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The use of propofol, a short-acting sedative, for procedural sedation in neonates is increasing. In early life, a
remarkable variability in propofol clearance has been documented. At present, two-third of this variability can
be explained by age [1]. Although the impact of indirect hyperbilirubinemia as biomarker of reduced propofol
clearance in neonates was explored, it was not retained as relevant clinical predictor [2]. Since in the last few
years, no additional covariates of propofol pharmacokinetics (PK) and/or pharmacodynamics (PD) have been
documented in neonates, it might be useful to determine whether covariates defined in other populations are
relevant to be explored in neonates or not. Starting with a summary of covariates contributing to propofol PK/PD
variability in adults, we reflect on the current knowledge of propofol disposition in neonates, and on future
challenges to further explore covariates explaining neonatal propofol disposition.

As a highly lipophilic compound, propofol immediately distributes to the subcutaneous fat and central nervous
system after intravenous administration. In adults, 90% of the propofol dose is metabolized in the liver, and the
metabolites are excreted in urine. Both Phase I (hydroxylation) and Phase II (glucuronidation) processes contribute
to propofol metabolism. In adults, 70% is converted to propofol glucuronide by uridine diphosphate UGT1A9,
while the CYP2B6 and to a lesser extent, CYP2C9 are responsible for the hydroxylation of propofol to 1- and 4-
quinol metabolites. These metabolites subsequently undergo glucuronidation or sulfation [3]. The large intersubject
variability in propofol biotransformation in adults is in part attributed to patient-related characteristics (i.e., age,
weight, height, lean body mass, gender and genetic polymorphisms), disease state and environmental factors.

Choong et al. documented the impact of gender in adults receiving propofol by target-controlled infusion for
elective surgery. Significantly higher area under the curve values of the hydroxyl and glucuronide metabolites were
observed in women [4]. This suggests a dimorphic propofol metabolism in vivo, with higher metabolic turnover
in female compared with male subjects. Their findings confirmed results of a previous pilot study as well as in
vitro data [5]. In their pilot study, higher (i.e., 1.7 to 2.1-fold difference) weight-corrected area under the curve for
all propofol glucuronides after a single propofol bolus were found in women compared with men [5]. Also in an
elderly cohort (65–91 years), the impact of gender on propofol PK was observed by Vuyk et al. Predicted propofol
concentrations during continuous infusion (i.e., 1.5 mg/kg propofol bolus in 1 min followed by 7 mg/kg/h for
89 min) were 10–15% higher in men compared with women, highlighting that elderly female patients should
be given 10% higher infusion rates compared with males to achieve the same propofol blood concentrations [6].
Safe propofol use also warrants the recognition of the impact of disease/injury-related variables on its disposition.
Population PK analysis of a propofol bolus in adult burn patients (with mean ± SD: 41 ± 19% total body surface
area burns) compared with nonburn controls observed increased clearance (population mean estimates for the
clearances in the central [4.19 vs 1.74 l/min] and slow peripheral compartments [3.56 vs 1.09 l/min] for burn
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vs nonburn, respectively) and expanded volume of distribution in the central compartment (population mean
estimate: 48.4 vs 27.6 l) in the burn cohort. Burn was the most important covariate, followed by covariate weight.
These results were attributed to altered global and microvascular organ perfusion and redistribution of blood flow
in the hyperdynamic phase of the burn injury recovery. Also, large volumes of fluid resuscitation, increased tissue
edema and third space effects might contribute to the increased distribution volume [7].

While reports on the impact of clinical characteristics and gender on the variation in metabolic clearance of
propofol are quite consistent, the contribution of genetic polymorphisms requires further exploration. Besides
the genes encoding for CYP2B6, CYP2C9 and UGT1A9 enzymes, the GABRG2, GSTP1, SULT1A and NQO1
genes are also considered of relevance for propofol PK and/or PD [3]. In 101 adult Caucasian patients (mean age:
32.5 ± 9.6 years) receiving propofol infusion for elective surgery, the impact of single-nucleotide polymorphisms
in CYP2B6, CYP2C9, UGT1A9 as well as in the GABRE gene (encoding the GABA-A receptor) on propofol dose,
depth of anesthesia (measured by electroencephalography) and clinical recovery was investigated [3]. According to
the authors, none of the most common genetic variants analyzed in that study could explain the large variability in
propofol PK and response to the drug. However, they did find that patients with UGT1A9–331C/T had a higher
propofol clearance and needed a higher propofol induction dose [3]. Patients with UGT1A9–1818T/C required a
longer time to loss of consciousness and those with CYP2C9*2/*2 had a higher propofol plasma concentration than
the other patients. In addition, Kansaku et al., described CYP2B6 and UGT1A9 genotype as determinant covariates
of propofol PK and subsequent PD [8]. Very recently, CYP2B6 genotype-based propofol dosing was presented as a
theoretical approach to improve drug exposure. Dose adjustments for elderly patients with CYP2B6 AA and AG
genotype, would hereby result in a 50% decrease in infusion dose to achieve optimal propofol effect [9]. This nicely
illustrates the relevance but also the limitations of pharmacogenetics in clinical pharmacology. Taking into account
the clinical effects of propofol, polymorphisms in the propofol target (GABA-A receptor) would likely have had
an impact on the onset of sedation (e.g., loss of consciousness), while polymorphisms affecting the clearance of
propofol would be expected to have an impact on clinical recovery. One should be aware that these ‘end points’
remain imprecise and definitions often vary between studies [3].

