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Abstract
Background Pentobarbital pharmacokinetics (PK) remain elusive and the therapeutic windows narrow. Administration is 
frequent in critically ill children with refractory status epilepticus (SE) and severe traumatic brain injury (sTBI).
Objectives To investigate pentobarbital PK in SE and sTBI patients admitted to the paediatric intensive care unit (PICU) 
with population-based PK (PopPK) modelling and dosing simulations.
Methods Develop a PopPK model with non-linear mixed-effects modelling  (NONMEM®) with retrospective data (n = 
36; median age 1.3 years; median weight 10 kg; 178 blood samples) treated with continuous intravenous pentobarbital. An 
independent dataset was used for external validation (n = 9). Dosing simulations with the validated model evaluated dosing 
regimens.
Results A one-compartment PK model with allometrically scaled weight on clearance (CL; 0.75) and volume of distribution 
(Vd; 1) captured data well. Typical CL and Vd values were 3.59 L/70 kg/h and 142 L/70 kg, respectively. Elevated creatinine 
and C-reactive protein (CRP) levels significantly correlated to decreased CL, explaining 84% of inter-patient variability, 
and were incorporated in the final model. External validation using stratified visual predictive checks showed good results. 
Simulations demonstrated patients with elevated serum creatinine and CRP failed to achieve steady state yet progressed to 
toxic levels with current dosing regimens.
Conclusions The one-compartment PK model of intravenous pentobarbital described data well whereby serum creatinine 
and CRP significantly correlated with pentobarbital CL. Dosing simulations formulated adjusted dosing advice in patients 
with elevated creatinine and/or CRP. Prospective PK studies with pharmacodynamic endpoints, are imperative to optimise 
pentobarbital dosing in terms of safety and clinical efficacy in critically ill children.
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1 Introduction

Pentobarbital is an oxybarbiturate analogue of barbituric 
acid and a potent central nervous system (CNS) depressant 
mediating its action via γ-aminobutyric acid-sensitive chlo-
ride channels [1–3]. This short-acting barbiturate has a half-
life ranging from 5 to 50 h [3, 4]. Similar to all barbiturates, 
pentobarbital is metabolised by the hepatic microsomal 
enzyme system to inactive metabolites [2, 3]. Elimination 
is by urinary excretion and less commonly in faeces [2, 3]. 
Intravenously administered pentobarbital quickly distributes 
into the CNS due to its relatively high lipophilicity (log P 
2.16), allowing rapid onset of action [3, 5]. After prolonged 
infusions, pentobarbital may accumulate in adipose tissue 
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Key Points 

Pentobarbital demonstrates high PK variability, which is 
challenging in the clinical context given its narrow thera-
peutic window, which serves mainly to prevent toxicity 
than it does to achieve efficacy.

The population-based pentobarbital PK model demon-
strated that creatinine and C-reactive protein significantly 
influence pentobarbital clearance in critically ill children 
with SE and sTBI and could explain the majority of the 
variability. The significance of creatinine as a marker 
of renal function or overall severity of illness requires 
further prospective investigation.

Dosing simulations with the population-based pentobar-
bital PK model suggest weight-based dosing in children 
with SE and sTBI should be lower in children with 
elevated serum creatinine and C-reactive protein values 
given their failure to achieve steady-state and progress to 
toxic levels instead.

due its lipophilicity, resulting in decreased drug elimination 
and protracted sedative effects [3, 5].

Pentobarbital has traditionally been used as a sedative-
hypnotic and anticonvulsant agent as well as premedication 
in anaesthetic procedures [1]. Pentobarbital exhibits a dose-
dependent effect producing all sedation levels, from drowsi-
ness to deep coma [2, 3]. High-dose pentobarbital adminis-
tration induces cardiorespiratory depressive effects. As such, 
pentobarbital intoxication is associated with severe morbidity 
and mortality [3].

Pentobarbital prescription has been restricted to specific 
therapeutic applications given its narrow therapeutic window 
and toxicity profile [1, 3]. In intensive care settings, pentobar-
bital remains a therapeutic option for the emergency control 
of refractory seizures in status epilepticus (SE) and refractory 
intracranial hypertension after severe traumatic brain injury 
(sTBI) [2, 3, 5–11]. The therapeutic endpoint of pentobarbital 
can vary depending on the underlying disease and its course. 
For example, the goal in refractory SE is burst suppression 
on electroencephalogram (EEG), whereas in sTBI improved 
intracranial pressure control (ICP) does not necessarily equate 
to burst suppression on EEG. High-dose pentobarbital can 
cause loss of brainstem reflexes and an isoelectric EEG pat-
tern in combination with reduction in cerebral metabolic rate 
[3, 12]. The latter reduces oxygen demand and cerebral blood 
flow resulting in ICP decrease, albeit the exact mechanisms of 
ICP-reduction are unknown [3, 13].

Limited paediatric pharmacokinetic (PK) data are availa-
ble to guide pentobarbital dosing in paediatric SE and sTBI. 
The clinical application of pentobarbital in this population is 

debatable, given safety issues including systemic hypoten-
sion, feeding intolerance and propylene glycol toxicity that 
may counterbalance its clinical benefit, or even lead to mul-
tiorgan failure and death [6, 14]. For SE, recommendations 
for inducing and maintaining adequate plasma pentobarbital 
levels have been published; however, these are based solely 
on adult data [6]. In paediatric sTBI, evidence for refractory 
ICP treatment with pentobarbital is limited, low-level and 
dated [15, 16].

