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Introduction

During the Omicron pandemic in China, a significant proportion of patients with Coronavirus Disease 2019 (COVID-19) associated pulmonary aspergillosis (CAPA) necessitated admission to intensive care unit (ICU) and experienced a high mortality. To explore the clinical risk factors and the application/indication of microbiological examinations of CAPA in ICU for timely diagnosis are very important.





Methods

This prospective study included patients with COVID-19 admitted to ICU between December 1, 2022, and February 28, 2023. The clinical data of influenza-associated pulmonary aspergillosis (IAPA) patients from the past five consecutive influenza seasons (November 1, 2017, to March 31, 2022) were collected for comparison. The types of specimens and methods used for microbiological examinations were also recorded to explore the efficacy in early diagnosis.





Results

Among 123 COVID-19 patients, 36 (29.3%) were diagnosed with probable CAPA. CAPA patients were more immunosuppressed, in more serious condition, required more advanced respiratory support and had more other organ comorbidities. Solid organ transplantation, APACHEII score ≥20 points, 5 points ≤SOFA score <10 points were independent risk factors for CAPA. Qualified lower respiratory tract specimens were obtained from all patients, and 84/123 (68.3%) patients underwent bronchoscopy to obtain bronchoalveolar lavage fluid (BALF) specimens. All patients’ lower respiratory tract specimens underwent fungal smear and culture; 79/123 (64.2%) and 69/123 (56.1%) patients underwent BALF galactomannan (GM) and serum GM detection, respectively; metagenomic next-generation sequencing (mNGS) of the BALF was performed in 62/123 (50.4%) patients. BALF GM had the highest diagnostic sensitivity (84.9%), the area under the curve of the mNGS were the highest (0.812).





Conclusion

The incidence of CAPA was extremely high in patients admitted to the ICU. CAPA diagnosis mainly depends on microbiological evidence owing to non-specific clinical manifestations, routine laboratory examinations, and CT findings. The bronchoscopy should be performed and the BALF should be obtained as soon as possible. BALF GM are the most suitable microbiological examinations for the diagnosis of CAPA. Due to the timely and accuracy result of mNGS, it could assist in early diagnosis and might be an option in critically ill CAPA patients.
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1 Introduction

Studies have shown that a large proportion of patients with Coronavirus Disease 2019 (COVID-19) required admission to intensive care units (ICU) (14.2-100%)(Argenziano et al., 2020; Auld et al., 2020; Cao et al., 2020; Docherty et al., 2020; Du et al., 2020). With the increase of critically ill patients, COVID-19 associated pulmonary aspergillosis (CAPA) has been paid more attention gradually. The incidence of CAPA in the ICU ranged from <1% to approximately 45% (Boyd and Martin-Loeches, 2021; Ergün et al., 2021; Autier et al., 2022; Bellanger et al., 2022; Bentvelsen et al., 2022; Erami et al., 2023). CAPA can exacerbate the course of COVID-19 and increase mortality, thereby affecting the patients’ clinical outcomes.

With extremely high mortality rate of 40-90% (Janssen et al., 2021; Segrelles-Calvo et al., 2021; van Grootveld et al., 2021; Bentvelsen et al., 2022), the timely diagnosis and treatment of severe CAPA is crucial. Therefore, it is critical to identify the clinical characteristics and risk factors of CAPA. Some studies have identified independent risk factors for CAPA, such as age, steroids, chronic pulmonary diseases, diabetes, lower lymphocyte count, and chronic renal failure (Auld et al., 2020; Machado et al., 2021; Segrelles-Calvo et al., 2021; Prattes et al., 2022). Furthermore, influenza-associated pulmonary aspergillosis (IAPA) also increases mortality and causes poor prognosis in patients admitted to ICU (Chiu and Miller, 2019; Li et al., 2020; Verweij et al., 2020; Koehler et al., 2021; Gaston et al., 2022). Therefore, exploring the similarities and differences between them might help us further explore the clinical characteristics of CAPA(Schauwvlieghe et al., 2018; Chen et al., 2020a; Coste et al., 2021).

