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Aims: We aimed to assess the impact of extracorporeal membrane oxygenation (ECMO) on voriconazole exposure.
Methods: Adult critically ill patients with or without ECMO support receiving intravenous voriconazole therapy were included in this retrospective study conducted in a tertiary referral intensive care unit. The first therapeutic drug monitoring (TDM) results of voriconazole in ECMO patients and non-ECMO patients were collected, and the prevalence of subtherapeutic concentrations was analyzed. Multivariate analyses were performed to evaluate the effect of ECMO on voriconazole exposure.
Results: A total of 132 patients (including 66 patients with ECMO support) were enrolled and their respective first voriconazole trough concentrations (Cmin) were recorded. The median Cmin of the ECMO group and the non-ECMO group was 1.9 (1.4–4.4) and 4.4 (3.2–6.9) mg/L, respectively (p = 0.000), and the proportion of the two groups in subtherapeutic concentrations range (<2 mg/L) was 51.5% and 7.6%, respectively (p = 0.000). Multiple linear regression analysis of voriconazole Cmin identified that the use of ECMO and coadministration of glucocorticoids were associated with significantly reduced concentrations, while increasing SOFA score and increasing daily dose were associated with significantly increased concentrations. The model accounted for 32.2% of the variability of voriconazole Cmin. Furthermore, binary logistic regression demonstrated that the use of ECMO was an independent risk factor (OR = 7.78, p = 0.012) for insufficient voriconazole exposure.
Conclusion: Our findings showed that, in addition to the known drug interactions, ECMO is a significant covariable affecting voriconazole exposure. In addition, SOFA score was identified as a factor associated with increased voriconazole concentration.
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INTRODUCTION
Invasive fungal infections are life-threatening diseases associated with considerable morbidity and mortality (Chamilos et al., 2006; Bassetti and Bouza, 2017; Sanguinetti et al., 2019). Although these infections typically occur in the immunocompromised host, invasive pulmonary aspergillosis has been increasingly reported in critically ill patients even among immunocompetent patients (Tudesq et al., 2019). More recently, severe viral infection, including influenza and COVID-19, have also been identified as risk factors for IPA in critically ill patients, and is associated with increased mortality (Schauwvlieghe et al., 2018; Dellière et al., 2020; Verweij et al., 2020; Bartoletti et al., 2021; Mitaka et al., 2021).
Voriconazole, a second-generation triazole antifungal agent with a broad-spectrum of activity, is considered a first-line drug for the treatment of invasive aspergillosis (Patterson et al., 2016). In recent years, numerous studies have investigated the exposure–response relationship of voriconazole. The findings from these studies suggested that high concentrations might be associated with clinical adverse events, whilst inadequate concentrations were more likely to lead to treatment failure (Dolton and McLachlan, 2014; Jin et al., 2016). At present, the target trough concentration (Cmin) recommended by the guideline is higher than 1–2 mg/L and lower than 5–6 mg/L (Ashbee et al., 2014; Patterson et al., 2016). However, in daily practice, the concentration of voriconazole varies greatly not only between patients, but also within individual patients over time (Mangal et al., 2018). Voriconazole is metabolized by enzymes that predominantly include CYP2C19, CYP3A4, and CYP2C9, and the concomitant use of inducers or inhibitors of these drug-metabolizing enzymes can affect voriconazole exposure (Blanco-Dorado et al., 2020; Jia et al., 2021; Tian et al., 2021). In addition, other factors, including body weight, the nonlinear pharmacokinetic properties, the cytochrome P450 2C19 genotype, liver function and inflammation, were also reported to be responsible for the large differences in voriconazole exposure (Shi et al., 2019). To ensure the therapeutic concentrations of voriconazole are reached clinically, therapeutic drug monitoring (TDM), which relies on the attainment of steady state pharmacokinetics, is widely used. However, the waiting period to reach steady-state (usually 5–7 days) is particularly problematic in critically ill patients and may contribute to a worse prognosis (Mangal et al., 2018). Therefore, the identification of factors affecting voriconazole exposure is important to optimize its clinical application.