Children pose unique pharmacological challenges 
because of significant physiological differences due to rapid 
growth and developmental changes in comparison to adults 
[17]. In addition, SE and sTBI paediatric patients are criti-
cally ill and have significant PK alterations secondary to ill-
ness-related issues, of which inflammation is an increasingly 
recognised factor [2, 18, 19]. These dynamic developmental 
and illness-related changes could significantly impact pento-
barbital PK. Understanding pentobarbital PK is essential for 
rational drug dosing in this particularly vulnerable patient 
group. The aim of this study was to describe pentobarbi-
tal PK in critically ill children with SE and sTBI, and to 
explore how to optimise individual pentobarbital dosing in 
this population by means of dosing simulations.

2  Methods

2.1  Study Design and Population

This is a single-centre, retrospective study (January 
2007–September 2021) at a 28-bed university-based pae-
diatric intensive care unit (PICU) of the Erasmus MC, 
Sophia Children’s Hospital in Rotterdam, The Netherlands. 
Patients admitted were aged < 18 years. Inclusion criteria: 
refractory SE or sTBI defined by a Glasgow Coma Scale 
(GCS) of ≤ 8 with refractory intracranial hypertension 
requiring pentobarbital infusion. Per-protocol pentobar-
bital dosing at our centre is: (1) for SE patients: a 5-mg/
kg loading dose of pentobarbital followed by a 3-mg/kg/h 
continuous infusion; (2) for TBI patients: a 1-mg/kg load-
ing dose of pentobarbital followed by a 2-mg/kg/h con-
tinuous infusion. Exclusion criteria: pentobarbital infu-
sion for another diagnosis, incomplete documentation of 
pentobarbital administration or no documented pento-
barbital concentrations in blood serum. Pharmacokinetic 
model external validation was performed on an independ-
ent patient dataset (n = 9) treated with pentobarbital from 
October 2019 to February 2023 in our hospital. These chil-
dren were selected with the same inclusion criteria and 
not included in the initial model building dataset. Study 
approval was granted by the institutional review board 
(IRB) with waiver of signed consent (MEC-2019-0072).
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2.2  Data Collection

Demographic and clinical data were derived from hos-
pital electronic medical records. Patients who received 
pentobarbital were identified from the pharmacy data-
base. Demographic data included diagnosis, gender, age, 
weight, height and PICU length of stay. Missing values 
for height were resolved using the P50 value for gender-
based height-for-age validated growth curves. Laboratory 
data consisted of documented renal function (serum cre-
atinine and urea), liver assays (albumin, bilirubin, aspar-
tate transaminase (ASAT), alanine transaminase (ALAT), 
gamma-glutamyl-transferase (γ-GT), alkaline phosphatase 
(ALP) C-reactive protein (CRP) and blood serum pento-
barbital concentrations. Renal function was also evaluated 
by calculating glomerular filtration rate (GFR) using the 
Schwartz formula: eGFR = k × L/Scr, whereby eGFR is the 
estimated GFR in mL/min/1.73  m2, L is height in centime-
tres, Scr is serum creatinine in milligrams per decilitre and 
k is an empirical constant that is determined by compar-
ing the L/Scr ratio against measured GFR [20]. A value of 
0.365 is used as the k constant in our clinical chemistry 
department and therefore used for our calculations. Kid-
ney Disease Improving Global Outcomes (KDIGO) cri-
teria (a staging system for renal disease that incorporates 
creatinine change and diuresis over time; Supplementary 
Information, Table 1) [21]. Data collected on pentobarbital 
administration included number and amount of pentobar-
bital boluses as well as amount and duration of pentobar-
bital infusion.

2.3  Laboratory Analysis

Pentobarbital was analysed in 100 µL plasma. Ultraviolet 
detection was performed at 220 nm. Pentobarbital was meas-
ured using a high-performance liquid chromatography with 
diode-array detection (HPLC-DAD) method, which was 
validated according to Food and Drug Administration (FDA) 
and European Medicines Agency (EMA) guidelines. The 
lower limit of quantification (LLOQ) was 0.5 mg/L and the 
upper limit of quantification (ULOQ) was 90 mg/L. Internal 
standard was secobarbital. All validation parameters were 
within the requirements (amongst all of e.g., precision/accu-
racy < 15%).

Per local protocol, pentobarbital samples of SE patients 
are collected 1, 6 and 24 h after initiation of pentobarbital 
continuous infusion and then once daily. In sTBI patients, 
pentobarbital samples are collected once daily due to lower 
dosing practice. In daily practice, the actual frequency of 
sampling tends to vary.

2.4  Population PK Modelling

Pharmacokinetic analysis was performed by non-linear 
mixed-effects modelling using  NONMEM® Version 7.2.0 
(ICON Development Solutions, Ellicott City, MD, USA) 
and  PsN® Version 4.6.0.  Pirana® software (version 2.9.5) 
was used as an interface between  NONMEM®, R (version 
4.2.1) and Xpose (version 4). Data were analysed using the 
first-order conditional estimation method with interaction 
(FOCE-I).

