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Introduction

Infectious diseases are major causes of morbidity and mortality worldwide, necessitating the rapid identification and accurate diagnosis of pathogens. While unbiased metagenomic next-generation sequencing (mNGS) has been extensively utilized in clinical pathogen identification and scientific microbiome detection, there is limited research about the application of nanopore platform-based mNGS in the diagnostic performance of various infectious fluid samples.





Methods

In this study, we collected 297 suspected infectious fluids from 10 clinical centers and detected them with conventional microbiology culture and nanopore platform–based mNGS. The objective was to assess detective and diagnostic performance of nanopore-sequencing technology (NST) in real-world scenarios.





Results

Combined with gold-standard culture and clinical adjudication, nanopore sequencing demonstrated nearly 100% positive predictive agreements in microbial-colonized sites, such as the respiratory and urinary tracts. For samples collected from initially sterile body sites, the detected microorganisms were highly suspected pathogens, and the negative predictive agreements were relatively higher than those in the microbial-colonized sites, particularly with 100% in abscess and 95.7% in cerebrospinal fluid. Furthermore, consistent performance was also observed in the identification of antimicrobial resistance genes and drug susceptibility testing of pathogenic strains of Escherichia coli, Staphylococcus aureus, and Acinetobacter baumannii.





Discussion

Rapid NST is a promising clinical tool to supplement gold-standard culture, and it has the potential improve patient prognosis and facilitate clinical treatment of infectious diseases.
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1 Introduction

Infectious diseases are significant causes of morbidity and mortality worldwide as well as spreading rapidly (Allerberger and Kern, 2020), with the complicated and multi-sites of occurrence. The annual incidences of meningitis, sepsis, and respiratory tract infections (RTIs) are approximately 850,000, 5.68 million, and 10 million in China, with a high mortality rate caused by confusing identification of the pathogen, complex etiology, and clinical decision challenges (Bodilsen et al., 2021; Wu et al., 2021). Therefore, rapid identification and appropriate diagnosis of pathogens in infectious disease management are of great clinical importance.

Currently, traditional detection of pathogenic microorganisms mainly utilizes morphology and molecular detection based on culture, which are basic tools and gold standard for clinical results confirming (Pliakos et al., 2018), especially the detection of bacteria and fungi. However, culture-based pathogen identification also has shortcomings, such as low detection accuracy (Parize et al., 2017), long culture cycle, high requirements on personnel operation, and inevitable deviations in the culture of unculturable microbes (Srivastava and Prasad, 2023). Thus, these methods cannot meet the current needs for rapid and accurate infection diagnosis; as a result, metagenomic next-generation sequencing (mNGS) has emerged as a clinical complement for gold-standard culture or even more clinically needed.

Rapid mNGS testing is a culture-independent, rapid detection of unknown infections for body fluids. It mainly includes short-read sequencing represented by Illumina platform and long-read sequencing represented by Nanopore platform (Mitchell and Simner, 2019; Zhang et al., 2022). Early studies have shown that mNGS can reliably detect and identify causative or emerging microorganisms in unexplained infectious disease syndromes (Li et al., 2019; Diao et al., 2022) and facilitate adjustment of empiric antibiotic therapy (Feng et al., 2023). The Illumina sequencing platform has been widely used clinically, but its short read length limits applicability to genomes. With long-read sequencing, nanopore-sequencing technology (NST) exhibits potential to compensate for this and meet the clinical needs for pathogen detection in high-viral-load clinical samples (Li et al., 2023) and species identification of Mycobacterium tuberculosis isolates (Smith et al., 2020). Therefore, NST may be a promising complement for sequencing platforms currently used in clinical settings. However, few studies have reported the diagnostic presentation of mNGS at different sites of infection, especially based on the nanopore platform.

Here, we designed a multi-center, observational study to investigate the detective and diagnostic performance of NST based on the analysis of 297 samples of suspected infections. With the inclusion of seven types of clinical fluid samples, we aimed to provide supporting evidence to evaluate the clinical impact of NST on real-world infection samples.




2 Methods



2.1 Study design and participants

This study was a multi-center observational study, recruiting patients with suspected infections of respiratory, urinary, central nervous system, bloodstream, thoracic, abdominal, or local body sites who met the inclusion criteria (Supplementary Table S1). Study protocols were reviewed and approved by the Ethics Committee of The First Affiliated Hospital of Soochow University (No. 2021293) and filed by the Ethics Committees of the other nine clinical centers. Consent has been obtained from each patient after a full explanation of the purpose and nature of all procedures used.




2.2 Sample collection and conventional microbiological culture

Suspected infectious fluid specimens, namely, plasma, bronchoalveolar lavage fluids (BALFs), sputum, cerebrospinal fluids (CSFs), abscess, serous cavity effusions (SCEs) and urine, were clinically obtained from patients within 48h of admission or disease onset. In addition, clinical data were collected and the 14-day follow-ups were conducted after sample collection.

All the fluid samples were collected in sterile tubes with the fewest volumes of 3.0 mL for each patient. Fresh samples were sent for bacterial and fungal cultures as routine clinical detection. For bacterial culture, blood agar plates, chocolate agar plates, and MacConkey agar were used and the inoculated plates were cultured with 5% CO2 under 35°C for 48h. For suspected Mycobacterium culture, samples were inoculated to Roche medium for 7 days. As for fungal culture, Sabouraud Dextrose agar was used for 7-day culture for positive colonies. Positive colonies were species identified and antimicrobial resistance (AMR) testified with Gram staining, oxidase, and biochemical identification by automatic microbial identification system.




2.3 Nanopore sequencing and data analysis

Sample preparation, sequencing, and data analysis under nanopore platform were conducted as previously published (Gu et al., 2021; Luo et al., 2023). Basically, plasma samples were centrifuged and the cell-free DNA of supernatant were extracted (Gu et al., 2021). Other fluid samples were DNA extracted with the pellet (Luo et al., 2023). To reduce the high contamination of human genomes, effective host DNA depletion was applied (Charalampous et al., 2019), and the conducted protocol was as previously reported (Nelson et al., 2019). After host DNA depletion and microbial DNA extraction, the concentration of each sample was calibrated, followed by fragmentation, barcode ligation, library purification, and PCR amplification, according to manufacturer’s instructions (Oxford Nanopore Technologies, Oxford, UK).

