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Background: Loop-mediated isothermal amplification (LAMP) is a novel nucleic acid amplification method using only one type of enzyme that can amplify DNA with high specificity, efficiency and rapidity under isothermal conditions. Chips for Complicated Infection Detection (CCID) is based on LAMP. This study translate CCID into clinical application and evaluate its diagnostic value for pneumonia.

Methods: Eighty one older patients with pneumonia were prospectively enrolled from January 1 to July 23, 2021, and 57 sputum/airway secretion and 35 bronchoalveolar lavage fluid samples were collected and analyzed by CCID and conventional microbiological tests (CMTs). Samples were collected, transported, monitored, and managed by a multidisciplinary team using a sample management information system.

Results: CCID turnaround time was 50 min, and the detection limit was 500 copies/reaction. The percentage of positive samples was significantly higher using CCID than CMTs, especially for Klebsiella pneumoniae (odds ratio [OR], 9.0; 95% confidence interval [CI], 1.1–70.5; p < 0.05), Enterococcus faecalis (OR, ∞; p < 0.01), Stenotrophomonas maltophilia (OR, ∞; p < 0.01), fungi (OR, 26.0; 95% CI, 3.6–190.0; p < 0.01), and viruses (CCID only; p < 0.01). In addition, the percentage of positive results was significantly higher using CCID than CMTs in patients who used antibiotics for more than 3 days (91.9% vs. 64.9%; p < 0.01). Analyzing clinical impact, 55 cases (59.8%) benefited from CCID.

Conclusion: CCID allows the rapid and accurate detection of pneumonia in older patients. Moreover, this technique is less affected by previous antibiotic treatment and can improve patient care.
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Introduction

The incidence of pneumonia is high in the elderly, which is a public health problem due to high mortality (Welte et al., 2012; Millett et al., 2013; Luna et al., 2016). Therefore, an accurate and rapid diagnosis is essential to identify the etiological agent, initiate targeted treatment, and reduce the mortality (Garau et al., 2008). However, conventional microbiological tests (CMTs) used in clinical practice have disadvantages. For instance, the detection rate of pathogens using CMTs is 27·4% (Lidman et al., 2002); among these, sputum culture has a long turnaround time (≥2 days), and the detection rate is 26–30% (Garcia-Vazquez et al., 2004; Signori et al., 2008; Shariatzadeh and Marrie, 2009). Therefore, there is an urgent need to find new diagnostic methods.

In 2019, the American Thoracic Society and the Infectious Diseases Society of America published guidelines and pointed out that rapid, cost-effective, sensitive, and specific diagnostic tests are key to supporting targeted therapies for community-acquired pneumonia and improving prognosis (Metlay et al., 2019). In recent years, the development and implementation of molecular diagnostic methods for pneumonia have improved clinical diagnosis. Nucleic acid amplification is one of the most valuable tools, and in addition to the widely used PCR-based assays (Saiki et al., 1985, 1988), several amplification methods have been invented, including nucleic acid sequence-based amplification (NASBA; Compton, 1991), self-sustained sequence replication (3SR) (Guatelli et al., 1990) and strand displacement amplification (SDA; Walker et al., 1992a,b). Each of these amplification methods has its own shortcomings when applied to the clinic. For example, the requirement of high-precision thermal cyclers in PCR prevents this powerful method from being widely used. NASBA and 3SR, which do not use thermal cycling, have weak points as well: increased backgrounds due to digestion of irrelevant DNA contained in the sample and the necessity to use costly modified nucleotides as substrate. Excitingly, a novel method called loop-mediated isothermal amplification (LAMP) is invented, which employs a type of DNA polymerase and a set of four specially designed primers (Notomi et al., 2000). In LAMP cycling, one inner primer hybridizes to the loop on the product and initiates displacement DNA synthesis, yielding the original stem–loop DNA and a new stem–loop DNA with a stem twice as long. Thus it can amplify DNA with high specificity, efficiency and rapidity under isothermal conditions (Notomi et al., 2000).

