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The potential relationship among airway Candida spp. de-colonization, nebulized amphotericin B (NAB), and occurrence of ventilator-associated pneumonia (VAP) in patients who are critically ill has not been fully investigated, especially concerning effects on survival. In this observational, retrospective, cohort study in a 22-bed central intensive care unit, we included patients aged >18 years who required mechanical ventilation (MV) for >48 h, with at least two consecutive positive Candida spp. test results. Patients were categorized into NAB and no NAB (control) groups. Propensity matching at 1:1 was performed according to strict standards, and multiple Cox proportional hazard model and multivariate analyses were performed to evaluate the effects of NAB treatment. Throughout an 8-year study period, 526 patients had received MV and had positive respiratory tract Candida spp. cultures. Of these, we included 275 patients and excluded 251 patients. In total, we successfully matched 110 patients from the two groups (each group, n = 55; total population median age, 64 years; Acute Physiology and Chronic Health Evaluation II [APACHE II] score, 25.5; sequential organ failure assessment score, 9). The Candida spp. de-colonization rate was 69.1% in patients treated with NAB. VAP incidence did not differ significantly between the NAB (10.91%) and control (16.36%) groups (P = 0.405). Pseudomonas aeruginosa-related VAP rates differed significantly between the NAB (10.91%) and control (25.45%) groups (P = 0.048). Five (9.1%) patients in the NAB group died during hospitalization compared with 17 (30.9%) controls (P = 0.014). At 28 days, 9 (16.4%) and 16 (29.1%) deaths occurred in the NAB and control groups, respectively, (P = 0.088). The cumulative 90-day mortality rate differed significantly between the two groups (23.6 vs. 43.6%, P = 0.015). Multivariate logistic regression analyses indicated a decreased 90-day mortality in the NAB group (adjusted odds ratio 0.413; 95% confidence interval 0.210–0.812; P = 0.01). In subgroup analyses, the NAB-associated decreased risk of death at 90 days was consistent across subgroups of patients with a Candida score of 2, younger age (<64 years), a higher APACHE II score (≥25), fewer Candida sites (<2), or MV at admission. NAB treatment contributed to Candida spp. airway de-colonization, was associated with a reduced risk of P. aeruginosa-related VAP, and improved 90-day mortality in patients critically ill with Candida spp. tracheobronchial colonization who had received MV for >2 days. NAB may be an alternative treatment option for critically ill patients with VAP.
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CANDIDA

Candida spp. are commonly found in patients in intensive care units (ICUs) who are mechanically ventilated, occurring in approximately 30% of patients receiving mechanical ventilation (MV) for >48 h and in 50% of those with a clinical suspicion of ventilator-associated pneumonia (VAP) (1). VAP is the most common hospital-acquired infection in ICUs, with a high incidence of 23.72/1,000 ventilator days (2). The association among VAP, increased morbidity and mortality rates, and additional healthcare costs has previously been reported (3, 4).

However, determining the clinical significance of Candida spp. colonization in the respiratory tract is challenging. When Candida spp. are isolated from the respiratory tract, discrimination between relatively harmless colonization and invasive infection remains challenging and has led to therapeutic dilemmas (5, 6). Fungal airway colonization is a frequent finding in patients undergoing MV (7). Some retrospective studies have shown that the presence of Candida within the airway cannot be considered harmless, and higher mortality rates have been reported when respiratory secretions have been Candida spp.-positive. Several clinical data suggest that Candida spp. airway colonization plays a significant role in the development of bacterial pneumonia. In a cohort study, Azoulay et al. reported that Candidabronchial colonization of Candida spp. increased the risk of Pseudomonas aeruginosa-related pneumonia (8); however, they did not consider the appropriateness of first-line antibiotic treatment. Furthermore, airway secretion cultures in those studies were not performed on specific fungal media, which could have led to an underestimation of yeast colonization (9). More recently, Candida spp. airway colonization was found to be independently associated with Acinetobacter baumanii-related VAP (10).

In addition to recent experimental data, these findings suggest that bacteria could take advantage of the presence of Candida albicans within the airway of patients undergoing MV (11). We hypothesized that the most resistant species could be selected and that the temporal relationship between Candida airway Candidacolonization and the subsequent incidence of bacterial VAP was complex but that a patient's condition may improve with elimination of Candida spp. from the airway. However, this aspect has rarely been investigated.