After library preparation, sequencing was performed with the GridION platform (Oxford Nanopore Technologies, Oxford, UK) as previously described (Luo et al., 2023). Raw data of NST were generated with real-time identification by MinKnow software. After removing host DNA by Minimap2 Software, filtered data were multi-sequence aligned and standard as 20 million (M) each sample. The filtered data were identified with microorganism sequences at the National Center for Biotechnology Information (https://www.ncbi.nlm.nih.gov/). Considering the original blast results would contain redundant micro-ecosystem organisms, the reported criteria of pathogen were established. Due to the wide variety of sample types, samples collected from microbial-colonized body sites, such as BALF, sputum, and urine, the reported criteria were referenced as previously published (Luo et al., 2023). For samples of CSF, SCE, abscess, and plasma, the detected organisms would be reported as much as possible, after removing the procedure-background microbes and those sequences lower than three (except tuberculosis).




2.4 Statistics

The R software (version 4.1.0) was used for data process and result visualization (packages of mixOmics, ggplot2, and pheatmap). The chi-square test was applied to access the accuracy evaluation and diagnostic performance of mNGS, reported as sensitivity, specificity, positive predictive agreement, negative predictive agreement (Gu et al., 2021), positive predictive value, and negative predictive value with their 95% confidence intervals. P < 0.05 were considered with statistical significance.





3 Results



3.1 Study design and general characteristics of enrolled cohorts

A total of 297 samples from 286 patients were finally enrolled and analyzed for this study (Figure 1A). Baseline characteristics of patients and samples were listed in Table 1 and Supplementary Table S2. The pathogen profiles were explored and evaluated using NST, and 271 of 297 were clinically conducted with conventional culture, as gold standard approach (Table 2). Based on our results, 256 samples clinically determined with infectious disease, 112 were only identified with NST, and 52 failed to be identified with neither culture nor NST (Figure 1B). Basic sequencing results of average length were presented in Supplementary Figure S1A. The length of sequencing reads of samples collected from microbial-colonized body sites was significantly longer than those of sterile sites.




Figure 1 | Study workflow and sample distribution. (A) Overview of patient enrollment workflow. (B) Analysis workflow and primary results of 297 fluid samples collected. The pie chart displays the fluid sample types analyzed in this study (n, %). *From patients with clinical diagnosis of infection.




Table 1 | Enrolled patient characteristics.






3.2 Microbial identification landscape of mNGS test based on NST

After calculating the numbers of positive and clinically consistent tests, our results showed that the overall positive rates based on NST versus (vs.) clinic culture assay were 67.34% versus 33.95%, and clinical consistency were 67.34% versus 44.65%, respectively (Table 2). As for different types of samples, it could be recognized that NST performed better detection capability (higher positive detect rate) in almost all types of samples, especially for BALFs and sputum (about two times better than culture, both positive rate and clinical consistency). Those results also demonstrated that NST be capable to detect more varieties of microbes in real-world clinical samples.


Table 2 | Comparison of positive rate and clinical consistency between culture and NST.



The categories and percentages of detected microorganisms were exhibited as Figure 2A. It should be noted that, because of the coexistence of numerous categories, the sum of percentages was over 100, and total detected frequencies were larger than number of samples. As for clinical meaning, 58.7% (118 of 201) bacterial (apart from Mycobacterium), 53.7% (29 of 54) fungal, and only 21.7% (33 of 152) viral detection were clinically relevant and determined as pathogens (Figure 2B). Among those clinically relevant microbes, 66.9% (99/148) bacteria (apart from Mycobacterium) and 55.2% (16 of 29) fungi could only be detected with NST (Figure 2C). For Mycobacterium, 96.6% (28 of 29) were detected as pathogen, while only one positive culture was observed in this study (Supplementary Figure S2).




Figure 2 | Contribution of NST identifying microorganism and the clinical relevance of taxonomic categories. (A) Percentage of NST-identified bacteria, fungi, and virus among fluid sample types. (B) Times of NST detection of taxonomic groups and the contribution of clinical relevance. (C) Test consistency of clinically relevant-bacteria and fungi between NST and culture. *Bacteria apart from Mycobacterium.






3.3 Microbiome-dominant distribution of microbial-colonized body sites

To further evaluate the microbial distributing features of each type of sample, detailed taxonomic analysis was conducted in this study. For samples collected from microbial-colonized sites, 28 of 42 detected genus were with less than 50% clinical relevance, especially those of virus (only eight of 88, Supplementary Figure S3A). It enlightened us that clinical determinations and decision of mNGS-detected microorganisms are of vital importance for microbial-colonized sites.

As for species-level analysis, the clinically relevant microbes were selected here to calculate the diagnosis performance based on the NST (Figure 3). In total, 90 samples of microbial-colonized sites were tested by both NST and clinic culture. Our results showed that a high consistency of these two approaches for detection of Escherichia coli and Pseudomonas aeruginosa (sensitivity = 100% of 100%, specificity = 95% of 99%, respectively). On the other hand, for some pathogens, such as Mycobacterium spp., there was only one Mycobacterium tuburculosis (MTB) positively detected by clinic culture assay, while 19 MTB and 6 non-tuberculosis mycobacterium (NTM) were additionally detected with NST, from culture-negative samples. Moreover, the number of detective reads of top 10 clinically relevant pathogen was exhibited in Supplementary Figure S1B.




Figure 3 | Distribution and statistic performance of clinically relevant pathogens identified with NST and culture (species level) from body sites with colonized microbiome, including BALF, sputum, and urine; Cul, culture; BAL, bronchoalveolar lavage fluid; Spu, sputum; Uri, urine; Sen, sensitivity; Spe, specificity; PPV, positive-predictive value; NPV, negative-predictive value.






3.4 Pathogen-dominant identification of sterile body fluids

For aseptic body sites, results also give us insights that the positive detection of microbes could be more highly suspected pathogens, compared with microbial-colonized sites. The clinical relevance of detected bacteria, fungi and viruses were 84.0%, 60%, and 40%, respectively (Supplementary Figure S3B).

