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Introduction

Extracorporeal membrane oxygenation (ECMO) is a 
complex highly specialised treatment modality used in 
neonates and infants with reversible circulatory and/or 
respiratory failure. Rapidly changed drug disposition on 
ECMO leads to changes in drug serum concentrations 
(e.g. antibiotics, anticonvulsive drugs, analgosedatives) 
that alter the therapeutic efficacy;1,2 ECMO increases 
drug volume of distribution (Vd) due to priming vol-
ume, drug binding in the oxygenator and changes in 
albumin concentrations. ECMO is believed to change 
clearance (CL) of most drugs - lipophilic drugs in par-
ticular, due to sequestration in the ECMO circuits.3,4 
Moreover, other factors may play a role in drug specific-
ity – as reported for lipophilic drugs with a high hepatic 
CL(i.e. fentanyl). Higher lipophilicity of the drug (log P) 

results in increased Vd during ECMO.3,4 For other drugs 
or low hepatic and kidney CL drugs, the alteration of PK 
during ECMO is unknown (i.e. sufentanil, clonidine, 
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phenobarbital). However, in vitro data reported that 
mechanisms behind changed CL are not clear yet - it 
depends on drug lipophilicity, but also on the binding - 
site saturation.5-8

Phenobarbital, phenytoin and fos-phenytoin are 
anticonvulsive drugs used in neonates and infants 
undergoing ECMO to treat seizures (18-20%) and with-
drawal symptoms.8-10 There is insufficient data on the 
potential impact of ECMO on the PK of phenobarbital.11 
A number of publications reported serum concentra-
tions of phenobarbital after the loading dose (LD) to be 
decreased (24 hours) due to the large Vd, while concen-
trations measured during the maintenance dose (MD) 
regimen were still within the therapeutic range and the 
calculated t1/2 was similar to neonates receiving pheno-
barbital without ECMO.9,11,12 PK variability is high in 
this population, therefore, individual therapeutic drug 
monitoring (TDM) is essential as the basis for individu-
alized dosing in critically ill neonates and infants treated 
with different treatment modalities.13,14 Changes in Vd 
or CL may have as a consequence that the normalized 
dose (i.e. dose of drug per kg) is different in ECMO neo-
nates and children compared to non-ECMO patients.3

The aim of the study was to evaluate the PK of phe-
nobarbital in neonates and infants during ECMO and 
the potential effects of covariates on phenobarbital con-
centrations and, subsequently, dosing.

Materials and methods

Design and Setting Population

An observational pharmacokinetic study was conducted 
in neonates and infants admitted to the Neonatal 
Intensive Care Unit of the General University Hospital 
in Prague and concomitantly treated with intravenous 
phenobarbital and ECMO. Different ECMO devices 
were used: Bio-Medicus or Medtronic VA ECMO, 
Avalon or Origen VV ECMO coating cannulas, 
Levitronix® CentriMag® or Maquet Rotaflow centrifu-
gal-flow pumps and Maquet pediatric Quadrox iD, 
Eurosets Pedi/Newborn or Medos Newborn oxygen-
ators between October 2010 and January 2018.1,8 
Patients meeting the following criteria were included: 1) 
not receiving dialysis; 2) having at least two phenobarbi-
tal levels measured in the course of the ECMO period. 
Approval of the study was provided by the Ethics 
Committee of the Department of Ethics, General 
University Hospital in Prague under the RV-project 
64-165/2012. Since the study collected data retrospec-
tively and our study involved only analysis of routine 
clinical data and at admission to the hospital the patients’ 
parents signed an approved general informed consent 
(as a part of the standardized treatment protocol) 
wherein they state, inter alia, that anonymous data can 

be used for research, study specific informed consent 
was unnecessary. Exclusion criteria were severe congen-
ital abnormalities, intracranial hemorrhage and severe 
bleeding due to disseminated intravascular coagulopa-
thy (DIC).

