n (%) 6 (10.7) 6(20.7) 021
Sputum-culture (positive), n (%) © 1(2.0) 8 (6.4) 0.225
BALE-culture (positive), n (%) ¢ 7 (14.0) 24 (20.0) 0.356
mNGS,positive,n (%) 39 (73.6) 23 (16.8) 0.000

IPA, invasive pulmonary aspergillosis; non-IPA-PD, non-invasive pulmonary aspergillosis-pulmonary disease; m, mean; sd, standard deviation; IQR, Interquartile range; CRP, C-reactive protein;
PCT, procalcitonin; GM, glactomannan; mNGS, metagenomic next generation sequencing; BALF, bronchoalveolar lavage fluid. *Data available for 159 patients; "Data available for 85 patients;
“Data available for 176 patients; *Data available for 170 patients.
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Sensitivity % Specificity %

NPV %(95%Cl)

Accuracy %
(95%Cl)

Turnaround
Time(days),

Methods (95%Cl) (95%CI) PPV%(95%Cl)
Culture 25.5 (14.4, 40.6) 91.7 (59.8, 99.6) 92.3 (62.1, 99.6)
mNGS 68.1 (527, 80.5) 833 (509, 97.1) 94.1 (789, 99.0)
p-value <001 1.00 066

PPV, positive predictive value; NPV, negative predictive value. Cl, confidential interval.

23.9 (13.1, 39.1)
40.0 (218, 61.1)

0.156

39.0 (382, 39.0)
71.2 (70.5, 71.9)

<0.01

(95%Cl)
5.0 (4.0,50)
10 (1.0, 1.0)

<001
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(95%Cl)

Sensitivity (%)

Specificity (%)

Accuracy (%)

All patients
(cut-off=2.5)

Immunocompromised
(cut-off=2.5)

Immunocompromised
(cut-off=1,adjusted by Youden index)

Immunocompetent
(cut-off=2.5)

Diabetes
(cut-off=2.5)

Diabetes
(cut-off=4.5,adjusted by Youden index )

Non-diabetes
(cut-off=2.5)

0.790 (0.712-0.867)

0.787 (0.617,0.958)

0.787 (0.617,0.958)

0.795 (0.710,0.881)

0.823 (0.663,0.983)

0.823 (0.663,0.983)

0.786 (0.696,0.876)
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75.0

87.5

733

786

714

718

83.2

733

83.8

62.9

429

90.9

59.6

89.1

91.7

82.6

89.9

2.788

3.000

7.000

2745

3.673

2497

2546

AUC, area under curve; PPV, positive predictive value; NPV, negative predictive value; PLR, positive likelihood ratio; NLR, negative likelihood ratio.
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Pathogens mNGS Culture
Gram-positive cocci
Staphylococcus aureus 7 5
Staphylococcus epidermidis 4 3
Staphylococcus haemolyticus 1 1
Staphylococcus lugdunensis 2 0
Staphylococcus hominis 1 1
Staphylococcus cohnii 1 0
Finegoldia magna 2 0
Enterococcus faecalis 1 0
Staphylococcus saprophytics 1 0
Gram-negative bacillus
Stenotrophomonas maltophilia 1 1
Klebsiella pneumoniae 2 1
Escherichia coli 4 0
Salmonella enterica 1 0
Pseudomonas stutzeri 0 1
Pseudomonas aeruginosa 1 0
Acinetobacter pittii 1 0
Brucella ovis 1 0
Fungi 4 2
Coxiella burnetii 1 0
Total 34 14
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non-

Characteristics JI(n=47) J(n=12)

Mean age, yrs, mean (SD) 61.4 (12.8) 465 (19.9) 0.002*
Sex, n (%

Male 25 (53.2) 5 (41.7) 0.476°
Female 22 (46.8) 7 (58.3) |

Site of infection, n (%)

Knee 28 (59.6) 7 (583)
Hip 18 (38.3) 4(33.3)
Shoulder 1(2.13) 1(8.33)

