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Introduction: Critically ill patients show large variability in drug disposition due to e.g., age, size, disease and treatment modalities. Physiologically-based pharmacokinetic (PBPK) models can be used to design individualized dosing regimens taking this into account. Dexamethasone, prescribed for the prevention post-extubation stridor (PES), is metabolized by the drug metabolizing enzyme CYP3A. As CYP3A4 undergoes major changes during childhood, we aimed to develop age-appropriate dosing recommendations for children of dexamethasone for PES, as proof of concept for PBPK modeling to individualize dosing for critically ill patients.



Methods: All simulations were conducted in Simcyp™ v21 (a population-based PBPK modeling platform), using an available dexamethasone compound model and pediatric population model in which CYP3A4 ontogeny is incorporated. Published pharmacokinetic (PK) data was used for model verification. Evidence for the dose to prevent post-extubation stridor was strongest for 2–6 year old children, hence simulated drug concentrations resulting from this dose from this age group were targeted when simulating age-appropriate doses for the whole pediatric age range.



Results: Dexamethasone plasma concentrations upon single and multiple intravenous administration were predicted adequately across the pediatric age range. Exposure-matched predictions of dexamethasone PK indicated that doses (in mg/kg) for the 2–6 years olds can be applied in 3 month-2 year old children, whereas lower doses are needed in children of other age groups (60% lower for 0–2 weeks, 40% lower for 2–4 weeks, 20% lower for 1–3 months, 20% lower for 6–12 year olds, 40% lower for 12–18 years olds).



Discussion: We show that PBPK modeling is a valuable tool that can be used to develop model-informed recommendations using dexamethasone to prevent PES in children. Based on exposure matching, the dose of dexamethasone should be reduced compared to commonly used doses, in infants <3 months and children ≥6 years, reflecting age-related variation in drug disposition. PBPK modeling is an promising tool to optimize dosing of critically ill patients.
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1 Introduction

Pharmacotherapy is a fundamental aspect of care in the intensive care unit. Yet, due to large variation in age, size, illness severity and treatment modalities of critically ill patients, drug concentrations may vary widely (1). In children, unlicensed or off-label drug use is prevalent in pediatric ICUs (PICUs) and neonatal ICUs (NICUs), due to the lack of studies supporting the dose, effectiveness and safety (2). This leads to poorly substantiated dosing information in children, which is a significant challenge that can have serious consequences, such as suboptimal treatment or increased risk of adverse drug reactions (3). Hence, it is crucial to have evidence-based dosing guidelines tailored to the pediatric and neonatal population.

Age-related physiological changes, such as drug metabolism and renal function maturation, can significantly impact drug pharmacokinetics (PK) and thereby drug concentrations (4). These alterations necessitate age-appropriate doses to ensure optimal drug efficacy and safety. By incorporating this knowledge on age-related variation in the processes that govern disposition of drugs in pharmacokinetic models, age-appropriate dosing recommendations can be established (5). Pediatric physiologically-based pharmacokinetic (PBPK) models include age-related physiological changes and improve continuously with increasing knowledge (6). PBPK modeling is widely accepted as a promising tool to guide dosing in pediatric clinical care, as well as by regulatory agencies (US Food and Drug Administration and European Medicines Agency) for its use during pediatric drug development (7–9).

A proof of concept drug to show the value of the PBPK modeling approach to obtain age-appropriate model-informed doses is dexamethasone. Dexamethasone is standard of care in most PICUs to prevent post-extubation stridor (PES). Intubation potentially results in laryngeal injury either through the act of intubation itself or the pressure exerted by the endotracheal tube (10). Laryngeal injury can result as subglottic scaring which would require surgical intervention or as subglottic obstruction due to edema. Although laryngeal edema will often heal spontaneously after extubation, some children may develop a serious laryngeal stenosis due to edema with clinical signs of severe upper airway obstruction (11). This consequently can manifest as PES which is associated with increased morbidity due to prolonged hospital stay, risk of failed extubation, and reintubation airway trauma (12). Reported incidence of PES in children is variable, yet a recent study showed an incidence of 18.7% (13).

