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Abstract
Aims and background Population pharmacokinetics with Bayesian forecasting provides for an effective approach when indi-
vidualized drug dosing, while phenobarbital is a narrow therapeutic index drug that requires therapeutic drug monitoring. To
date, several population pharmacokinetic models have been developed for phenobarbital, these showing a number of significant
predictors of phenobarbital clearance and volume of distribution. We have therefore conducted a systematic review to summarize
how these predictors affect phenobarbital pharmacokinetics as well as their relationships with pharmacokinetic parameters.
Method A systematic search for studies of phenobarbital population pharmacokinetics that were carried out in humans and that
employed a nonlinear mixed-effect approaches was made using the PubMed, Scopus, CINAHL Complete, and ScienceDirect
databases. The search covered the period from these databases’ inception to March 2020.
Results Eighteen studies were included in this review, all of which used a one-compartment structure. The estimated phenobar-
bital clearance and volume of distribution ranged from 0.0034 to 0.0104 L/h/kg and 0.37 to 1.21 L/kg, respectively, with body
weight, age, and concomitant antiepileptic drugs being the three most frequently identified predictors of clearance. Most models
were validated through the use of an advanced internal approach.
Conclusion Phenobarbital clearance may be predicted from previously developed population pharmacokinetic models and their
significant covariate-parameter relationships along with Bayesian forecasting. However, when applying these models in a target
population, an external evaluation of these models using the target population is warranted, and it is recommended that future
research be conducted to investigate the link between population pharmacokinetics and pharmacodynamics.
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Background

Phenobarbital, a conventional antiepileptic drug (AED), is
commonly used for the treatment of generalized and partial

seizures, and though its use has declined in favor of the new
generation of AEDs, phenobarbital is still widely used for the
treatment of neonatal seizures [1], as well as the prevention of
neonatal hyperbilirubinemia [2]. In the past, it was also widely
used for the prophylaxis of febrile convulsion [3].

Phenobarbital can be administered through a number of
different routes including oral, intravenous, intramuscular, or
rectal administration [3]. The rate of phenobarbital absorption
may be influenced by drugs or diseases that affect gastroin-
testinal motility [4] but following oral or rectal dosing, ap-
proximately 90% of phenobarbital is bioavailable [4–6].
Phenobarbital distributes to all body tissues, and the volume
of distribution (Vd) ranges from 0.5 to 1 L/kg [4]. Newborns
have slightly higher Vd (0.9 L/kg) [3, 7] than children and
adults (0.7 L/kg) [8]. Brain concentrations are well correlated
with those of the plasma, and these have ratios ranging from
0.7 to 1 [9, 10]. Phenobarbital primarily binds to albumin,
with a differential degree of binding depending on age [4],
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and the drug is then extensively metabolized by the liver uti-
lizing cytochrome P450 (CYP) 2C9, CYP2C19, and
CYP2E1, followed by conjugation or N-glucosidation [11,
12], with approximately 20–40% of the drug is eliminated
by renal excretion [4, 5]. However, genetic polymorphisms
of CYP2C9 and CYP2C19 may affect phenobarbital clear-
ance (CLPB) [13, 14], and the CLPB varies across age groups,
with the elderly having the lowest CLPB (0.003 L/kg/h),
followed by adults and neonates (0.004 L/kg/h), and children
(0.008 L/kg/h). In addition to genetic polymorphisms and age,
CLPB can be affected by body size [13–27], and the presence
of certain other drugs [14–18, 20, 28].