Phenobarbital dosing

Phenobarbital (Phenobarbitalum Natricum), Desitin 
Arzneimitttel GmbH, Hamburg, Germany) was used 
as follows: an intravenous (iv) loading dose of pheno-
barbital was administered in 15 minutes; another LD 
could be given 15 minutes after the first LD if clinically 
indicated, until a maximum total LD of 40 mg/kg was 
reached.15-18

The maintenance dose of phenobarbital (MD) was 
administered in 15 minutes, divided in two to three 
doses every 8-12 h;19 repeated doses were given based 
on clinical and/or an elelctrocephalograph (EEG) 
response to achieve the therapeutic range of 10-40 mg/L 
in neonates and, based on clinical observations, in 
infants (in the case of withdrawal) using the Sophia 
Observation withdrawal Symptoms-scale (SOS)/or the 
Neonatal abstinence syndrome (NAS) scores.20,21

Data collection

Gender, age, length in neonates, (height in infants) and 
body weight, serum creatinine and phenobarbital serum 
concentrations (sampling times included), phenobarbi-
tal dosing and administration times were recorded in 
each patient. Serum creatinine levels were measured 
using the Jaffe photometric method without deprotein-
ization on a Modular analyzer (Roche Diagnostics, 
Basel, Switzerland), while phenobarbital serum concen-
trations, using sparse data collections (recorded times), 
were measured using a fluorescence polarization immu-
noassay on an AxSYM analyser (Abbott Laboratories, 
Abbott Park, IL, USA).

Pharmacokinetic analysis

Individual PK parameters – volume of distribution, 
clearance and elimination half-life (t1/2) were calcu-
lated in a one-compartmental PK model with first-
order elimination kinetics based on demographic and 
clinical data and measured phenobarbital serum levels 
using MWPharm++ software (MediWare, Prague, 
Czech Republic). The phenobarbital population PK 
model was individualized to maximize fitting of the 
simulated pharmacokinetic profile curve with observed 
concentration points in each patient. The fitting was 
performed using the Marquardt nonlinear least-square 
method.
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Optimal loading and maintenance dose 
calculation

Optimal loading doses were calculated for each patient 
based on individual values of Vd, using the following for-
mula: LD (mg/kg) = Vd (L/kg) × Cpeak (mg/L), where Cpeak 
is 30 mg/L as an optimal phenobarbital peak concentration.

Optimal daily maintenance doses were calculated for 
each patient based on individual values of CL, using the 
following formula: MD (mg/kg/day) = CL (L/h/kg) × Css 
(mg/L) × 24 (h), where Css is 25 mg/L as a midpoint of 
the target therapeutic range (10-40 mg/L).

Statistical analysis

Descriptive parameters means, standard deviations (SD), 
medians and interquartile range (IQR) were calculated 
using MS Excel 2010 (Microsoft Corporation, Redmond, 
WA, USA). The 95% confidence intervals (CI) for medi-
ans were calculated by the Bonett & Price method.22

An unpaired t-test was used to compare phenobarbi-
tal pharmacokinetic parameters (Vd and CL), normal-
ized per kg of body weight, in neonates and infants.

Linear regression models were used to evaluate the 
relationships of phenobarbital primary pharmacoki-
netic parameters (Vd, CL) and the patients’ demo-
graphic/clinical features (BW, height, serum creatinine, 
ECMO duration) using GraphPad Prism 3.02 (GraphPad 
Software, Inc., La Jolla, CA, USA).

Results

Sixteen patients treated with ECMO and, if needed, with 
phenobarbital (seizures, sedation and withdrawal  

syndrome) were enrolled in the PK study. Seven of them 
were neonates (4 males, 3 females), while nine were 
infants (3 males, 6 females). Demographics and clinical 
characteristics of the patients are summarized in Table 
1. In total, 75% of the patients received a phenobarbital 
loading dose which ranged from 6 to 27 mg/kg. The 
daily maintenance doses ranged between 2 and 23 mg/
kg/day. There were no differences in the weight-nor-
malized MD administered to neonates and to infants 
(2-23 and 2-22 mg/kg/day, respectively). In 87.5% of the 
patients the MD were adjusted based on TDM in the 
course of therapy.

In total, 86 phenobarbital serum levels were obtained 
as sparse sampling collections while the times of sam-
pling were precisely documented, with an average num-
ber of samples of 5.4 (2-13 concentration points per 
patient). The proportion of patients with measured phe-
nobarbital serum concentrations, after LD and during 
MD, in/under/above the therapeutic range is summa-
rized in Table 2 (A). Pharmacokinetic analysis is sum-
marized in Table 3. Phenobarbital PK parameters 
normalized per kg of body weight in neonates and infants 
were not significantly different. We observed high inter-
individual variability of PK parameters normalized per 
kg of body weight, demonstrated, by a coefficient of var-
iation of 52% and 53% for CL and Vd, respectively.