Dexamethasone has been shown effective to prevent PES (14, 15) by decreasing edema through its anti-inflammatory action (16). Dosing recommendations vary significantly between (hospital) guidelines, demonstrating the lack of consensus with respect to optimal dosing (17). The most commonly recommended IV dose is 0.5 mg/kg/dose for children of all ages from 1 month to 18 years old (18–21) and 0.25 mg/kg/dose for neonates (20–22). In children, guidelines recommend initiating treatment 6 to 12 h prior to extubation and then every 6 h for up to 6 doses (17, 19, 20); whereas in neonates, the first dose is often given 4 h prior to extubation, followed by a dose every 8 h for 3 doses (20). In comparison, this dose is considerably higher than the dose to prevent adverse neurological outcomes in children with meningitis (i.e., 0.15 mg/kg/dose 4 times daily) (23). Furthermore, for the treatment of acute subglottic laryngitis, characterized by a comparable disease mechanism (i.e., subglottic laryngeal edema), a dose of 0.15 mg/kg once is as effective as 0.6 mg/kg (24, 25). Hence, we consider that a more optimal (reduced) dose might be appropriate to prevent PES and current recommendations [i.e., 0.5 mg/kg for children >1 month of age (19)] may arguably exceed the necessary dosage for effective prevention of PES. Additionally, high dexamethasone doses have been associated with adverse effects such as hypertension (26) and corticosteroid exposure in preterm infants has been associated with adverse neurological outcomes (27).

Dexamethasone is primarily metabolized by the drug metabolizing enzyme cytochrome P450 (CYP)3A4 of which the activity increases rapidly in neonates to reach a maximum in infants and young children, to decrease to adult levels thereafter (28). Hence, CYP3A4 activity will substantially affect dexamethasone clearance and thus its plasma concentration across the pediatric age span. This is currently not reflected in dosing recommendations, risking over- or underdosing with corresponding toxicity or therapy failure, respectively. Therefore, dexamethasone dosing recommendations could be optimized taking into account CYP3A4 ontogeny. Establishing dosing recommendations based on exposure matching is an acceptable approach assuming that exposure-response relationships are similar between populations (7–9). We have previously demonstrated that a pragmatic PBPK modeling approach is feasible and described the workflow in detail (29, 30). The objective of this study is to develop age-appropriate dosing recommendations for children of dexamethasone for PES, as proof of concept for PBPK modeling to individualize dosing for critically ill patients.



2 Material and methods


2.1 Pediatric dexamethasone PBPK model verification

To conduct PBPK simulations, we used Simcyp™ v21 (Certara UK Limited, Simcyp Division, Sheffield, UK), a population-based PBPK modeling platform. The software already contains a well-validated pediatric population model with age-related varying physiology, including CYP3A4 ontogeny (31). This population model was linked to a dexamethasone model containing all drug-specific properties to predict dexamethasone PK in children (Supplementary Table S2). To verify that this model adequately predicts dexamethasone concentrations in children across the pediatric age span, published pediatric PK data were searched first to compare predicted dexamethasone concentrations with these observed data (Supplementary Table S1). Accuracy of model predictions (i.e., predictive performance) was assessed quantitatively by calculating predicted-to-observed PK parameter ratios (within 2-fold was considered acceptable) and qualitatively by a visual predictive check of the comparison between the predicted and the observed plasma concentration-time curves. A more detailed description of the model verification process can be found in the Supplementary Materials.



2.2 Dose simulations

Next, to apply the model and simulate optimized dexamethasone doses, we first had to select an exposure margin, i.e., target concentrations, that ensures an effective and safe dose. Explicit effective and safe concentrations (i.e., a therapeutic window or PK target) for this indication are unknown. To overcome this information gap, we first searched the literature for doses that have been shown effective in children. Several dosing schedules were included: a “low early” regimen with 6 IV administrations of 0.25 mg/kg every 6 h (q6h) (initiated >24 h prior to extubation), and a “high late” regimen with 3 IV administrations of 0.5 mg/kg IV doses q6h (initiated 6–12 h prior to extubation) (32). As subglottic laryngitis has a comparable disease mechanism, we considered that the dose recommended for this condition (0.15 mg/kg) could also be effective to prevent PES. All dosing strategies apply a maximum of 40 mg/day. Moreover, in one of the involved PICUs (i.e., Erasmus MC), a similar dose is already applied to prevent PES. Therefore, also a doubled recommended dose for acute subglottic laryngitis is included in the analysis, meaning administrating twice 0.15 mg/kg IV 6 h apart (33).