Chips for Complicated Infection Detection (CCID), developed by the Bio Biological Group Co., Ltd., uses LAMP-based microfluidic chip platforms (Huang et al., 2011). One such chip detecting eight respiratory bacteria has China Food and Drug Administration’s medical device registration (Registration No. 20173401346). Their previous data found that compared with DNA sequencing, the sensitivity and specificity of CCID are over 95 and 99%, respectively (Hou et al., 2018). However, the application value of CCID has not been verified by rigorous clinical studies. To achieve this goal, a prospective multicenter observational study was performed. CCID is transformed into clinical application and assessed the clinical value of diagnosis and treatment by a multidisciplinary team. We want to develop a rapid, accurate, and novel diagnostic technique for respiratory pathogens to improve the management of older patients with pneumonia.



Materials and methods


Participants and ethics

Patients diagnosed with pneumonia were prospectively recruited in 10 hospitals in China— Peking University First Hospital, Jishuitan Hospital, Xuanwu Hospital, Shijitan Hospital, Tsinghua ChangGung Hospital, Jingmei Group General Hospital, Aerospace Center Hospital, Beijing Chest Hospital, Chinese People’s Liberation Army General Hospital, and Anhui Chest Hospital from January 1, 2021, to July 23, 2021. According to the 2019 and 2007 Official Clinical Practice Guidelines of the American Thoracic Society and Infectious Diseases Society of America (Mandell et al., 2007; Metlay et al., 2019), pneumonia was defined as (1) cough, expectoration, or worsening symptoms of existing respiratory diseases with or without purulent sputum, chest pain, dyspnea, and hemoptysis; (2) fever; (3) signs of lung consolidation or rales; (4) peripheral blood leukocytes >10 × 109 or < 4 × 109 per liter with or without a shift to the left. The inclusion criteria were patients aged ≥60 years, at least one of the features above, and the presence of patchy infiltrates, consolidation, ground-glass opacities, or interstitial changes with or without pleural effusion on chest imaging. The exclusion criteria were pregnant women, patients unable to give written informed consent, patients unable to produce sputum spontaneously, and patients with tuberculosis, lung tumors, non-infectious interstitial lung diseases, pulmonary edema, atelectasis, pulmonary embolism, pulmonary eosinophil infiltration, or pulmonary vasculitis.

The research ethics committee of our institution approved the study protocol (Number 2021–132). Written informed consent was obtained from all participants.



Data collection and case discussion

Demographic data, clinical manifestations, vital signs, laboratory indicators, CMT and imaging results, and antibiotic data were collected. Chinese infectious disease experts, laboratory personnel, clinicians, and researchers reached consensus on the etiological agent.


Sample collection and CMTs.

Sputum and BALF samples were collected in accordance with clinical guidelines (Hospital infection control branch of Chinese preventive medicine association, 2018; Wang et al., 2019). The quality of sputum samples was verified by sputum smears. The results showed that the count of leukocytes was greater than 25 per low-power field, and the count of epithelial cells was less than 10 per low-power field, or the ratio of leukocytes to epithelial cells was greater than 2.5, indicating that the sputum samples were qualified. Bacterial pneumonia was confirmed by the presence of Gram-positive or Gram-negative bacteria on smears or routine cultures (at least104 CFU/ml). Viral pathogens were screened by PCR. Fungi were detected by sputum smear microscopy, culture, or the detection of (1, 3)-β-D-glucan and galactomannan antigens. Pulmonary tuberculosis was confirmed by positive sputum smears for acid-fast bacilli or positive sputum culture for Mycobacterium tuberculosis.

CMTs were performed according to the Guidelines for the Diagnosis and Treatment of Chinese Adult Community-Acquired Pneumonia (2016 Edition) (Qu and Cao, 2016).