In the last decade, the use of extracorporeal membrane oxygenation (ECMO) as a life-support modality used in patients with refractory cardiac and/or respiratory failure, has significantly increased in the adult population (Brodie et al., 2019). Patients with ECMO support are usually the most seriously ill in intensive care units, who are often receiving broad-spectrum antibiotics and have multiple pathogens entry points. These factors are thought to predispose them to fungal infection, which is associated with poor prognosis (Cavayas et al., 2018; Poth et al., 2022). Since ECMO itself is not a disease-modifying intervention, treatment outcomes of patients with fungal infection on ECMO will largely rely on whether adequate antifungal therapy is provided. Unfortunately, multiple studies have suggested that the presence of ECMO will significantly change the pharmacokinetics (PK) of antimicrobial agents due to a larger volume of distribution, caused by circuit sequestration and hemodilution from priming solutions (Duceppe et al., 2021). Voriconazole is a lipophilic and highly protein-bound drug for which its significant sequestration in ECMO circuits seems to be expected. Data from case-reports and ex vivo studies corroborate this insight. The ex vivo studies demonstrated significant voriconazole losses in ECMO circuits, even up to 80% in some reports (Mehta et al., 2007; Cies et al., 2020; Raffaeli et al., 2020; Zhang et al., 2021b). Consistent with these findings, case reports reported empirical use of higher doses, subtherapeutic or undetectable trough concentrations and/or the need for frequent dose increases of voriconazole in patients during ECMO support (Brüggemann et al., 2008; Ruiz et al., 2009; Spriet et al., 2009; Winiszewski et al., 2018; Mathieu et al., 2021; Peterson et al., 2021). Moreover, Spriet et al (2009) proposed the saturation theory of circuit’s binding sites. They increased the dose of voriconazole at the beginning of ECMO therapy to avoid subtherapeutic concentration, but a few days later, they observed drug accumulation. In summary, in order to compensate for the expected loss in the ECMO circuit, it appears necessary to increase the voriconazole dose in advance before ECMO initiation or during ECMO support. However, a recently published study by Daele et al. refutes this idea (Van Daele et al., 2021). In this study, the dose and concentration of voriconazole were similar on ECMO and non-ECMO days; neither the presence of ECMO nor the duration of ECMO on sampling day were significant covariates affecting voriconazole exposure. Therefore, more studies are needed to demonstrate the real impact of ECMO on voriconazole exposure.
The objective of this study was to evaluate the effect of ECMO on voriconazole plasma exposure by comparing the differences of voriconazole Cmin and relevant clinical variables between patients with and without ECMO support, which contributed to optimizing the clinical application of voriconazole in patients with invasive aspergillosis and other fungal infections requiring ECMO support.
METHODS
Study design and patients
This retrospective, observational cohort study was conducted in the respiratory intensive care unit of the China-Japan Friendship Hospital, National Clinical Research Center for Respiratory Diseases, a 1600-bed teaching hospital in Beijing. All adult patients (≥ 18 years old) hospitalized in the ICU from August 2017 to December 2021, who were treated with intravenous voriconazole for possible, probable or proven Aspergillus infection (De Pauw et al., 2008) and had at least one voriconazole Cmin available during treatment were eligible for the inclusion criteria. Patients who received ECMO support during at least part of voriconazole treatment and had available Cmin during ECMO support were assigned to the ECMO group. As a control, patients who had never received ECMO support during ICU hospitalization, or voriconazole therapy and its TDM were conducted during non-ECMO periods (including before ECMO initiation and 5 days after weaning from ECMO) were enrolled in the non-ECMO group. We only collected the patient’s first voriconazole Cmin for analysis, and for patients in the ECMO group, this concentration refers to the first TDM results during ECMO support. This study was approved and supervised by the Ethics Committee of China-Japan Friendship Hospital (2021-134-K92), and written informed consent was waived.
From the electronic medical records, the patient’s demographic characteristics and clinical data on the sampling day were collected, including gender, age, body weight, the severity of illness (APACHE II and SOFA scores), voriconazole daily dose previous 24 h on sampling day, voriconazole Cmin, relevant laboratory test results (liver function, renal function and procalcitonin), the use of continuous renal replacement therapy (CRRT) and ECMO. Interacting drugs commonly used in our center that may affect voriconazole plasma exposure were also recorded, including proton pump inhibitors (PPIs), calcineurin inhibitors (CNIs), glucocorticoids, analgesic and sedative drugs (including fentanyl and midazolam) were also recorded. A standard case report form was used during the study.