Species-level analysis was performed based on 181 samples from aseptic body sites, tested with both NST and clinic culture (Figure 4). Our results showed that a total of 36 pathogenic bacteria and five clinically relevant fungi were identified in 51 samples. Meanwhile, 79 bacterial and six fungal pathogens were identified in 108 samples using NST. Similar to microbial-colonized sites, the culture-detected fungi were mainly Candida spp. and Cryptococcus neoformans. However, we found that the culture-obtainable bacterial patterns of sterile sites were different compared with microbial-colonized sites, with relatively higher detected frequencies of Klebsiella pneumoniae and Staphylococcus spp. (22 vs. 5 and 9 vs. 0, respectively) and lower frequencies of Mycobacterium spp. (2 vs. 26).




Figure 4 | Distribution and statistic performance of clinically relevant pathogens identified with NST and culture (species level) from body sites with non-colonized microbiome, including abscess, plasma, CSF, and SCE. Cul, culture; Abs, abscess; Pla, plasma; CSF, cerebrospinal fluid; SCE, serous cavity effusion; Sen, sensitivity; Spe, specificity; PPV, positive predictive value; NPV, negative predictive value.






3.5 Test accuracy of nanopore sequencing

Accuracy evaluation of each type of sample mainly focused on the performance of NST relative to gold standard culture (Supplementary Table S4). Because of the high false-negative rate of clinical routine culture, the composite standard additional with clinical adjudication (Gu et al., 2021) was also applied (Table 2). While utilizing composite standard evaluation, total positive percentage agreement (PPA) and negative percentage agreement (NPA) of NST were 89.7% [95% confidence interval (CI) 84.1%–93.5%] and 69.0% (95% CI 59.5%–77.2%) according to our results.

As regard to each fluid type, the PPA of microbial-colonized sites was 100%, while the NPA was relatively lower than the average level (14.3%–50.0% vs. 69.0%). It is supposed to be the presence of colonizers causing the difficulty of true-negative detection. For sterile body sites, performances in abscess and CSF showed both high PPA (95.7% and 88.2%) and high NPA (100% and 95.7%), suggesting a high confidence level for local and neurological infections. As for plasma samples, the PPA and NPA were 77.6% (95% CI 64.4%–87.1%) and 66.7% (95% CI 52.0%–78.9%). Interestingly, our results found that the statistical performances of SCE samples exhibited a relatively volatile 95% CI using NST.




3.6 Concordant performance of antimicrobial resistance gene identification and susceptibility test

In addition to the microbial identification, the AMR genotype information is also capable to explore by NST. In this study, there were 62 NST-detected microbes carrying with AMR genes, while only 25 of them with the positive cultural colonies for antimicrobial susceptibility testing (AST), as shown in Figure 5, and the antibiotics coverage of NST were shown as Figure 5A.




Figure 5 | Drug resistance identification of clinically relevant pathogens with culture-based AST and NST-based AMR gene identification. (A) Summary of coverages of AST and AMR gene identification. (B) Clinically relevant Species identified with AMR genes and the concordance with AST; AMR, antimicrobial resistance; AST, antimicrobial susceptibility testing; G+/G−, Gram positive/negative.



By comparing the consistency of AMR genotype and drug-resistant phenotype in two different approaches, we found that strains of E. coli were most frequently detected with AMR genes (16 of 17, with NST), and eight of them could be successfully cultured and testified with AST. Although strains of Klebsiella pneumoniae showed the most identification frequency (n = 27), the AMR-positive rate was eight of 27, and 62.5% (five of eight) of them could be testified with AST (Figure 5B). Those results indicated that nanopore sequencing could additionally provide supporting information to drug resistance identification.





4 Discussion

Fast and precise infection diagnosis makes a significant contribution to improving clinical management and patient prognosis, and mNGS is a promising tool to complement gold-standard culture in clinical practice. Although mNGS has been widely reported in the auxiliary diagnosis of infectious diseases, few studies have systematically evaluated the diagnostic performance of various fluid samples via NST in real-world infectious diseases, not to mention the comparison between sterile and microbial-colonized sites. This study included seven types of clinical fluids, from 10 clinical centers, and provided evidence to evaluate the effectiveness of nanopore sequencing in real-world clinical scenarios.

Nanopore sequencing exhibits fast detection (Gorzynski et al., 2022; Jain et al., 2022) and reduced turnaround time (Sheka et al., 2021) and enables both pathogen identification and AMR gene detection capabilities by unbiased rapidly sequencing. In addition, NST reduces the requirements of resource and technology, as well as capital and maintenance costs. Nanopore sequencing has been applied in genome assembly, full-length transcript detection, base modification detection, and other specialized areas, such as rapid clinical diagnoses and outbreak surveillance (Wang et al., 2021). The long-read length sequencing of NST could enhance the accuracy of real-time analysis of bioinformatics and, thus, provide opportunities for faster speed compared with other strategies using sequence-by-synthesis methods (Gu et al., 2019). In this regard, NST displays more potential for application as point-of-care testing (POCT) than Illumina platform (Ferreira et al., 2018); thus, the study on its true performance in clinical scenario could be of vital importance. Although mNGS is currently used for companion diagnosis, the diagnostic performances of NST in real-world clinical scenarios were rarely published. Most previous studies have only explored the diagnostic performance of mNGS with a single type or a limited number of samples, including bloodstream infections (sensitivity = 30.8%) (Hu et al., 2021), lower RTIs (sensitivity = 100%, specificity = 66%) (Yang et al., 2019) and meningitis (sensitivity = 41.7%, specificity = 78.6%) (Gao et al., 2021). In this study, the diagnostic performances in multiple types of samples were calculated based on a composite standard (Table 3 and Supplementary Table S4). Even though the main disadvantages of mNGS, such as false positive and noise detection of background germs, were also observed in NST, efforts were made to discriminate positive detection with true pathogen by combined use of clinical adjudication in this study. This method has also been previously reported (Luo et al., 2023). The PPA and NPA of our results (Table 3) exhibited comparable or even better performances with the previous publishing mentioned above. In addition, numbers of the latest Chinese expert consensus recommended mNGS as supplemental detection of emerging pathogens and acute infections. It supports that nanopore-based mNGS has potential to be used as a promising supplement for the existing detection in clinical diagnostic routines.


Table 3 | Statistical performance of different types of samples (n = 297, composite standard).



