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Abstract

The objective of this study was to describe the pharmacokinetics (PK) of intravenous 

phenobarbital in neonates and infants on extracorporeal membrane oxygenation (ECMO) and to 

provide dosing recommendations in this population. We performed a retrospective single-center 

PK study of phenobarbital in neonates and infants on ECMO between January 1, 2014, and 

December 31, 2018. We developed a population PK model using nonlinear mixed-effects 

modeling, performed simulations using the final PK parameters, and determined optimal dosing 

based on attainment of peak and trough concentrations between 20 and 40 mg/L. We included 35 

subjects with a median (range) age and weight of 14 days (1–154 days) and 3.4 kg (1.6–8.1 kg), 

respectively. A total of 194 samples were included in the analysis. Five children (14%) 

contributing 30 samples (16%) were supported by continuous venovenous hemodiafiltration 

(CVVHDF). A 1-compartment model best described the data. Typical clearance and volume of 

distribution for a 3.4–kg infant were 0.038 L/h and 3.83 L, respectively. Clearance increased with 

age and CVVHDF. Although on ECMO, phenobarbital clearance in children on CVVHDF was 6-

fold higher than clearance in children without CVVHDF. In typical subjects, a loading dose of 30 

mg/kg/dose followed by maintenance doses of 6–7 mg/kg/day administered as divided doses every 

12 hours reached goal concentrations. Age did not impact dosing recommendations. However, 

higher doses were needed in children on CVVHDF. We strongly recommend therapeutic drug 
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monitoring in children on renal replacement therapy (excluding slow continuous ultrafiltration) 

while on ECMO.
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Phenobarbital is one of the oldest antiseizure medications currently in routine clinical use.1 

It is a long-acting barbiturate with a half-life of 70–140 hours in adults and 100–200 hours 

in neonates.2,3 Phenobarbital has low-intermediate protein binding and is primarily 

metabolized by hepatic cytochromes CYP2C9, CYP2C19, and CYP2E1, with approximately 

25% excreted unchanged by the kidneys.2 It has demonstrated efficacy4–7 and is the most 

commonly administered first-line therapy antiseizure medication for neonatal seizures.8,9 

Although the efficacy of phenobarbital has been described in older infants and children, 

adverse effects including excessive sedation, respiratory depression, and hypotension limit 

its use in these cohorts.10–12

Electrographic seizures are common in neonates and children undergoing extracorporeal 

membrane oxygenation (ECMO) and are associated with poor short- and long-term 

outcomes.13,14 There are limited data to guide optimal dosing of antiseizure medications in 

pediatric patients undergoing ECMO, including a paucity of data on the pharmacokinetics 

(PK) of phenobarbital.15 Organ dysfunction, inflammation, capillary leak, fluid shifts, 

hypoalbuminemia, altered protein binding, and drug sequestration by the circuit are among 

the factors responsible for altered drug disposition in critically ill children on ECMO.16 

Therefore, dosing adjustment may be needed. There are data that suggest children on ECMO 

require higher phenobarbital doses and reach lower serum concentrations compared with 

children not on ECMO.17 However, the optimal dosing strategy in this population remains 

unclear. Improved dosing guidance could increase treatment efficacy and potentially 

improve outcomes.18,19 We aimed to characterize phenobarbital PK in neonates and infants 

on ECMO and to provide dosing guidance using a simulation-based analysis.

Methods

Patient Population and Data Collection

This study was approved by Children’s Hospital of Philadelphia’s Institutional Review 

Board. This was a single-center retrospective PK study of consecutive children (age < 18 

years) on ECMO who received intravenous phenobarbital for seizure management between 

January 1, 2014, and December 31, 2018, at Children’s Hospital of Philadelphia. Children 

were included if they received ≥1 dose of intravenous phenobarbital with ≥1 phenobarbital 

plasma concentration drawn for therapeutic drug monitoring (TDM) per standard care while 

on ECMO. Children were identified by querying the individual electronic medical records of 

all children in the institutional ECMO database. Data collected included: (1) patient 

demographics (gestational age, postnatal age, weight, height, presence of an extracardiac 

shunt); (2) ECMO-related data (ECMO type [venoarterial or venovenous], ECMO flow 

during PK sampling, date/time of ECMO cannulation and decannulation, date/time of circuit 
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components changes); (3) phenobarbital data (date/time and amount of phenobarbital doses 

received, phenobarbital plasma concentrations); (4) laboratory values (blood urea nitrogen, 

serum creatinine, albumin, and alanine aminotransferase); and (5) concomitant medications 

known to alter phenobarbital metabolism (pantoprazole, midazolam, and [fos]phenytoin).20 

