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Introduction

“Children are not small adults” is true for the pediatric 
population and similarly “Neonates are not just small children” 
stands for newborns. These statements are significant with 
regards to the pharmacokinetics of drugs in neonates (1-3).  
Adult population pharmacokinetics principles cannot be 
extrapolated to neonates because of considerable inter 
and intraindividual variability resulting from differing 
gestational age, postnatal maturation, and rapid changes 
in physiology with development (4,5). Impaired cerebral 

growth after dexamethasone and reduced number of 
glomeruli following exposure to nephrotoxic drugs during 
nephrogenesis in preterm neonates is a reflection of such 
population-specific vulnerability (6-8).

Neonates undergo rapid and significant maturation and 
development, leading to changes in body composition, 
express ion of  drug-metabol iz ing  enzymes ,  f lu id 
distribution, and variable hepato-renal function. This can 
be further complicated by pathological conditions (such 
as growth restriction, sepsis, associated cardiomyopathy, 
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and organ failure) or administered treatment (e.g., co-
medication, surgical intervention, extracorporeal membrane 
oxygenation) (9,10). Adult drug doses, even after adjustment 
for body weight can be risky in neonates as it may expose 
this vulnerable population to potentially toxic doses and 
adverse drug reactions. Even now, approximately 65% 
of the drugs used in the neonatal intensive care units 
(NICUs) are still off-label and need dose optimization 
before administration (11). Therapeutic drug monitoring 
(TDM) may be helpful for clinical efficacy and to prevent 
therapeutic misadventures. Consequently, there is an 
obvious need to focus on the covariates contributing to 
this variability within this vulnerable population and adopt 
TDM for safe and efficacious drug administration whenever 
feasible (11).

Pharmacokinetics

Pharmacokinetics in simple terms refers to “what the 
body does to drugs”. This involves how the drugs are 
processed and disposed of via a series of processes, which 
involves: drug absorption, distribution, metabolism, and  
elimination (ADME) (10,12,13). The efficacy of the 
processes depends on functional maturity and may differ 
significantly with ontogeny and disease states of neonates. 
These processes contribute to significant differences in 
therapeutic efficacy which is observed between neonatal and 
adult populations (14).

Factors involved in pharmacokinetics

Drug absorption and bioavailability

The absorption of a drug refers to its translocation from 
the administered site into the systemic circulation. The 
absorption of a drug is influenced by multiple factors, 
including the dose, route of administration, carrier-
mediated transport, molecular weight, lipid solubility, degree 
of ionization, and metabolism of the drug. Gestational 
age at birth, postnatal age, and developmental changes in 
neonates, add to the complexity of the process (12).

Intravascular drugs have rapid and better systemic 
availability compared to the ones administered from 
extravascular sites. The portion of a dose that enters the 
systemic circulation intact is defined as drug bioavailability. 
Delayed absorption may affect drug bioavailability and 
predicted peak concentrations, leading to a less than desired 
response (15).

Factors influencing drug absorption as based on the 
route of administration are described below:

Enteral absorption
The bioavailability of medications from enteral routes is 
determined by gastric acidity and emptying, gastrointestinal 
(GI) secretions, transport, first-pass metabolism, and 
bacterial flora (16). These also affect the time to achieve 
maximal plasma level of drugs (13). Many neonates tend to 
regurgitate orally administered drugs intermittently some 
times during therapy, which necessitates readministration. 
Moreover, many infants especially extreme premature 
infants are not on significant feeds in the initial few days of 
life, precluding the use of oral drugs in this population. 
Role of Gastric pH
Gastric pH plays a significant role in the absorption of 
drugs. In term neonates, gastric pH transitions from an 
alkaline pH (pH 6–8) at birth to more acidic levels (pH 1–3)  
over the first 24–48 h of life (17-19). This change is 
transient, as gastric acid production declines. By the age of 
2 years, pH is again acidic 1–3 similar to adult pH (19,20). 
This process is altered in preterm neonates with significant 
attenuation in gastric acid production until 2–3 weeks 
after birth (21). Enteral feeding may further reduce the 
gastric pH. Consequently, stomach emptying is delayed 
and there is decreased ionization of drugs, leading to 
increased absorption of weakly basic drugs such as penicillin 
G, amoxicillin, nafcillin, and erythromycin (22-24) and 
decreased absorption for acidic drugs such as phenobarbital 
and phenytoin (25).
Gastrointestinal secretions
At birth there is an immature pancreatic exocrine and 
biliary system (26), leading to insufficient synthesis of 
bile salts and lipase (27,28). Inefficient solubilization and 
intraluminal hydrolysis lead to reduced absorption and 
bioavailability of lipophilic compounds such as fat-soluble 
vitamins. However, these functions develop rapidly in the 
postnatal period (29).
Gastrointestinal emptying
Emptying times and intestinal motility are functions 
of postconceptional and postnatal age and affect drug 
absorption (30). Neonates exhibit relatively delayed gastric 
emptying compared to adults (31). Thus, gastric emptying 
times are prolonged in more premature infants. 