Considering that different types of samples characterize different sites of infection, we further analyzed the distributed features of body sites, including the microbial-colonized sites and originally sterile sites. A total of seven types of fluid samples were included in this study, three of them were collected from the respiratory and urinary tracts (BALF, sputum and urine), and the others were collected from sterile sites, where microbes could be detected only in pathological states. It could be observed that almost all types of samples exhibited a higher positive rate and clinical consistence with NST, especially abscess (PPA = 95.7%, NPA = 100%) and CSF (PPA = 88.2%, NPA = 95.7%). In addition, test accuracies of plasma samples (PPA = 77.6%, NPA = 66.7%) were also much better than previously reported (Hu et al., 2021) (Table 3). However, statistical performances in SCE samples exhibited a volatile 95% CI, and the clinical consistency of NST was no better than that of culture method (Supplementary Table S3), neither in positive nor negative tests. That possibly correlated with the low sample size and low pathogen load in SCE. For samples collected from microbial-colonized sites, NST exhibited 100% PPA but 14.3%–50.0% NPA. This may be due to the fact that, in real-world clinical scenarios, there is a very low probability that no microbes are detected (true negative samples) from the samples collected from microbial-colonized sites, in suspected infectious patients.

We further analyzed the distribution and clinical relevance of detected microorganisms in different body sites. There were more varieties of viral and fewer varieties of fungal pathogens detected from the aseptic body sites, compared with respiratory and urinary tracts (Figures 4, 5). As for clinically relevant bacteria, the top 3 frequently detected species were Klebsiella pneumoniae, E. coli and Staphylococcus aureus, from sterile body sites, while Mycobacterium tuberculosis, E. coli and Pseudomonas aeruginosa, from microbial-colonized sites. These species were in line with the results of several previous studies that investigated pathogens detected from plasma (Eichenberger et al., 2022), SCE (Liu et al., 2023), abscess (Zhao et al., 2021) and respiratory tract (Jin et al., 2022). Among the above species, there was a high concordance in detection of E. coli, P. aeruginosa and S. aureus between NST and culture. Therefore, for common clinical pathogens, it was enough to detect them through gold-standard culture, but it should be mentioned that NST has a faster diagnosis of pathogens than culture (Gu et al., 2021). As for the number of pathogen-derived reads, we recalculated the number of detected reads in each sample, and the top 10 identified pathogens were shown in Supplementary Figure S1B. Generally, the number of reads in bacterial pathogens could be considerably higher than that in viral pathogens. For bacterial pathogen which could be detected from both sterile and microbial-colonized body sites, the number of reads detected from the latter sites was greater. Interestingly, the number of detected reads in K. pneumoniae in samples collected from sterile body sites could reach 4693.6 ± 1895.0, which was greater than that from the microbial-colonized sites. The varied distribution of the numbers of pathogen-derived reads suggests the complexity of infectious diseases in the real-world clinical scenario, and it is of vital importance with clinical adjudication of NST detection based on the existing technical level.

On the other hand, there are also a number of pathogens better detected with NST than culture, such as Mycobacterium tuberculosis, human betaherpesvirus, Torque teno virus, and Pneumocystis jirovecii. It has been reported that NST can detect fastidious or unculturable microbes (Jin et al., 2022), identify complex infections (Duan et al., 2021), and assist diagnosis of conditional pathogens (Wang et al., 2012). Our study demonstrated that NST performed better than culture test in the detection of fastidious pathogens such as Mycobacterium spp., with additional detection of nineteen cases of MTB and six cases of NTM in culture-negative samples. In addition, common clinical conditioning pathogens, including Candida (Wang et al., 2012), Klebsiella pneumoniae(Chen et al., 2023a), Pneumocystis jiroveci (Wang et al., 2022), Epstein-Barr virus, and Adenovirus were also identified with NST in this study, which were further determined as pathogenic bacteria in combination with clinical symptoms, signs and hemograms of patients. Thus, NST can assist in the precisely and early diagnosis of fastidious and conditional pathogens and serve as an essential supplementary test for the gold standard test. Meanwhile, it should be noticed that NST-detected microbes could be pathogenic or colonized. Therefore, whether the detected microbes are clinically relevant still requires clinical identification and decision making by clinicians.

In addition to the identification of microorganisms, the predictive performance of NST in drug resistance was also notable in this study, which was only reported by a few previous publications (Serpa et al., 2022; Chen et al., 2023b; Xiao et al., 2023). In this study, among 56 microbial strains positive with AMR genes detected by NST only 33 of them were successfully cultured and detected by AST, as shown in Figure 5B. There were 58.9% (33 of 56) microbial strains failed to be cultured but were adjudicated as pathogens by clinicians. It should be noted that NST showed a higher detection rate of positive AMR genotype compared with the culture method, which could be actual drug resistance or positive genotype but negative phenotype. Also, it would be a pity that those hypotheses could not be testified because of the negative culture in this study. The failure of gold-standard culture would contribute to the unconscious of neither microbial identification nor drug resistance phenotype. From this perspective, AMR prediction by NST could provide an alternative strategy to infer antimicrobial susceptibility for clinicians and, thus, provide a reference for the selection of clinical treatment scheme, especially for patients with negative culture results. Further study could design prospective experiments for consistency comparisons between AMR genotype and drug resistance phenotype.

This study has the following limitations. First, due to the competitive enrollment of samples, the number of each type of clinical fluid was not consistent, ranging from 23 to 109. Second, the gold-standard culture was used for clinical routine tests of bacterial and fungal pathogens but with difficult application for clinical virus detection. Moreover, this study mainly took microorganisms inherited with DNA into coverage, so RNA virus was not detected or analyzed in this study. Third, the positive rate of culture was relatively low, and the AMR genotype prediction failed to be testified in this study. Further observational studies with large sample size are still necessary to provide more evidence for exploring the diagnostic performance of NST in the clinical setting.




5 Conclusions

In conclusion, this study includes seven types of infectious fluid, from 10 clinical centers, and provides evidence for application of NST in real-world clinical scenarios. For samples collected from microbial-colonized sites, NST exhibits more varieties of detected species compared with culture, which needs to be clinically adjudicated. For originally sterile sites, excellent diagnostic performances of NST could support evidence for pathogen identification and antimicrobial treatment. Moreover, NST is potentially valuable in the diagnosis and management of fastidious pathogens, complex infections, and opportunistic pathogen infections, and it is also capable of providing a new strategy to predict antimicrobial susceptibility for clinicians. It should be believed that NST is a promising supplement for gold-standard culture in real-world clinical scenarios.





