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Nearly half of neonatal therapeutics are used off-label, lack-
ing adequate data on safety, efficacy, and appropriate dosing
in this population.1 Dosing in neonates is particularly chal-
lenging; neonatal physiology differs substantially compared
with older children and adults, which affects important
components of drug disposition, including drug absorption,
distribution, metabolism, and excretion.2 Adequate consid-
eration of key differences is essential to ensure that ther-
apeutic agents are safe and effective for this vulnerable
population. Herein, we describe physiologic differences in
neonatal drug absorption, distribution, metabolism, and
elimination and provide examples that underscore the
importance of these mechanisms in neonatal drug dosing.

Absorption

Drugs that are givenby theoral route are absorbed through the
mucosa of the gastrointestinal tract andmay be influenced by
numerous factors, including food or other drugs, luminal pH,

gastric emptying time, and intestinal expression of transport
proteins and drug-metabolizing enzymes. Compared with
older children and adults, neonates have delayed gastric
emptying time, decreased intestinal motility, and increased
gastrointestinal wall permeability.2 Such physiology contri-
butes to high variability in absorption. In addition, the
alkaline pH in neonates results in increased bioavailability of
acid-labile drugs (e.g., penicillins) and unexpectedly low bioa-
vailability of weakly acidic drugs (e.g., phenobarbital and
phenytoin).3

Transdermal application of drugs is increased in neonates
duetoathinnerstratumcorneum, increasedskinperfusion, and
higher body surface area comparedwith bodymass.4Neonates
also have higher proportions of total body and extracellular
water and lower proportions of fat and muscle per body mass,
resulting in greater absorption of intramuscular and percuta-
neous drugs that are water soluble.2 Greater absorption gen-
erally leads to higher plasma concentrations and increased risk
for toxicity. Alternatively increased transdermal absorption can
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Abstract Neonates are a uniquely vulnerable population, compromised by immature physiology
and critical illness if born premature. Furthermore, neonates have frequent exposures
to drugs that lack adequate data on safety, efficacy, and appropriate dosing in this
population. Key physiologic differences between neonates and older children and
adults affect drug absorption, distribution, metabolism, and elimination. Adequate
understanding and consideration of these differences is essential to ensure optimal
dosing of therapeutic agents in this vulnerable population. Moreover, direct study of
neonates through appropriately designed pharmacokinetic and pharmacodynamic
studies can ensure the development of safe and effective therapeutics in our youngest
populations of patients.
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be leveraged to minimize more invasive methods of adminis-
tration. In 20 infants, � 30 weeks gestational age (GA) trans-
dermal theophylline gel resulted in adequateblood levels for up
to 70 hours.5

Distribution

In addition to its effect on drug absorption, body composition
markedly contributes to drug distribution. Water constitutes
approximately 80%of total bodymass inneonates anddeclines
to theadult valueof60%within thefirst year of life, resulting in
increased volume of distribution of water soluble drugs in
neonates relative to adults, and lower drug concentrations in
plasma.2 In addition, lower protein concentrations and lower
affinity for drug binding in neonates compared with older
children and adults can result in greater drug effect at a lower
dose.2 Furthermore, after the first week of life, bilirubin has
increasing affinity for albumin; hyperbilirubinemia, a com-
mon finding in this population, can further limit drug–protein
binding and enhance concentrations of unbound drug.6

Neonatal physiology has especially important implica-
tions for drug distribution to organs such as the brain.
Neonates exhibit higher permeability of the blood–brain
barrier and a higher ratio of cerebral to systemic blood
flow compared with older children and adults.7 Combined
with higher concentrations of unbound protein, these factors
can result in higher central nervous system (CNS) concen-
trations for drugs with usually limited permeability,
increased efficacy at a lower drug dose, and the possibility
for more frequent or severe adverse events of CNS.