When applicable, the presence of renal replacement therapy (RRT, including continuous 

venovenous hemofiltration [CVVH], continuous venovenous hemodiafiltration [CVVHDF], 

peritoneal dialysis, and slow continuous ultrafiltration [SCUF]) was collected. Data were 

collected through the duration of ECMO course or phenobarbital treatment, whichever 

ended first.

Drug Dosing and PK Sampling

At our institution, phenobarbital is usually administered as a loading dose of 10–20 mg/kg, 

with additional boluses as needed to terminate seizures. The loading dose is often divided 

into smaller aliquots of 5 mg/kg in children with hemodynamic instability to limit the 

potential hypotensive effect associated with phenobarbital administration.21 This is typically 

followed by maintenance doses of 5 mg/kg/day administered as divided doses every 12 

hours. Phenobarbital is infused at a rate of 1 mg/kg/min, and TDM is routinely done per 

standard care. Typical goal concentrations are between 20 and 40 mg/L for both peak and 

trough concentrations.20,22 For this study, loading doses were defined as any single boluses 

given with the intent of quickly rising concentrations and reaching a steady state, whereas 

maintenance doses were defined as any scheduled doses aiming to maintain that steady state. 

Peak and trough concentrations were defined as concentrations obtained 1–2 hours following 

and before a scheduled dose, respectively.

Population PK Analysis

Population PK analysis was performed using the software NONMEM (version 7.3.4) 

through the interface provided by PDx-POP (version 5.2.2; ICON plc, Leopardstown, 

Dublin, Ireland). Output was summarized using R (version 3.5.1; R Foundation for 

Statistical Computing, Vienna, Austria, www.r-

project.org)andStata(version14.2;StataCorp,College Station, Texas). All models were run 

with the first-order conditional estimation with interaction method. One- and 2-compartment 

models were evaluated. Interindividual variability was assessed using an exponential model. 

Residual variability was evaluated using an additive, a proportional, and a combined 

(additive and proportional) model. The potential effect of covariates was assessed if a 

relationship was physiologically plausible. Weight was included in the base model using an 

allometrically scaled relationship normalized to our population median weight. Both 

estimated and fixed (0.75 for clearance and 1 for volume of distribution) allometric 

exponents were evaluated. For comparison with previously published PK data, our final 

model was also run using an allometrically scaled weight normalized to a standard adult 

weight of 70 kg. Based on available literature,20,23–27 age was considered an essential 

covariate because of the ontogeny of metabolic and elimination pathways, and was placed as 

a covariate on clearance before inclusion of other covariates. Postnatal age and 

postmenstrual age were both evaluated as (1) continuous variables using exponential 

relationships and (2) parameters of sigmoidal maturation equations (Hill equations) with 

evaluation of both estimated and fixed parameters based on published values.20,24,28 
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Following the inclusion of weight and age, other covariates were evaluated using 

exponential models for continuous and categorical variables. Evaluated covariates included: 

the presence of RRT (as a dichotomous variable), ECMO day, age of the ECMO circuit, 

ECMO flow, presence of an extracardiac shunt, blood product transfusion during PK 

sampling (as a dichotomous variable), and concomitant medications capable of altering 

phenobarbital metabolism (phenytoin, fosphenytoin, midazolam, and pantoprazole). The 

effects of CVVH, CVVHDF, and peritoneal dialysis were evaluated both independently and 

together as a single covariate (renal replacement therapy [RRT]), whereas the impact of slow 

continuous ultrafiltration was independently evaluated. As phenobarbital induces its own 

clearance through hepatic microsome activation when administered for approximately 1 

week, the number of days on therapy was also evaluated on clearance if phenobarbital was 

administered for ≥7 days.29 Covariates were added using a stepwise forward additive 

approach with a P = .05 (ΔOFV, 3.84). Covariates were then removed from the full model 

using a stepwise backward elimination approach with a P = .005 (ΔOFV, 7.88).