Laboratory findings

NEUT, x10°/L, mean (SD) 6.25+258 371+ 168 0.002°
66.1 50.2
NEUT%, medi 1,Q3 0.069°
% wmedian (Q1, ©3) (492,789) | (412,59.0)
31.2 9.05
CRP, mg/L, medi 1,Q3 <0.001°
gL mpdien. (G, 05) (212,55.8) | (644, 20.6)
ESR, mm/h, median (Q1, Q3) 49 (39,77) 26 (18.5, 45) 0.005°
9130
SE-PMN, x10%/L, median 2065.5 .
QLI (8045.5, (534, 7965) <0.001
> 10793.5) >
SF-PMN%, median (Q1, Q3) 89 (81,91) | 40.5(34, 50) <0.001°
Infection duration, weeks,
. 7 (3,10) - _
median (Q1, Q3)
Follow-up time, ths,
O ED ERGIReRET 237 (452) | 123 (5.69) <0.001°

mean (SD)

NEUT, serum neutrophil count; NEUT, serum neutrophil percent; CRP, serum c-reactive protein;
ESR, serum erythrocyte sedimentation rate; SE-PMN, synovial fluid polymorphonuclear count;
SF-PMN%, synovial fluid polymorphonuclear percent. a: Independent-samples t-test, data are
described as mean (standard deviation, SD); b: Chi-squared test; c: Mann-Whitney U test, data are
described as medium (first quartile, third quartile).
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Patients with suspected invasive pulmonary fungal diseases from 1 October 2020 to 1 October 2022 (n=768)

Filter according to the inclusion and exclusion criteria

190 patients were finally selected

Immunocompetent Immunocompromised Non-diabetes Diabetes
(n=152) (n=38) P (n=156) (n=34)

Proven IPA Proven NIPA Proven IPA Proven NIPA Proven IPA Proven NIPA Proven IPA Proven NIPA
(n=45) (n=107) (n=8) (n=30) | (n=39) (n=117) (n=14) (n=20)

mNGS(+) mNGS(- mNGS mNGS mNGS(+) mNGS(-) mNGS(+) mNGS(-) mNGS(+) mNGS(-) mNGS(+) mNGS(-) mNGS(+) mNGS(-) mNGS(+) mNGS(-)
(n=33) n—12 (n=15) (n= 92 (n=6) (n=2) (n=8) (n=22) i (n=29) (n=10) (n=23) (n=94) (n=11) (n=3) (n=6) (n=14)

Proven IPA
(n=53)

Proven NIPA
(n=137)

mNGS(+)
(n=40)
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Pathogenic BALF Sputum Sputum+/  Sputum -  Sputum+/ = Sputum-/

species mNGS+ mNGS+ BALF+ /BALF+ BALF- BALF-

Bacteria 44 57 41 3 16 8 0.72 0.73 093 033 0.30
Streptococcus 16 26 14 2 12 ‘ 40 0.54 0.95 088 077 0.53
pneumoniae
Haemophilus 15 20 14 1 6 47 0.70 0.98 093 089 0.73

influenzae
Haemophilus 13 11 7 6 4 51 0.64 0.89 054 093 0.50

parainfluenzae

Moraxella 6 7 2 4 5 57 0.29 093 033 092 024

catarrhalis
Escherichia coli 1 1 1 0 0 67 - - - - -
Pseudomonas 1 0 0 1 0 67 - - - - -
aeruginosa
Tropheryma 1 0 0 1 0 67 & & = = =
whipplei
Staphylococcus 0 3 0 0 3 ‘ 65 - - - - -
aureus
Virus 47 50 41 6 9 12 0.82 0.67 0.87 057 0.46
RSV 17 16 14 3 2 49 0.88 0.94 0.82 096 0.80
CMV 13 12 10 3 2. 53 0.83 0.95 0.77 096 0.76
hMPV 10 10 8 2 2 56 0.80 0.97 080 097 0.77
HRV 6 11 6 0 5 57 0.55 1.00 1.00 092 0.67
EBV 5 3 1 4 2) 61 = - - - -

HBoV-1 3 7/ 2 1 5 60 - - - - -
HCoV-HKUI1 3 4 2 1 2 63 - N N _ _

HPIV-IIT 2 5 1 1 ' 4 62 - - - - ' -

HPIV-I 2 1 1 1 0 66 - - - - -
Adenovirus 1 3 1 0 2 65 - - - - -
HCoV-NL63 0 3 0 0 3 65 = - - - -

HSV-1 0 2 0 0 2 66 - - - - -

HSV-7 2 0 0 2 0 66 - - - - -

MP 6 6 6 0 0 62 1.00 1.00 1.00 100 1.00
Fungi 10 5 5 5 0 58 - - - - -
PJ 4 3 3 1 0 64 1.00 0.98 075 1.00 0.85
Aspergillus 3 0 0 3 0 65 = s - _ _
fumigatus
Candida albicans 2 2 2 0 0 66 - - . _ _
Aspergillus terreus 1 0 0 1 0 67 - - - - -

BALF as the arbitrary gold-standard.