Voriconazole administration and trough concentration measurement
Among critically ill patients in our hospital, the TDM of voriconazole is routinely performed, usually 5–7 days after administration. Nurses would collect the blood sample within half an hour before the subsequent administration under steady-state conditions. Voriconazole Cmin was measured by an ultra-high-performance liquid chromatograph-tandem mass spectrometry method (UPLC-MS/MS; Waters, United States). According to the guideline recommendations (Patterson et al., 2016), voriconazole was administered as an initial loading dose of 6 mg/kg i.v., every 12 h on day 1, followed by 4 mg/kg i.v., every 12 h for maintenance. Thereafter, the subsequent dose was adjusted by the attending physician based on clinical reactions and TDM results. Most guidelines recommend a lower target value of 1–2 mg/L, with higher targets (> 2 mg/L) for severe infections and diseases with poor prognosis, which may be appropriate for critically ill patients (Miyakis et al., 2010; Ashbee et al., 2014), so we define a lower limit of Cmin as > 2 mg/L. There are currently no voriconazole dosing recommendations for the ECMO patient population, and we did not empirically use higher doses in this patient population.
Extracorporeal circuits
The mode and settings of ECMO were determined based on the clinical context. ECMO circuit consisted of polyvinyl chloride tubing, a polymethyl-pentene membrane oxygenator, a blood pump, and a heat exchanger. The ECMO circuit was primed with 600 ml of normal saline. The type of ECMO equipment, the mode of ECMO and the running days of ECMO when collecting voriconazole blood samples were recorded. Considering that new binding sites were presumed to be available each time the ECMO circuit was changed, the running time was reset to day 1 (Van Daele et al., 2021).
Statistical analysis
Statistical analysis was conducted using SPSS version 25.0 (IBM Corp., Armonk, NY). Categorical data are presented as frequencies (%), and continuous data are presented as the means ± standard deviations (SD) or medians (interquartile range, IQR). Student’s t-tests or Mann-Whitney U tests were used to analyze continuous variables between groups, and categorical variables were analyzed by the Chi-square test or Fisher’s exact test. A two-tailed p value < 0.05 was considered statistically significant. The relationship between initial voriconazole levels and relevant continuous variables was examined using the Spearman correlation coefficient. Variables that were considered clinically relevant and statistically significant in univariate analysis were entered into the multivariate model. The determinations of voriconazole trough concentration were analyzed using multiple linear regression. The predictors of voriconazole subtherapeutic concentration were analyzed by logistic regression.
RESULTS
Patient characteristics
A total of 132 critically ill adult patients were included in this study, including 66 patients who received ECMO support during at least part of voriconazole treatment. In the non-ECMO group, 10 patients received ECMO support before or after voriconazole therapy, of which 7 patients’ TDM results were obtained before ECMO initiation and the remaining three patients were obtained after weaning from ECMO (post-ECMO 5–7 days). Daily maintenance doses of voriconazole in all patients before sampling ranged from 200 to 800 mg, mostly 400 mg (93.9%). The mean daily maintenance dose per kg of body weight for all patients was 6.3 ± 1.4 mg/kg. Key demographics, clinical characteristics, and drug combinations are presented in Table 1. In this study, 78.8% of patients (n = 104) had concomitant medications with PPIs, most of them omeprazole and pantoprazole. With respect to glucocorticoids, its use was recorded in 64 of 132 patients (48.5%), most of them methylprednisolone (both intravenous and oral routes). We compared the distribution of various characteristics between the ECMO group and the non-ECMO group in Table 1. Compared with the non-ECMO group, the patients in the ECMO group were younger (52.0 ± 17.2 vs. 64.1 ± 14.5; p = 0.000), with higher SOFA scores (10.3 ± 3.4 vs. 8.4 ± 3.8; p = 0.003) and higher albumin levels (38.4 ± 6.5 vs. 32.9 ± 4.2; p = 0.000). Furthermore, a higher proportion of patients in the ECMO group received concomitant administration with PPIs (97.0% vs. 60.6; p = 0.000) and glucocorticoids (65.2% vs. 31.8%; p = 0.000).
TABLE 1 | Comparison of clinical characteristics between ECMO group and non-ECMO group.