Data availability statement

The datasets of Nanopore sequencing for this study have been deposited into CNGB Sequence Archive (CNSA) of China National GeneBank DataBase (CNGBdb) with accession number CNP0004703.





Ethics statement

The studies involving humans were approved by Ethics Committee of The First Affiliated Hospital of Soochow University. The studies were conducted in accordance with the local legislation and institutional requirements. The participants provided their written informed consent to participate in this study.





Author contributions

MZ: Data curation, Formal analysis, Project administration, Supervision, Visualization, Writing – original draft. YYZ: Project administration, Supervision, Writing – original draft. LC: Data curation, Formal analysis, Visualization, Writing – original draft. XY: Investigation, Methodology, Writing – original draft. TX: Investigation, Methodology, Writing – original draft. MF: Investigation, Methodology, Writing – original draft. YH: Validation, Writing – original draft. YZ: Validation, Writing – original draft. BZ: Validation, Writing – original draft. JC: Validation, Writing – original draft. JL: Project administration, Supervision, Writing – review & editing. DS: Funding acquisition, Project administration, Supervision, Writing – review & editing. SL: Conceptualization, Data curation, Formal analysis, Visualization, Writing – review & editing. CZ: Conceptualization, Writing – review & editing. WZ: Conceptualization, Funding acquisition, Resources, Writing – review & editing.





Funding

The author(s) declare financial support was received for the research, authorship, and/or publication of this article. This study was supported by a grant from Horizontal Project Fund of Soochow University (No. SDKY20211200).




Acknowledgments

We would like to express our gratitude to all staff for their sample detection and data collection efforts. We would also like to thank all patients for their participation.





Conflict of interest

Authors DS and SL were employed by the company Dian Diagnostics Group Co., Ltd. and Nanjing Dian Diagnostics Group Co., Ltd.

The remaining 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.





Supplementary material

The Supplementary Material for this article can be found online at: https://www.frontiersin.org/articles/10.3389/fcimb.2024.1330788/full#supplementary-material




References

 Allerberger, F., and Kern, W. V. (2020). Bacterial bloodstream infection. Clin. Microbiol. Infect. 26, 140–141. doi: 10.1016/j.cmi.2019.10.004

 Bodilsen, J., Larsen, L., Brandt, C. T., Wiese, L., Hansen, B. R., Andersen, CØ, et al. (2021). Existing data sources for clinical epidemiology: the danish study group of infections of the brain database (DASGIB). Clin. Epidemiol. 13, 921–933. doi: 10.2147/clep.S326461

 Charalampous, T., Kay, G. L., Richardson, H., Aydin, A., Baldan, R., Jeanes, C., et al. (2019). Nanopore metagenomics enables rapid clinical diagnosis of bacterial lower respiratory infection. Nat. Biotechnol. 37, 783–792. doi: 10.1038/s41587-019-0156-5

 Chen, Q., Wang, M., Han, M., Xu, L., and Zhang, H. (2023a). Molecular basis of Klebsiella pneumoniae colonization in host. Microb. Pathog. 177, 106026. doi: 10.1016/j.micpath.2023.106026

 Chen, T., Zhang, L., Huang, W., Zong, H., Li, Q., Zheng, Y., et al. (2023b). Detection of pathogens and antimicrobial resistance genes in ventilator-associated pneumonia by metagenomic next-generation sequencing approach. Infect. Drug Resist. 16, 923–936. doi: 10.2147/idr.S397755

 Diao, Z., Han, D., Zhang, R., and Li, J. (2022). Metagenomics next-generation sequencing tests take the stage in the diagnosis of lower respiratory tract infections. J. Adv. Res. 38, 201–212. doi: 10.1016/j.jare.2021.09.012

 Duan, J., Zhang, C., Che, X., Fu, J., Pang, F., Zhao, Q., et al. (2021). Detection of aerobe-anaerobe mixed infection by metagenomic next-generation sequencing in an adult suffering from descending necrotizing mediastinitis. BMC Infect. Dis. 21, 905. doi: 10.1186/s12879-021-06624-4

 Eichenberger, E. M., de Vries, C. R., Ruffin, F., Sharma-Kuinkel, B., Park, L., Hong, D., et al. (2022). Microbial cell-free DNA identifies etiology of bloodstream infections, persists longer than conventional blood cultures, and its duration of detection is associated with metastatic infection in patients with staphylococcus aureus and gram-negative bacteremia. Clin. Infect. Dis. 74, 2020–2027. doi: 10.1093/cid/ciab742

 Feng, L., Chen, J., Luo, Q., Su, M., Chen, P., Lai, R., et al. (2023). mNGS facilitates the accurate diagnosis and antibiotic treatment of suspicious critical CNS infection in real practice: A retrospective study. Open Life Sci. 18, 20220578. doi: 10.1515/biol-2022-0578

 Ferreira, C. E. S., Guerra, J. C. C., Slhessarenko, N., Scartezini, M., Franca, C. N., Colombini, M. P., et al. (2018). Point-of-care testing: general aspects. Clin. Lab. 64, 1–9. doi: 10.7754/Clin.Lab.2017.170730

 Gao, D., Hu, Y., Jiang, X., Pu, H., Guo, Z., and Zhang, Y. (2021). Applying the pathogen-targeted next-generation sequencing method to pathogen identification in cerebrospinal fluid. Ann. Transl. Med. 9, 1675. doi: 10.21037/atm-21-5488

 Gorzynski, J. E., Goenka, S. D., Shafin, K., Jensen, T. D., Fisk, D. G., Grove, M. E., et al. (2022). Ultrarapid nanopore genome sequencing in a critical care setting. N Engl. J. Med. 386, 700–702. doi: 10.1056/NEJMc2112090

 Gu, W., Deng, X., Lee, M., Sucu, Y. D., Arevalo, S., Stryke, D., et al. (2021). Rapid pathogen detection by metagenomic next-generation sequencing of infected body fluids. Nat. Med. 27, 115–124. doi: 10.1038/s41591-020-1105-z

 Gu, W., Miller, S., and Chiu, C. Y. (2019). “Clinical metagenomic next-generation sequencing for pathogen detection,” in Annual review of pathology: mechanisms of disease. Eds.  A. K. Abbas, J. C. Aster, and M. B. Feany. 14, 319–338. doi: 10.1146/annurev-pathmechdis-012418-012751