Although feeding stimulates the development of gastric 
motility, feed composition also affects gastric emptying (32). 
For example, consumption of human milk and low-calorie 
formulas increases the rate of gastric emptying in contrast 
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to the formulas containing higher caloric density and long-
chain fatty acids (33,34).
Gastrointestinal transport
Carrier-mediated uptake systems in the gastrointestinal 
mucosa are crucial for efficient absorption. An immature 
transport function may reduce the bioavailability of 
medications (35). On the other hand, some transport 
proteins [e.g., multidrug resistance 1 (MDR1)] promote the 
extrusion of drugs from enterocytes into the gastrointestinal 
lumen, thereby decreasing their bioavailability (36). The 
intestinal influx oligopeptide transporter peptide transporter 
1 (PEPT1) mRNA expression in neonates is marginally 
lower (0.8-fold) than older children (37). Expression 
of these transporter proteins improves with increasing 
postnatal age. Neonatal intestinal expressions of MDR1 and 
multidrug resistance protein 2 (MRP2) are similar to that in 
adults (38). Inconsistent drug absorption can also occur with 
congenital pathological processes (e.g., duodenal atresia) or 
surgical interventions (e.g., short bowel syndromes), which 
lead to deficient intestinal transporters like PEPT1 (39).
Gastrointestinal first-pass effects
Drug metabolism by gastrointestinal and hepatic enzymes 
is described as the “First-pass effect”. This leads to a 
reduction of the unmetabolized drug fraction reaching the 
systemic circulation and consequently alters predictable 
drug levels in the systemic circulation. The liver is the 
primary organ involved. Many drugs such as propranolol 
and morphine, undergo biotransformation in the liver (15).  
Some drugs, such as midazolam, are metabolized in the 
intestine, resulting in a diminished proportion of drugs 
reaching the systemic circulation (40). Enteral drug 
first-pass effect increases with gestational and postnatal 
maturation of metabolic pathways and their transport 
functions. Some drugs may be affected less by first-pass 
metabolism in immature neonates, thus increasing the 
proportion of unmetabolized drugs reaching systemic 
circulation (41). Thus, maturational changes results in 
erratic pharmacokinetic drug profiles in newborns.
Gastrointestinal bacterial flora
Bacterial flora influences intestinal motility and metabolism 
of a drug, playing an important role in its absorption (42,43). 
The ileum and colon are the primary concentration sites 
of bacterial flora. Immature gastrointestinal metabolic 
reactions and ineffective gastrointestinal first-pass 
metabolism results in improved oral bioavailability in 
neonates. It takes approximately four years for an infant 
to develop a mature, adult-like bacterial flora (42,44). 
This contributes to substantial inter-and intra-individual 

variability in oral bioavailability.
Genetic factors and underlying pathophysiology 

(endocrinopathies, gastrointestinal disorders, central nervous 
system disorders, and metabolic derangements), concomitant 
administration of drugs also contribute to variable enteral 
absorption. In summary, enteral bioavailability is influenced 
by a multitude of factors like postnatal developmental 
in a newborn, gestation specific factors, and underlying 
pathophysiology. Knowledge of differences in enteral 
bioavailability is essential to understand and guide dose 
adjustment for orally administered medications. This 
also explains the reliance on intravascular route for 
administration of critical medications such as antibiotics in 
neonates.

Non-enteral route of absorption 
Drugs administered through non-enteral routes such as 
sublingual, intramuscular, subcutaneous, inhalation, and 
intravascular have an associated variability in absorption, 
depending on the route and developmental differences.

The sublingual route is highly variable in neonates and 
is not preferred because of uncertain and uncontrolled 
absorption. The intramuscular absorption is also reduced 
in neonates because of poor regional blood supply and 
decreased muscle mass. Lipophilic drugs, which rapidly 
diffuse into the capillaries, are an exception to this. There 
is also a concern of some drugs leading to adverse local 
tissue reactions and injury like calcium gluconate. Thus, 
these routes are rarely utilized except for a few drugs 
such as Vitamin K, aminoglycosides, and cephalosporin 
administration (45,46).