[image: Table 1]Extracorporeal circuits
Data concerning ECMO was summarized in Table 2. Most patients (93.9%) used veno-venous (VV)-ECMO on the sampling day, and the remaining patients (6.1%) used veno-arterial (VA)-ECMO. The mean ECMO blood flow rate on the sampling day was 3.77 ± 0.67 L/min, and the median duration of ECMO on the sampling day was 5 (IQR, 4–11) days. 31.8% of patients (n = 21) in the ECMO group concurrently received renal replacement therapy. Eight patients changed the membrane oxygenators during ECMO support.
TABLE 2 | ECMO circuits.
[image: Table 2]Voriconazole trough concentrations
A total of 132 voriconazole Cmin were included in this study, with a median Cmin of 3.6 (IQR 1.8–5.3) mg/L, and 29.5% of the patients were in subtherapeutic concentration (<2 mg/L) (Table 1). Figure 1 shows the distribution of measured voriconazole Cmin and their respective doses. Compared with the non-ECMO group, both the Cmin and the dose-normalized Cmin were significantly lower [Cmin, 1.9 (1.4–4.4) vs. 4.4 (3.2–6.9), p = 0.000; Cmin/dose, 0.40 (0.22–0.69) vs. 0.69 (0.47–0.97), p = 0.001] in the ECMO group, while the proportion in subtherapeutic concentration range was significantly higher (51.5% vs. 7.6%; p = 0.000). The effect of ECMO on dose-normalized Cmin was shown in Figure 2. Furthermore, extensive inter-individual variability was observed in voriconazole Cmin in the ECMO group, ranging from 0.01 to 10.84 mg/L, with a coefficient of variation (CV) of 79.3%.
[image: Figure 1]FIGURE 1 | Scatterplot of the voriconazole trough concentration versus the voriconazole dose. The square and circles represent data of patient with and without ECMO support. The area between the dashed lines indicates the therapeutic range (2–5.5 mg/L).
[image: Figure 2]FIGURE 2 | Effect of ECMO on dose-normalized voriconazole trough concentrations.
Factors affecting voriconazole trough concentrations
Differences in clinical variables between patients with subtherapeutic concentrations (< 2 mg/L) and those with therapeutic or supratherapeutic trough concentrations (> 2 mg/L) were shown in Table 3. Multivariate analysis by linear regression was performed to identify the determinants of voriconazole Cmin (Table 4). Increasing SOFA scores and increasing daily dose were associated with significantly increased voriconazole concentrations; factors associated with reduced voriconazole concentrations included the use of ECMO and coadministration with glucocorticoids. We also conducted a binary logistic regression analysis to identify the predictors of voriconazole insufficient exposure (Table 5). The results showed that only the use of ECMO was an independent risk factor for voriconazole subtherapeutic concentration (OR 7.783, p = 0.012).
TABLE 3 | Univariate analysis for different voriconazole concentration ranges.
[image: Table 3]TABLE 4 | Multiple linear regression analysis of voriconazole trough concentration determinants.
[image: Table 4]TABLE 5 | Binary logistic regression analysis for subtherapeutic trough concentration (< 2 mg/L).
[image: Table 5]The effect of glucocorticoids on dose-normalized Cmin was shown in Figure 3. Figure 4 shows that there seemed to be a negative correlation between voriconazole Cmin and the ECMO blood flow rate (n = 66, r = −0.221, p = 0.091). A scatterplot of the relationships between Cmin and ECMO duration on sampling day was shown in Figure 5.
[image: Figure 3]FIGURE 3 | Effect of glucocorticoid on dose-normalized voriconazole trough concentrations.
[image: Figure 4]FIGURE 4 | Scatterplot of the voriconazole trough concentrations versus the ECMO blood flow rate with spearman-coefficient and p-value (n = 66). The dashed line represents the lower limit concentration of 2 mg/L.
[image: Figure 5]FIGURE 5 | Scatterplot of voriconazole trough concentrations versus the duration of ECMO on sampling day with spearman-coefficient and p-value (n = 66). The dashed line represents the lower limit concentration of 2 mg/L.
DISCUSSION
This is the first retrospective study to demonstrate the significant impact of ECMO on voriconazole exposure. In addition, our study also identified other important clinical factors and drug interactions that predict voriconazole exposure in critically ill patients. These findings help intensive care unit physicians better adapt the dose of voriconazole while treating these patients.