BALE, bronchoalveolar lavage fluid; RSV, respiratory syncytial virus; CMV: Cytomegalovirus; hMPV, human metapneumovirus; EBV, Epstein-Barr virus; HRV, human rhinovirus; HBoV,
Human Bocavirus; HCoV, human coronavirus; HPIV, human para-influenza virus; HSV, herpes simplex virus; MP, mycoplasma pneumoniae; PJ, pneumocystis jirovecii; PPV, positive
predictive value; NPV, negative predictive value; Se, sensitivity; Sp, specificity.

+ means positive; - means negative.
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Patient BALF-mNGS BALF-conventional
Number culture
2 Streptococcus =
pneumoniae
8 Streptococcus =;
pneumoniae
9 Moraxella catarrhalis Moraxella catarrhalis
Haemophilus
parainfluenzae
11 Streptococcus Streptococcus pneumoniae
pneumoniae
14 Streptococcus -
pneumoniae
16 Haemophilus -
parainfluenzae
17 Streptococcus -
pneumoniae
18 Streptococcus -
pneumoniae
20 Streptococcus -
pneumoniae
21 Streptococcus -
pneumoniae
23 Moraxella catarrhalis -
Haemophilus
parainfluenzae
25 Moraxella catarrhalis -
26 Streptococcus -
pneumoniae
27 Haemophilus =
parainfluenzae
28 Haemophilus -
parainfluenzae
Haemophilus influenzae
29 Streptococcus -
pneumoniae
30 Haemophilus influenzae -
31 Moraxella catarrhalis Moraxella catarrhalis
33 Haemophilus influenzae -
35 Tropheryma whipplei -
36 Moraxella catarrhalis =
37 Streptococcus Streptococcus pneumoniae
pneumoniae
38 Haemophilus influenza -
Haemophilus
parainfluenzae
39 Streptococcus -
pneumonia
Haemophilus
parainfluenzae
40 Moraxella catarrhalis Moraxella catarrhalis
Streptococcus
pneumoniae
41 Haemophilus influenzae -
42 Haemophilus influenzae =
43 Haemophilus influenzae -
44 Streptococcus -
pneumonia
Haemophilus
parainfluenzae
45 Streptococcus -
pneumonia
Haemophilus
parainfluenzae
46 Escherichia coli -
50 Haemophilus -
parainfluenzae
51 Pseudomonas aeruginosa Pseudomonas aeruginosa
52 Haemophilus influenzae -
53 Haemophilus -
parainfluenzae
54 Haemophilus influenzae -
55 - Enterobacter cloacae
56 Haemophilus -
parainfluenzae
59 Haemophilus influenzae Haemophilus influenzae
60 Haemophilus influenza -
Streptococcus
pneumoniae
63 Haemophilus influenzae Haemophilus influenzae
64 Haemophilus -
parainfluenzae
66 Haemophilus influenzae Streptococcus pneumoniae
67 Haemophilus influenzae Haemophilus influenzae
68 Haemophilus influenzae Haemophilus influenzae

: means negative.






OPS/images/fcimb.2023.1228631/table4.jpg
r  Bacteria in sputum sample

Delay (days) between sputum1 and BALF sampling

Bacteria in BALF sample

3 Haemophilus influenzae 10(earlier) -

25 Haemophilus influenzae 3(earlier) =

33 Haemophilus influenzae 3(earlier) -

41 Haemophilus influenzae 3(earlier) -

53 Haemophilus influenzae 3(earlier) -

58 Haemophilus influenzae 7(earlier) &

59 Haemophilus influenzae 4(earlier) Haemophilus influenzae
63 Haemophilus influenzae 3(earlier) Haemophilus influenzae
14 Streptococcus pneumoniae 4(earlier) Streptococcus pneumoniae
27 Streptococcus pneumoniae 3(earlier) -