2.4.1  Base Model Development

One- and two-compartment models were tested to fit the 
pentobarbital plasma concentration data based on visual 
data inspection, objective function value (OFV) and lit-
erature review. Typical values for clearance (CL), volume 
of distribution (Vd) and inter-compartmental clearance (Q) 
were estimated. Inter-individual variability (IIV) for each 
PK parameter was evaluated using an exponential model 
and residual variability was described as an additive and 
proportional error. Pharmacokinetic parameters were allo-
metrically scaled with fixed exponents (0.75 for CL and 1 for 
Vd) to account for variability due to bodyweight differences 
in a paediatric population [22]. Exponents for allometric 
scaling were also further estimated during covariate analy-
sis. Shrinkage was calculated for all model parameters with 
estimated IIV and residual error. A shrinkage below 25% 
was considered acceptable [23]. Model selection was based 
on minimum OFVs, parameter precision, error estimates, 
shrinkages and visual inspection of the goodness-of-fit plots.

2.4.2  Covariate Model Development

Demographic and laboratory characteristics were evaluated 
as potential model covariates after base model selection. 
Covariates tested: diagnosis, age, gender, urea, creatinine, 
eGFR, albumin, bilirubin, ASAT, ALAT, γ-GT, ALP, CRP 
and KDIGO criteria [21]. The relationship between covari-
ates and ETA distribution was first examined graphically, 
albeit all covariates were singly added to the model. Contin-
uous covariates were described using an exponential model 
normalised to population median values or cut-off values 
when used. Categorical covariates were described using a 
proportional model [24]. The forward inclusion-backward 
elimination method was used [25]. Covariates that signifi-
cantly improved the model with an OFV decrease ≥ 3.84 
(p < 0.05 with 1 degree of freedom) were added to the full 
model. A backward elimination process was performed with 
a statistical significance of p < 0.001 (ΔOFV ≥ 10.83). 
Covariate effect on IIV of the PK parameter involved was 
also evaluated to assess covariate significance.



1014 N. Ketharanathan et al.

2.4.3  Model Validation

First, a bootstrap analysis was performed whereby 1000 
bootstrap datasets were generated by randomly sampling 
from the original dataset with replacement [26]. The model 
was evaluated for its robustness and validity by compar-
ing median values and their corresponding 95% confidence 
intervals (CI) of the bootstrap samples with the estimates 
from the original dataset. Second, the model was evaluated 
using the visual predictive check (VPC) by simulating 1000 
datasets [27]. Furthermore, a normalised prediction distri-
bution errors (NPDE) analysis was performed using 1000 
simulations. Finally, an independent dataset comprising 9 
children treated with pentobarbital for SE or sTBI was used 
for external validation using a VPC. The VPCs for inter-
nal and external validation were stratified for final model 
covariates.

2.5  Dosing Simulations

Simulations were performed based on covariate value vari-
ations included in the final PK model and stratified by body 
weight. The goal of the simulations was to reach and main-
tain a pentobarbital concentration of 25 mg/L, which reflects 
a pentobarbital concentration within the known safety mar-
gin. Simulations compared 2 different loading dose strate-
gies and adapted continuous infusions rates accordingly in 
0.5 m/kg/h steps. The time interval between loading doses 
(5 mg/kg) was 5 min and repeated a maximum of 6 times 
(within a 30-min time span). The rationale of allowing 5-min 
intervals between loading doses is to allow for observation of 
the haemodynamic impact of a loading dose before repeating 
in clinical practice. It must be emphasised that the efficacy 
of pentobarbital loading doses and continuous infusion rate 
in terms of alterations in EEG patterns or ICP control was 
not investigated in these dosing simulations. However, load-
ing doses were incorporated in the simulations as these are 
common practice for the aforementioned reasons.

3  Results

3.1  Patient Characteristics

Forty-eight patients received intravenous pentobarbital for 
SE or sTBI at our PICU between January 2007 and February 
2023. Two patients were excluded from PK analysis: one 
patient had an unrealistic documented pentobarbital dose 
compared to normal dosing reference and two patients had 
pentobarbital infusion whilst receiving extracorporeal mem-
brane oxygenation (ECMO). No patient had hypothermia 
(targeted temperature management < 35 degrees Celsius) 
during pentobarbital infusion. Of the 45 included patients, 

36 patients were used for the base model development group 
of which 22 and 14 received pentobarbital for SE and sTBI, 
respectively. The external validation group consisted of 9 
patients: SE (n = 3) and sTBI (n = 6). Patient characteristics 
for each model group were evaluated (Table 1).

A total of 178 blood samples were used for the popula-
tion PK model, and 60 blood samples for external valida-
tion. Seven of these samples were beyond the quantification 
limits (3 < LLOQ and 4 > ULOQ, respectively) but not 
excluded as this constituted 3% of all samples. Pentobar-
bital concentrations excluded from PK analysis were from 
patients receiving concurrent haemodialysis or, if it was 
unclear, which barbiturate was administered at the time of a 
documented pentobarbital concentration (e.g., pentobarbi-
tal vs phenobarbital). The median measured pentobarbital 
concentration was 27.5 mg/L (range 0.1–106 mg/L) in the 
model building group and 33.5 mg/L (range 2–79 mg/L) in 
the model validation group. Status epilepticus median infu-
sion dose was 3 mg/kg/h (range 0.5–10 mg/kg/h) and the 
sTBI median infusion dose was 2 mg/kg/h (range 0.05–5 
mg/kg/h). Six patients from the external validation group 
had sTBI, reflecting similarities in loading and infusion dose 
with the sTBI cohort of our PK model. Regarding adverse 
events, 3 patients (1 in base model group and 2 in exter-
nal validation group; all sTBI patients) required continuous 
veno-venous hemofiltration (CVVH) due to high pentobarbi-
tal levels (> 40 mg/L) in combination with refractory shock.