Currently, descriptions of the sequestration of voriconazole on ECMO circuits are mainly limited to ex vivo studies and case reports (Mehta et al., 2007; Brüggemann et al., 2008; Ruiz et al., 2009; Spriet et al., 2009; Winiszewski et al., 2018; Cies et al., 2020; Raffaeli et al., 2020; Zhang et al., 2021b; Mathieu et al., 2021; Peterson et al., 2021). Based on these published studies, a conventional dose of voriconazole does not seem to guarantee its therapeutic concentrations in ECMO patients, and it appears necessary to use a higher dose empirically. However, there are some limitations in these studies, which reduce the reliability of this insight. For example, ex vivo studies might not truly reflect the processes of drugs in vivo, and critical illness-related physiological changes, such as systemic inflammatory response, hypoalbuminemia, renal and/or hepatic function impairment were not taken into account. In addition, ex vivo studies only assessed losses at 24 h and therefore did not reflect possible changes in long-term ECMO support (Mehta et al., 2007; Cies et al., 2020; Raffaeli et al., 2020; Zhang et al., 2021b). With regard to case reports, the limitation section of these studies often mentioned some non-ECMO-related causes that might contribute to the low exposure of voriconazole, such as the CYP2C19 genotype status of the patients in their study (Brüggemann et al., 2008; Ruiz et al., 2009; Spriet et al., 2009; Peterson et al., 2021). In contrast to previously published ex vivo studies and case reports, a recently published large retrospective analysis found no significant PK changes in voriconazole during ECMO support (Van Daele et al., 2021). Therefore, further studies are needed to assess the real impact of ECMO on voriconazole exposure.
Our study reported for the first time that ECMO is an independent risk factor for inadequate voriconazole exposure. Numerous studies have shown that ECMO is associated with significant PK alterations, most important of which are circuit sequestration, increased volume of distribution (Vd) and altered clearance (CL) (Gomez et al., 2022). From a PK point of view, the attached extracorporeal circuit with a large surface area can sequester drugs during drug transit, as well as modulate their Vd and CL, which is an important factor leading to the PK changes. On the basis of ex-vivo and in-vivo animal data (Shekar et al., 2012; Shekar et al., 2015a; Shekar et al., 2015b), lipophilic and highly protein-bound drugs are more prone to circuit drug loss. Therefore, it can be expected that voriconazole with these properties will sequester significantly in the ECMO circuits. Our study provides an important basis for this seemingly “well-known” phenomenon and contributes to optimize the clinical application of voriconazole in this patient population. However, a retrospective analysis by Daele in 69 patients with 337 trough concentrations did not find the association between ECMO and voriconazole exposure (Van Daele et al., 2021). In our opinion, this may be attributed to the extensive intra-individual variability between the samples in their study. Interestingly, we also found for the first time that ECMO blood flow rate seemed to be negatively correlated with voriconazole exposure, which might suggest the impact of extracorporeal circulation on voriconazole PK. Admittedly, this correlation may merely indicate hyperdynamic circulation with increased CL in critical conditions, where a higher ECMO blood flow rate is often required to maintain adequate systemic oxygenation. This condition is not uncommon in septic patients and could lead to increased CL of certain drugs (Sime et al., 2015). The impact of ECMO itself and its related factors, such as blood flow rate and duration of ECMO on voriconazole exposure, warrants further investigation in the future.
Voriconazole is mainly metabolized by the drug-metabolizing enzyme cytochrome P450 (CYP) 2C19, and to a lesser extent by CYP3A4 and CYP2C9 (Zhong et al., 2018). Theoretically, the concomitant use of inducers or inhibitors of these enzymes should impact voriconazole exposure. The drug-drug interaction between voriconazole and glucocorticoids, leading to the reduced voriconazole concentration has been suggested by a number of studies previously and has been proposed to be the result of CYP induction by glucocorticoids (Dolton et al., 2012; Jia et al., 2021; Mafuru et al., 2021). Dolton et al (2012) also found that coadministration of methylprednisolone and dexamethasone reduced the voriconazole concentration to a greater extent than prednisone or prednisolone. In our study, 48.5% of patients were treated with glucocorticoids, and most of them were methylprednisolone. Our data supported such an interaction. In the present study, 65.2% of patients received glucocorticoids while receiving ECMO support, which is not uncommon in the clinic (Yu et al., 2021). As discussed above, ECMO is associated with a significant reduction of voriconazole concentration, and physicians should be aware of the possible synergistic effect of both on reducing voriconazole exposure. Another drug-drug interaction, between voriconazole and the CYP inhibitor PPIs, resulting in an increase in voriconazole concentration, is also often reported (Dolton et al., 2012; Gautier-Veyret et al., 2015; Tian et al., 2021). However, in our study, univariate analysis showed that concomitant treatment with PPIs was associated with lower voriconazole concentrations. In our opinion, this conflicting result may be related to the wider use of PPIs in patients with ECMO support.