37 Streptococcus pneumoniae 3(earlier) Streptococcus pneumoniae
6 Haemophilus parainfluenzae 4(earlier) -

49 Moraxella catarrhalis 3(earlier) =

55 Enterobacter cloacae 4(earlier) Enterobacter cloacae

9 - 3(earlier) Moraxella catarrhalis

67 - 6(earlier) Haemophilus influenzae
68 ~ 3(earlier) Haemophilus influenzae
66 - 3(earlier) Streptococcus pneumoniae
31 - 3(earlier) Moraxella catarrhalis

40 - 3(earlier) Moraxella catarrhalis

51 - 13(earlier) Pseudomonas aeruginosa

~: means negative.
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Pathogen BALF Sputum Sputum-/BALF+ Sputum+/BALF- = Sputum-/BALF

Haemophilus influenzae 4 9 7 5 57
Moraxella catarrhalis 3 1 3 1 64
Streptococcus pneumoniae 3 3 1 1 64
Haemophilus parainfluenzae 0 1 0 0 0
0 0 67

Enterobacter cloacae 1 1

+: means positive

means negative.
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" Excluded

1 Incomplete clinical data (n=2)
| Failed sequencing (n=2)

! Inadequate sample
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Culture positive
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Culture negative
n=35

Culture positive
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Culture negative
n=11
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mNGS positive
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mNGS positive
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sCAP

Infected pathogens non-sCAP (n=28) P Value

(n=36)
Bacteria, n (%) 41 (65.1) 23 (65.7) 18 (64.3) 0.906
Fungi, n (%) 23 (35.9) 11 (30.6) 12 (42.9) 0.309
HHVSs, n (%) 54 (84.4) 33 (91.7) 21 (75.0) 0.090
EBV, n (%) 33 (51.6) 17 (47.2) 16 (57.1) 0431
CMV, n (%) 33 (51.6) 19 (52.8) 14 (50.0) 0.825
HHV-7, n (%) 21 (32.8) 16 (44.4) 5(17.9) 0.025
HSV-1, n (%) 11 (17.2) 9 (25.0) 2(7.1) 0.013
HHV-6B, n (%) 7 (10.9) 6 (16.7) 1(3.6) 0271
HSV-2*, n (%) 1(1.6) 1(2.8) 0(0.0) 1.000
Other viruses, n (%) 23 (35.9) 12 (33.3) 11 (39.3) 0.622
Mycoplasma, n (%) 6(94) 4 (11.1) 2(7.1) 0914
Parasite *, n (%) 2(3.1) 1(2.8) 1(3.6) I 1.000

*Fisher exact probability test was used for comparison between groups. x test otherwise.
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Variables sCAP (n=28)

Gender 0.705
Male, n (%) 45 (70.3) 26 (72.2) 19 (67.9)

Female, n (%) 19 (29.7) 10 (27.8) 9(32.1)

Age, mean + SD 55.1 £20.0 61.6 +18.2 46.6 + 19.4 0.002
Smoking history, n (%) 24 (37.5) 15 (41.7) 9 (32.1) 0435
Drinking history, n (%) 22 (34.4) 14 (38.9) 8 (28.6) 0389
Mechanical Ventilation, n (%) 33 (51.6) 26 (72.2) 7 (25.0) <0.001

Underlying disease

Immunosuppressed status, n (%) 50 (78.1) 29 (80.6) 21 (75.0) 0.069
AIDS, n (%) 24 (37.5) 10 (27.8) 14 (50.0) 0.069
Renal disease, n (%) 18 (28.1) 13 (36.1) 5(17.9) 0.107
Respiratory insufficiency, n (%) 35 (54.7) 32 (88.9) 3(10.7) <0.001
Sepsis, n (%) 21 (32.8) 19 (52.8) 2(7.1) <0.001
Diabetes-2, n (%) 13 (20.3) 10 (27.8) 3(107) 0092
Hypertension, n (%) 20 (31.2) 18 (50.0) 2(7.1) <0.001
Fever, n (%) 41 (64.1) 26(72.2) 15 (53.6) 0.123
Cough, n (%) 54 (84.4) 33 (91.7) 21 (75.0) 0.090
Sputum, n (%) 50 (78.1) 31 (86.1) 19 (67.9) 0.080