Sample preparation and DNA extraction

Sputum and BALF samples were transferred to sterile test tubes and analyzed by CCID and CMTs. For CCID, the volume of sputum needed to be at least 2 ml, and the volume of BALF needs to be at least 3 ml. Samples were pretreated with an equal volume of 4% NaOH, vortexed for 15 min, and centrifuged at 12,000 rpm for 5 min. The supernatant was discarded, and Tris-EDTA buffer solution and glass beads were added to the pellet. The test tubes were centrifuged at 1,000 rpm for 5 min and heated at 95°C for 5 min to release nucleic acids. After centrifugation at 12,000rpm for 5 min, 25 μl of the supernatant was mixed with 25 μl of the amplification reagent, and the mixture was added to the chip. Assays were performed using the Pathogenic Bacteria Nucleic Acid Detection Kit (CapitalBio Technology, Beijing, China) following the manufacturer’s instructions.



Pathogens detection

The schematic and amplification curves for pathogens detection were shown in Figure 1. The disc chip was used in this study, and its structure was shown in Figure 2. The process from sample loading to completion of amplification was shown in the animation (Supplementary material 1). The chip was centrifuged at 3,000 rpm for 30 s, making the mixture drop into the bottom of the reaction wells. Air trapped in the chip was released through air vents of each well, and inlet ports were covered to prevent contamination. Reactions were performed on an RTisochip-A nucleic acid analyzer equipped with a real-time imaging system (Figure 1; CapitalBio Technology, Beijing, China). The amplification conditions consisted of 1 cycle at 37°C for 3 min and 1 cycle at 65°C for 47 min. Data were analyzed using nucleic acid detection software. The CCID panel could detect 47 bacterial species, 22 fungal species, 21 DNA viruses, and 37 antibiotic resistance genes (Supplementary material 2).

[image: Figure 1]

FIGURE 1
 Experimental setup using the RTisochip amplification system.
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FIGURE 2
 Schematic of the microfluidic chip consisting of an array of 24 reaction wells and microchannel for sample inlet, distribution, and reaction.




Determination of clinical impact

A positive impact was defined as a definitive diagnosis, supporting empirical antibiotic treatment, or change in therapeutic management based on CCID results, leading to a favorable clinical outcome. No impact was defined as valueless results or detecting no pathogens using CCID.



Statistics analysis

Statistical analysis was performed using SPSS version 26.0 and R software version 3.6.1, and data were transferred to Excel spreadsheets. Data were expressed as mean ± standard deviation for normally distributed continuous variables and as median (interquartile range) for non-normally distributed continuous variables. Categorical data were presented as percentages. The difference in the detection rates between CCID and CMTs was analyzed by Pearson chi-square test, Fisher exact test, or McNemar test for discrete variables. A two-tailed p < 0.05 was considered statistically significant.




Results


Sample management information system and efficacy of CCID

Sample collection, transport, monitoring, and management were performed by a multidisciplinary team using a sample management information system.1. The turnaround time of CCID was 50 min, and the limit of detection was 500 copies per reaction.



Baseline statistics

The demographic and clinical characteristics of our cohort are presented in Table 1. The median age was 78 (67.5–85.5) years. Fifty-eight patients were male, and 23 were female. The most common comorbidity was hypertension (43, 53.1%). The main clinical manifestations were cough (58, 71.6%), expectoration (55, 67.9%), fever (44, 54.3%), dyspnea (31, 38.3%), and disturbance of consciousness (18, 22.2%). Eighteen patients (22.2%) had respiratory failure, and 36 (44.4%) had severe pneumonia. As of July 23, 2021, 18 patients (22.2%) had died (Table 1). Ninety-two respiratory samples were collected from 81 patients. Sputum and bronchoalveolar lavage fluid (BALF) from the same person were submitted for examination in nine cases (9.8%), and two (2.2%) patients repeatedly submitted samples for examination during disease progression. Eighty-one samples (54 [66.7%] sputum and 27 [33.3%] BALF specimens) were analyzed by CCID and CMTs; of these, 44 (54.3%) and 37 (45.7%) were obtained from patients treated with antibiotics for ≤3 and > 3 days, respectively. The bacterial species most frequently detected by CCID were Pseudomonas aeruginosa, Klebsiella pneumoniae, Enterococcus faecalis, Enterococcus faecium, Stenotrophomonas maltophilia, and Staphylococcus aureus (Figure 3A). The most common fungal species was Candida albicans (Figure 3B), and the most common viruses were Epstein–Barr virus, herpes simplex virus type 1, cytomegalovirus, and mammalian adenovirus type B (Figure 3C).