The goodness-of-fit for each run was assessed by examining the following criteria: visual 

inspection of diagnostic scatterplots, the precision of the parameter estimates, successful 

minimization, relative changes in Akaike information criteria and objective function value 

(OFV), and differences in interindividual and residual variabilities. The robustness of our 

final model was evaluated using goodness-of-fit plots and the precision of the parameter 

estimates. Bootstrap simulations (1000 replicates) and log-likelihood profiling were also 

performed to evaluate the precision of the estimated PK parameters and establish 95% 

confidence intervals.

Simulations

Simulations were performed using the final phenobarbital PK model. Virtual children with 

baseline characteristics similar to our population were created. Loading doses ranging from 

10 to 60 mg/kg/dose given at a rate of 1mg/kg/min were simulated, and an optimal loading 

dose was determined based on attainment of goal concentrations. Maintenance doses 

between 3 and 8 mg/kg/day administered as divided doses every 12 hours were then 

simulated using our optimal loading dose. Our goal concentrations were 20–40 mg/L for 

both initial (peak concentration 2 hours following a loading dose) and sustained (trough 

concentration after 7 days of therapy) efficacy. Given the long half-life of phenobarbital, 

trough concentrations at 20 days were also simulated in a typical child to approximate a 

steady state. Simulations included 1000 replicates and were summarized by mean value with 

standard deviations.

Results

Study Population

A total of 35 neonates and infants were included (Table 1). The median (range) postnatal 

age, postmenstrual age, and weight were 14 days (1–154 days), 40.4 weeks (35.7–55.9 

weeks), and 3.4 kg (1.6–8.1kg), respectively. Neonates comprised the majority of subjects 

(27 [77%]), whereas 8 subjects (23%) were infants (31 days to <2 years). Nineteen children 

(54%) were placed on ECMO following cardiac surgery. Five children (14%) received 
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CVVHDF, and 8 children (23%) received slow continuous ultrafiltration. During PK 

sampling, 4 children (11%) received concomitant fosphenytoin therapy, 2 children (6%) 

received concomitant phenytoin therapy, 20 children (57%) received concomitant 

midazolam therapy, and 7 children (20%) received concomitant pantoprazole therapy.

Phenobarbital Dosing and PK Specimens

Over the first 72 hours of phenobarbital treatment, children received a median of 3 loading 

doses (1–14 doses) of 10.1 mg/kg/dose (2.4–29.4 mg/kg/dose), resulting in a median total 

loading amount in this initial period of 49.8 mg/kg (10.1–165.3 mg/kg). Additional loading 

doses were administered despite reaching goal concentrations (>20 mg/L) in 24 children 

(69%) and reaching above-goal concentrations (>40 mg/L) in 8 children (23%). Loading 

doses were followed by maintenance doses of 2.5 mg/kg/dose (1.2–10.7 mg/kg/dose) given 

every 12 hours (8–12 hours).

A total of 194 concentrations contributed to the analysis (Table S1). Of those, 106 (55%) 

were peak concentrations, 41 (21%) were trough concentrations, and 47 (24%) were drawn 

at other times during the dosing interval. Samples collected during RRT represented 16% of 

all concentraitons (30 of 194), and 21% (40 of 194) were also included in a previous study 

conducted by our group.27 The mean ± SD peak and trough concentrations were 34.5 ± 16.1 

and 29.1 ± 15.3 mg/L, respectively. None of the samples were below the quantification limit.

Population PK Model

A 1-compartment model best described our data. Fixed allometric exponents (0.75 for 

clearance and 1 for volume of distribution [V]) characterized the relationship between 

weight and the PK parameters adequately. The impact of age was best characterized using a 

sigmoidal equation including postnatal age, where Hill was fixed to 1 and TM50 (the age 

when clearance reaches 50% of adult clearance) was estimated at 5.91 days. The progression 

of model development is shown in Table S2. After accounting for weight and age, RRT on 

clearance was the only significant covariate. Interindividual variability was 39% for 

clearance and 26% for V. A proportional model characterized residual variability well, and it 

was estimated at 11%. Diagnostic plots, bootstraps, and log-likelihood profiles confirmed 

the robustness of our model (Table 2 and Figures 1 and S1).