3.2  Base Model

Data were equally well-described by a one- or two-compart-
ment model. For the simplicity of modelling, a one-com-
partment model was chosen for further model refinement. 
Including an IIV resulted in a model improvement for CL 
only. We described the residual error with a combined error 
model first. The residual error was described as an additive 
error, as the proportional error was estimated close to zero. 
In total, 7 samples (3%) were beyond quantification limits (3 
< LLOQ and 4 > ULOQ), for which extrapolated concen-
trations were used. Allometric scaling with fixed exponents 
(0.75 for CL and 1 for Vd) significantly improved the model 
(p < 0.001) compared to no allometric scaling. Parameter 
estimates of the base and final model with their respective 
standard errors are presented in Table 2.

3.3  Covariate Analysis

The base one-compartment model with allometric scaling 
was used as a reference for covariate analysis. Estimation 
of the exponent for allometric scaling of bodyweight was 
taken into account as covariate. After visual inspection 
of the covariates with the PK parameters, the univariate 
analysis resulted in the following significant covariates: 
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diagnosis, age, creatinine, γ-GT, CRP, KDIGO criteria and 
body weight as presented in Table 3. As for eGFR, it must 
be noted 67% of height measurements were missing and 

were estimated based on the P50-value for age. For body 
weight, no significantly different exponent was estimated, 
the CI included the fixed value of 0.75. Regarding CRP, 

Table 1  Patient characteristics 
for the model building and the 
model validation group

ALAT alanine aminotransferase, ALP alkaline phosphatase, ASAT aspartate aminotransferase, CRP C-reac-
tive protein, eGFR estimated glomerular filtration rate, γ-GT gamma-glutamyl transferase, PICU paediatric 
intensive care unit
*Values presented as median and interquartile range for continuous variables
a The model validation group consisted of 6 severe traumatic brain injury patients and 3 status epilepticus 
patients

Model building group Model validation  groupa

SE (n = 22) sTBI (n = 14) (n = 9)

Age (y)* 0.31 [0.05–3.73] 12 [0.3–16] 14 [1.9–16]
Gender, n (%)
 Male
 Female

14 (64%)
8 (36%)

7 (50%)
7 (50%)

6 (67%)
3 (33%)

Weight (kg) * 6.3 [3–19] 40 [5–87] 60 [11–72]
Pentobarbital*
 Loading dose (mg/kg)
 Min Infusion (mg/kg/h)
 Max Infusion (mg/kg/h)

15 [0–40]
2 [0.5–3]
5 [2–10]

1 [0–20]
0.55 [0.05–3]
3 [2–5]

1 [0.5–5]
1 [0.4–2]
2 [2–4.8]

 Duration of infusion (days)
PICU length of stay (days)*
Mortality, n (%)

4 [1.5–11]
12.5 [0–33]
7 (32%)

4 [1–15]
17.5 [8–44]
2 (14%)

2 [1.7–4.8]
9 [5.5–12.5]
6 (67%)

Laboratory measurements*
 Urea (mmol/L)
 Creatinine (μmol/L)
 eGFR (mL/min/1.73m2)
 CRP (mg/L)
 Albumin (g/L)
 ASAT (U/L)
 ALAT (U/L)
γ-GT (U/L)
 ALP (U/L)
 Bilirubin (μmol/L)

2.9 [0.9–15.2]
23 [13–94]
95 [30–199]
32.5 [10.8–77.3]
25 [19–37]
70 [20–382]
23 [2.5–738]
43 [6–430]
171 [103–290]
3 [0.5–49]

3.1 [0.4–9.9]
49 [12–109]
96 [33–195]
131.5 [39.5–312.8]
27 [13–38]
38 [17–245]
28 [12–90]
22 [5–271]
170 [61–297]
7 [0.5–37]

4.6 [3–10]
71 [37–141]
79 [55–105]
193 [75–295]
23 [21–25]
82 [54–111]
34 [24–51]
16 [14–26]
123 [84–171]
12 [1–25]

Table 2  Parameter estimates for 
the base model, final model and 
bootstrap analysis

The relative standard error (expressed as percentages) is depicted in round brackets, and the shrinkage 
(expressed as percentages) is depicted in square brackets
CI confidence interval, CL clearance, IIV inter-individual variability, OFV objective function value, Vd vol-
ume of distribution
*If CRP>70 mg/L

Parameter Base model Final model Bootstrap of the final model

Median 95% CI

OFV 1039.1 930.1
CL (L/h/70 kg) 2.78 (19) 3.59 (11) 3.69 2.80 to 4.74
Vd (L/70 kg) 151 (6) 142 (6) 143 120 to 158
Creatinine effect on CL − 0.919 (21) − 0.909 − 1.192 to − 0.242
C-reactive protein effect on CL* − 0.883 (14) − 0.923 − 1.25 to −0.613
IIV (%)
 CL 88.1 (18) [14] 34.8 (24) [23] 32.1 15.8 to 49.6