 Hu, B., Tao, Y., Shao, Z., Zheng, Y., Zhang, R., Yang, X., et al. (2021). A comparison of blood pathogen detection among droplet digital PCR, metagenomic next-generation sequencing, and blood culture in critically ill patients with suspected bloodstream infections. Front. Microbiol. 12. doi: 10.3389/fmicb.2021.641202

 Jain, M., Abu-Shumays, R., Olsen, H. E., and Akeson, M. (2022). Advances in nanopore direct RNA sequencing. Nat. Methods 19, 1160–1164. doi: 10.1038/s41592-022-01633-w

 Jin, X., Li, J., Shao, M., Lv, X., Ji, N., Zhu, Y., et al. (2022). Improving suspected pulmonary infection diagnosis by bronchoalveolar lavage fluid metagenomic next-generation sequencing: a multicenter retrospective study. Microbiol. Spectr. 10, e0247321. doi: 10.1128/spectrum.02473-21

 Li, K. K., Lau, B., Suárez, N. M., Camiolo, S., Gunson, R., Davison, A. J., et al. (2023). Direct nanopore sequencing of human cytomegalovirus genomes from high-viral-load clinical samples. Viruses 15, 1248. doi: 10.3390/v15061248

 Li, X., Lau, S. K. P., and Woo, P. C. Y. (2019). Molecular characterisation of emerging pathogens of unexplained infectious disease syndromes. Expert Rev. Mol. Diagn. 19, 839–848. doi: 10.1080/14737159.2019.1651200

 Liu, G., Wang, L., Li, X., Zhang, Y., Long, H., Wang, Y., et al. (2023). The value of next-generation metagenomic sequencing in pathogen detection of pleural effusions and ascites from children with sepsis. Front. Cell Infect. Microbiol. 13. doi: 10.3389/fcimb.2023.1130483

 Luo, W., He, Y., Xu, J., Zhang, S., Li, C., Lv, J., et al. (2023). Comparison of third-generation sequencing technology and traditional microbiological detection in pathogen diagnosis of lower respiratory tract infection. Discovery Med. 35, 332–342. doi: 10.24976/Discov.Med.202335176.34

 Mitchell, S. L., and Simner, P. J. (2019). Next-generation sequencing in clinical microbiology: are we there yet? Clin. Lab. Med. 39, 405–418. doi: 10.1016/j.cll.2019.05.003

 Nelson, M. T., Pope, C. E., Marsh, R. L., Wolter, D. J., Weiss, E. J., Hager, K. R., et al. (2019). Human and extracellular DNA depletion for metagenomic analysis of complex clinical infection samples yields optimized viable microbiome profiles. Cell Rep. 26, 2227–2240.e5. doi: 10.1016/j.celrep.2019.01.091

 Parize, P., Muth, E., Richaud, C., Gratigny, M., Pilmis, B., Lamamy, A., et al. (2017). Untargeted next-generation sequencing-based first-line diagnosis of infection in immunocompromised adults: a multicentre, blinded, prospective study. Clin. Microbiol. Infect. 23, 574.e1–574.e6. doi: 10.1016/j.cmi.2017.02.006

 Pliakos, E. E., Andreatos, N., Shehadeh, F., Ziakas, P. D., and Mylonakis, E. (2018). The cost-effectiveness of rapid diagnostic testing for the diagnosis of bloodstream infections with or without antimicrobial stewardship. Clin. Microbiol. Rev. 31, e00095-17. doi: 10.1128/cmr.00095-17

 Serpa, P. H., Deng, X., Abdelghany, M., Crawford, E., Malcolm, K., Caldera, S., et al. (2022). Metagenomic prediction of antimicrobial resistance in critically ill patients with lower respiratory tract infections. Genome Med. 14, 74. doi: 10.1186/s13073-022-01072-4

 Sheka, D., Alabi, N., and Gordon, P. M. K. (2021). Oxford nanopore sequencing in clinical microbiology and infection diagnostics. Brief Bioinform. 22, bbaa403. doi: 10.1093/bib/bbaa403

 Smith, C., Halse, T. A., Shea, J., Modestil, H., Fowler, R. C., Musser, K. A., et al. (2020). Assessing nanopore sequencing for clinical diagnostics: a comparison of next-generation sequencing (NGS) methods for mycobacterium tuberculosis. J. Clin. Microbiol. 59, e00583-20. doi: 10.1128/jcm.00583-20

 Srivastava, P., and Prasad, D. (2023). Isothermal nucleic acid amplification and its uses in modern diagnostic technologies. 3 Biotech. 13, 200. doi: 10.1007/s13205-023-03628-6

 Wang, D., Fang, S., Hu, X., Xu, Q., Chu, X., Mei, X., et al. (2022). Metagenomic next-generation sequencing is highly efficient in diagnosing pneumocystis jirovecii pneumonia in the immunocompromised patients. Front. Microbiol. 13. doi: 10.3389/fmicb.2022.913405

 Wang, H. J., Shi, H., Zhou, W., Hu, Z. Q., Mu, L. Y., Su, M., et al. (2012). [Common pathogens and clinical characteristics of neonatal pneumonia]. Zhongguo Dang Dai Er Ke Za Zhi 14, 898–902.

 Wang, Y., Zhao, Y., Bollas, A., Wang, Y., and Au, K. F. (2021). Nanopore sequencing technology, bioinformatics and applications. Nat. Biotechnol. 39, 1348–1365. doi: 10.1038/s41587-021-01108-x

 Wu, M., Yang, X., Tian, J., Fan, H., and Zhang, Y. (2021). Antibiotic treatment of pulmonary infections: an umbrella review and evidence map. Front. Pharmacol. 12. doi: 10.3389/fphar.2021.680178

 Xiao, Y. H., Luo, Z. X., Wu, H. W., Xu, D. R., and Zhao, R. (2023). Metagenomic next-generation sequencing for the identification of infections caused by Gram-negative pathogens and the prediction of antimicrobial resistance. Lab. Med. 55, 71–79. doi: 10.1093/labmed/lmad039

 Yang, L., Haidar, G., Zia, H., Nettles, R., Qin, S., Wang, X., et al. (2019). Metagenomic identification of severe pneumonia pathogens in mechanically-ventilated patients: a feasibility and clinical validity study. Respir. Res. 20, 265. doi: 10.1186/s12931-019-1218-4

 Zhang, L. L., Zhang, C., and Peng, J. P. (2022). Application of nanopore sequencing technology in the clinical diagnosis of infectious diseases. BioMed. Environ. Sci. 35, 381–392. doi: 10.3967/bes2022.054

 Zhao, Y., Chen, J., Bai, B., Wang, Y., Zheng, J., Yu, Z., et al. (2021). Pathogen determination from clinical abscess fluids using metagenomic next-generation sequencing. Folia Microbiol. (Praha) 66, 197–202. doi: 10.1007/s12223-020-00829-x




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 Zhao, Zhang, Chen, Yan, Xu, Fu, Han, Zhang, Zhang, Cao, Lin, Shen, Li, Zhu and Zhao. 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.