Our population estimates for a 3.4-kg infant were 0.038 L/h and 3.83 L for clearance and V, 

respectively. When normalized to a 70-kg weight, this correlates to a clearance of 0.37 L/h, 

and a volume of 78.9 L. Clearance in children on RRT was 6.2-fold higher than clearance in 

children without RRT. Clearance increased with age and was 2.6-fold higher in a 4-

monthold infant (5 kg) compared with a 7-day-old neonate (3 kg).

Simulations

A typical child with baseline characteristics corresponding to our population median values 

was created. In addition, 4 virtual children with different characteristics (RRT and postnatal 

age from 7 to 120 days with corresponding weight from 3 to 5 kg) were created to illustrate 

the effects of covariates on phenobarbital concentrations. A loading dose of 30 mg/kg 

reached our goal peak concentrations in a typical child on ECMO, with an attainment rate of 
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75% (Table 3 and Figure 2). A loading dose of 40 mg/kg showed a higher attainment rate in 

children on RRT compared with a loading dose of 30 mg/kg (76% vs 72%). Age did not 

have a significant impact on the optimal loading dose (Figure 3). Maintenance doses of 6 

and 7 mg/kg/day administered as divided doses every 12 hours showed equal attainment 

rates of goal trough concentrations at 7 days (73% and 73%, respectively). Following the 

first 10 days of treatment, phenobarbital concentrations remained relatively stable in a 

typical child, as shown in Figure S2. Standard maintenance dosing regimens did not reach 

goal trough concentrations on RRT (Figure 3). Therefore, additional maintenance dosing 

regimens were evaluated, ranging from 10 to 52.5 mg/kg/day administered as divided doses 

every 6–12 hours. The optimal maintenance dosing regimen in children on RRT was 40 

mg/kg/day administered as divided doses every 6 hours, reaching goal trough concentrations 

at 7 days in 57% of subjects (mean concentration of 28.2 ± 12.7 mg/L).

Discussion

Although phenobarbital PK was previously described using noncompartmental analysis in 

neonates and infants supported by ECMO,30 to our knowledge this is the first study using 

population PK analysis to characterize phenobarbital disposition in the same population. A 

1-compartment model resulted in the best fit for our data, as previously reported in children.
20,23–27,31–33 The typical clearance and V values for a 3.4-kg in this study were 0.038 L/h 

and 3.83 L, respectively. Clearance increased with age and RRT. In typical children, a 

loading dose of 30 mg/kg/dose followed by maintenance doses of 6–7 mg/kg/day 

administered as divided doses every 12 hours reached goal concentrations. Age did not 

impact dosing recommendations. However, a loading dose of 40 mg/kg/dose followed by 

much higher maintenance doses (40 mg/kg/day administered as divided doses every 6 hours) 

were needed in children on RRT.

Pokorna et al previously used noncompartmental analysis to describe phenobarbital PK in 16 

children undergoing ECMO.30 When adjusting their results on a 70-kg weight for 

comparison, our population estimate for clearance was lower (0.37 vs 0.55 L/h/70 kg), 

whereas our population estimate for V was higher (78.9 vs 34.3 L/70 kg). As both clearance 

values are consistent with previously described values in critically ill children (0.14–0.67 

L/h/70 kg),24,27,32 the difference potentially represents the expected variability in clearance 

in this population. Our population estimate for V (78.9 L/70 kg) was higher than reported 

values in critically ill children without ECMO (44.667.2 L/70 kg),24,27,32 but it was 

consistent with a published study conducted by our group in a neonatal cohort following 

cardiac surgery. In that previous study, which included 12 neonates undergoing ECMO, 

ECMO was as significant co variate on V, and its presence resulted in a V of 80.7 L/70 kg.27 