As evidence for efficacy was strongest in the 2–6 year old age group (i.e., “the best-evidence age group”), we used the simulated total exposure for this age group as the effective target exposure to aim for when simulating age-appropriate doses for the whole pediatric age range. In other words, the total exposures over 48 h (area under the curve; AUC0–48) of the different pediatric age ranges (i.e., 0–2, 2–4 weeks, 1–3, 3–6, 6–12 months, 1–2, 6–12, and 12–18 years) were matched to the effective target exposure of “the best-evidence age group”. Establishing dosing recommendations based on exposure matching is an acceptable approach assuming exposure-response relationships are similar across the pediatric age range (7–9). Additionally, the current dosing regimens from the Dutch Pediatric Formulary for prophylaxis of PES were simulated for comparison (Supplementary Table S3) (21).




3 Results

To determine whether the pediatric PBPK model can accurately predict dexamethasone concentrations, we compared dexamethasone PK predictions with observed data. The majority of predicted-to-observed PK parameter ratios fall within the 2-fold range (Figure 1). Furthermore, the predicted dexamethasone plasma concentrations over time upon single (Figures 2A,B) and multiple (Figures 2C,D) IV administrations are in good agreement with corresponding observed concentrations. Both assessments indicate, quantitively as well as qualitatively, that the model predicts dexamethasone concentrations adequately across the pediatric age range.
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FIGURE 1
Predicted-to-observed ratios of dexamethasone pharmacokinetic parameters in pediatrics. Maximum concentration (Cmax), time to peak concentration (Tmax), area under the curve (AUC), volume of distribution (Vd), clearance (CL), and half-life (t1/2). Single symbols represent a predicted-to-observed ratio of a single pharmacokinetic study. Included pediatric age range is 0.33–18.8 years. The black lines represent the 2-fold range, the dashed lines the 1.5-fold range, the gray shaded area represents the 1.25-fold range and the gray line represents the unity line.
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FIGURE 2
Visual predictive checks of predicted dexamethasone plasma concentration-time profiles compared to observed clinical data in pediatric patients. Solid line is the predicted mean and the shaded area represents the 5th–95th percentile of the predicted plasma concentration in the virtual population. Open circles are the observed data after the following IV doses: (A) 3 mg/m2 dose (34), (B) 0.3 mg/kg dose (35), (C) 3 mg/m2 every 6 h (36), and (D) 4 mg every 12 h (36). Insets provide the results on a semi-logarithmic scale. The dashed line indicates the lower limit of quantification.


After model verification, varying dosing scenarios were simulated in pediatric age groups to determine exposure with the currently used as well as optimized dosing schedules. Figure 3A illustrates this, showing predicted total drug exposures when using the same dose for all age groups from the dosing scenarios “Low early” (i.e., unmatched to exposures). It indicates a considerably higher exposure in neonates <1 month of age. Next, Figures 3B–D show exposures for the 2–6 years age group as well as the final model-informed dosing recommendations for all age groups to match the exposure from the 2–6 years of age following the dosing scenarios “Low early”, “High late”, and “double subglottic laryngitis”. To match these exposures in the other age groups, body-weight normalized dose adjustments were needed as follows: no dosing adjustments for 3 months-2 years of age (i.e., 100%), 80% of the original dose for the age groups 1–3 months (e.g., 0.4 vs. 0.5 mg/kg), 60% for the age groups 2–4 weeks and 12–18 years (e.g., 0.3 vs. 0.5 mg/kg), and 40% for the 0–2 weeks age group (e.g., 0.2 vs. 0.5 mg/kg). Current dosing recommendations from varying guidelines and all model-informed doses per age group, per dosing scenario are provided in Table 1.


[image: Figure 3]
FIGURE 3
Prediction of dexamethasone total exposure over 48 h (AUC0−48) following different dosing schedules (A) unmatched exposure upon “Low early” dosing (32), (B) exposure matched “Low early” dosing (32), (C) exposure matched “High late” dosing (32), and (D) exposure matched double subglottic laryngitis dose (33). Boxes indicate the median prediction with the 25th and 75th percentile ranges, while the whiskers indicate the predicted min and max values of the simulated populations. The dark gray shaded area indicates the 25th–75th percentile range of the 2–6 years age group prediction to which other exposures are matched. The light gray shaded area is the predicted 25th–75th percentile range of total exposure with the current Dutch Paediatric Formulary recommendation in the 2–6 years age group (21).