Residual variability (%)
 Additional (mg/L) 8.93 (10) [8] 7.22 (10) [6] 7.11 5.72 to 8.54
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relative lower pentobarbital CL was seen in the higher 
range of CRP. To describe this effect, several cut-off val-
ues were evaluated, of which a cut-off value of > 70 mg/L 
resulted in the best correlation and highest decrease in 
OFV. Creatinine and CRP significantly correlated with CL 
(p < 0.001) after backward elimination and hence incor-
porated in the final model. The covariance step was per-
formed successfully. Using this covariate model, no trends 
in covariates were found. Inter-individual variability on 
CL decreased by 84% in the final model with incorporation 
of creatinine and CRP when compared to the base model. 
The following equation described the final model for esti-
mation of pentobarbital CL (L/h), whereby the effect of 
CRP was only included for patients with increased CRP 
> 70 mg/L:

If CRP ≤ 70 mg/L:

If CRP > 70 mg/L:

CL(L∕h) = 3.59 ×

(

Weight

70

)0.75

×
(

Creatinine

36

)−0.919

Goodness-of-fit plots of the final model showed good 
model performance (Supplementary information, Fig. 1), 
whereby population and individual predictions were evenly 
distributed around the unity line when plotted against the 
observations. Trends in interpatient variability of pentobar-
bital clearance, as seen in the base model, were no longer 
present after incorporation of the covariates (Supplementary 
information, Fig. 2). The control stream of the final model is 
added in the Supplementary information, Fig. 3.

3.4  Model Validation

Bootstrap results showed that the model-based parameter 
estimates were similar to median values and within the 95% 
CIs of the bootstrap analysis, indicative of final model stabil-
ity (Table 2). The VPCs (Fig. 1) and NPDE (Supplementary 
Information, Fig. 4) demonstrate that observed pentobarbital 
concentrations (median and variability) fall within the cor-
responding simulations when stratified by diagnosis with 
creatinine or CRP, respectively. Some small deviations in 
variability were seen, which can be explained by the sample 
size. External validation using stratified VPCs showed good 
results (Supplementary information, Fig. 5).

3.5  Dosing Simulations

Different dosing regimens were simulated using the final 
pentobarbital PK model developed in this study for a 6 kg 
SE patient and a 40 kg sTBI patient as these were the median 
weight per diagnosis for our study cohort. Initial creatinine 
and CRP values for these simulations were kept at a value 
of 26 µmol/L and ≤ 70 mg/L, respectively.

First of all, dosing simulations of continuous pentobar-
bital infusion (without a loading dose) led to the differing 
pentobarbital dosing advice based on body weight (Fig. 2). 
Clearance was lower in patients with a higher body weight. 
Therefore, lower pentobarbital continuous infusion doses 
were required to achieve concentrations around 25 mg/L. 
At the same time, steady state took longer to reach in higher 
weight categories. Overall, it took at least 48 h to reach 
steady state in all patients. This could be shortened using 
loading doses.

The effect of loading doses on achieving pentobarbital 
steady state for each diagnosis and its respective median 
weight is visualised in Fig. 3 and Supplementary informa-
tion Figure 6, which includes 90 percentile ranges. A single 
loading dose (5 mg/kg) did not contribute substantially to 

CL(L∕h) =3.59 ×

(

Weight

70

)0.75

×
(

Creatinine

36

)−0.919

×
(

CRP

70

)−0.883

Table 3  Covariate effects in the univariate analysis compared with 
the base model and which covariates where incorporated in the final 
model after backward elimination

ALAT alanine aminotransferase, ALP alkaline phosphatase, ASAT 
aspartate aminotransferase, CRP C-reactive protein, eGFR estimated 
glomerular filtration rate, γ-GT gamma-glutamyltransferase, KDIGO 
kidney disease improving global outcomes, OFV objective function 
values

Covariate ΔOFV Covariate effect Included after 
backward elimi-
nation

Age (y) 7.8 − 0.242 No
Gender 1.574 1.53 No
Diagnosis 12.8 3.3 No
Urea 5.235 − 0.254 No
Creatinine 75.4 − 1.47 Yes
CRP 66.4 − 1.12 Yes
eGFR 51.377 1.39 No
Albumin 0.953 0.736 No
ASAT 0.633 − 0.102 No
ALAT 0.106 − 0.0376 No
γ-GT 14.5 0.441 No
ALP 1.692 − 0.423 No
Bilirubin 6.628 − 0.488 No
KDIGO criteria:  15 No
 Stage 1 0.419
 Stage 2 0.489
 Stage 3 0.063
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Fig. 1  Visual predictive check (VPC) of the final model. The VPC’s 
illustrate how the average trend (solid red line) and variability (two 
dashed red lines) of the pentobarbital observed concentrations fall 
within the model-based simulations average trend (red semi-trans-