However, the comparison between both studies is limited by 10 infants (29%) overlapping 

both studies (Table S1). The increased V associated with ECMO in children may be caused 

by multiple factors, including a large amount of blood products used for circuit priming and 

hemostasis, the higher likelihood for hemodynamic instability requiring fluid resuscitation 

and the presence of an inflammatory reaction associated with capillary leak syndrome and 

fluid extravasation. A potential explanation for our higher V compared with that of Pokorna 

et al may be the inclusion of children with higher illness acuity and systemic inflammation 

requiring more aggressive fluid resuscitation, as the presence of RRT in some of our subjects 
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may suggest. In a previously published in vitro study using older ECMO circuits, up to 17% 

of the dose was sequestrated by the circuit, thereby increasing V.34 However, drug 

sequestration does not appear to be significant with contemporary circuits.35

The presence of slow continuous ultrafiltration, analyzed separately from other RRT 

modalities, did not significantly impact phenobarbital clearance, as expected, because it is 

not an efficient solute removal modality. However, the presence of RRT, which exclusively 

comprised CVVHDF in our cohort, was the most significant covariate in our model (OFV, 

−335, when added in the univariable analysis step; Table S2). Phenobarbital’s low molecular 

weight (254.22 g/mol)36 and elevated free fraction because of (1) low-intermediate protein 

binding (28%−36% in neonates)37 and (2) our low albumin values (median, 2.6 g/dL) may 

explain its effective removal by continuous RRT.38 According to our model, clearance was 

6-fold higher in children on RRT compared with typical children without RRT. Although our 

small number of subjects (only 5 children on RRT, all of them supported by CVVHDF) may 

limit the accuracy and external validity of this value, the impact of RRT on clearance was 

precisely estimated (Table 2). Our findings are also consistent with a previously reported 6-

fold higher extracorporeal clearance compared with baseline in a 14-year-old adolescent on 

CVVHDF.39 Our simulations indicated that standard maintenance doses do not reach goal 

trough concentrations in children on CVVHDF, and higher maintenance doses of 40 

mg/kg/day administered as divided doses every 6 hours were required. This is consistent 

with previous case reports indicating the need to administer significantly higher doses in 

CVVHD (3.6-fold increase in a neonate)40 and CVVHDF (8.3fold increase [assuming a 

bioavailability of 89%20] in a 14-year-old adolescent).39 However, caution should be applied 

when interpreting this suggested dosing regimen, as it is based on very few data and it may 

not be valid in a different cohort. Indeed, although this study provides an estimation of the 

required maintenance doses in neonates and infants on CVVHDF, more data are needed 

before providing clear dosing recommendations. Meanwhile, we recommend TDM in 

children on RRT to ensure adequate PHB exposure. Alternative antiseizure medications with 

established PK profiles during RRT may also be considered in children on RRT.

Phenobarbital clearance was repeatedly found to increase with either postnatal or 

postmenstrual age,20,23–27 and we decided to include a parameter characterizing age and 

maturation in our model before the inclusion of other covariates. The best fit for our data 

was obtained using a sigmoidal equation that included postnatal age, a fixed Hill value to 1 

and an estimated TM50 to 5.91 days. Our TM50 value is lower than previously published 

values (41 weeks postmenstrual age20 and 22.1 days postnatal age24) but is estimated with 

poor precision. We believe TM50 may be difficult to precisely estimate in our population 

because, in addition to the maturation of metabolic and elimination pathways, other factors 

may explain the progressive increase in clearance with time including (1) clinical 

improvement and resolution of organ dysfunction, and (2) autoinduction of clearance by 

phenobarbital. Although the respective effect of those covariates could not be independently 

characterized because of their collinearity, the covariate “age” may be a surrogate for these 

effects, and they may in turn influence the TM50 parameter estimate. Moreover, our cohort’s 

age range is relatively young, with 77% of our population < 1 month old, and we may not be 

able to characterize the whole maturation period well.
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Our simulations showed that loading doses of 30 mg/kg/dose and maintenance doses of 6–7 

mg/kg/ day administered as divided doses every 12 hours reached goal concentrations in a 

typical 3.4-kg infant undergoing ECMO. This is in the higher range of previously 

recommended dosing regimens in children with and without ECMO with suggested loading 

doses varying between 15 and 40 mg/kg.20,27,30,41 Of note, we used goal peak and trough 

concentrations of 20–40 mg/dL to guide our simulations. Higher doses and consequently 

higher concentrations were shown effective for refractory seizures in children.42 Similarly, 

in the current study, 69% and 23% of children received additional loading doses despite 

reaching concentrations >20 and >40 mg/dL, respectively. Higher loading and maintenance 

doses may therefore be needed depending on the clinical situation and goals of therapy.