TABLE 1 Current and proposed model-informed dosing regimens for prophylaxis of post-extubation stridor.
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4 Discussion

In this study, we applied “pragmatic” PBPK modeling and simulation to establish age-appropriate dosing recommendations for IV dexamethasone to prevent PES in children. By simulating dosing regimens in pediatric populations with small age ranges, we established tailor-made, model-informed doses, especially taking into account the CYP3A4 maturation as well as other age-related physiological changes. Dosing simulations indicate that a significant reduced dose is required in neonates compared to children aged 3 months to 6 years, i.e., 40%–60% of the original dose. To note, the proposed dosing recommendations are off-label as dexamethasone is not registered for prevention of PES as an indication. We hereby show the successful use of “pragmatic” PBPK modeling to optimize dosing in the ICU setting.

The model-informed dosing approach has been employed successfully in pediatric drug development, to establish first-in-child doses for clinical trials, and is approved by regulatory agencies (i.e., EMA and FDA). Lately, PBPK dose simulations have also been used to establish pediatric doses for direct use in clinical care (39, 40). During the early stage of the COVID-19 pandemic, this approach was taken to quickly provide healthcare practitioners with pediatric doses for chloroquine and hydroxychloroquine (although now obsolete for COVID-19) (41, 42). Applying existing PBPK models in a pediatric setting minimizes the need for PK studies as PBPK simulations can quickly inform dosing for clinical practice (5, 43). We have recently described the opportunities and challenges to apply “pragmatic” PBPK modeling to establish pediatric drug doses (29, 30). Here, we successfully employed this approach to accurately predict dexamethasone exposures in children. We established moderate, yet important, impact model-informed doses in which the maturation and ontogeny of involved distribution, metabolism, and elimination processes are well-characterized and the relative contribution of elimination pathways is incorporated accurately (i.e., CYP3A4 metabolism) across the whole pediatric age range (30). In addition to PBPK modeling, population PK (popPK) models can also be considered for deriving model-informed dosing recommendations, such as with ceftriaxone and cefotaxime for severe infections (44, 45). How to develop popPK-based model-informed dosing guidelines for clinical implementation has been addressed in an earlier published framework (46). PopPk models and consequent dosing simulations are based on available pharmacokinetic data from the target population. In contrast, PBPK models incorporate human physiology and drug data, and can describe pharmacokinetics and can be used for dose simulations with sparse or even no pharmacokinetic data at all. In this paper we used the PBPK approach to simulate optimal dexamethasone dosing.

Knowledge of an effective and safe exposure target is required to apply the established model to determine which dose results in the desired target exposure. Although evidence to support efficacy for dexamethasone to prevent PES in children is relatively limited and uniform dosing guidance is missing, its use is standard of care in most PICUs (21, 37, 38). Still, well-known dosing guidelines advice a similar body weight-adjusted dose across the pediatric age range from 1 month up until the age of 18 years. From a pharmacological perspective, this is suboptimal because the developmental changes in the physiological processes that govern drug disposition may lead to under- or overdosing in children of different ages, with an increased risk of unfavorable clinical effects. As a therapeutic window or therapeutic target is not established for dexamethasone to prevent PES, we could not use this information to simulate age-appropriate doses. As the best alternative, a best-evidence target range was established by taking the best studied age group (i.e., 2–6 years) and its effective dose as a starting point. As not one single dosing regimen has been unequivocally shown to be most effective, we simulated several “best-evidence” dosing schedules for which relative strong evidence for effectiveness was available (32), in addition to a doubled recommended dose for subglottic laryngitis (33) to provide insights with multiple therapeutic targets. The use of dexamethasone to treat subglottic laryngitis is well established and a single low dose (i.e., 0.15 mg/kg) is shown to be effective (25). The disease mechanisms of PES and subglottic laryngitis show similarities, as both result in laryngeal edema. Though, relatively weak evidence shows that comparable low dexamethasone doses to prevent PES seem ineffective (26, 47). It has been argued that although PES and subglottic laryngitis manifest in a similar manner, the difference in etiology and mechanism of cellular damage may explain failure of PES treatment with low dexamethasone doses (47). Still, it is included in our study as a similar dose is already applied in one of the involved PICUs (i.e., Erasmus MC) to prevent PES. Model-informed doses may be implemented into clinical guidelines, despite the lack of prospective validation. The current doses, particularly for less studied age groups, have not been proven effective or safe and are likely too high, posing a risk of toxicity. We believe it is more ethical to adjust current doses based on robust pharmacokinetic and developmental physiological knowledge, as well as evidence from well-studied age groups. While, at the same time we call for efficacy studies to finally support our model-informed doses. In case physicians are hesitant to implement our proposed doses, an effectiveness-implementation hybrid study is suggested to confirm the effectiveness where parents can make an informed decision choosing between the standard of care or the reduced proposed doses (48).