parent area) variability (blue semi-transparent areas) represented as a 
95% confidence interval (CI). A VPC of the final model per diagnosis 
for creatinine B VPC of the final model per diagnosis for C-reactive 
protein
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achieving steady state. Repeated loading doses with a mini-
mum time interval of 5 min facilitated a more rapid achieve-
ment of steady state. The median weight difference between 
the SE and sTBI patient categories resulted in a different 
continuous pentobarbital infusion dose between diagnosis 
groups. This was to ensure the desired steady state concen-
tration (25 mg/L) was not exceeded in the higher weight 
group (sTBI). For practical purposes at the bedside, the infu-
sion rates during simulations were rounded off to values of 
0.5 mg/kg/h and as such the target concentrations ultimately 
reached 27 mg/L instead of the targeted 25 mg/L. The effect 
of body weight, creatinine and CRP on pentobarbital con-
centration is depicted in Fig. 4. In this simulation a pento-
barbital maintenance infusion of 3 mg/kg/h without loading 
dose was used to evaluate the effect on reaching a pentobar-
bital steady state concentration of 25 mg/L. The effect of 
elevated creatinine (range 15–180 µmol/L) and CRP (range 
≤ 70 to 400 mg/L) on pentobarbital concentrations is more 

pronounced than weight-based dosing: instead of reaching a 
steady state, pentobarbital concentrations progress to toxic 
levels (Fig. 4).

3.5.1  Dose Adjustment Recommendations

The simulations yield the following suggestions for dose 
adjustment of the continuous infusion rate to keep pento-
barbital concentrations within the safety margin of 20–40 
mg/L: a doubling of creatinine results roughly in halving of 
pentobarbital clearance. Thus, halving of the pentobarbital 
continuous infusion rate dose seems necessary. As for CRP, 
it seemed that no dose adjustments were required for a CRP 
value ≤ 70 mg/L. Dose adjustments are recommended for 
a CRP > 70 mg/L as presented in Table 4. It must be noted 
these dose adjustments are based solely on safety targets 
with the goal to prevent toxicity and do not reflect clinical 
efficacy.

If CRP ≤ 70 mg/L:

If CRP > 70 mg/L:

Dose(mg∕h) =
[

Target(mg∕L)
]

× 3.59 ×

(

Weight

70

)0.75

×
(

Creatinine

36

)−0.919

Dose(mg∕h) =
[

Target(mg∕L)
]

× 3.59 ×

(

Weight

70

)0.75

×
(

Creatinine

36

)−0.919

×
(

CRP

70

)−0.883

Fig. 2  Pentobarbital dose adjusted for bodyweight. Dosing simula-
tions were performed to reach a target pentobarbital concentration of 
25 mg/L (simulations performed with creatinine values 26 µmol/L 
and CRP ≤ 70 mg/L)

Fig. 3  Effect of pentobarbi-
tal loading dose simulations 
on achieving steady state per 
diagnosis. CRP C-reactive pro-
tein, SE status epilepticus, TBI 
traumatic brain injury
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4  Discussion

To our knowledge, this is the first pentobarbital population-
based PK study in PICU patients with refractory SE or sTBI. 
A one-compartment PK model including allometric scal-
ing and IIV on CL described data well. Our pentobarbital 
PK model demonstrated that serum creatinine and CRP (> 
70 mg/L) significantly influence pentobarbital CL requir-
ing pentobarbital dose adjustments based on simulations. 
Importantly, dosing simulations demonstrated that patients 
with elevated serum creatinine and CRP failed to reach a 
pentobarbital steady state and progressed to toxic concentra-
tions without dose adjustments.

The following observations were made concerning pento-
barbital pharmacokinetics based on our pentobarbital PK 
model. First of all, the identification of creatinine and CRP 
as significant covariates on pentobarbital CL has not been 
previously documented. Regarding CRP, there is an increas-
ing body of evidence that inflammation significantly impacts 
cytochrome P450 (CYP) activity leading to alterations in drug 

clearance [18, 19, 28]. Our findings concerning elevated CRP 
and decreased pentobarbital CL mirror these results. In the 
context of pentobarbital CL, the liver has a pivotal role in 
metabolism. Pentobarbital is subject to low hepatic intrinsic 
CL and hence its systemic CL would not be primarily sensitive 
to fluctuations in hepatic blood, which usually occur in critical 
illness, but rather to alterations in intrinsic enzyme activity or 
plasma binding [13]. Pentobarbital is mainly metabolised by 
the hepatic microsomal enzyme system [2], therefore altera-
tions in the activity of hepatic enzymes, such as CYP450, 
secondary to inflammation, may explain the altered pentobar-
bital CL of our population [18, 19]. Another indirect marker 
of a decrease in hepatic function could be reflected by protein 
synthesis, such as albumin levels. Hypothetically, this could 
influence pentobarbital protein binding, which can range 
from 35% to 70% [3]. However, hepatic markers were not 
significant covariates in our study. Thus, we hypothesise that 
pentobarbital protein binding alterations are not of clinical 
significance in the context of pentobarbital CL. As for serum 
creatinine, this has been reported as a significant covariate on 
CL in children receiving phenobarbital for seizure manage-
ment [29]. Phenobarbital is a barbiturate often compared to 
pentobarbital when administered for refractory SE; thus, our 
findings could reflect these barbiturate PK similarities. The 
question remains whether creatinine as a significant covariate 
solely represents a marker for kidney dysfunction or sever-
ity of critical illness in general. To explore this hypothesis, 
we tested our pentobarbital PK model with other estimates 
of renal function by estimating eGFR using the Schwartz 
formula and categorizing patients with the KDIGO criteria. 
However, these proved to have limited value as a marker of 
renal function in this retrospective study given the need to 
estimate most anthropometric data (height), which is com-
monplace in the acute setting of an intensive care admission, 
in combination with missing diuresis data. Furthermore, the 
use of one k-coefficient for all paediatric ages, such as in our 
clinic, is debatable as it might overestimate eGFR in younger 

