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As growth and maturation occur, there are inevitable
changes that occur with drug kinetics and drug phar-
macology. Adults are not big “little people” nor are
children small “big people.” Knowing the physiologic
and anatomic changes that occur with age helps in
understanding some of the principles involved in pe-
diatric anesthesia and pediatric pharmacology.

The one constant in childhood development is
change. With age, large changes in total body water,
body water distribution, and body composition occur.
Infants have a much larger proportion of body weight
in the form of water than do adults. The fetus has high
total body water that at birth accounts for approxi-
mately 75% of the body weight in the full-term new-
born infant and 80% in the pre-term newborn. The
total body water decreases during the first year of life
to approximately 60% of body weight and stays at that
level until puberty (1). In addition, the distribution of
body water is also different. In term infants, 45% and
35% of body water is extracellular and intracellular
respectively, whereas in adults, it is 20% and 40%
respectively. Muscle and fat content also change dra-
matically with age.

Albumin and �1 acid glycoprotein (AAG) are the
two major binding proteins for opioids. These two
binding proteins undergo quantitative as well as qual-
itative changes. With age, protein binding increases. In
neonates, the reduced amount of total plasma protein
(including the albumin), the presence of fetal albumin
(that has reduced binding affinity for weak acids), and
the increased concentrations of endogenous sub-
stances (i.e., bilirubin, and free fatty acids that reduce
binding capacity of albumin) all contribute to a higher
free-unbound fraction of highly protein-bound drugs
(phenytoin, valporic acid, salycilates) (2–5).

Basic drugs bind with high affinity to �1 acid gly-
coprotein. The concentrations of AAG are low at birth
but reach the adult levels over the first year of life. Its
seems that the lower AAG levels in neonates and
infants are responsible for the decrease in protein
binding of sufentanil in these age groups compared
with adults.

The more a drug is protein bound to plasma pro-
teins, the less is its free drug fraction and the smaller
its volume of distribution. Distribution of drugs is the

process by which a drug leaves the bloodstream and
enters the extracellular fluids and tissues. The distri-
bution of a drug is determined by body composition,
permeability of tissue membranes, cardiac output, re-
gional blood flow, blood and tissues, the lipid solubil-
ity, ionizable drugs, and plasma and tissue binding
(6–8). Therefore, the developmental changes that oc-
cur with protein binding and body composition affect
changes in drug distribution.

In addition to developmental changes in body com-
position and protein binding, developmental changes
in drug clearance also occur. The liver is the major site
of drug metabolism. Drugs that undergo hepatic me-
tabolism have either a high or low hepatic extraction
coefficient. Drugs with a high hepatic extraction coef-
ficient (e.g., fentanyl, morphine) are dependent on
hepatic blood flow and independent of protein bind-
ing for drug clearance, whereas drugs with low he-
patic extraction coefficients (alfentanil) depend on free
drug fraction and on hepatic enzyme kinetics as the
rate-limiting step in drug elimination. As the infant
matures, hepatic blood flow increases. For drugs with
high extraction coefficients, changes in hepatic blood
flow can markedly influence drug clearance. Factors
known to decrease hepatic blood flow include in-
creased intraabdominal pressure, positive pressure
ventilation, hypoxemia, hypercarbia, increased cat-
echolamines, �-adrenergic blockade, general anesthe-
sia, regional anesthesia, and patency of the ductus
venous. In infants, the ductus venous has been re-
ported to be patent for as long as 6 to 11 days after
birth. Protein binding also affects drug clearance. In
contrast to highly extracted drugs in which protein
binding does not influence clearance, for drugs with
low extraction ratios, protein binding inversely affects
the clearance. That is, increased protein binding re-
sults in reduced clearance, whereas decreased protein
binding and subsequent increase in free-unbound
fraction augments the hepatic clearance of the drug.

Drug Metabolism
Hepatic biotransformation is a main route of elimina-
tion for many drugs. In general, hepatic metabolism
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increases the hydrophilicity of drugs and allows their
renal elimination.