Phenobarbital has a narrow therapeutic index, with a sug-
gested therapeutic range of 15–40 mg/L [5], although the op-
timal use of phenobarbital is complicated by its significant
pharmacokinetic variation among subjects [4], and therefore,
therapeutic drug monitoring (TDM) during phenobarbital
therapy is warranted. The traditional approach used to deter-
mine phenobarbital dosage regimens is based on average
pharmacokinetic parameters obtained from the traditional
pharmacokinetic approach conducted in a selected population.
However, such an approachmight not be appropriate for some
group, where significant intersubject variation exists and thus
a population pharmacokinetic-based approach has been intro-
duced to determine the population pharmacokinetic parame-
ters and to identify any significant factors influencing drug
pharmacokinetics. This approach, when combined with
Bayesian forecasting, offers substantial benefits in optimizing
drug therapy since it provides flexibility in clinical situations,
e.g., non-steady-state concentrations or clinically unstable pa-
tients, while also allowing individual characteristics to be in-
corporated into the estimation of pharmacokinetic parameters
[29, 30]. To date, a number of phenobarbital population phar-
macokinetic models have been built and different predictors of
CLPB have been identified [13–28, 31, 32], and so we aim to
summarize these and the significant covariates influencing
phenobarbital pharmacokinetic parameters across different
populations, as well as to identify any knowledge gaps that
exist and that may necessitate further investigation.

Methods

Search strategy

A systematic search for phenobarbital population pharmaco-
kinetic studies was performed using the PubMed, Scopus,
ScienceDirect, and CINAHL Complete databases for the en-
tire timespan from their inception to March 2020. The search
terms employed are as follows: (phenobarbital OR phenobar-
bitone OR phenobarb*) AND (“population pharmacokinet-
ics*” OR “nonlinear mixed effect” OR NONMEM)). To

ensure a completeness of the search, references from identi-
fied articles were also reviewed.

Inclusion criteria and exclusion criteria

Studies were included in this systematic review if they were
(1) conducted on humans, (2) based on the use of phenobar-
bital as a treatment, and (3) population pharmacokinetic stud-
ies employing a nonlinear mixed-effect approach. Reviews,
methodology studies, expert opinions, or case reports, as
well as studies that did not include model development
process, were excluded. Non-English language articles were
also excluded.

Data extraction

The following information was independently extracted by
both reviewers: (1) study characteristics, e.g., study design,
study site, sample size; (2) population characteristics, e.g.,
age, measurement of body size, gender, race, health conditions;
(3) treatment regimens and pharmacokinetic data, e.g., pheno-
barbital daily dose, dosing interval, phenobarbital formulations,
route of administration, sampling strategy, and phenobarbital
concentration assay; and (4) population pharmacokinetic anal-
yses, e.g., structural and statistical models, estimated parame-
ters, significant predictors and their relationship with pharma-
cokinetic parameters, and model validation. In addition, the
estimated population clearance values of the final population
pharmacokinetic models were calculated using the mean
weights of 3 kg, 20 kg, and 60 kg for neonates, children, and
adults, respectively, with the exception of the study that fixed
these values at those of the published literature. These values
were graphically summarized for all studies.

For studies with the number of phenobarbital concentra-
tions per patient of < 6, the sampling strategy was classified
as a sparse approach, whereas for those with the number of
phenobarbital levels of ≥ 6, the sampling strategy was defined
as an extensive approach. The total number of samples divid-
ed by the number of subjects was used for the studies that did
not report the number of samples per patient. As for model
evaluation, three categories, namely, basic internal, advanced
internal, and external evaluation, described by Brendel et al.
[33], were used to summarize the data.

Quality assessment

Selected checklist items developed by Kanji et al. [34],
Dartois et al. [35], and Abdel-Jalil et al. [36] were used to
assess the quality of the published population pharmacokinet-
ic models of phenobarbital.
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Results

Study identification and characteristics

The systematic literature search identified 1710 non-
redundant articles, and after filtering with the inclusion and
exclusion criteria, 18 out of 62 articles were included in this
review, all of which were published between 1985 and 2018.
The reasons for excluding studies are presented in the
PRISMA diagram (Fig. 1).