Fig. 4  Effect of bodyweight, creatinine and C-reactive protein (CRP) 
on pentobarbital concentrations using a continuous infusion of 3 mg/
kg/h. Simulations were performed for a median patient of 20 kg, cre-

atinine 26 µmol/L and CRP ≤70 mg/L, of which A bodyweight, B 
creatinine or C CRP was adjusted each time to evaluate the effect on 
pentobarbital concentrations

Table 4  Dose adjustment (% of original dose) for pentobarbital con-
tinuous infusion rate based on C-reactive protein values > 70 mg/L

The following formula can be used to calculate optimal dosing for 
pentobarbital continuous infusion rate whereby two items must be 
noted: if CRP ≤ 70 mg/L then do not include the CRP part of the 
equation or use a CRP value of 70 mg/L. Secondly, the dose is noted 
in (mg/h) thus still needs to be divided by bodyweight (BW; kg) to 
provide continuous infusion rates (mg/kg/h)

C-reactive protein value (mg/L) Pentobarbital dose adjust-
ment (% of original dose)

100 73
200 40
300 28
400 21
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children as proposed by de Souza et al [30]. In addition, neo-
nates and infants show steady GFR increase up to 18 months 
of age when full maturity is reached [31]. This is of inter-
est, as the median age on our SE cohort was 0.3 years. Thus, 
eGFRs based on standard creatinine-based equations could 
be misleading in specific populations, not only based on age 
but also gender, dietary factors, catabolic and disease state 
[32]. Second, in terms of pentobarbital CL we identified no 
dose-dependent effect on pentobarbital CL and half-life within 
the known range of 5–50 h (24.68 h) as described in the lit-
erature [2, 15]. The CL values we determined (3.59 L/h/70 
kg) were higher than values reported in a paediatric popula-
tion PK study in patients who received pentobarbital after 
open heart surgery (2.96 L/h/70 kg) [2]. A possible reason 
for this observed CL variation was the younger age in the 
post-cardiac surgery cohort (median age 6.3 months, range 
3.0 days to 4.4 y) which could relate to substantial variation in 
body weight and/or kidney maturation [2, 31]. Analogous to 
Zuppa et al, allometric scaling significantly improved our PK 
model. However, their study also suggested that an age effect 
on CL remained for subjects aged < 12 months after account-
ing for difference in body weight. We tested this hypothesis 
by using an age cut-off (< and ≥ 12 months) to assess kidney 
maturation and this did not result in further improvement of 
our pentobarbital PK model.

Third, pentobarbital is a highly lipophilic drug with a 
rapid blood brain barrier (BBB) penetration and CNS dis-
tribution after intravenous administration, ensuring its rapid 
onset of action [3, 5]. However, continuous infusions lead 
to rapid drug redistribution into peripheral tissues and result 
in pentobarbital storage in adipose tissue [3, 5]. Despite this 
knowledge, it was remarkable to find that a two-compart-
ment model did not provide superior data fit in our study. 
A possible explanation could be the lack of high frequency 
sampling at the onset of pentobarbital dosing as well as 
after discontinuation of pentobarbital infusion. However, 
we observed a large Vd (142L) reflecting the high lipophi-
licity of pentobarbital. Interestingly, we did observe Vd dif-
ferences between lean and obese children of the same age 
(defined as weight-for-age ≥ 2 standard deviations), with the 
Vd 71% higher in the latter group, probably secondary to the 
lipophilic nature of pentobarbital. Moffet et al developed a 
population PK model for children receiving phenobarbital 
for seizure treatment and demonstrated that the model with 
allometrically scaled CL and Vd using fat-free mass was 
superior to body weight [29]. This observation could also 
be applicable for pentobarbital, despite not finding a supe-
rior PK model fit with two-compartment analysis. Further 
exploration of body composition effect on pentobarbital PK, 
using body mass index (BMI) or standardised weight-for-
height growth curves, is warranted in a prospective manner.

Finally, the dosing simulations yielded important and 
clinically applicable findings. (1) From a safety point of 

view, it could be necessary to prescribe a lower continuous 
infusion rate for increasing body weight (Fig. 2). This is to 
prevent exceeding the upper limit of the desired pentobar-
bital range. (2) Further dose reductions of the continuous 
pentobarbital infusion are required in patients with elevated 
creatinine and CRP as these patients fail to attain a steady 
state and progress to toxic levels. Overall, the effect of ele-
vated creatinine and CRP is more pronounced than the effect 
of body weight. Therefore, elevations of these values should 
alert the clinician and clinical pharmacist to perform timely 
dose reductions in an effort to prevent toxic pentobarbital 
levels. (3) The actual clinical effect of the loading dose (i.e., 
rapid control of epileptic activity or raised intracranial pres-
sure) was not evaluated in this study, although simulations 
with loading doses demonstrated a more rapid achievement 
of pentobarbital concentrations within desired safety mar-
gins. It is conceivable that titration to clinical effect could 
be achieved by additional loading doses on top of a fixed 
continuous infusion rate determined by body weight during 
concurrent therapeutic drug monitoring (TDM) and pharma-
codynamic monitoring by EEG and/or ICP trends.