Similar to the results of many previous studies (Dolton et al., 2012; Zhao et al., 2021a; Zhao Y. C et al., 2021), the linear regression model found that voriconazole trough concentration is significantly affected by the dose before sampling. The administration dosage is the major factor contributing to the highly variable concentrations of voriconazole. Currently, there are no dose recommendations for patients receiving ECMO support, which means that an empirical regimen is a common choice in clinical practice. According to the medication label of voriconazole, the common medication regimen is 200 mg, q12h, which was used by most patients in our hospital, and it is also adopted by many other centers in the world (Zhang et al., 2021a). Our results suggest that conventional dosing in ECMO patients is at risk of under-dosing. On the other hand, although (Van Daele et al., 2021) used a higher dose of voriconazole (8.3 [6.6–10.9] mg/kg in their study), subtherapeutic concentrations (< 2 mg/L) were observed in 56% of the samples during ECMO, which is very similar to our result (51.5%). This emphasizes the effect of non-dose factors on voriconazole exposure. Indeed, according to the standardized coefficients of the final model, the contribution of dose before sampling to voriconazole concentrations was much smaller than ECMO and drug-drug interaction, without collinearity with each other (variance inflation factor < 5).
Finally, our study found a significant association between SOFA score and voriconazole concentrations. The SOFA score is based on the degree of dysfunction of six organ systems including respiratory, circulation, hepatic, coagulation, renal, and neurological systems (Lambden et al., 2019). Among organ dysfunction, hepatic impairment may occur in patients with high SOFA scores. Since the metabolism of voriconazole is regulated by liver enzymes (Zhong et al., 2018), its overexposure may occur in patients with liver damage. Published studies demonstrated that reduced voriconazole elimination is significantly associated with impaired liver function, as indicated by elevated alanine transaminase (Zhao et al., 2021b), aspartate transaminase (Li et al., 2017), direct bilirubin (Zhao Y. C et al., 2021) and international normalized ratio levels (Zhao et al., 2021a). On the other hand, higher SOFA scores also tend to represent lower platelet counts. According to population PK studies, low platelet counts were correlated with significantly reduced voriconazole CL (Tang et al., 2019). This may also partly explain the effect of SOFA score on voriconazole exposure.
We acknowledge several limitations to our study. First, we did not know the CYP2C19 genotype status of the enrolled patients, and therefore its influence on voriconazole Cmin was not measured. However, it has been noted that the variant alleles with decreased enzyme function (CYP2C19 *2 and CYP2C19 *3) are highly distributed in East Asians, while the frequency of CYP2C19*17 which confers increased enzyme activity is less than 2% in this population, indicating that Chinese people are susceptible to supratherapeutic concentrations due to slow metabolism (Hu et al., 2012). We believe that this background highlights the impact of ECMO on voriconazole exposure. Second, this study was conducted in a single center and on a small number of patients, and it might restrict the ability to generate other statistically significant results. Finally, this is a retrospective study, although we attempted to reduce potential confounding factors, there are still some inevitable confounding factors, such as the differences of individual indicators on the baseline. Therefore, further well-designed and prospective population pharmacokinetic-pharmacodynamic studies for ECMO patients are necessary to gain more and better evidence and recommend appropriate dosing regimens for this patient population.
CONCLUSION
This retrospective study in critically ill patients with or without ECMO support infer some novel clinical implications for voriconazole therapy. In addition to the known drug interactions, this study demonstrated for the first time that ECMO is a significant covariable affecting voriconazole exposure. Furthermore, the study also showed that an increase in SOFA score was associated with an increase in voriconazole trough concentration. In light of the highly variable trough levels observed and the existence of various factors that significantly influenced its exposure, TDM of voriconazole remains important, especially in ECMO patients often presenting with subtherapeutic exposure.
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