Linear regression models showed that both Vd (L) 
and CL (mL/h) are significantly related with body 
weight and height in infants and length in the whole 
study group, respectively (Figure 1). In contrast, no sig-
nificant relationships were observed in neonates in 
weight-normalized PK parameters between CL (mL/h) 
and serum creatinine levels.

Median optimal phenobarbital LD and MD, simu-
lated based on observed PK data, were 15 (95% CI: 9.9-
19.8) mg/kg and 4 (95% CI: 3.5-5.4) mg/kg/day, 
respectively. Subsequently, we simulated the adminis-
tration of this recommended dosing on the model with 
each individual’s PK data. The proportion of patients 
with simulated phenobarbital serum concentration after 
LD of 15 mg/kg and during MD of 4 mg/kg/day is sum-
marized in Table 2 (B).

Discussion

Our study demonstrated that body size was the main 
covariate of phenobarbital PK in neonates and infants 
undergoing ECMO and that therapeutic drug monitor-
ing optimized the treatment with phenobarbital to 
achieve therapeutic ranges. We used the recommended 
target therapeutic range of phenobarbital (10-40 mg/L) 
in this study, however, the target therapeutic range is 
still not clearly established as the initial studies reported 
an optimal therapeutic range of phenobarbital between 
15 to 30 mg/L23 while population PK studies recom-
mend phenobarbital serum concentration <50 mg/L.14

Table 1.  Study population.

Neonates (n=7) Median IQR

Body weight (kg) 3.5 3.0–3.9
Height (cm) 49 48–51
Screat (μmol/L) 58 41–89
ECMO duration (days) 6 6–10

Infants (n=9) Median IQR

Body weight (kg) 8.0 6.1–13.0
Height (cm) 77 64–90
Screat (μmol/L) 28 23–34
ECMO duration (days) 16 10–19

All patients (n=16) Median IQR

Body weight (kg) 5.2 3.5–8.0
Height (cm) 60 50–77
Screat (μmol/L) 33 25–54
ECMO duration (days) 11 6–16

Screat: serum creatinine; ECMO: extracorporeal membrane 
oxygenation.
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We found similar high inter-individual PK variability 
for Vd and CL and no statistical differences in Vd or CL 
between neonates and infants. Vd was not as large as 
reported, while CL was found similar.12 We speculate 
that phenobarbital lipophilic/hydrophilic characteris-
tics (log p=1.47), in particular, may play a role in the 
phenobarbital disposition under ECMO, potentially 
leading to different distribution in comparison with 
ECMO-induced changes in drug distribution for typical 
lipophilic drugs, such as analgosedatives (the mean 
drug loss at 24 hours reported for morphine 51%, mida-
zolam 40%, fentanyl 84%, sufentanil 83%).8 Recently, 
Raffaeli and co-authors performed an in vitro analysis of 
drugs, as reported, using the same system (hollow-fibre 
ECMO system), but no data on phenobarbital were 
reported.8 A higher LD for some lipophilic drugs may 
be used to achieve the target therapeutic range due to 
drug loss in different ECMO circuits. According to our 
knowledge, phenobarbital drug loss due to ECMO cir-
cuit absorption in a centrifugal pump circuit was less 

than predicted as only 12.5% phenobarbital serum con-
centrations were lower than the target range, as Vd was 
lower and CL was found almost similar to the reported 
data.11,24

In routine clinical practice, phenobarbital dosing is 
commonly based on body weight. In accordance, we 
observed strong relationships between Vd (L) and body 
weight and between CL (mL/h) and body weight (Figure 
1). Based on these relationships, we propose a dosing nom-
ogram for both loading and daily maintenance doses 
(Figure 2).

In agreement with previously published studies, we 
also observed a relatively higher proportion of patients 
(37.5%) with subtherapeutic levels after the start of phe-
nobarbital treatment.12,25

We had to use relatively higher MD (to 23 mg/kg/
day) based on clinical response to maintain phenobarbi-
tal levels in the therapeutic range. However, it corre-
sponds with higher observed CL values in our study.

The absence of differences between weight-normal-
ized PK parameters in neonates and infants indicate that 
maturation status contributes to the total phenobarbital 
distribution and elimination to a negligible part, while 
body size takes a major part. This is also supported by 
the absent dependence of the PK parameters on body 
size in neonates, since there were relatively small inter-
individual differences in body size (2.6-4.3 kg) in this 
group. However, among the infants, with a substantial 
body weight range (5.2-22.0 kg), there was a strong pos-
itive relationship between total phenobarbital distribu-
tion and elimination and body size.