Acyclovir for proven or suspected neonatal herpes simplex
virus (HSV) infection highlights the importance of physiologic
consideration in neonatal dosing, particularly with regard to
optimal distribution to target tissues—the skin, eyes, and
mouth; the CNS; or throughout the body. To prevent HSV-
associated death or severe neurodevelopmental impairment,
administration of 20 mg/kg/dose is the standard of care for
neonates �28 days postnatal age (PNA), based on evidence of
decreased mortality and improved neurodevelopmental out-
comes compared with the prior dosing recommendations (10
mg/kg/dose).8 Various neonatal dosing guides suggest that
high-dose therapy should be given two to three times daily
based on GA or postmenstrual age (PMA).

Rapid physiologic changes across the pediatric age conti-
nuum support stratified dosing by age. Prematurity is asso-
ciated with significantly lower albumin concentrations and
greater volumes of distribution compared with that of term
gestation.9 However, these infants may also experience hypo-
tension, low cardiac output, and inadequate tissue perfusion
due to sepsis or shock, whichmay counter normal physiologic
processes and result in greater uncertainty regarding drug
exposures.

Physicochemical properties of acyclovir also encourage
age-stratified dosing. Acyclovir levels in the cerebrospinal
fluid only reach 30 to 50% of corresponding plasma levels;
therefore, dosing must achieve plasma levels of �3 mg/L to
maintain target concentrations of �1 mg/L in the CNS.10

However, therapeutic dosing must account for the limited

protein binding of acyclovir (22%) and increased permeabil-
ity of the blood–brain barrier to avoid supratherapeutic CNS
concentrations thatmay increase the risk for neurotoxicity in
premature infants.11

Pursuant to these safety concerns and to achieving ther-
apeutic concentrations for >50% of the dosing interval,
pharmacokinetic analysis of acyclovir in 28 infants 23 to
42 weeks GA and <31 days PNA resulted in the following
recommended dosing regimens: <30 weeks PMA: 20 mg/kg
every 12hours; 30 to 36weeks PMA: 20mg/kg every 8 hours;
and 36 to 41 weeks PMA: 20 mg/kg every 6 hours.12 Con-
sistent with these analyses, dosing based on PMA is now
Food andDrug Administration (FDA) approved for incorpora-
tion into the acyclovir product label.

Metabolism

Neonatal drug metabolism is largely determined by the
expression of drug-metabolizing enzymes that can impact
both phase I and phase II reactions. Enzyme expression
exhibits notable ontogeny, often low at birth and increasing
over timetoadult levels.2Forexample, cytochromeP450 (CYP)
3A4 levels are absent to low in fetal samples and increase to
50% of adult levels between 6 and 12months PNA.13However,
some CYP levels decrease over time; significantly elevated
CYP3A7 levels were identified in premature liver microsomes
and decreased steadily through 6 months of age.13 Develop-
ment can also affect phase II reactions such as acetaminophen
glucuronidation and sulfation.14 In addition, lower protein
binding in neonates may lead to higher hepatic metabolism.
These processes can result in altered drug concentrations
relative to older children and adults.

Recent data regarding sildenafil pharmacokinetics in term
and preterm infants illustrate the relevance of understanding
CYP enzyme ontogeny in this population. In term infants up to
7 days PNA, interpatient variability of sildenafil concentration
was high.15 In preterm infants up to 209 days PNA, plasma
concentrationsweresimilar tothose in terminfants;and infants
who received inducersof CYP3A4andCYP2C9as comedications
had higher metabolite-to-parent ratios compared with nonre-
ceiptof similarmedications.16Suchevidencesuggests that PNA,
independent of GA, has a notable effect on CYP3A4maturation;
need fordoseadjustmentmaybelimited tosoonafterbirth; and
CYP3A4 activity is inducible even in the premature infant.
Further, high interpatient variabilityandcompetingphysiologic
processes underscore the importance of direct study of phar-
macokinetics, safety, and efficacy in neonates.