Several studies have reported the incidence of CAPA in COVID-19 patients during the initial wave of the pandemic in China, ranging from 1% to 42.1% (Chen et al., 2020c; Song et al., 2020; Wang et al., 2020; Xu et al., 2021; Jiang et al., 2022). However, there are currently limited studies in China that investigate the clinical characteristics and risk factors of CAPA, particularly those including a control group. Furthermore, none of these studies have examined the value of microbiological examinations. Wang et al. conducted a retrospective case series involving 104 COVID-19 patients, of whom eight were diagnosed with CAPA. They identified older age, initial antibiotic combination with β-lactamase inhibitors, mechanical ventilation, and chronic obstructive pulmonary disease (COPD) as independent risk factors for CAPA(Wang et al., 2020). Another multicenter retrospective study involving 335 critically ill COVID-19 patients found that 78 (23.3%) developed CAPA. Thrombocytopenia, vasopressor use, and methylprednisolone use at a daily dose ≥ 40 mg before CAPA diagnosis were independently associated with CAPA(Xu et al., 2021). During December 2022 to February 2023, China experienced a second wave of the COVID-19 pandemic, mainly due to the omicron variant (B.1.1.529), resulting in many severe and critically ill cases, which included numerous CAPA patients. By comparing with non-CAPA patients during this pandemic and IAPA patients over the past five influenza seasons, the clinical characteristics and risk factors of critically ill CAPA patients were explored. Currently, the diagnosis of CAPA includes host factors, clinical factors, and mycological evidence, with mycological evidence playing a crucial role(Koehler et al., 2021). Among the microbiological diagnostic methods for CAPA, the recommended methods in the guidelines include fungal smear, culture, polymerase chain reaction (PCR), GM index and lateral flow assay (LFA) index, etc. PCR and LFA index were not involved in our study due to the detection methods are not widely available in China. Metagenomic next-generation sequencing (mNGS) is an emerging clinical microbiological detection method that analyzes the nucleic acid sequence of microbial pathogens in patient respiratory/blood samples and is gradually being widely used in clinical practice (Gaston et al., 2022). However, as there is no uniform standard for results interpretation, it has not been included in CAPA guidelines currently. The value of these microbiological examinations was analyzed to facilitate early diagnosis.




2 Materials and methods



2.1 Study design and patients

We included all confirmed COVID-19 patients with respiratory failure admitted to the respiratory ICU (RICU) (with 49 beds) of the China-Japan Friendship Hospital (a tertiary care center with approximately 1,700 beds) in Beijing, China, between December 1, 2022, and February 28, 2023. Clinical data of patients with influenza from the past five consecutive influenza seasons (November 1, 2017, to March 31, 2022) were collected retrospectively to determine the differences between IAPA and CAPA.

The inclusion criteria were as follows: (1) confirmed severe and critically ill COVID-19 cases, (2) over 18-years of age, and (3) eligible lower respiratory tract specimens (sputum/BALF) were obtained within 48 hours of admission to ICU and sent for mycologic tests (smear/culture/serum GM/BALF GM/histopathology). The exclusion criteria were as follows: (1) pregnancy and (2) incomplete clinical data.

The clinical characteristics and risk factors for CAPA were explored by comparing CAPA with non-CAPA patients and IAPA patients. Subsequently, the value of microbiological examinations in the diagnosis of CAPA was explored.

Demographics, clinical data, and microbiological examination results were obtained using an electronic medical record management system. The cut-off time for data collection was when all patients had clinical outcomes (April 3, 2023). Owing to the retrospective nature of the study, the need for informed consent from the patients or their legal guardians was waived.




2.2 Diagnostic criteria



2.2.1 Definition of COVID-19, severe COVID-19 and critically ill COVID-19 cases

COVID-19 was confirmed via viral genome positivity in PCR or antigen testing. The severity of disease was defined by World Health Organization guideline for COVID-19 (WHO, 2022).

Critical COVID-19: defined by the criteria for acute respiratory distress syndrome (ARDS), sepsis, septic shock, or other conditions that would normally require the provision of life-sustaining therapies such as mechanical ventilation (invasive or non-invasive) or vasopressor therapy.

Severe COVID-19: defined by any of: oxygen saturation < 90% on room air; signs of pneumonia; signs of severe respiratory distress (in adults, accessory muscle use, inability to complete full sentences, respiratory rate > 30 breaths per minute);.