This study has its limitations as well. Firstly, the ideal timing of treatment initiation prior to extubation is not taken into account by the model. Iyer and colleagues demonstrated in a network meta-analysis that early initiation (>12 h) of low dose dexamethasone intervention, i.e., < 0.5 mg/kg/dose, is as effective as early initiation of high doses (≥0.5 mg/kg/dose) to prevent PES (14). Furthermore, a subgroup analysis in adults revealed that PES could be reduced when corticosteroids were administered as multiple doses and initiated 12–24 h prior to extubation compared to single doses closer to extubation (18). No such comparison has been made with pediatric patients. Regardless of the evidence suggesting that early initiation of dexamethasone treatment is beneficial, it is difficult to anticipate if a patient is ready for extubation 12 or more hours prior to the procedure. The patient may deteriorate in the meantime, resulting in postponing extubation and hence unnecessary dexamethasone treatment (i.e., cumulative overdosing), which is undesirable as well. Thus, as apparent evidence is lacking on the most optimal dosing schedule (timing of first dose and number of repeated doses), we do not provide absolute dosing guidelines, instead we propose guidance to proportionally adjust doses based on age.

Secondly, published dexamethasone PK data are only available in pediatric populations with a wide age range (e.g., 1 month–18 years) making it challenging to assess model performance with high confidence in age groups that are small with respect to age range. Yet, for midazolam, also a mainly CYP3A4 metabolized drug, model performance has been evaluated in younger and more specific age groups as such clinical PK data are available for midazolam (49). This improves the confidence in our model to accurately predict dexamethasone plasma concentrations.

Thirdly, we simulated a healthy pediatric population. Though, pediatric patients requiring mechanical ventilation in the ICU are considered critically ill, often with different underlying conditions (50), that can considerably impact PK (51). It has been identified previously that inflammation and organ failure significantly reduce the clearance of CYP3A4-metabolized drugs (i.e., midazolam a CYP3A4 probe drug) (52, 53). Strong in vitro evidence has shown that CYP3A4 is downregulated by the inflammatory cytokines interleukin-6 and interleukin-1β (54). Although most information regarding the impact of critical illness on drug clearance is available for other CYP3A4-metabolized drugs, such as midazolam, a similar disease-drug effect can be expected for dexamethasone. Since we compared exposure across the pediatric age range for a similar population (PICU patients ready for extubation), we do not expect that our “proportional” dose advice is strongly affected by the impact of critical illness, as the levels of critical illness are likely similar at extubation. On the contrary, our proposed dosing adjustments for PES are in theory extrapolatable to other dexamethasone indications when efficacy may be determined via matched exposures, such as the use of dexamethasone to prevent nausea and vomiting during chemotherapy. Additionally, while extensive pharmacokinetic data confirm similar age-related variation for other CYP3A4 metabolized drugs, such as midazolam, quinidine and tacrolimus, this knowledge has only minimally been implemented in age-appropriate doses for clinical use (19, 20, 55). Our proportional dosing advice may also apply to these drugs and it is therefore interesting to evaluate if more appropriate doses can be established for other CYP3A4 metabolized drugs as well.



5 Conclusion

In conclusion, we show that PBPK modeling is a valuable tool that can be used to develop model-informed age-appropriate dosing recommendations in the ICU setting, with dexamethasone to prevent PES in children as a proof of concept. Our data indicate that, based on exposure matching, the weight-based dose of dexamethasone should be lower in the youngest and oldest age groups compared to children between 2 and 6 years of age. The use of PBPK modeling and, here, extrapolation of efficacy through exposure matching, negates the need for extensive prospective pharmacokinetic and/or dose-finding studies, yet provides valuable comprehensive evidence to inform clinical practice and potentially pediatric drug labeling.
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