The overall aim of most population pharmacokinetic stud-
ies of phenobarbital has been to identify factors influencing
phenobarbital pharmacokinetics and to provide population es-
timates of the pharmacokinetic parameters. Four studies spe-
cifically aimed to determine the effect of polymorphisms of
CYP450 on CLPB [13, 14, 20, 23], while two studies evaluat-
ed the effect of therapeutic hypothermia on phenobarbital
pharmacokinetics [24, 25], with one of these [24] determined
the influence of therapeutic hypothermia on phenobarbital
pharmacodynamics. In addition, one study aimed to determine

the absolute bioavailability of phenobarbital in neonates and
infants [32], while another determined the effectiveness of
enteral phenobarbital administered via a nasogastric tube in
the treatment of childhood status epilepticus [21].

The number of studies conducted prospectively and retro-
spectively was approximately equal, and only two were mul-
ticenter studies [24, 25]. All studies were conducted either in
Asia [13–15, 17–20, 22, 23] or in Europe [16, 21, 24–28, 31,
32], and overall, the studies had a median sample sizes of 62
(with a range of 16–539) and a median number of phenobar-
bital samples of 144 (with a range of 31–1002). Three studies
were conducted solely on adults [13, 20, 28], three were car-
ried out on both pediatrics and adults [14, 15, 18], and the
remainder were performed on pediatrics. Table 1 summarizes
the characteristics of the included studies.

Pharmacokinetic data

Though the majority of the studies developed their models
using data drawn exclusively from oral administration
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Fig. 1 A PRISMA diagram of the study identification
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[14–18, 20, 21, 28], four studies were conducted using only
intravenous data [23–25, 31], while the rest were performed
using a combination of oral and intravenous data [26, 27, 32]
or a combination of oral and suppository data [19, 22]. The
phenobarbital doses for the adult population ranged from 1.07
to 1.78 mg/kg/day. All studies employed data collected using
a sparse sampling strategy. For the assay method, most studies
quantitated phenobarbital levels using immunoassay tech-
nique. The phenobarbital dosing regimens, sampling strategy,
and assay method are summarized in Table 2.

Population pharmacokinetic analyses

NONMEM software was utilized in all but two studies, which
used MULTI (ELS) program [17] or WinNonMix program
[14]. All the studies developed the models by employing a
one-compartment structure (Fig. 2), but six used a steady-
state model [13, 15–18, 20] and therefore in these, the absorp-
tion rate constant (Ka) and Vd were not estimated. The first-
order absorption process was employed for all studies that
used oral administration [14, 19, 21, 22, 26–28, 32]; however,
most studies fixed the Ka at the literature values ranging from
3 to 50 h−1, except for one study which estimated Ka at a value
of 0.8 h−1 for phenobarbital elixir [27]. Regarding the distri-
bution process, the estimated Vd ranged from 0.37 to 1.21 L/
kg [14, 19, 21–28, 31, 32], although one study fixed the Vd at
0.6 L/kg due to insufficient information during the distribution
phase. Phenobarbital elimination was also modeled using a
first-order process, with the estimated CLPB ranging from
0.0034 to 0.0104 L/h/kg.

Stepwise forward addition and/or backward elimination
were the most frequently used approach in covariate testing.
The influence of body size (birth weight, current weight, fat-
free mass (FFM)) was the most commonly screened covariate
(16 studies), followed by age (15 studies), e.g., gestational
age, postnatal age, postconceptional age, and postmenstrual
age, gender (12 studies), concomitant medication (8 studies),
e.g., phenytoin, carbamazepine, valproic acid, lamotrigine,
and topiramate, and genotyping of CYP2C9 or CYP2C19 (4
studies). Other covariates that were tested included ethnicity
[16, 27], phenobarbital daily dose [23], body temperature [24,
25], Apgar score [25, 26, 31], presence of therapeutic hypo-
thermia [24, 25], laboratory values (e.g., amino alanine trans-
ferase (ALT), aspartate aminotransferase [10], serum creati-
nine (SCr), blood urea nitrogen (BUN)) [23, 25–28], and other
conditions, i.e., severe mental retardation [14]. Of the tested
covariates, body weight was the factor that most commonly
affected CLPB and/or Vd to a significant degree, followed by
concomitant medication, age, and genotyping, respectively,
but the effect of gender was not significant in any tested
models. The screened and retained covariates are summarized
in Table 3 and Fig. 3.