To our knowledge, this is the largest study on pentobar-
bital PK in critically ill children admitted to the PICU. In 
addition, our PK model was comprehensively validated with 
several methods as well as an external validation. Finally, 
it is the first PK study to describe a significant association 
between creatinine, CRP and pentobarbital CL. These find-
ings were translated to bedside dosing adjustment recom-
mendations in an effort towards safer pentobarbital dosing 
practices. The main study limitation is its retrospective 
nature leading to inherent challenges in data collection. 
Especially challenging was obtaining reliable markers of 
renal function whereby anthropometric data (weight and 
height) often have to be estimated upon admission of the 
patient due to clinical instability. Furthermore, estimating 
equations, such as the Schwartz formula, are often asso-
ciated with limitations when estimating eGFR due to the 
k values that deviate based on age, gender and creatinine 
assay [18]. Our clinic used a single k value for all ages, 
which may not properly reflect developmental and gender 
variability [30]. Another limitation is that our observations 
reflect a single-centre experience. Also, drug–drug interac-
tions were not tested as variables that influence pentobarbital 
pharmacokinetics in our model. Finally, we studied two dis-
tinct patient groups who received pentobarbital for different 
indications with different dosing protocols. The rationale to 
combine these groups was from a power perspective, provid-
ing a wide spectrum for age and variability in dosing prac-
tice. Although the pentobarbital model incorporates patient-
specific covariates, it must be noted that this might not cover 
all disease-specific factors of influence on pentobarbital PK. 
Nonetheless, the pentobarbital PK model described in this 
study is applicable to different disease conditions and for a 
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wide age range as using the diagnosis itself as a covariate 
was not significant. As such, this PK model is practical in its 
clinical use to provide guidance in maintaining pentobarbital 
levels within known safety margins.

Our observations in the development and subsequent 
dosing simulations of our pentobarbital PK model for pae-
diatric SE and sTBI suggest high PK variability. We recom-
mend that future studies aim at improving this PK model 
by prospective data collection in combination with multi-
centre involvement to enhance patient and sample numbers. 
Also, dosing simulations with prospective data will further 
improve model informed precision dosing. Furthermore, the 
incorporation of other renal markers such as cystatin-C and 
neutrophil gelatinase-associated lipocalin (NGAL), which 
are less influenced by factors like muscle mass, age, ethnic-
ity and dietary factors [20, 33], could provide more insight 
into the role of kidney function in pentobarbital CL. Data 
regarding degree of overall (critical) illness such as addi-
tional markers of inflammation (e.g., interleukin-6) could 
improve the timeliness of pentobarbital dose adjustments. In 
addition, illness severity stratification (e.g., Glasgow Coma 
Scale, Injury Severity Score, Vasoactive-Inotropic Score, 
and Paediatric Logistic Organ Dysfunction Score) could 
enable patient subgroup identification at increased risk of 
altered pentobarbital PK and potential intoxication.

Given the current insights provided by this PK model, we 
want to raise awareness for potential pentobarbital intoxica-
tion when dosing pentobarbital in critically ill patients with 
elevated creatinine and CRP levels. Due to this high PK vari-
ability, we advise adjusting the dose in accordance with our 
dose recommendations, combined with routine and frequent 
TDM during pentobarbital treatment. This assists in reaching 
and maintaining pentobarbital concentrations within the safety 
margin. Based on our experience, we suggest daily pento-
barbital TDM after initiation of pentobarbital infusion and 
daily creatinine and CRP measurements to promptly identify 
elevated levels and thus facilitate timely pentobarbital dosing 
adjustments. In addition, to optimise individualised pentobar-
bital dosing, defining and correlating pharmacodynamic (PD) 
endpoints to PK data is necessary. Additional PD studies are 
warranted to further provide meaningful dosing guidance in 
this complex population, with special focus on measures of 
pharmacological efficacy such as EEG or sedation scores/ICP 
trends and measures of safety, such as haemodynamic stability 
in terms of vasopressor index score.

5  Conclusion

A population PK model of pentobarbital for paediatric SE 
and sTBI was developed that successfully describes the con-
centration-time profile of pentobarbital. Serum creatinine 
and CRP were significantly correlated with pentobarbital 

clearance. Dosing simulations incorporating bodyweight, 
creatinine and CRP yielded significant dose adjustments 
regarding pentobarbital maintenance infusion. Thus, our 
PK model demonstrates high pentobarbital PK variability, 
which can be explained for 84% by creatinine and CRP. This 
underlines the importance of model-informed precision dos-
ing and TDM. Further prospective paediatric pentobarbital 
PK/PD studies, including dosing simulations, are required 
that will incorporate renal biomarkers, markers of inflamma-
tion and illness severity scores depending on the underlying 
disease. These covariates in combination with end points of 
efficacy and safety will advance our understanding of pento-
barbital pharmacology and guide individualised dosing.
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