Our study has limitations. First, its retrospective nature implies some imprecision in the data, 

as it relies on variable chart documentation. Second, it mostly includes neonates, and the 

whole pediatric age spectrum is not represented. Therefore, results should be interpreted 

with caution in infants and may not apply to older children. However, phenobarbital is 

mostly used in very young children, and they represent the main population of interest. 

Although generalizability to an older population may be difficult, the validity of the model 

in this population is robust. Third, because of the small number of patients undergoing RRT, 

its effect on clearance may have been mischaracterized despite being precisely estimated. 

Moreover, as CVVHDF was the only RRT modality used in our population, the effect may 

be different in children supported by other RRT modalities. CVVH, intermittent 

hemodialysis, and peritoneal dialysis are also frequently used in children on ECMO.43,44 

Their effectiveness in treating phenobarbital intoxication suggests that those modalities are 

associated with an increase in phenobarbital clearance, although the extent of this effect 

remain to be characterized.45–48 Therefore, we suggest routine TDM use in children on RRT 

(excluding slow continuous ultrafiltration). The optimal dosing regimen in children on 

CVVHDF while supported by ECMO in the current study (40 mg/kg/day divided every 6 

hours) may need to be adjusted based on further studies and should be interpreted with 

caution. Our study also has considerable strengths. It is the largest phenobarbital PK study in 

children on ECMO and provides useful dosing recommendations. It also is the first 

phenobarbital PK study to include children on RRT and attempt to characterize its 

relationship with CL. Our observed increased CL in children on CVVHDF while on ECMO 

is clinically highly relevant and warrants further studies.

Conclusions

Loading intravenous doses of 30 mg/kg reached goal peak concentrations in all children on 

ECMO. Maintenance intravenous doses of 6–7 mg/kg/day given every 12 hours achieved 

goal trough concentrations in children on ECMO not supported by RRT. Standard 

maintenance dosing regimens were insufficient in children on CVVHDF, and alternative 

antiseizure medications may be considered in children on CVVHDF while on ECMO. We 

strongly recommend TDM in children on RRT (excluding slow continuous ultrafiltration) 

while on ECMO. The impact of RRT on phenobarbital disposition needs to be better 

characterized in future studies.
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Figure 1. 
Final phenobarbital diagnostic plots: observed versus individual-predicted concentrations 

(A) or population-predicted concentrations (B), and conditional weighted residuals versus 

population-predicted concentrations (C), or time (D).
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Figure 2. 
Simulated phenobarbital peak (A) and trough concentrations at 7 days (B). Simulations of 

trough concentrations included a loading dose of 30 mg/kg. The gray box represents goal 

concentrations between 20 and 40 mg/dL.
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Figure 3. 
Simulated peak phenobarbital concentrations according to age (A) or the presence of RRT 

(C), and trough concentrations at 7 days according to age (B) or the presence of RRT (D). 

Estimated weights were: 3 kg for a 7-day-old neonate, 4 kg for a 2-month-old infant, and 5 

kg for a 4-month-old infant. Maintenance dose simulations included a loading dose of 30 

mg/kg in children without RRT and 40 mg/kg in children with RRT. The dotted lines 

represent goal concentrations between 20 and 40 mg/dL. RRT, renal replacement therapy.
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Table 1.

Demographics and clinical characteristics (N=35)

Variable N (%) or Median (range)

Male 21 (60%)

Postnatal age (days) 14 (1, 154)

Postmenstrual age (weeks) 40.4 (35.7, 55.9)

Weight (kg) 3.4 (1.6, 8.1)

Height (cm) 50.4 (31.5, 74.8)

Hospitalization unit

Neonatal ICU 13 (37.1%)

Cardiac ICU 22 (62.9%)

Presence of an extracardiac shunt 17 (48.6%)

Main indication for ECMO

Postoperative from cardiac surgery 19 (54.3%)

Cardiac failure unrelated to cardiac surgery 3 (8.6%)

Respiratory failure ± pulmonary hypertension 13 (37.1%)