TABLE 1 Demographic and clinical characteristics of the 81 patients included in the study at baseline.
[image: Table1]
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FIGURE 3
 Distribution of bacteria (A), fungi (B), and virus (C) detected by Chips for Complicated Infection Detection. The most commonly detected bacteria, fungi, and virus are Pseudomonas aeruginosa, Candida albicans, and Epstein–Barr virus.





Diagnostic performance


Concordance between CCID and CMTs

Forty-six (56.8%) samples analyzed by CCID and CMTs were double positive, and seven (8·6%) were double negative. Twenty-three (28.4%) specimens were positive using CCID, and five (6·2%) were positive using CMTs. For double positive samples, there was complete concordance in two cases, discordance in nine cases, and partial concordance (diagnostic agreement for at least one pathogen) in 35 cases (Figure 4).

[image: Figure 4]

FIGURE 4
 Pie chart demonstrating the positivity distribution and concordance between Chips for Complicated Infection Detection (CCID) and conventional microbiological tests (CMTs) for pneumonia in older people (n = 81). For the double-positive subset, a high proportion of partial matching (35/46) (at least 1 pathogen identified in the test was confirmed by the other) and complete matching (2/46) is seen, with only 9 conflicts between CCID and CMTs results.




Discordance between CCID and CMTs

Twenty-three (28.4%) samples were positive using CCID but negative using CMTs, of which more than half results (13/23) were regarded as pathogenic microbe by case discussion. The remaining cases were regarded as colonization, contamination, or other causes. In five (6.2%) specimens, pathogens were detected by CMTs but not by CCID (Table 2). Of these, one sample was positive by CCID in the second examination.



TABLE 2 Analysis of Inconsistent Results Between CCID and CMTs for Pathogen Detection.
[image: Table2]



Diagnostic comparison

Among 234 identified pathogens, CCID had higher ability to detect Klebsiella pneumoniae (odds ratio [OR], 9.0; 95% confidence interval [CI], 1.1–70.5; p = 0.011), Enterococcus faecalis (OR, ∞; p = 0.001), Stenotrophomonas maltophilia (OR, ∞; p = 0.008), fungi (OR, 26·0; 95% CI, 3·6–190.0; p < 0.001), and viruses (CCID only; p < 0.001). In addition, the rate of detection of Pseudomonas aeruginosa, Staphylococcus aureus, and Acinetobacter baumannii was marginally higher using CCID than CMTs (p > 0.05; Figure 5).

[image: Figure 5]

FIGURE 5
 Diagnostic concordance between chips for complicated infection detection (CCID) and conventional microbiological tests (CMTs) for different pathogens. *, #The rates of positive results are significantly higher (p < 0.05) or marginally higher (p > 0.05) using CCID. OR, odds ratio.




Effect of antibiotic treatment on pathogen detection

In our cohort, 37 (45.7%) patients used antibiotics for more than 3 days at the time of specimen collection. The detection rate was significantly higher using CCID than using CMTs (91.9% vs. 64·9%, p = 0.005). In the remaining patients, the detection rate was marginally higher using CCID (79.5% vs. 61.4%, p > 0.05) (Figure 6).

[image: Figure 6]

FIGURE 6
 Percentage of positive samples in patients with pneumonia treated with antibiotics for ≤3 days and > 3 days. CCID, Chips for Complicated Infection Detection; CMTs, Conventional Microbiological Test; ns, no significance.




Impact on clinical diagnosis and management

The analysis of the impact of CCID on patient care showed that this method had positive or no impact in 55 (59.8%) and 37 (40.2%) cases, respectively (Table 3). In the former group, positive CCID results allowed a definitive diagnosis in 55 patients. In the latter group, CCID did not detect the etiological agent in 16 patients, and the results were attributed to contaminants or other causes in 21 cases (Table 3).