2.2.2 Definition of CAPA in ICU

The diagnosis of CAPA follows the 2020 ECMM/ISHAM consensus criteria. Patients with COVID-19 needing intensive care and a temporal relationship (entry criterion) were included(Koehler et al., 2021). Probable CAPA was defined as pulmonary infiltrate, preferably documented by chest-computed tomography (CT), or cavitating infiltrate (not attributed to another cause) and at least one of the following: microscopic detection of fungal elements in bronchoalveolar lavage (BALF), indicating a mold; positive bronchoalveolar lavage culture; serum galactomannan (GM) index >0.5; bronchoalveolar lavage GM index ≥1.0. Possible CAPA was defined as pulmonary infiltrate, preferably documented by chest CT or cavitating infiltrate (not attributed to another cause) and at least one of the following: microscopic detection of fungal elements in non-bronchoscopic lavage (NBL) indicating a mold, positive NBL culture, single non-bronchoscopic lavage GM index >4.5, or NBL GM index >1.2 twice or more(Koehler et al., 2021). The final diagnosis of CAPA was made in conjunction with the consensus and the agreement of the two experienced ICU physicians.

We did not include polymerase chain reaction (PCR) and lateral flow assays (LFA) testing as diagnostic criteria for this study because we did not develop these two detection methods in our microbiology laboratory. Although metagenomic next-generation sequencing (mNGS) was not included in the diagnostic criteria, the results could generally be reported the next day, which might be helpful for early diagnosis. Therefore, for critically ill patients in ICU, we routinely conducted mNGS detection of respiratory specimens for patients with the families’ consent (Koehler et al., 2021).




2.2.3 Definition of IAPA in ICU patients

The diagnosis of IAPA follows the expert case definitions of IAPA. Probable IAPA was defined as one of the following definitions: (1) confirmed influenza with pulmonary infiltration and at least one of the following: serum GM index >0.5 or BAL GM index ≥1.0 or positive BAL culture, (2) influenza was confirmed by cavitating infiltrate (not attributed to another cause) and at least one of the following: positive sputum culture or tracheal aspirate culture(Verweij et al., 2020).





2.3 Microbiology samples collection and processing

Serum and respiratory specimens were collected from patients for microbiological testing. BALF was acquired from patients who underwent bronchoscopy, while sputum was acquired from other patients through natural expectoration. The sputum was considered eligible when white blood cells were more than 25/low power field and epithelial cells were less than 10/low power field in sputum smears. Serum samples were sent for GM detection. Sputum specimens were sent for pathogenic smears, fungal cultures, and bacterial cultures and the BALF respiratory specimens were sent for pathogenic smears, fungal cultures, bacterial cultures, viral nucleic acid detection, and GM detection. A portion of some BALF specimens were sent for metagenomic next-generation sequencing (mNGS). Due to the high risk of bleeding for the poor coagulation function and the high risk of barotrauma for the advanced respiratory support conditions in critically ill COVID-19 patients, most patients just underwent bronchoalveolar lavage instead of lung biopsy. Meanwhile, no autopsy was conducted on the deceased patients.

Viral nucleic acid was isolated from nasal swabs in the viral transport medium with a Gene nucleic acid extraction kit (TIANLONG, Xian, China). The rRT-PCR assay was performed on the Light-Cycler480II (Switzerland) or Applied Biosystems PCR system (America).

The respiratory tract specimens were stained with fluorescent staining (Litexi, Nuoge biotechnology, China) and placed under a microscope to observe the morphology of fungal hyphae. A portion of each specimen was subcultured on Sabouraud Dextrose Agar (SDA) (Guangzhou Detgerm Microbiogical Science Ltd, China) and incubated at 28°C for 5 days. Fungal species were identified by the analysis of the mass spectrometer (MALDI-ToF, Bruker Daltonics, Germany). We consider a score of 2 or higher to be species-level reliable (Abdolrasouli and Rhodes, 2022).

Both the BALF and serum specimens were routinely sent to a microbiological laboratory for GM detection, which was performed using a double-sandwich ELISA according to the manufacturer’s instructions for the Platelia Aspergillus kit (Platelia Aspergillus; Bio-Rad, Marnes-La-Coquette, France). The optical density (OD) value for each well on the microplate reader was read, and the GM detection value in the serum or BALF samples was derived using the following formula: specimen OD value divided by the standard OD value. Serum GM index >0.5, BALF GM index ≥1.0 was defined as positive result.

Portions of the BALF specimens were sent to Vision Medical Co., Ltd. (China) (Chen et al., 2020b) or Bgi Co., Ltd. (China) (Bao et al., 2022) for mNGS analysis, nucleic acid extraction, library construction, high-throughput sequencing, bioinformatics analysis, and pathogen data interpretation.