Along with being routinely used intravenously, nebulised amphotericin B (NAB) has been used to eradicate Candida spp. from the lower respiratory tract as part of de-contamination protocols in patients with persistent Candida spp. colonization (12). During inhalation, high drug concentrations can reach deep alveoli while reducing nephrotoxicity and drug interactions. As such, NAB is both a useful and non-invasive treatment method. However, given the lack of effective data and standard methods for nebulized administration, inhalation of amphotericin B has been restricted to off-label use only.

To the best of our knowledge, for patients who are critically ill, the potential relationship between airway Candida spp. de-colonization with NAB and the incidence of VAP has not been adequately investigated, especially in terms of effects on survival. In this context, we aimed to undertake a retrospective study to assess the role of Candida spp. de-colonization with NAB in the development of subsequent bacterial VAP and to determine the effect on survival in patients who had undergone MV for >2 days.



METHODS


Patient Selection

In this observational, retrospective, cohort study, which was conducted in a 22-bed central ICU in Shanghai Ruijin Hospital, China, we included patients who had been admitted between 1 December, 2012 and 31 December, 2020.

We retrospectively collected data from our patient data management system, according to a predefined checklist. We included all patients aged >18 and <85 years who required MV for >48 h, with at least two consecutive daily positive Candida spp. cultures taken from the lower respiratory tract (tracheal aspirate or bronchoalveolar lavage) as confirmation of respiratory colonization.

We excluded patients with immunodeficiency (human immunodeficiency virus infection, neutropenia [leucocyte count, below 0.5 × 109/L]), active malignancy, a history of solid organ or bone marrow transplantation, long-term [>3 months] or high-dose [>1 mg/kg] steroid use or the use of other immunosuppressant medications, and those who had VAP prior to NAB treatment. Patients will be excluded if they received intravenous antifungal therapy during hospitalization.

This study was approved by the Medicine Institutional Review Board of Shanghai Ruijin Hospital.



Definitions

For the diagnosis of VAP, we applied the American Centers for Disease Control and Prevention definition (13), which is based on a combination of radiographic evidence, clinical signs, and microbiological criteria. More specifically, radiographic evidence comprised two or more serial chest plain radiographs that included at least one of the following findings: new or progressive and persistent infiltrate(s), consolidation, or cavitation. Clinical and/or laboratory signs were as follows: temperature (>38 °C), leucopoenia (<4,000 white blood cells/mm3) or leukocytosis (≥12,000 white blood cells/mm3), and new-onset purulent sputum/cough/PaO2 decline/rales or bronchial breath sounds. Microbiological criteria were used to determine the causative organisms. Only bacteria whose concentration fulfilled at least one of the following criteria were considered VAP pathogens: protected specimen brush, ≥103 colony forming unit (CFU)/mL; bronchoalveolar lavage fluid, ≥104 CFU/mL; and endotracheal aspirate, ≥105 CFU/mL.

Colonization was defined as the presence of Candida spp. in two or more consecutive bronchoalveolar lavage or sputum samples obtained on different days in the ICU, exclusive of infection, and the colonization start date was defined as the first positive sample. De-colonization was defined as the absence of Candida spp. in two consecutive samples on different days or the absence of Candida spp. in the last available sample.



Data Collection

We retrospectively reviewed patient electronic medical records for the following information: demographic characteristics (age and sex), severity of illness (measured using the Acute Physiology and Chronic Health Evaluation [APACHE] II score and Sequential Organ Failure Assessment [SOFA] score on the day of ICU admission); admission diagnosis (cardiac, respiratory, or neurologic failure, infection); reason for admission to the ICU (cardiac or respiratory failure, coma); comorbidities; central venous catheterization; drug treatment (vasopressors, antibiotics); duration of MV; Candida airway colonization and species; in-hospital mortality; duration of hospitalization and ICU stay; and development of VAP with its microbiological etiology.



Study Endpoints

The primary endpoint of the study was the 90-day mortality rate. The second endpoint included the Candida de-colonization rate, the incidence of VAP, the duration of MV, and the length of hospital and/or ICU stay.