Due to specific characteristics of the neonatal population, observations on drug disposition in adults cannot just
be extrapolated to neonates. Besides differences in body composition, neonates have immature hepatic and renal
function compared with older children and adults. Based on population PK analyses, overall propofol clearance is
lower in neonates compared with adults, displays large variability with hydroxylation as most important route, and
with postmenstrual age (PMA) as the most relevant covariate. In addition, a postnatal age (PNA) of 10 days was
defined as a time point after which glucuronidation capacity increases [1,10,11]. As mentioned before, population-
specific diseases like indirect hyperbilirubinemia could not be retained as a relevant biomarker of reduced propofol
clearance in neonates, and the same holds true for gender [2]. At present, covariates PMA and PNA explain 67% of
interindividual variability in propofol clearance. To explain the remaining 33% of the observed clearance variability,
the search for new covariates or biomarkers needs to continue. Pharmacogenetics, considered as a tool for precision
medicine also in neonates, may play a role in this search. However, the usefulness of genetic variants as covariates is
limited to periods in development where genotype–phenotype correlation is already present [12]. Furthermore, early
life is characterized by isoenzyme-specific maturation of activity. There is a two to threefold increase in CYP2C9
expression in the neonatal period compared with the third trimester of fetal life, achieving 25% levels of those
in adults [13]. Also for CYP2B6 and UGT1A9 ontogeny, a progressive increase in expression and/or activity in
infancy has been described [14,15]. As a conclusion, given the rather moderate impact of genetic variants on propofol
metabolism in adults, we anticipate that their contribution in neonates will be different because the ontogeny of the
metabolizing enzymes has to be taken into account. Since hydroxylation is the main propofol metabolic pathway
in neonates, a future pharmacogenetic analysis should primarily focus on CYP2B6 and CYP2C9.

The same holds true for the impact of hepatic blood flow (HBF). Liver size seems to be an indicator of
glucuronidation activity for the UGT2B7 substrates, morphine and zidovudine. The impact of HBF on the
clearance for different age groups obviously also depends on the substrate (<5% for morphine; 3.7–7.9% for
zidovudine) considered. However, this model failed in the first 2 weeks of postnatal life, either due to maturational
changes in UGT2B7 or HBF in early neonatal life [16]. As enzyme activities in the neonatal liver are often (but not
exclusively) beginning to maturate (which corresponds to low intrinsic clearance values), it becomes less likely that
overall hepatic clearance in neonates will be limited by HBF. Nevertheless, neonatal HBF values have previously
been scaled from adult values normalized for liver tissue mass [17] and cross-validation of these values remains very
limited to date [18].
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"We anticipate that the contribution of genetic variants will be different in neonates compared with adults, since
ontogeny of the metabolizing enzymes has to be taken into account."

These all aspects illustrate that ontogeny, reflected by PMA and PNA, remains the most important determinants
of neonatal propofol metabolism. Current suggestions for ‘add-on’ covariates (e.g., disease, genotype, liver blood
flow, extrahepatic metabolism, environmental factors, enzyme inducers) have to be evaluated and integrated with the
major covariate age. This search ‘beyond ontogeny’ will further be complicated by the rapid evolution on neonatal
intensive care. New techniques and approaches toward less invasive therapy are being introduced. New approaches
requiring short acting sedatives often include their own PD end points. Although the major covariates of propofol
metabolism will remain the same in these new approaches and/or indications, subsequent translation to clinical
practice will be more difficult. Multicenter pooling of datasets will be necessary to make progress in this ‘quest
beyond ontogeny’. Although it is interesting to unravel covariates of propofol PK in neonates, we want to stress
that it is the concentration-effect relation in the individual patient that finally matters from a clinical perspective.
Therefore, the study of circulation, perfusion, autoregulation and the development of validated measurement tools
to assess these parameters, might not only provide basic physiological data (e.g., liver blood flow) which can be
used in ‘simple’ physiology-based PK (PBPK) models, but will also support more predictive physiology-based PK
and PD assessment of short-acting compounds like propofol in neonates [19].
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