2.4 Statistical analyses

Continuous variables were analyzed using the t-test and are presented as medians (inter quartile range) or mean ± standard deviation (SD). Categorical variables were analyzed using the chi-square test and are reported as numbers (%). Logistic regression analysis was conducted to identify independent risk factors for CAPA. Receiver operating characteristic (ROC) curves were plotted for the different measurement methods. These statistical analyses were performed using SPSS software version 25. The diagnostic time of various pathogen diagnostic methods was analyzed using paired t-test analysis with Prism GraphPad software, and the results were presented as a box plot chart. Statistical significance was defined as P<0.05.





3 Results



3.1 Overview of patients with severe COVID-19 and CAPA in the RICU during the Omicron pandemic

A total of 123 patients with confirmed COVID-19 were admitted to the RICU between December 1, 2022, and February 28, 2023. Among them, 36 patients were diagnosed with CAPA (34 with probable CAPA, 2 with possible CAPA), while the remaining 87 patients were classified into the non-CAPA group (Figure 1). 2/36 (5.6%) patients were diagnosed with CAPA before ICU admission, and the median time between ICU admission and CAPA diagnosis was 3(2–7) days. Details of patients with CAPA were listed in Table 1. The median age of the patients was 65 (58–72) years old, of whom 86.1% (31/36) were male. 14/36 (38.9%) patients with CAPA were immunosuppressed. Overall, 29/36 (80.6%) patients received invasive mechanical ventilation (IMV), 7/36 (19.4%) received extracorporeal membrane oxygenation (ECMO) support. The median length of ICU stay was 11 days (6–26 days) and the mortality was 66.7% (24/36). The time from onset, COVID-19 diagnosis and ICU admission to CAPA diagnosis was 18 (14-31) days, 14 (7-25) days, and 3 (2-7) days, respectively. The timeline between onset, COVID-19 diagnosis, ICU admission, death/transfer out of ICU and CAPA diagnosis was shown in Figure 2.




Figure 1 | Study flowchart. A total of 123 patients with confirmed COVID-19 were admitted to the RICU between December 1, 2022, and February 28, 2023. Among them, 36 patients were diagnosed with CAPA (34 with probable CAPA, 2 with possible CAPA), while the remaining 87 patients were classified into the non-CAPA group. CAPA, COVID-19-associated pulmonary aspergillosis; IAPA, Influenza-Associated Pulmonary Aspergillosis.




Table 1 | Diagnosis and outcomes of CAPA patients.






Figure 2 | Time between onset, COVID-19 diagnosis, ICU admission, Death/transfer out of ICU and CAPA diagnosis. The time from onset, COVID-19 diagnosis and ICU admission to CAPA diagnosis was 18 (14-31) days, 14(7-25) days, and 3 (2-7) days, respectively.



Regarding antifungal therapy, 21/36 (58.3%) patients were treated with voriconazole monotherapy as initial therapy. In total, 4/36 (11.1%) patients were treated with amphotericin B or caspofungin without voriconazole in the early stage because of the use of paxlovid and switched to/added voriconazole later. Only one patient (2.7%) was initially treated with caspofungin because of combination with Candida albicans infection. Overall, 3/36 (8.3%) patients were treated in combination with amphotericin B or caspofungin because of exacerbation during treatment and 3/36 (8.3%) patients were switched to caspofungin or isavuconazole as the salvage therapy because of the side effects (liver damage/renal damage) of voriconazole.




3.2 Explore the clinical characteristics and risk factors in critically ill patients with CAPA



3.2.1 Comparisons between CAPA and non‐CAPA patients

As is shown in Table 2, patients with solid organ transplantation (33.3% vs. 12.6%,p=0.007) were higher in the CAPA group. More patients with CAPA use steroids before ICU admission (80.6% vs. 60.9%, p=0.019), and the total amount of steroids administered was also higher (237 mg vs. 50 mg of equivalent prednisone, p=0.007). CAPA patients were in a more severe condition than non-CAPA patients which manifested as higher Acute Physiology and Chronic Health Evaluation (APACHE) II scores (20 vs. 15 points, p=0.017) and Sequential Organ Failure Assessment (SOFA) scores (7 vs. 4 points, p=0.024).