Enzyme reactions involved with drug metabolism
are classified into two groups. Phase I reactions in-
volve oxidation, reduction, and/or hydrolysis. The
second phase of metabolism generally consists of con-
jugation reactions that involve coupling the drug or its
metabolite to a substrate (e.g., glucuronidation, sul-
fonation) to ensure excretion of the drug. For most of
the opioids, enzyme metabolism is through the P450
isoenzymes. Changes in enzyme maturation and ac-
tivity occur with age. At birth, the cytochrome P450
enzymes are reduced to 50% of adult values. In addi-
tion to intrinsic reduction in enzyme activity some
drugs can compete with the P450 isoenzymes and
thereby further alter drug metabolism. In animal in
vitro studies, inhalational anesthetics (i.e., halothane)
decrease the metabolic capacity of the P450 isoen-
zymes. The expression of phase I enzymes such as the
P450 cytochromes (CYPs) changes markedly during
development. Distinct patterns of isoform-specific de-
velopmental expression of CYPs have been observed
postnatally. Within hours after birth, CYP2E1 activity
increases and CYP2D6 becomes detectable soon there-
after. CYP3A4 and CYP2C (CYP2C and CYP2C19)
appear during the first week of life, whereas CYP1A2
is the last hepatic CYP to appear, at 1 to 3 mo of life
(9–13).

The clearance of IV administered midazolam from
plasma is primarily a function of hepatic CYP3A4 and
CYP3A5 activity, and the level of activity increases
from 1.2 to 9 mL/min per kilogram of body weight
during the first 3 mo of life. The activity of the CYPs
can affect clearance in a computer simulation model of
the context-sensitive half-time. Alfentanil can behave
as a long-acting or as a rapid-acting opioid (14).

The in vitro CYP2D6 activity has been evaluated in
fetal, neonatal, infant, pediatric, and adult liver tissue
to study the ontogeny of CYP2D6. Treluyer et al. (15)
detected limited CYP2D6 protein and activity in 30%
of fetal livers. In the first month of life, CYP2D6 pro-
tein and activity increased further, and between 1 mo
and 5 yr of age protein levels were reported to be
approximately two thirds of adult levels. Another
study reported no additional significant differences in
protein levels of CYP2D6 in infants older and younger
than 1 yr, suggesting that CYP2D6 ontogeny is com-
plete by age 1 yr.

Phase II reactions catalyze the conjugation (glu-
curonidation, sulfation, glutathione conjugation) of
a water-soluble endogenous molecule to the drug
compound and further enhance the water solubility
of drugs and their renal or biliary excretion. Glucu-
ronidation, glutathione conjugation, and acetylation
are deficient in the neonate, whereas sulfate conju-
gation is an effective pathway at birth. The ontog-
eny of conjugation reactions (i.e., those involving

phase II enzymes) is less well established than the
ontogeny of reactions involving phase I enzymes.
Glucuronidation of morphine (a UGT2B7 substrate)
can be detected in premature infants as young as 24
wk of gestational age. The clearance of morphine
from plasma is positively correlated with postcon-
ceptional age and quadruples between 27 and 40 wk
postconceptual age, thereby necessitating corre-
sponding increases in the dose of morphine to main-
tain effective analgesia (16).

Along with changes in hepatic maturation, develop-
mental changes occur with renal function. The nephro-
genesis that begins in the eighth week of gestation is
completed by 36 wk of age. At that time, for the full
complement of nephrons, glomerular filtration rate
(GFR) is only 5% of the adult values (17–19). Meas-
urements of renal plasma flow (PAH) and GFR (inulin or
mannitol) that are normalized for the body surface area
indicate that adult values are reached between 6 and 12
mo of age.

Both anatomical and functional immaturity of renal
tubules is present at birth, and both passive reabsorp-
tion and active secretion are diminished. The matura-
tion of renal tubular function reaches the adult renal
tubular function values by 12–18 mo of age. If the
constant of pediatric physiology is change, then vari-
ability in the rate of change must occur. Variability in
drug pharmacology is an inevitable consequence of
growth and development.

Developmental changes in renal function can dra-
matically alter the plasma clearance of compounds
with extensive renal elimination and thereby affect the
age-appropriate selection of a dose regimen. Pharma-
cokinetic studies of drugs, which are excreted primar-
ily by the glomeruli, have shown correlations between
plasma drug clearance and normal maturational
changes in renal function. Concomitant administra-
tion of medications such as betamethasone and indo-
methacin may alter the normal pattern of renal matu-
ration in neonates. Thus, for drugs that are primarily
eliminated by the kidney, clinicians must individual-
ize treatment regimens in an age-appropriate fashion
that reflects both maturational and treatment-associated
changes in kidney function.

In addition to changes in kinetics, differences in
drug transporter proteins as well as drug receptors
occur. These changes lead to variability of the drug
response and analgesic effects of most opioids proce-
dures, their intended effects, and side effects as to
mu-opioid receptors. Polymorphism of the OPRM1
receptor, specifically single nucleotide polymor-
phisms SRPs, has been shown to have different effects
for analgesic and respiratory effects (20).

This lecture will focus on how these developmental
changes affect opioid clearance in children and how
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the pharmacokinetic changes coupled with underly-
ing genetic differences can create pharmacodynamic
variability in drug effect.
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