OEBPS/Images/fcimb-14-1330788-g005.jpg
Pseudomonas aeruginosa
B-lactams
Klebsiella pneumoniae

G- Bacteria
Covered
Aminoglycosides
Escherichia coli
Quinolones
Acinetobacter baumannii
Tetracyclines
Burkholderia cenocepacia Sulfonamides
B Polypeptides
G+ Bacteri msm Oxazolidinones
acteria Staphylococcus aureus e Rifamycins
s Lincomycins
- Azoles Not covered
. Fungi Candida albicans wmm Polyenes
e Pyrimidines
Microbial Species Culture-based AST coverage NST AMR gene coverage
B
Klebsiella pneumoniae Acinetobacter baumannii Staphylococcus aureus Pseudomonas aeruginosa
Total identification = 27 Total identification = 4 Total identification = 6 Total identification = 11
@ AMR gene detected and AST testified
[ AMR gene detected but culture failure
[ NST identified without AMR
Burkholderia cenocepacia Candida albicans Escherichia coli

Total identification = 1 Total identification = 4 Total identificatior





OEBPS/Images/fcimb-14-1330788-g003.jpg
ENST-/Cul+ B NST+/Cul- NST-/Cul-  ® NST+/Cul+ BAL Spu Uri Sen Spe PPV NPV

Bacterium L
High consistency between
culture and NST
NST performs better
Culture performs better

Escherichia coli
High consistency between
culture and NST
NST performs better
Culture performs better

Pseudomonas aeruginosa
Acinetobacter baumannii
Proteus mirabilis

Serratia marcescens
Klebsiella pneumoniae
Mycobacterium tuberculosis
Mycobacterium intracellulare
Mycobacterium abscessus
Mycobacterium colombiense
Mycobacterium xenopi
Enterococcus faecalis
Enterococcus faecium
Mycoplasma pneumoniae
Citrobacter freundii
Enterobacter hormaechei
Finegoldia magna
Gardnerella vaginalis
Prevotella intermedia
Ralstonia pickettii
Streptococcus pneumoniae
Veillonella parvula
Stenotrophomonas maltophilia
Streptococcus gallolyticus
Enterobacter cloacae
viridans group streptococci

Fungi

Aspergillus fumigatus
Aspergillus flavus
Candida glabrata
Cryptococcus neoformans
Pneumocystis jirovecii
Aspergillus niger
Aspergillus versicolor
Candida albicans

Virus
Human betaherpesvirus 5
Human gammaherpesvirus 4 . ‘

Human betaherpesvirus 6 NST performs better
Human betaherpesvirus 7
Torque teno virus

T
0 5 10 15 20 25 50 74 90100 iDetected -
Detected frequency (Clinically relevant) Not detected 0% 50%  100%





OEBPS/Text/toc.xhtml


  

    Table of Contents



    

		Cover



      		

        Nanopore sequencing of infectious fluid is a promising supplement for gold-standard culture in real-world clinical scenario

      

        		

          Introduction

        



        		

          Methods

        



        		

          Results

        



        		

          Discussion

        



        		

          1 Introduction

        



        		

          2 Methods

        

          		

            2.1 Study design and participants

          



          		

            2.2 Sample collection and conventional microbiological culture

          



          		

            2.3 Nanopore sequencing and data analysis

          



          		

            2.4 Statistics

          



        



        



        		

          3 Results

        

          		

            3.1 Study design and general characteristics of enrolled cohorts

          



          		

            3.2 Microbial identification landscape of mNGS test based on NST

          



          		

            3.3 Microbiome-dominant distribution of microbial-colonized body sites

          



          		

            3.4 Pathogen-dominant identification of sterile body fluids

          



          		

            3.5 Test accuracy of nanopore sequencing

          



          		

            3.6 Concordant performance of antimicrobial resistance gene identification and susceptibility test

          



        



        



        		

          4 Discussion

        



        		

          5 Conclusions

        



        		

          Data availability statement

        



        		

          Ethics statement

        



        		

          Author contributions

        



        		

          Funding

        



        		

          Acknowledgments

        



        		

          Conflict of interest

        



        		

          Supplementary material

        



        		

          References

        



      



      



    



  



OEBPS/Images/fcimb.2024.1330788_cover.jpg
& frontiers | Frontiers in Cellular and

fection Microbiology

Nanopore sequencing of infectious fluid is a
promising supplement for gold-standard
culture in real-world clinical scenario





OEBPS/Images/crossmark.jpg
©

2

i

|





OEBPS/Images/table2.jpg
Total test Positive rate Clinical consistency*

Sample type (n) (n, %) (n, %)
Culture Culture Culture NST
BALF 34 40 12 (35.29) 35 (87.50) 10 (29.41) 31 (78.05)
Sputum 32 36 16 (50.00) 34 (94.44) 14 (43.75) 32 (88.89)
Urine 24 24 13 (54.17) 23 (95.83) 13 (54.17) 17 (70.83)
Abscess 21 24 12 (57.14) 22 (91.60) ‘ 13 (61.90) 23 (95.65)
Plasma 102 109 30 (29.41) 62 (56.88) 46 (45.10) 61 (55.96)
CSF 38 40 5(13.16) 16 (40.00) 18 (47.37) 28 (70.00)
SCE 20 24 4(20.00) 8 (33.33) 7 (35.00) 8 (33.33)
Total 271 297 92 (33.95) 200 (67.34) 121 (44.65) 200 (67.34)

!Clinical consistency was determined by the clinician, according to the laboratory tests, follow-up status, and treatment outcomes of enrolled patients.