Respiratory symptoms did not differ between the two groups. Most routine laboratory examinations show no difference between the two groups, with the exception of higher IL-6 levels (86.86 vs. 25.11 pg/mL, p= 0.017), higher IL-8 levels (18.32 vs. 12.48 pg/mL, p=0.024), lower CD4+ T lymphocytes (156 vs. 205 cells/µl, p=0.042), and lower CD8+ T (82 vs. 142 cells/µl, p=0.006) lymphocytes in CAPA group. Chest CT scans were performed in all patients within 5 days of CAPA diagnosis. Bronchial wall thickening (72.2% vs. 46.0%, p=0.008) was observed more often in CAPA patients than in non-CAPA patients, whereas no significant differences were observed in nodules, halo sign, cavitation, wedge-shaped solid lesions, and tree-in-bud sign (Table 2).

More patients with CAPA received IMV (80.6% vs. 49.4%; p=0.001), tracheotomy (52.8% vs. 27.6%; p=0.008), prone position (52.8% vs. 27.6%; p=0.008), or ECMO support (19.4% vs. 4.6%, p=0.023) compared with the control group. Furthermore, patients with CAPA were more likely to combine with bacterial infections (80.6% vs. 43.7%, p<0.001), viral infections (38.9% vs. 14.9%, p=0.004), other fungal infections (50.0% vs. 28.7%, p=0.024), and had higher rate of complications during ICU admission, including hospital acquired pneumonia (58.3% vs. 25.3%, p<0.001), catheter related bloodstream infection (8.3% vs. 0, p=0.024), acute renal injury (47.2% vs. 25.3%, p=0.017), circulatory failure (52.8% vs. 31.0%, p=0.023), hematological system failure (47.2% vs. 23.0%, p=0.008), and pulmonary embolism (8.3% vs. 0, p=0.024). Although the mortality rate of patients with CAPA was extremely high, there was no significant difference between the two groups (Table 2).


Table 2 | Comparisons between CAPA and non-CAPA patient.






3.2.2 Comparisons between CAPA and IAPA patients

In total, 45 IAPA patients were included in our study and compared to patients with CAPA. Compared to IAPA patients, the time from onset to CAPA diagnosis, from COVID-19/influenza diagnosis and CAPA/IAPA diagnosis and from ICU admission to CAPA diagnosis was longer (Table 3).

Compared to IAPA, less CAPA smoked, and more CAPA patients had renal insufficiency (33.3% vs. 6.7%, p=0.005) and solid organ transplantation (33.3% vs. 4.4%, p=0.002). More patients with CAPA had used immunosuppressants (37.8% vs. 11.1%, p=0.004) within one month prior to ICU admission. More patients with CAPA used steroids for COVID-19 within one month before ICU admission than IAPA (80.6% vs. 40.0%, p<0.001). There was also a significant difference between the two groups in terms of the accumulated steroid dosage in the past month (CAPA vs. IAPA: 237 vs. 0 mg of equivalent prednisone, p<0.001).

There were no significant differences in the positive rate and absolute values of serum GM, BALF GM, and G test results between the two groups. Regarding CT scans, CAPA patients showed a lower percentage of cavity/air crescent sign (5.4% vs. 37.8%, p=0.002), wedge-shaped solid change (11.1% vs. 42.2%, p=0.004), central lobular nodules (5.6% vs. 42.2%, p<0.001), patchiness distributed along the airway (22.2% vs. 88.9%, p<0.001), and tree-in-bud sign (8.3% vs. 33.3%, p=0.013) compared to IAPA. Patient with CAPA were much more likely to use steroids after ICU admission compared with patients with IAPA (91.7% vs. 11.1%, p<0.001). The clinical outcomes were also similar, with no significant differences in mortality, length of ICU stay, or length of hospitalization (Table 3).


Table 3 | Comparisons between CAPA and IAPA patients.






3.2.3 Multivariate logistic regression analysis for independent risk factors for CAPA in COVID-19 patients admitted to ICU

We included solid organ transplantation, antiviral drugs, antibacterial drugs, total dosage of steroids in the past month for COVID-19, APACHE II scores, SOFA scores, fever, IL-6, IL-8, CD4+ T lymphocytes, CD8+ T lymphocytes, and bronchial wall thickening in the multivariate logistic regression analysis. We found solid organ transplantation [odds ratio (OR) 4.006; 95% confidence interval (CI) 1.014-15.829; P=0.048], APACHEII score ≥20 points [OR 4.331; 95% CI 1.154-16.225; P=0.030], 5 points ≤SOFA score <10 points [OR 4.419; 95% CI 1.215-16.074; P =0.024] were independent risk factors for CAPA (Table 4).


Table 4 | Multivariate logistic Regression Analysis of independent factors associated with CAPA.