Clinical trial parameters

WBC (10A9/L, median [IQR]) 7.8 (4.5, 11.7) 111 (7.7, 15.0) 46 (4.1, 68) <0.001
LYMPH (%, median [IQR]) 12.9 (6.9, 20.5) 7.8 (4.6, 14.7) 19.7 (12.0, 25.1) <0.001
RBC (10A12/L, mean + SD) 37+0.9 37+09 38+0.9 0.456
HCT (%, mean + SD) 339 £8.6 334 £89 34.5+8.2 0.601
PCT (ng/ml, median [IQR]) 02 (0.1, 1.1) 0.6 (0.1, 2.6) 0.1 (0.0,0.2) <0.001
hCRP (mg/L, median [IQR]) 30 (11.2, 89.6) 714 (27.2,103.2) 143 (5.2,29.3) <0.001
TBIL (umol/L, median [IQR]) 82 (5.2,13.8) 9.6 (6.0, 17.8) 7.7 (5.0, 11.2) 0221
UREA (mmol/L, median [IQR]) 53 (3.4, 8.6) 75 (5.7, 12.2) 36 (2.8, 47) <0.001
CREA (umol/L, median [IQR]) 63 (49.8,79.2) 67.5 (52.8, 95.0) 56 (48.2, 66.0) 0.031
LOS (day, n (%)) 0.594
<=14 14 (21.9) 7 (19.4) 7 (25.0)

>14 50 (78.1) 29 (80.6) 21 (75.0)

SOFA (score, median [IQR]) 7 (4.8, 13.0) 11 (8.0, 16.0) 4 (3.8,5.0) <0.001
APACHE I (score, mean + SD) 183 +9.1 237 +6.8 113 + 6.8 <0.001

SCAP, severe community-acquired pneumonia; non-sCAP, non-severe community acquired pneumonia; AIDS, acquired immunodeficiency syndrome; WBC, white blood cells; LYMPH,
Iymphocyte percentage; RBG, red blood cells; HCT, hematocrit; PCT, procalcitonin; hCRP, hypersensitive C-reactive protein; TBIL, bilirubin; CREA, creatinine; LOS, length of stay; SOFA,
sequential organ failure assessment; APACHE 11, acute physiology and chronic health evaluation I1.
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Characteristics

Age, mean + sd 58.41 + 13.23
Gender, no. (%)
Male 9(33.33)
Female 18(66.67)
ICU, no. (%) 1(3.70)
ICU days 109 £ 0
Ventilator, no. (%) 1(3.70)
Ventilator hours 2787 £0
Hospital days, no. (%)
<10 days 12(44.44)
10-30days 11(40.75)
>30days 4(14.81)
Main symptoms, no. (%)
Fever 8(29.6)
Cough 11(40.74)
Chest tightness 3(11.11)
Chest pain 2(7.41)
Hemoptysis 3(11.11)
Dyspnea 1(3.70)
Local Dermal rupture 1(3.70)
Coma 1(3.70)
Underlying diseases, no. (%)
Hypertension 3(11.11)
Diabetes 4(14.81)
Bronchiectasis 6(22.22)
COPD 2(7.41)
Connective tissue disease 1(3.70)
Heart diseases 2(7.41)
Hyperlipidemia 1(3.70)
Cerebral infarction 1(3.70)
High paraplegia 1(3.70)
Lung cancer 2(7.41)
After gynecological tumor surgery 3(11.11)
Post-lung transplantation 2(7.41)
NTM infection sites, no. (%)
Pulmonary 25(92.59)
Extrapulmonary 2(7.41)

ICU, intensive care unit; COPD, Chronic obstructive pneumonia.
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Characteristics

Total(n=27)

P value

Specimen types, no. (%)
BALF
Lung tissue

Thyroid tissue
Pleural effusion

Abscess

Specimen time, mean + sd

mNGS turnaround time day, mean + sd
Culture turnaround time day, mean + sd
mNGS result time day, mean + sd

Culture result time day, mean + sd

21(55.56)
3(11.11)

1(5.56)
1(5.56)

1(5.56)
811+ 11.97
119 +0.48 <0.001
3.86 +2.10
1419 + 20.33 071

8.14 + 6.50
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