Proportional relationship was the most commonly used
statistical model for both intersubject and residual variability
(Fig. 2), and the magnitude of inter-subject variability of CLPB

and Vd ranged from 16.6 to 44.6% and from 8.4 to 61.2%,
respectively. The covariate and statistical models, as well as
phenobarbital population pharmacokinetic parameter esti-
mates, are summarized in Table 4.

Only 12 studies performed a model evaluation and only
one of them evaluated the model using all evaluation ap-
proaches including basic internal, advanced internal and ex-
ternal evaluation [26]. External model evaluation was per-
formed in two additional studies [15, 31], with the sample size
of the external datasets ranging from 15 to 82, accounting for
15 to 32% of the model building datasets. Seven studies per-
formed an advanced internal model evaluation [19, 21, 24, 25,
27, 28, 32], while just a single study used only the basic
internal approach [16]. A summary of the model evaluation
is presented in Table 4 and Fig. 2.

Quality assessment

Overall, all studies made a sufficiently comprehensive report
of the relevant information in their title/abstract and back-
ground section. The items most commonly not reported in
the title/abstract and background section were “the route of
administration” (72%) and “pharmacokinetic data relevant to
the studied drug” (44%). In the methodology section, the three
items most often not identified, these being absent from more
than 50% of the studies, were sample storage (88.8%), esti-
mation method (66.7%), and sampling time (55.6%).
Additionally, approximately 40–60% of the studies did not
report study limitations, funding, and potential conflicts of
interest. The results of the quality assessment are summarized
in supplementary data.

Discussion

Personalized phenobarbital dosing can bemanaged using pop-
ulation pharmacokinetics, but to our knowledge, this is the
first systematic review of population pharmacokinetics of phe-
nobarbital that summarizes the factors influencing phenobar-
bital pharmacokinetics and lays out the magnitude of its var-
iability. Our review found that all the available phenobarbital
population pharmacokinetic models were conducted using a
one-compartment structure, which is expected given that all
studies were based on samples collected using a sparse sam-
pling approach, with most of them were obtained at trough
concentrations, thus resulting in insufficient information dur-
ing the distribution phase. One study reported a relatively
lower Vd (0.37 L/kg) [14] than the others, nevertheless, a clear
explanation for this could not be made. Although the most
common significant covariate on Vd was body weight, one
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study accounted for the effect of body size using FFM based
on the greater reduction of the objective function value.
However, such covariate might not be easily applied in clini-
cal settings. Further, one study reported that a 5-min Apgar
score of less than 5 resulted in an increase in Vd by 13% [31],
which could be explained by the metabolic acidosis, resulted
from asphyxia [39]. Phenobarbital is a weak acid with a pKa
of 7.3, thus variations in blood pH can affect the Vd of phe-
nobarbital, with the decrease in blood pH resulting in a signif-
icant increase in Vd of phenobarbital [40, 41]. However, other
studies did not find such an effect on Vd [25, 26], and the
Apgar score alone cannot be used as evidence for asphyxia
[42], but despite this, a 5-min Apgar score of less than 5 had a

high degree of concordance with metabolic acidemia [39]
which could explain the 13% increase in Vd observed by
Grasela et al. [31]. Waddell et al. also reported a significant
increase in Vd of phenobarbital due to a decrease in blood pH
[41], and further studies should be conducted to confirm this
result. As for the effect of age on Vd, inconsistent results were
reported, these showing either a decrease [27] or a less than
proportional increase with increasing age [23]. In general,
neonates and infants have a relatively large Vd compared to
adults and elderly [4] which may be due to decreased binding
to plasma proteins [43].