3.3 Significance of microbiological tests for CAPA diagnosis



3.3.1 Microbiological specimens and microbiological examinations of COVID-19 patients

Lower respiratory tract specimens were collected from all patients. BALF specimens were collected from 84/123 (68.3%) patients, and eligible sputum specimens were collected from 39/123 (31.7%) patients. Serum was collected from 69/123 (56.1%) patients. In total, all patients underwent fungal smears and cultures, 79/123 (64.2%) patients had BALF GM detections, 62/123 (50.4%) patients were tested for BALF mNGS; while the 69/123 (56.1%) patients performed serum GM (Figure 3). Smear/culture results were positive in 18 patients who were all diagnosed with CAPA. The serum GM test results were positive in 14 patients and 11 of them were ultimately diagnosed with CAPA. Among them, the serum GM index of three patients was between 0.5-0.7 at the initial test. One patient’s serum GM index reduced to normal without antifungal therapy within 5 day and the condition of the other two patients improved without antifungal therapy. These three patients were excluded from the CAPA group. BALF GM was positive in 41 patients, while 28 patients were diagnosed with CAPA, the other 13 patients were excluded from the CAPA group as their BALF GM index reduced to normal without antifungal therapy within 5 days. mNGS were positive in 20 patients, and 19 of them were diagnosed with CAPA, the other one patient was excluded due to negative GM as well as smear/culture results.




Figure 3 | Microbiological specimens (A) and microbiological detection methods (B) in COVID-19 patients. N—number of COVID-19 patients; %—the proportion of patients from the total number of CAPA patients.






3.3.2 Diagnostic performance of four microbiological examinations

The diagnostic performances of the four microbiological examinations (serum GM >0.5, BALF GM ≥1, positive fungal smear/culture, and positive mNGS results) were explored. The results showed that BALF GM had the highest diagnostic sensitivity (84.9%), followed by mNGS (65.5%), whereas serum GM (40.7%) and fungal smears/cultures (50.0%) had lower sensitivities. The specificity of diagnosis was 100% for fungal culture, followed by mNGS (97.0%), serum GM (79.7%), and BALF GM (71.7%). The positive predictive value was 100% for fungal smear/culture, followed by mNGS (95.0%), serum GM (78.6%), and BALF GM (68.3%). The negative predictive value was highest for BALF GM (86.8%), followed by smear/culture (82.9%), mNGS (76.2%), and serum GM (70.9%). The performances of serum GM, BALF GM, fungal culture, and mNGS were assessed using ROC curve analysis. The area under the curve of the mNGS tests were the highest (0.812), followed by those of the BALF GM tests (0.783), positive fungal smear/culture (0.750), and serum GM tests (0.668) (Table 5, Figure 4).


Table 5 | Diagnostic performance of Serum GM, BALF GM, Smear/Culture, mNGS.






Figure 4 | ROC curves for serum GM, BALF GM, smear/culture and mNGS detection. The areas under the ROC curve were 0.668 for the serum GM test (A), 0.783 for the BALF GM test (B), 0.750 for the smear/culture test (C), and 0.812 for the mNGS test (D).



Among 36 CAPA patients, a total of 19 patients had positive mNGS results. The comparison of diagnostic times of CAPA after ICU admission based on different pathogen diagnostic criteria is presented in Figure 5. The results indicate that NGS can facilitate early diagnosis. If the positive result of mNGS is used for CAPA diagnosis, it can lead to a diagnosis up to 1.5 ± 2.3 days earlier (p=0.0036). Among the five CAPA patients with both positive mNGS and serum GM results, the mNGS results were on average 2.8 ± 3.3 days earlier (p=0.1250) than the serum GM results. Among the 15 CAPA patients with positive mNGS and BALF GM results, the mNGS results were on average 1.7 ± 3.1 days earlier (p=0.0156) than the BALF GM results. Furthermore, among the 11 CAPA patients with positive results for fungal culture and mNGS, the diagnosis of CAPA relying on mNGS was 6.7 ± 2.6 days earlier (p=0.0010) than the traditional fungal smear/culture.