As a limitation of our study no control group (non-
ECMO) was available. Nevertheless, we compared 
(Mann-Whitney test) the phenobarbital PK parameters 
observed in ECMO patients with our previous results 
in 36 critically ill neonates treated with phenobarbital, 
but not treated with ECMO.26 Median (IQR) phenobar-
bital CL and Vd in non-ECMO patients were 4.5 (3.4-
5.5) mL/h/kg and 0.49 (0.38-0.59) L/kg, respectively. 
The respective values for ECMO patients were 6.8 (5.4-
9.8) mL/h/kg and 0.46 (0.34-0.75). Phenobarbital Vd 
was not significantly different (p=0.7064), while CL 
was significantly higher in ECMO patients compared to 
non-ECMO neonates (p=0.0001). Considering the 

Table 2.  (A) Proportion of patients, N (%), with measured phenobarbital serum concentrations after the administered loading 
(LD) and maintenance doses (MD) in (10-40 mg/L), under (<10 mg/L) and above (>40 mg/L) the therapeutic range. (B) Proportion 
of patients, N (%), with simulated phenobarbital serum concentrations after simulated administration of optimal LD (15 mg/kg) and 
MD (4 mg/kg/day) in (10-40 mg/L), under (<10 mg/L) and above (>40 mg/L) the therapeutic range.

Phenobarbital serum concentration 10-40 mg/L <10 mg/L >40 mg/L

(A) Measured LD (6-27 mg/kg) 8 (50.0) 6 (37.5) 2 (12.5)
MD (2-23 mg/kg/day) 10 (62.5) 0 (0.0) 6 (37.5)

(B) Simulated LD (15 mg/kg) 11 (68.7) 0 (0.0) 5 (31.2)
MD (4 mg/kg/day) 14 (87.5) 0 (0.0) 2 (12.5)

Table 3.  Pharmacokinetic data.

Neonates (n=7) Mean SD Median IQR

Vd (L) 1.60 0.98 1.20 0.99–2.31
Vd (L/kg) 0.46 0.24 0.46 0.32–0.64
CL (mL/h) 26.4 12.9 20.0 17.4–33.0
CL (mL/h/kg) 8.0 4.5 6.5 5.2–9.3
t1/2 (h) 46.1 27.7 48.0 30.7–51.7

Infants (n=9) Mean SD Median IQR

Vd (L) 5.53 3.54 4.10 3.20–7.94
Vd (L/kg) 0.56 0.23 0.58 0.40–0.80
CL (mL/h) 80.9 45.2 68.4 48.0–108.5
CL (mL/h/kg) 8.5 3.1 8.1 6.0–9.8
t1/2 (h) 47.5 18.0 44.4 31.6–66.5

All patients (n=16) Mean SD Median IQR

Vd (L) 3.81 3.33 3.01 1,20–4,36
Vd (L/kg) 0.49 0.26 0.46 0.34–0.75
CL (mL/h) 57.0 44.0 44.9 22.4–71.3
CL (mL/h/kg) 7.8 4.1 6.8 5.4–9.8
t1/2 (h) 46.9 21.9 46.2 31.5–57.5

Vd: volume of distribution; CL: clearance; t1/2: elimination half-life.
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same methodology in our previous study, we believe 
that this comparison is relevant.

Other limitations of our study are a relatively low 
number of patients, since it deals with a very specific 
cohort. However, our data are useful due to the lack of 

previously published data regarding phenobarbital PK 
in ECMO patients. Our study was based on objective PK 
data derived from the hospital medical records system. 
Therefore, the retrospective nature should not affect the 
validity of the results.

Figure 1.  Relationships between phenobarbital pharmacokinetic parameters (volume of distribution – Vd and clearance – CL) and 
body weight in neonates and infants during ECMO.

Figure 2.  Nomogram for the calculation of phenobarbital loading dose (LD) and maintenance dose (MD) to reach a peak 
concentration (Cpeak) of 30 mg/L and steady-state concentration (Css) of 25 mg/L based on body weight (BW) in neonates and 
infants during ECMO.
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Conclusions

Body size was found to be a strong PK covariate of phe-
nobarbital disposition and, therefore, we propose dos-
ing nomograms for both loading and daily maintenance 
doses of phenobarbital.
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