As regards CLPB, body size was the most commonly iden-
tified significant covariate of this parameter, with one study

a b

c d

1-CMT steady-state 
model 33%

1-CMT with first-
order elimina�on

22%

1-CMT with first-order 
absorp�on and 

elimina�on
45%

Addi�ve
17%

Exponen�al
28%

Propor�onal
44%

Not reported
11%

Addi�ve
17%

Exponen�al
28%

Propor�onal
44%

Not reported
11%

Basic internal
5%

Advanced 
internal 39%

External 
11%

All
6%

Basic and Advanced 
internal 6%

Not reported
33%

Fig. 2 The information on the structural models (a), statistical models (inter-individual (b), and residual (c) variability), and model evaluation (d)
described in the included studies
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reporting on the significance of FFM for CLPB and a further
fourteen doing so for body weight. The influence of body size
on CLPB was mostly explained using a power relationship
[13–15, 18, 20, 23–25, 27, 32], while two studies used an
exponential [16, 17], and the other three utilized a linear rela-
tionship [26]. The effect of weight on CLPB is variable, with
some studies showing a decrease in CLPB with an increase in
bodyweight [13, 15–18, 20]. No definite explanation could be
made on this finding, but it may be due to the decrease in liver
volume per unit of body weight that occurs during childhood
with increasing age [44] or it might be due to the decrease in
the intrinsic activity of the liver with greater age [45]. In con-
trast, some studies found an increase in CLPB with body
weight [14, 19, 22] which could be explained by the matura-
tion of liver enzymes with higher weight.

Age was a significant covariate of CLPB in children, neo-
nates, and infants [19, 22, 23, 25–27], with CLPB shown to
increase with age. This is unsurprising since a greater age is
related to hepatic enzyme maturity in these populations, for
example, with equal bodyweight, an older newborn should
have a higher CLPB than a younger newborn, and phenobar-
bital dose should be increased accordingly.

Co-administration of phenobarbital with phenytoin,
carbamazepine, or valproic acid significantly decreased
CLPB [14–18, 20, 27, 28]; however, due to the difference
of population characteristics among studies, a comparison
of the magnitude of drug-drug interaction across studies
was not performed. As expected, the concomitant admin-
istration of phenobarbital with valproic acid, a CYP450
inhibitor, reduced CLPB. This effect is well described
elsewhere [46–48], but the effects of phenytoin, a
CYP450 inducer, on phenobarbital levels are controver-
sial [49]. Some studies reported an increase in phenobar-
bital levels [38, 50], whereas another study failed to ob-
serve any significant elevation [51]. Nonetheless, results
from population pharmacokinetic models confirm the for-
mer finding, and this may be rationalized by the compet-
itive inhibition of phenobarbital hydroxylation by phenyt-
oin [37, 52]. Similar to the effect of phenytoin, the influ-
ence of carbamazepine on phenobarbital pharmacokinetics
is inconclusive. Some studies reported no effect of carba-
mazepine on phenobarbital levels in adults [53, 54], while
the other reported a decrease in CLPB when co-
administered with carbamazepine in children [55], and
results from population pharmacokinetic studies support
the view that when carbamazepine is administered concur-
rently, this reduces phenobarbital clearance. Notably,
Yukawa et al. proposed that the effects of carbamazepine
on CLPB are maximal in early childhood, and decline in a
weight-based fashion in children, with only minimal
changes found in adults [18]. Further, one study found a
24% decrease in CLPB when co-administered with mid-
azolam, and about 25% increase in CLPB when co-T
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administered with pantoprazole [27]. Midazolam is a sub-
strate of CYP3A4 which is not associated with phenobar-
bital metabolism [56]; therefore, future studies should be
conducted to confirm this finding. As for pantoprazole, it
is known to induce CYP2C19 [57]; hence, an increase in
CLPB is expected when co-administered with this drug.