Statistical Analysis

Patients were categorized into two groups, namely, those with tracheobronchial colonization and treated with NAB (NAB group) and those with tracheobronchial colonization but no NAB (control group). Propensity score matching analysis (NAB vs. no NAB) was done (nearest neighbor, 1:1, matching with no replacement, caliper 0.02). Each patient was matched to a control according to the following criteria: age, severity of illness at ICU admission (PaO2/FiO2 ratio, SOFA and APACHE II scores, and the Candida score), comorbidity, and laboratory examination at admission (white blood cell count, procalcitonin, and C-reactive protein levels).

Categorical variables are presented as numbers and percentages and were compared using chi-square tests, whereas continuous variables are presented as means with standard deviations and were compared using one-way analysis of variance. Mann–Whitney U and chi-square tests were performed to compare continuous variables and categorical variables, respectively.

Biomarkers are described as medians with quartiles and were compared using a Kruskal–Wallis test and Kaplan–Meier curves were constructed. Log rank testing was performed to evaluate group differences in colonization and ventilation duration.

We calculated the crude odds ratio (OR) and the adjusted OR in relation to matching criteria and unbalanced variables. Analyses were adjusted for patient characteristics (age, APACHE II and SOFA scores, presence/absence of any chronic illness at ICU admission).

To determine the effect of NAB treatment on 28- and 90-day mortality, we conducted multiple Cox proportional hazard model, multivariate, and subgroup analyses. To minimize or avoid immortal time bias, we used landmark analysis and set the cut-off time point at the 9th day (the median time to receive NAB) after enrollment. To achieve this, we only select the patients who survived longer than 9 day and compared the survival time between the control group and NAB group. Hazard ratios (HR) and 95% confidence intervals (CI) were calculated. A P < 0.05 was considered statistically significant for all analyses. An SAS (version 9.1; SAS Institute, Cary, NC, USA) statistical software package was used for all statistical analyses.




RESULTS


Study Patient Characteristics

During the 8-year study period, 526 patients received MV and were found to have positive Candida spp. cultures of the respiratory tract. Of these, 275 patients were eligible for inclusion in the study and 251 patients were excluded (please see Figure 1). The characteristics of patients who received NAB (n = 67) and those who did not (n = 208) before adjusting are summarized in Table 1. In the NAB group, the median age was 65 (interquartile range [IQR], 54–74) years, 53 (79.1%) patients were male, and 14 (20.9%) patients were female. In the control group, the median age was 64 (IQR, 50–74) years, 152 (73.1%) were male, and the P-value was not statistically significant.


[image: Figure 1]
FIGURE 1. Flow diagram. NAB, Nebulized amphotericin-B.



Table 1. Patient baseline characteristics before adjustment.
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The median APACHE II score was 28 (range, 21–32) and 20 (range, 15–25) in the patient and control groups, respectively. The median PaO2/FiO2 was 196 (IQR, 134–262) at ICU admission in the NAB group, which was lower than that in the control group (279; IQR, 172–358), with a significant difference (P < 0.001). There were significant differences in baseline characteristics between the two groups with respect to APACHE II and SOFA scores, admission diagnoses, and the PaO2/FiO2 ratio.

Patients in the NAB group were admitted mostly for respiratory diseases, and they had a higher fever, heart rate, and respiratory rate than those in the control group at ICU admission. No statistically significant differences between the two groups were observed concerning white blood cell count; platelet, lymphocyte, neutrophil granulocyte, D-dimer, total bilirubin, serum creatinine, and procalcitonin levels; or neutrophil-to-lymphocyte ratio at ICU admission.

The baseline data of the two groups varied considerably; therefore, propensity matching at 1:1 was performed to reduce the heterogeneity of the two groups. The summaries of balance for unmatched and matched data are shown in the Supplementary Materials and in Figure 2. In total, 110 patients were successfully matched from the two groups (n = 55 patients in each group). After adjustment, there was no significant difference in baseline data between the two groups, and most of the differences in clinical data were not statistically significant (P < 0.05). The NAB and control groups had similar comorbidities, causes for ICU admission, signs and symptoms, PaO2/FiO2 ratios, SOFA and APACHE II scores, and laboratory examination results at admission.


[image: Figure 2]
FIGURE 2. The balance of propensity score matching.