Elimination

Neonatal physiology also results in altered drug elimination
pathways compared with older children and adults. Specifi-
cally, mechanisms of renal excretion, including glomerular
filtration, active tubular secretion, and tubular reabsorption,
increase with increasing GA, PNA, and body weight.17 Glo-
merular filtration rate (GFR) for body surface area is initially
low in term neonates, increasing rapidly during the first
2 weeks of life, subsequently rising slowly to adult values by
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6 to 12 months PNA.17 In premature infants, incomplete
nephrogenesis until 34 weeks’ gestation limits initial rapid
rises in GFR.17 Notably, conditions common in preterm neo-
nates such as decreased cardiac output and receipt of nephro-
toxic drugs can also result in lower GFR.

Elimination pathways of active tubular secretion and tub-
ular reabsorption are similarly immature at birth, increasing
the risk for prolonged and toxic drug exposures in neonates.
Initially, elimination pathways are only 20 to 30% of that
observed in adults, with active tubular secretion gradually
reaching adult values by 7 to 12 months of life and tubular
reabsorption maturing through adolescence.2 Meropenem
provides a pertinent example of the importance of careful
consideration of these pathways in neonatal drug dosing.

Meropenem, a β lactam administered intravenously, has
broad antimicrobial activity with stability against resistance
mechanisms of most extended spectrum and AmpC chro-
mosomal β-lactamases.18 Meropenem has low protein bind-
ing (2% in adults) and broad distribution and tissue
penetration in the body.18 Consequently, this drug is used
for treatment of meningitis, late-onset sepsis, and intra-
abdominal infections in neonates.19,20 Meropenem under-
goes limitedmetabolism to an inactivemetabolite, and>70%
of the drug is excreted unchanged in the urine, dependent on
both glomerular filtration and active tubular secretion for
clearance.18 As such, adjustment in dose is recommended for
creatinine clearance <50 mL/min, geriatric patients, and
recently, neonates, including those who are premature.18

In 23 premature and 15 full-term neonates, meropenem
administered at doses of 10, 20, or 40 mg/kg over 30 minutes
resulted in substantially lower clearance among preterm
(0.253–0.398 L/h) compared with term neonates (0.414–
0.753 L/h) and a half-life up to 3.8 hours in preterm infants
compared with 1 hour in adults.21 Based on findings among
200 premature and term infants <91 days old, FDA-recom-
mended dosing considers both GA and PNA: GA <32 weeks,
PNA<2weeks: 20mg/kg every 12 hours; GA<32weeks, PNA
�2 weeks: 20 mg/kg every 8 hours; GA �32 weeks, PNA <2
weeks: 20 mg/kg every 8 hours; and GA �32 weeks, PNA �2
weeks: 30 mg/kg every 8 hours.20

As demonstrated by the example of meropenem, neonatal
physiology should also be considered when determining the
method of administration. Due to meropenem’s time-depen-
dent killing, prolonged or continuous infusion has been
recommended in adults. However, in a study comparing a
standard 30-minute infusion of meropenem versus a 4-hour
prolonged infusion in infantswithvery lowbirthweight, there
was no difference in time of drug levels above minimum
inhibitory concentration.22 The lack of difference could be
explainedby the lower clearance ofmeropenem in lessmature
neonatescomparedwith thosemoremature. Inaddition, given
evidence of CNS penetration of>40%with inflamedmeninges
(evidenced by greater protein concentration),23 prolonged
infusion strategies applied to more premature infants may
increase the risk for neurotoxicity, including the development
of seizures known to be associated with carbapenems such as
meropenem. However, in the absence of CNS inflammation,
penetration of the CNS may be as low as 8%.23

Conclusion

In this era of precision medicine, the goal is to get the right
drug, to the right patient, at the right dose, at the right time to
maximize drug efficacy and minimize drug-related toxici-
ties. Hospitalized neonates represent a challenging subset of
patients to treat accurately and effectively due to rapidly
changing physiology.Wehave illustratedwhere thoughtfully
planned pharmacokinetic studies in this unique subset of
patients has resulted in drug dosing and labeling changes.
Continued strategic pharmacokinetic and pharmacody-
namic investigation in this vulnerable populationwill ensure
that accurate and effective drug dosing occurs and optimal
outcomes are achieved.
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