Two population pharmacokinetic studies [13, 20] showed a
significant decrease in CLPB in the poor metabolizers
(CYP2C19*2/*2, CYP2C19*2/*3) compared to the homozy-
gous (CYP2C19*1/*1) or heterozygous (CYP2C19*1/*2,
CYP2C19*1/*3) extensive metabolizers. In addition, a lower
CLPB was observed in the heterozygous group, compared to
that of the homozygous extensive metabolizers. However, it
should be noted that these two studies excluded the effects of
CYP2C9 polymorphisms (CYP2C9*1/*1 vs CYP2C9*1/*3)
from the analysis. In contrast to these results, another study
found no significant effect of CYP2C19 polymorphisms on
CLPB after accounting for the effect of CYP2C9 polymor-
phisms [14]; nonetheless, the number of subjects with
CYP2C9*1/*3 was relatively small and no model validation
was performed. Given the limitations of the aforementioned
studies, the influence of CYP2C9 and CYP2C19 polymor-
phisms should be confirmed simultaneously with larger sam-
ple size. Such findings will be of importance in individualized
phenobarbital therapy, particularly when adjusting dosage re-
gimes for patients from a diverse range of ethnic backgrounds.

Phenobarbital is eliminated by both hepatic metabolism
and renal excretion, with the magnitude of the latter varying
by approximately 20–40% in subjects with normal renal func-
tion [4]. Of all the published population pharmacokinetics of
phenobarbital, only one found that renal function (represented
as serum creatinine) had a significant effect on CLPB [27], and
as expected, this showed a linear decrease in CLPB with an
increase in serum creatinine.

Therapeutic hypothermia is a treatment commonly used for
neonates with hypoxic-ischemic encephalopathy (HIE), and at
times, phenobarbital is administered to a patient undergone
therapeutic hypothermia experiencing seizures, but no signif-
icant effect of therapeutic hypothermia on phenobarbital phar-
macokinetics could be identified [24, 25]. However, by
employing a pharmacokinetic/pharmacodynamic model, van
den Broek found that administration of phenobarbital to as-
phyxiated newborns under hypothermia resulted in the reduc-
tion of transition rate from a continuous normal voltage
(CNV) to discontinuous normal voltage amplitude-integrated
electroencephalography background level, providing evi-
dence of neuroprotection of phenobarbital in infants with a
CNV pattern [24].

The estimated population CLPB values for phenobarbital
monotherapy are graphically presented in Fig. 4. Though a
direct comparison of CLPB among studies could not be made
given different patients’ characteristics, there is a trend that
CLPB is higher in children than in adults or neonates, which
could be due to the developmental changes in children’s or-
gans of elimination, although, as previously mentioned, the
higher CLPB in children than in adults could be explained by
the decrease in liver volume per unit of body weight that
occurs with increasing age [44].

With regard to the quality of the studies reviewed, two
significant items relevant to population pharmacokinetic
analysis were missing, these being sampling time and
the estimation method, which have significant impacts
on the repeatability and validity of the models. In terms
of the model evaluation, most studies employed advanced
internal evaluation; therefore, the generalizability of the
developed models is not warranted. To apply such models
in real clinical settings, an external evaluation using the
target population is required.

0 2 4 6 8 10 12 14 16 18
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Fig. 3 Tested and significant
covariates described in the
included studies
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Conclusion

Based on our review, although extensive population pharma-
cokinetic studies of phenobarbital have been conducted, key
information on model methodologies was missing in some
studies which may hamper their reproducibility and their ap-
plicability in clinical settings. In addition, the research gap
regarding the relationship between pharmacokinetic variabili-
ty and pharmacodynamics of phenobarbital in populations
other than neonate remains exist, thus predictions of pheno-
barbital treatment outcome using population pharmacokinetic/
pharmacodynamic models are not well established. Further
research focusing on a l ink between populat ion
pharmacokinetics/pharmacodynamics should be conducted
to fill this knowledge gap.
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