NAB Treatment

The median time from admission to initiation of NAB treatment was 9 (IQR, 6–10) days, with a total daily mean dose of 9.79 ± 1.62 mg and a medication frequency of 2 ± 0.12 times per day (Table 2). The median duration of NAB treatment was 11 (IQR, 7–6) days. The mean dosage was 4.77 ± 0.72 mg per treatment.


Table 2. The protocol of NAB therapy.
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Study Outcomes

NAB treatment was significantly associated with decreased 90-day mortality in multivariate analyses, involving a Kaplan–Meier survival plot and a multivariable logistic regression model. The results of landmark analysis consistently revealed that NAB treatment was associated with survival benefits (Figure 3). There was a significant difference in the 90-day mortality rate between the NAB group (23.6%) and the control group (43.6%; P = 0.015, Figure 3B and Table 3). Five (9.1%) patients in the NAB group died during hospitalization, compared with 17 (30.9%) controls (P = 0.014; Table 3). At 28 days, there were 9 (16.4%) deaths in the NAB group and 16 (29.1%) in the control group (P = 0.088; Figure 3A).


[image: Figure 3]
FIGURE 3. (A) The 28-day and (B) 90-day survival rate.



Table 3. Clinical outcomes.
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Multivariate logistic regression analysis indicated a decreased 90-day mortality in patients who received NAB (adjusted OR, 0.413; 95% CI 0.210–0.812; P = 0.01; Table 4). Other independent risk factors for 90-day mortality included SOFA and Candida scores. Similarly, the Cox's proportional hazards regression model also indicated decreased mortality with NAB treatment (adjusted HR 0.219, 95% CI 0.088–0.541, P = 0.001). Furthermore, to avoid selection bias, we used the IPTW method to analyze the mortality risk of patients before and after matching. The HR and 95%CI before and after matching were HR 0.96 (95% CI 0.568–1.621, P = 0.879) and HR 0.37(95%CI 0.152–0.715, P = 0.032) respectively, which was similar with the result of Cox model.

In subgroup analyses, the decreased risk of death at 90 days associated with NAB was consistent across subgroups for patients with a Candida score of 2, younger age (<64 years), a higher Apache II score (≥25), fewer Candida sites (<2), or MV at admission (Figure 4). Among patients with higher SOFA scores, there was no significant decrease in the risk of death (OR, 0.45; 95% CI 0.16–1.30; P = 0.138).


Table 4. Microbial results and VAP episodes.
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FIGURE 4. The subgroup analysis.


Candida spp. de-colonization occurred in 38 (69.1%) patients receiving NAB and 21 (38.2%) patients in the control group (P = 0.002). During hospitalization, patients in the NAB group were more likely to have a longer ICU stay (median, 27 [IQR, 14–53] days) than those in the control group (15 [IQR 9–29] days; P = 0.006). There was no significant difference between the groups in terms of length of hospital stay, duration of MV prior to Candida spp. colonization, and initiation of MV at admission. The duration of MV in the ICU was 15 (IQR, 7–29) days and 13 (IQR, 6–27) days for the NAB and control groups, respectively, (P = 0.507; Table 3). The median time from the onset of respiratory tract Candida spp. colonization to initiation of MV was 6 (IQR, 4–8) and 5 (IQR, 4–7) days in the NAB and control groups, respectively; however this difference was not significant (P = 0.076).



Microbial Results

In total, 312 Candida spp. were isolated from 275 study patients. C. albicans was the most frequently isolated yeast (56.7%), followed by C. glabra. Further, 322 bacterial strains were isolated, most of which were negative (negative bacteria, 84.4%; positive bacteria, 15.6%) in the NAB group compared with in the control group (negative bacteria, 77.6%; positive bacteria, 22.4%), but this difference was not statistically significant.

In the matched patients, baumanii was the most frequently isolated negative pathogen when the whole population was considered (NAB group, 45.5%; control group, 29.09%), followed by Klebsiella pneumoniae (34.5% and 36.36%, respectively). Bacterial resistance concerning A. baumanii was very serious, with an extreme drug resistance rate of 72%. Multidrug resistance accounted for 16 and 40% in the NAB and control groups, respectively; however, this between-group difference was not statistically significant (P = 0.759).