Figure 5 | Comparison of the diagnostic time for CAPA after ICU admission based on different pathogen diagnostic criteria. “*” a patient was diagnosed with CAPA before admission to the ICU, resulting in a negative value. “Including mNGS”: Patients with positive mNGS when diagnostic criteria for pathogens included mNGS, serum GM, BALF GM, smear/culture. “Without mNGS”: Patients with positive mNGS when diagnostic criteria for pathogens included serum GM, BALF GM, smear/culture but without mNGS. “Including mNGS 1”: Patients with positive serum GM and mNGS when diagnostic criteria for pathogens included mNGS, serum GM, BALF GM, smear/culture. “Including mNGS 2”: Patients with positive BALF GM and mNGS when diagnostic criteria for pathogens included mNGS, serum GM, BALF GM, smear/culture. “Including mNGS 3”: Patients with positive smear/culture and mNGS when diagnostic criteria for pathogens included mNGS, serum GM, BALF GM, smear/culture. After adding positive mNGS to pathogen diagnostic criteria, the diagnostic time can be shortened compared to without mNGS (p=0.0039), BALF GM (p=0.0156) and smear/culture (p=0.0010).








4 Discussion

CAPA is a common complication in critically ill patients with COVID-19. We found that 29.3% of COVID-19 patients combined with Aspergillus infection in our study. Studies have reported that the mortality rate of CAPA patients can reach 40%-90% (Janssen et al., 2021; Segrelles-Calvo et al., 2021; van Grootveld et al., 2021; Bentvelsen et al., 2022). Most studies have indicated that CAPA patients have a higher mortality rate than non-CAPA patients; while few previous studies have shown no significant difference between the two groups (Calderón-Parra et al., 2022b; Leistner et al., 2022).Although we did not find a significant difference between CAPA and non-CAPA, the mortality rate of CAPA patients in our study is as high as 64.9%. In addition, patients with CAPA required more advanced respiratory support and had more comorbidities and longer ICU stay, which was in accordance with other studies (Calderón-Parra et al., 2022a; Calderón-Parra et al., 2022b; Er et al., 2022; Huang et al., 2022). Therefore, the timely diagnosis and treatments are crucial for the prognosis of critically ill patients with CAPA.

In a multivariate analysis, we found that solid organ transplantation was an independent risk factor for CAPA, which was also found in the univariate results of another study (Calderón-Parra et al., 2022b). Patients who underwent transplantation during the COVID-19 epidemic were immunosuppressed due to heavy postoperative steroid pulse therapy and the use of immunosuppressive drugs, which are risk factors for aspergillosis infection (Huang et al., 2022; Kim et al., 2022; Leistner et al., 2022; Permpalung et al., 2022). We also found APACHEII scores ≥20 points and 5points≤SOFA score<10points points were independent risk factors for CAPA. Previous studies have suggested that patients with CAPA had higher APACHEII scores than non-CAPA patients in univariate analyses (Calderón-Parra et al., 2022a; Calderón-Parra et al., 2022b; Er et al., 2022); the same is true for SOFA scores(Er et al., 2022; Huang et al., 2022). These two scores can be used as indicators to determine the severity of patients with COVID-19 admitted to the ICU. The univariate analysis of our study showed that CAPA patients had higher IL-6 levels, higher IL-8 levels, and lower lymphocyte counts, suggesting that COVID-19 patients might have intensive cytokine storm and the virus may destroy the body’s immune cells, resulting in low immunity and much more susceptibility to fungi (Calderón-Parra et al., 2022a; Ao et al., 2023). In fact, COVID-19 could destroy the patient’s alveolar epithelial-endothelial structure and reduce the antifungal immunity; meanwhile, steroid was the crucial therapy in critically ill COVID-19 patients, all of which increase the risk of infection with other pathogens (Ao et al., 2023), suggesting that COVID-19 infection could serve as a host factor for Aspergillus infection in patients admitted to the ICU (Chiu and Miller, 2019). Furthermore, the combination of Aspergillus infections may increase disease severity in patients with COVID-19.