TABLE 3 Clinical impact and role of CCID result.
[image: Table3]

Regarding antibiotic management in patients with a clinical benefit, CCID results supported empirical antibiotic treatment in 51 cases and led to a change in treatment in four cases (Table 3).




Discussion

Loop-mediated isothermal amplification (LAMP) is a novel nucleic acid amplification method that can amplify DNA with high specificity, efficiency and rapidity under isothermal conditions (Notomi et al., 2000). Compared with several other methods, such as PCR, NASBA, 3SR and SDA, LAMP is more suitable for clinical application, since their instrumentation is simpler without high-precision thermal cyclers. Other key advantages of LAMP are robustness and the production of pyrophosphate in the presence of the target gene, enabling to detect the reaction products using the naked eye (Zhang et al., 2019). Polymerase inhibitors, presented in clinical samples, do not affect the amplification process, making LAMP suitable for a simple sample-to-answer diagnostic systems with simplified sample preparation (Zhang et al., 2019).

We searched PubMed database for articles with the keywords “LAMP, pneumonia or lower respiratory tract infections.” There was no language restriction, and COVID-19 was removed. We found three results (Hou et al., 2018; Scharmann et al., 2020; Wang et al., 2020), all three of which collected respiratory tract specimens and submitted them for LAMP and routine clinical pathogenic testing, but did not confirm and interpret the controversial results from a clinical perspective. The indicators detected by LAMP technology are limited to 2–9 kinds of bacteria, and no attention was paid to the elderly. While our study transformed CCID into clinical application. We found that CCID combined with LAMP has several advantages. First, CCID has a shorter turnaround time of 50 min than other diagnostic methods (Torres et al., 2016; Miao et al., 2018). Second, the percentage of positive samples was significantly higher using CCID than using CMTs. Among 81 samples, the results agreed between CCID and CMTs in 37 samples (two complete matches and 35 partial matches) and did not agree in 44 samples. In the latter cases, the causative agent was identified by consensus in 13 specimens and identified by CCID in one sample after repeating the test. Therefore, 51 (63·0%) samples analyzed by CCID had a clinical suggestion, and this rate is higher than that using CMTs (less than 36%; Haessler et al., 2020; Ogawa et al., 2020; Schimmel et al., 2020). Third, CCID had a higher ability to detect Klebsiella pneumoniae, Enterococcus faecalis, Stenotrophomonas maltophilia, fungi, and viruses. Fourth, CCID might have a wider scope of application because it was less affected by antibiotic treatment. Fifth, CCID had a clinical benefit in 59·8% of cases, including supporting empirical antibiotic treatment (55·4%) and adjustments in treatment (4·4%). Sixth, CCID is cheaper than other diagnostic methods (Supplementary material 3). A chip can cover 20 indicators and costs only 150–200 RMB.

However, the primers of CCID are specific for the target sequence, precluding the detection of rare subtypes. Moreover, high sensitivity allows identifying more than one pathogen, especially in sputum specimens, and diagnosis should be confirmed by computed tomography and clinical characteristics.

This prospective multicenter observational study standardized operations and procedures for sample collection and transportation and analyzed samples by CCID and CMTs in parallel to eliminate potential confounders. However, this study has limitations. First, the small sample size (92 samples from 10 hospitals) may lead to bias. Second, although standardized procedures were adopted, there is possibility of pollution in the actual operation process. Third, the viruses detected by CCID has not been confirmed. Fourth, CCID included 37 antibiotic resistance markers but disagreed with the results of CMTs.

Larger studies are necessary to resolve the discordant results by performing PCR, especially for the virus results. Regarding the detection of antibiotic resistance, although the discordance between genotype and phenotype is a shortcoming of molecular diagnostic technologies, genes associated with phenotypes can be identified using larger samples to improve clinical diagnosis. Microfluidic platforms can be customized for specific populations to detect a wide range of pathogen types, reduce unnecessary indicators, reduce costs, and improve the clinical utility of CCID. Moreover, pre-amplification for fungi and viruses should be performed to improve diagnostic sensitivity.

Our results showed that CCID was a promising method for accurate diagnosis and development of targeted antibiotic therapies.
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