OEBPS/Images/fcimb-14-1330788-g001.jpg
From December 22, 2021 to February 26, 2023, 286
patients suspected with unexplained infections were
included in the study, including 300 samples tested

Excluded:
n = 3 lost to follow up

297 fluid samples of patients from 10 cooperative
centers were finally included for analysis, taking
plasma, BALF, sputum, CSF, urine, abscess, and
SCE into accout

mNGS Conventional method:
Culture (bacteria, fungi and
Mycobacteria tuberculosis)

(Nanopore platform)

Total samples (n=297)
Culture (n = 271), mNGS (n = 297)

Negative samples Positive samples

Infectious*
Culture-positive
(n=92)

Non-infectious
Culture-negative
(n=41)

Infectious*
Culture-negative or not tested
mNGS-positive
(n=112)

Infectious*
Culture-negative or not tested
mNGS-negative
(n=52)

* From patients with clinical diagnosis of infection

Abscess

23 (7.74%) BALF

41 (13.80%)

CSF

40 (13.47%) SCE

24 (8.08%)

Urine
Sputum 24 (8.08%)

36 (12.12%)

Plasma
109 (36.70%)





OEBPS/Images/table3.jpg
Sample type P FN PPA NPA PPV NPV
1000 500 85.7 100
BALF 30 5 -3 0
(85.9-100) (20.1-799) (69.0-94.6) (463-100)
1000 1200 912 100
2
Sputem 2 ? 0 (86.3-100) (73-83.0) (752-977) (19.8-100)
Uiine 17 6 1 0 100.0 14.3 73.9 100
i (77.1-100) (08-58.0) (513-889) (5.5-100)
Abscess ” 0 1 1 957 100.0 100 50.0
(76.0-99.8) (5.5-100) (81.5-100) (27-97.3)
77.6 66.7 72.6 723
Plasma 45 17 34 13
(64.4-87.1) (52.0-78.9) (59.6-82.8) (57.1-83.9)
88.2 95.7 93.8 91.7
CsF 15 | 2 2
(623-97.9) (76.0-998) (67.7-99.7) (715-985)
05 813 5 813
SCE 5 3 13 3
(259-89.8) (53.7-95.0) (259-898) (53.7-95.0)
897 .0 825 50.4
Total 165 35 78 19
o (84.1-93.5) (595-772) (76.4-87.4) (709-875)

TP, FP, EN, and TN were shown as numbers of tests. PPA, NPA, PPV, and NPV were shown as % (95% confidence intervals) and were calculated with http://vassarstats.net/clinlhtml#return,





OEBPS/Images/logo.jpg
’ frontiers ’ Frontiers in Cellular and Infection Microbiology





OEBPS/Images/fcimb-14-1330788-g004.jpg
B NST-/Cul+ m NST+/Cul- NST-/Cul- B NST+/Cul+ Abs Pla CSFSCE  Sen Spe PPV NPV

Bacteria [ |
High consistency between
culture and NST
NST performs better
Culture performs better

Staphylococcus aureus
Staphylococcus epidermidis
High consistency between
culture and NST
NST performs better
Culture performs better
. ‘ NST performs better

Vibrio vulnificus
Acinetobacter baumannii

Detected -
Not detected 0% 50% 100%

Streptococcus constellatus
Streptococcus intermedius
Actinomyces europaeus
Burkholderia cenocepacia
Enterococcus faecalis
Klebsiella pneumoniae
Klebsiella aerogenes
Pseudomonas aeruginosa
Enterococcus faecium
Legionella pneumophila
Streptococcus pneumoniae
Aeromonas hydrophila
Anaerococcus prevotii
Bacteroides thetaiotaomicron
Bilophila wadsworthia
Enterobacter cloacae
Finegoldia magna
Fusobacterium nucleatum
Haemophilus parainfluenzae
Listeria monocgtogenes
Mycobacterium abscessus
Mycobacterium tuberculosis
Orientia tsutsugamushi
Peptococcus niger
Prevotella enoeca
Prevotella intermedia
Proteus mirabilis
Escherichia coli
Enterobacter aerogenes
Bacillus cereus
Stenotrophomonas maltophilia

Fungi

Cryptococcus neoformans
Candida glabrata
Pneumocystis jirovecii
Candida albicans
Candida parapsilosis

Virus

Human gammaherpesvirus 4
Human betaherpesvirus 5
Human betaherpesvirus 6
Human adenovirus

Human alphaherpesvirus 1
Human alphaherpesvirus 2
orque teno virus

e
0 5 10 15 20 2550 85 200
Detected frequency (Clinically relevant)






OEBPS/Images/fcimb-14-1330788-g002.jpg
Total
SCE
CSF

Abscess
Plasma
Urine
Sputum

BALF

Mycoplasma

Mycobacterium

Bacteria*

3
8

19.50

12.50

W Bacteria

i

-
w
o
&

47.06

31.43

Contribution of MNGS detected microorganism

Fungi

Virus

Fungi © Virus C Bacteria*
Both
49
mNGS Culture
only only
Fungi
mNGS Culture
o wme W o
Detected frequency
(Clinically relevant)
I Clinically irrelevant
[ Clinically relevant
1| 28
118

Detected frequency

* Bacteria apart from Mycobacterium





OEBPS/Images/table1.jpg
Patient demographics (n Value
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Female 124 (43.3%)
Male 162 (56.7%)
Age/years, mean (SD) 54.8 (18.0)
Body temperature/°C, mean (SD) 38.1 (1.17)
CRP' 2 4.0 mg/L, n (%) 207 (73.4%)
PCT? 2 0.5 ng/mL, n (%) 89 (31.1%)
Presumed illness, n (%)
Respiratory infection 90 (30.3%)
Bloodstream infection 36 (12.1%)
Central nervous system infection 24 (8.1%)
Local infection 31 (10.4%)
Urinary tract infection 19 (6.4%)
Multi-site infection 38 (12.8%)
Other infection 37 (12.5%)
Noninfectious 22 (7.4%)
No empiric treatment while collection, n (%) 83 (27.9%)
14-day outcome, n (%)
Clinical cure 17 (5.7%)
Improvement 223 (75.1%)
No improvement 49 (16.5%)
Death 2(0.7%)
Unclear 6 (2.0%)

'CRP, C-reactive protein.
2PCT, Procalcitonin.