Routine laboratory tests and chest CT signs did not help with the diagnosis of CAPA. Therefore, the diagnosis of CAPA was highly dependent on microbiological evidence (Chiu and Miller, 2019; Koehler et al., 2021). In terms of respiratory tract specimen collection, considering that the poor sensitivity specificity of a positive Aspergillus culture identified in sputum and ETA and may indicate colonization (Chong and Neu, 2021), it is necessary to undergo bronchoscopy to obtain BALF (Koehler et al., 2021) as early as possible in patients without contraindications, which also helps to identify patients with invasive aspergillus tracheobronchitis simultaneously. Among the microbiological diagnostic methods for CAPA, the positive rate of BALF smear and culture is very low, about 29% to 50%, and the positive rate of sputum specimens is even lower (Zhou et al., 2017; Ullmann et al., 2018). As an antigen released during the growth process of Aspergillus, GM index is an important detection method in the diagnosis of invasive Aspergillus infection. Multiple meta-analyses over the past decade or so have consistently shown that BALF GM has high diagnostic efficacy. It has been reported that BALF GM has good sensitivity[0.90 (95% CI, 0.79-0.96)] and specificity [0.94 (95% CI, 0.90-0.96)] for probable and proven invasive Aspergillosis, which is more powerful than serum GM (Guo et al., 2010). Another study has indicated that the diagnostic efficacy of BALF GM is highest at a cut-off of 0.67 for chronic pulmonary aspergillosis, with a sensitivity of 0.68 (95% CI: 0.51-0.82) and specificity of 0.84 (95% CI: 0.70-0.92), and an AUC of 0.814, which is higher than Serum GM at a cut-off of 0.96, which had an AUC of 0.529 (with a CI: [0.415-0.682][0.307-0.713]), a sensitivity of 0.29 (95% CI: 0.14-0.51), and a specificity of 0.88 (95% CI: 0.73-0.95) (De Oliveira et al., 2023). Previous studies also have shown that the sensitivity of BALF GM (42-100%) is higher than serum GM (3-50%) in patients with relatively normal immune(Chong and Neu, 2021). In addition, the incidence of airway invasion in patients with CAPA was higher than that of vascular invasion, so BALF GM was more meaningful (Zhou et al., 2017). The combined use of blood G and GM was very useful in confirming the diagnosis of IPA and help to identify false positive results (Lu et al., 2011). The results of our study are similar, among all microbiological examinations, BALF GM had the highest sensitivity and serum GM had the lowest sensitivity.

mNGS can also be used to study the physiological mechanism and drug resistance mechanism of some respiratory diseases (such as empyema) (Chen et al., 2021). It has many advantages in fungal detection, such as comprehensive detection of multiple infections, reducing diagnostic time, less affected by prior antibiotic exposure and so on. But it also has many limitations, such as difficulty in distinguishing colonization from infection, and low efficiency of nucleic acid extraction (Deng et al., 2023). mNGS can improve the sensitivity of clinical pathogen detection (Gaston et al., 2022). Ao et al. indicated that in detecting the Aspergillus spp, BALF GM test (57.7%) had the highest sensitivity, followed by mNGS (42.3%), culture (30.8%), serum GM test (26.9%), and smear (7.7%); while mNGS, culture, smear and serum GM test had the specificity of 100%, followed by BALF GM test, with the specificity of 92.9% (Ao et al., 2023) in the community-acquired pneumonia patients. In a study on plasma mNGS in CAPA patients, the sensitivity of mNGS detection for Aspergillus was 67%, and the specificity was 97%(Hoenigl et al., 2023). Our study also found that with the specificity and sensitivity of 62.5% and 97.0%, meanwhile, with a quick report, mNGS might be valuable in timely and accuracy in diagnosis of CAPA. Although there was no significant difference in the diagnostic timing between mNGS and serum GM, this may be due to the small sample size that simultaneously met the criteria for positive blood GM and mNGS.

This study is the largest clinical study to explore the risk factors and the role of microbiological examinations of critically ill CAPA in ICU after the epidemic of Omicron in the mainland China. The biggest advantage of our study was that all patients have obtained qualified lower respiratory tract specimens which were sent for numerous microbiological detections, including fungal smears, cultures, GM detection and mNGS. Meanwhile, BALF specimens were collected from 84/123 (68.3%) patients, and the detection rate of BALF GM and BALF mNGS were 64.2% and 50.4% respectively, improving the sensitivity for the diagnosis. We realize that our study had limitations. First, this is a retrospective single center study with a small number of enrolled patients; second, not all patients undergone the above detections, which might lead to diagnostic bias. Prospective, multi-center studies are desired in order to elucidate the risk factors, clinical presentations and the diagnostic value of microbiological detections of CAPA.




5 Conclusions

The incidence of CAPA was extremely high in patients admitted to the ICU. Clinical characteristics, routine laboratory tests, and CT scan features cannot help in identifying CAPA; therefore, the diagnosis of CAPA is highly dependent on microbiological evidence and should be obtained as soon as possible. BALF-GM is the most suitable microbiological examinations for the diagnosis of CAPA. mNGS could assist in early diagnosis and might be an option in critically ill CAPA patients.
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