The distribution of P. aeruginosa differed between the two groups (NAB group, 10.91%; control group, 25.45%; P = 0.048). No significant between-group difference was found in terms of the incidence of VAP (NAB group, 10.91%; control group, 16.36%; P = 0.405). Carbapenems were the most commonly used antibiotics (NAB group, 69.1%; control group, 65.5%), with no significant difference between most antibiotic agents (Table 5).


Table 5. Multivariate logistic regression analysis for 90-mortality.
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DISCUSSION

In this retrospective study, inhalation treatment with NAB was found to be a protective risk factor for 90-day mortality in critically ill patients with respiratory Candida spp. colonization who received MV for >48 h. A Cox proportional hazards regression model indicated decreased mortality with NAB treatment (adjusted HR, 0.219; 95% CI 0.088–0.541, P = 0.001). The Candida spp. de-colonization rate was 69.1% in patients receiving NAB treatment, and NAB treatment did not effectively prevent the occurrence of VAP. Notably, however, we observed a clear decrease in the number of P. aeruginosa-associated pneumonia episodes after Candida spp. de-colonization using NAB treatment. In subgroup analyses, the NAB-associated decreased risk of death at 90 days was consistent across subgroups for patients with Candida score of 2, younger age (<64 years), a higher Apache II score (≥25), fewer Candida-related sites (<2), or MV at admission.

Findings on the relationship between Candida spp. and bacterial VAP have been controversial in recent years. One prospective cohort study found that Candida spp. airway colonization was an independent risk factor for the development of P. aeruginosa-associated VAP (8), which was similar to findings in our study. These results indicate that the clinical interaction of Candida spp. colonization and VAP is complex, but also complementary and mutually uniform.

In multivariate analysis, the administration of NAB treatment was shown not only to reduce the risk of subsequent development of P. aeruginosa-related VAP but, more importantly, was also associated with lower in-hospital mortality and 90-day mortality rates; however, our results differ from those of a cohort study (14), which reported that Candida spp. airway colonization had no effect on the incidence of VAP or ICU mortality even with increased rates of Candida spp. de-colonization. However, in that study, the daily application of a topical paste containing polymyxin E, tobramycin, and amphotericin B for oropharyngeal de-contamination might have influenced Candida spp. colonization in the lower respiratory tract. Moreover, NAB treatment was not started in all patients during selective de-contamination of the digestive tract, which is likely to have resulted in selective bias. Furthermore, timing in relation to the start of treatment varied widely. Finally, the study patients recruited into that study were less severely ill. Our study did not have these limitations. To ensure consistency of baseline data between our two patient groups, each patient was strictly matched at 1:1 according to sex, age, comorbidity, and illness severity at ICU admission, and the host immune status was adjusted according to the neutrophil-to-lymphocyte ratio to exclude the influence of immune factors on our results.

Notably, we found that NAB treatment improved 90-day mortality but had no statistically significant effect on 28-day mortality. This may have been because our study patients were generally critically ill, with longer hospitalization and ICU stays, and with complex and frequently varying conditions. In these patients, long-term and consecutive survival observations can facilitate the acquisition of more clinical information and its significance compared with a transient evaluation. Second, in our study, the de-colonization of Candida spp. required a longer course of amphotericin atomization, and the improvement of mortality in some patients was related to P. aeruginosa clearance, which was possibly associated with the colonization of Candida spp. Therefore, we assumed that the interaction between Candida spp. and bacteria was long-lasting, and that quantitative changes led to qualitative changes; however, the specific mechanisms for this require further investigation in future studies.

Antifungal therapy usually requires a longer course of treatment, short-term NAB treatment is difficult to generate an effect, and the 28-day survival rate may not fully reflect the final outcome of these patients, therefore, we believe that the 90-day survival rate could reveal the true risk more accurately. The results in this study confirm our suspicion that 28-day survival rate could underestimated the risk of death in critically ill patients with candida colonization, which help us better understand the necessity for candida de-colonization.