ECMO mode

Veno-arterial 35 (100%)

ECMO duration (days) 8.1 (1.5, 39.8)

RRT

CVVHDF 5 (14.3%)

SCUF 8 (22.9%)

SCR value (mg/dL) (normal laboratory values: 0.1–0.4 mg/dL) 0.5 (0.2, 1.4)

BUN value (mg/dL) (normal laboratory values: 2–19 mg/dL) 23 (3, 43)

ALT
1
 value (U/L) (normal laboratory values: 7–50 U/L) 35 (20, 400)

Albumin
1
 value (g/dL) (normal laboratory values: 2.8–4.0 g/dL) 2.6 (1.7, 4)

Co-medication

Fosphenytoin 4 (11.4%)

Phenytoin 2 (5.7%)

Midazolam 20 (57.1%)

Pantoprazole 7 (20%)

Survive to discharge 24 (68.6%)

1
ALT and albumin values available for 34 children
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ALT: alanine aminotransferase, BUN: blood urea nitrogen, CVVHDF: continuous venovenous hemodiafiltration, ECMO: extracorporeal membrane 
oxygenation, ICU: intensive care unit, RRT: renal replacement therapy, SCR: serum creatinine, SCUF: slow continuous ultrafiltration
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Table 2.

Final model and bootstrap analysis1

Final Model Bootstrap Analysis
2

Point 
Estimate RSE (%) 95% CI CV 

(%) 2.5th percentile Median 97.5th 
percentile

CL (L/h) for a 3.4-kg neonate 0.038 11.9 0.03, 0.05 0.03 0.037 0.05

V (L/3.4 kg) 3.83 4.73 3.48, 4.18 3.50 3.83 4.21

TM50 on CL (days) 5.91 31.5 2.26, 9.56 1.84 5.96 12.30

RRT
3
 on CL 6.23 4.35 5.70, 6.76 4.71 7.97 17.60

Interindividual variability on 
CL 0.15 34.8 0.05, 0.25 38.9 0.04 0.14 0.24

Interindividual variability on 
V 0.07 24.3 0.04, 0.10 26.2 0.03 0.07 0.10

Residual variability
4 0.01 26.8 0.006, 0.02 10.9 0.005 0.01 0.02

1
Parameter estimates are for a 3.4–kg neonate

2
Bootstrap successful in 100% of runs

3
Excluding slow continuous ultrafiltration

4
Proportional error

CL (L/h)=0.038*(WT/3.4)0.75*(AGE/(5.91+AGE)) *6.23 (if on RRT)

V (L)=3.83*(WT/3.4)

ALB: albumin, CL: clearance, CV: coefficient of variation, RRT: renal replacement therapy, RSE: relative standard error, TM50: age at which 
clearance reaches 50% of adult values, V: volume of distribution
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Table 3.

Attainment of goal concentrations from simulations

Dose Target attainment (%) Concentrations
1
 (mg/L)

Goal: Peak concentration between 20–40 mg/L 2 hours post-dose

30 mg/kg 74.8% 26.7 ± 7.9

40 mg/kg 68.9% 35.7 ± 10.0

Goal: Trough concentration between 20–40 mg/L at 7 days

5 mg/kg/day 61.0% 23.6 ± 7.6

6 mg/kg/day 72.6% 26.4 ± 8.3

7 mg/kg/day 72.7% 29.9 ± 9.1

Goal: Trough concentration between 20–40 mg/L at 20 days

5 mg/kg/day 49.6 % 22.7 ± 9.4

6 mg/kg/day 59.0 % 26.4 ± 10.7

7 mg/kg/day 59.5 % 31.2 ± 12.8

On renal replacement therapy

Goal: Peak concentration between 20–40 mg/L 2 hours post-dose

30 mg/kg 72.0% 24.6 ± 6.5

40 mg/kg 76.1% 32.7 ± 9.0

Goal: Trough concentration between 20–40 mg/L at 7 days

45 mg/kg/day given as divided doses q12h 50.4% 27.6 ± 14.4

45 mg/kg/day given as divided doses q8h 52.3% 31.1 ± 15.4

40 mg/kg/day given as divided doses q6h 57.1% 28.2 ± 12.7

1
Mean value ± SD
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