Despite having been previously well described, bacterial and fungal species interactions, which have major environmental and medical consequences, could be greater than previously considered, ranging from cell contact and aggregation to mixed-species biofilm, environmental modifications, and alterations of the host immune response (15, 16). More importantly, interactions between fungi and bacteria can lead to increased toxin production, relevant host damage, and severe inflammation (17). One specific mechanism may involve bacteria that induce morphological changes in Candida (18), and Candida morphology and virulence have been shown to be significantly affected in the presence of P. aeruginosa (19). An experimental murine model has shown that the beta-glucan component of Candida spp. cell walls can stimulate the release of inflammatory markers and cause alveolar macrophage and neutrophil dysfunction (20). In our study, the overall occurrence of VAP was not prevented though NAB treatment; however, the number of P. aeruginosa-associated pneumonia episodes clearly decreased after Candida spp. de-colonization with NAB treatment. To exclude the influence of antibiotics, we analyzed the use of antibiotics and the influence of chronic diseases in the two groups, and these factors were not found to be statistically significant. We hypothesized that the relationship between Candida spp. and P. aeruginosa was mutual and, in terms of survival, Candida spp. and P. aeruginosa may promote and restrict each other; therefore, it is possible that yeast and bacteria and, more specifically, their interactions may have clinical implications. Further studies are needed to confirm our hypothesis concerning this delicate balance. Therefore, NAB treatment may provide an alternative treatment option for critically ill patients with P. aeruginosa-associated pneumonia who require MV.

One retrospective study (21) concluded that antifungal treatment was associated with a reduced risk of VAP or tracheobronchial colonization related to P. aeruginosa, with borderline statistical significance (OR 0.7, 95% CI 0.5–0.9; P = 0.046). However, the sample size was relatively small and, after 1:2 matching, a large number (10%) of immunosuppressed patients were eventually included, which may have influenced the outcome. In that study, antifungal treatment did not include inhalation of amphotericin B, which differed from our study. Furthermore, in our study, immunosuppressed patients were excluded to avoid the effect of immune status at baseline and to reduce the number of confounding factors.

In our study, A. baumanii was the most common pathogen, with a very high bacterial resistance rate; however, no interplay between Candida de-colonization and drug resistance in relation to bacterial VAP was found, which did not accord with findings reported in a study by Hamet et al. (1). In that study, Candida spp. airway colonization was associated with an increased risk of multidrug resistant bacterial isolation, Candida which could have been due to heterogeneous patient populations and possibly due to different bacterial strains, but no further analysis was undertaken to investigate this relationship in relation to Candida spp. de-colonization. Nevertheless, Candida airway colonization may be associated with increased host susceptibility to bacterial VAP, with the major pathogen being affected by antibiotic use and by other regional or epidemiologic factors.

Approximately 50% of patients in ICU are colonized with C. albicans (6), which was also the most common species in our study. C. albicans thrives in warm, moist spaces and can form hyphae and generate biofilms, which play a crucial role in the colonization of medical devices, such as urinary catheters, intravascular devices, and endotracheal tubes (22). In two previous studies (8, 23), Candida spp. airway colonization was reported to be associated with prolonged MV, along with prolonged hospital and ICU stay, which was similar to our study findings.

None of our study patients stopped NAB treatment because of severe adverse effects, and only a limited number of adverse effects had been documented in the medical records involving cough, bronchospasm, dyspnea, and an unpleasant aftertaste; therefore, we consider that NAB treatment is generally well tolerated and safe, which is similar to the findings of a previous study (24).

Our study had several limitations. First, this was a retrospective, observational study, which potentially limits the generalizability of our findings. Second, this study involved only a small number of patients. Had more patients been included, some of the trends observed in this study may have reached statistical significance. Third, our study was conducted in a single ICU. Therefore, our results may not be generalizable to other ICUs. Fourthly, the time span of this study was relatively large, and the changed treatment in ICU may introduce heterogeneity and bias. Finally, we recruited a population of critically ill patients; therefore, whether our results can be extrapolated to less severely ill patients is unclear.

In critically ill patients with Candida spp. tracheobronchial colonization who received MV for >2 days, NAB treatment was associated with a reduced risk of P. aeruginosa-associated VAP and improved 90-day mortality. Further prospective multicenter randomized studies are currently being undertaken to confirm our findings, and to elucidate complex yeast-bacterial interactions and their clinical significance for the human host.



CONCLUSION

NAB treatment contributed to Candida spp. airway de-colonization was associated with a reduced risk of P. aeruginosa VAP, improved 90-day mortality in critically ill patients with Candida spp. tracheobronchial colonization who received MV for >2 days, and may be an alternative treatment option for critically ill patients with VAP.
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