Drugs administered through the subcutaneous route can 
also have unpredictable systemic bioavailability because of 
multiple factors including a thin epidermis, reduced stratum 
corneum, a high degree of hydration, and the higher 
body surface area ratio of a preterm infant. These may 
aid in increased percutaneous absorption, while poor skin 
perfusion may reduce absorption (2,3). Both theophylline 
and caffeine have been successfully administered via 
topical gel, with the achievement of therapeutic serum 
drug concentrations. However, the inadvertent toxicity 
after percutaneous drug absorption is often overlooked. 
Historically, boric acid, hexachlorophene, alcohol, 
and corticosteroids toxicities have been reported after 
percutaneous administration (47,48).

Rectal absorption is less predictable in newborns than in 
older children and adults due to variable GI motility and 
drug insertion depth. The first-pass effect is more apparent 
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with deeper administration of drugs, as the superior rectal 
vein drains into the portal vein via the inferior mesenteric 
vein. Drugs administered into the lower rectum have more 
bioavailability as the lower and middle rectal veins drain 
directly into the systemic circulation via the inferior vena 
cava bypassing the liver. Acetaminophen and diazepam have 
been traditionally administered by this route (48,49).

Inhalational and endotracheal administration also 
have uncontrolled absorption and greater systemic 
effects, increasing the potential for toxic exposure in 
neonates. Efficacy is also unpredictable by this route. 
Drugs such as epinephrine, lidocaine, atropine, and 
naloxone are administered by the endotracheal route in 
special circumstances, such as during resuscitation while 
intravenous access is established. Drugs such as surfactant 
and inhaled nitric oxide are administered through 
the intratracheal route for local action on the lungs. 
Bronchodilators and some steroids are used by inhalation 
for action at local site (i.e., lungs) and to potentially 
minimize systemic side effects (50).

Bioavailability after intravenous administration is not 
always complete. Although this route eliminates site-specific 
variables for absorption, rapid delivery of the drug after 
intravenous administration may result in rapid first-pass 
metabolism, especially when administered into low-lying 
umbilical venous catheters or peripheral sites in the lower 
extremities. Thus, a reduced amount of active drug reaches 
the systemic circulation and the target organ(s). Midazolam, 
morphine, and propranolol are especially susceptible to first 
pass pre-systemic clearance (7,8).

Drug distribution 

Drug distribution refers to the process of movement of a 
drug through the body, from central circulation to various 
body compartments. Many factors, such as the pH, size 
and composition of the compartment, lipid solubility, 
plasma protein levels, tissue protein binding, membrane 
permeability, regional blood flow, and hemodynamic status 
affect the movement of a drug (from intravascular to an 
extravascular compartment) (48).

The intravascular space is the central compartment 
from where the drug is distributed at a faster rate to the 
heart, kidney, and liver, but at a slower rate to the brain, 
fatty tissue, and muscles. Drugs traverse back from the 
peripheral to the central compartment for elimination. 
Drug distributions occur until an equilibrium is established 
between an unbound fraction of the drug in the plasma 

and tissue fluids, as illustrated by Figure 1. It is influenced 
by numerous factors such as volume of distribution, body 
composition, tissue perfusion, and protein binding (51).

The volume of distribution (Vd)
The ‘apparent volume of distribution’ for a drug is defined 
as the hypothetical fluid volume that would accommodate 
all the drug in the body. It is calculated by dividing the total 
amount of drug given by the concentration of drug in the 
plasma (Eq. [1]) and is a useful marker to assess age-related 
changes in drug distribution.

( ) ( )
( )

Amount of drug given mg/kg
Vd L/kg

Plasma drug mg/L
=  [1]

Vd is a useful parameter for calculating a patient-
specific loading dose. It is not similar to blood volume or 
physiological fluid compartments. It is the hypothetical 
volume of all the compartments through which a drug 
is dispersed. Understanding of contributing factors that 
lead to variation in Vd helps optimize dosages to achieve 
the desired peak concentration (Cmax) in a newborn. 
Developmental changes also affect Vd. It may be a function 
of postnatal enhancements in cardiac output, organ blood 
flow, tissue perfusion, changes in membrane permeabilities, 
maturation of carrier-mediated transport systems, and 
changes in tissue binding affinities since newborns and 
young infants have significantly greater liver, kidney, 
and brain masses relative to total body mass (48,52-54). 
Neonatal conditions, such as pulmonary hypertension, 
hypoplastic left heart, and patent ductus arteriosus, may 
affect perfusion and restrict the movement and distribution 
of a drug to the site of action, ultimately affecting the drug 
activity and efficacy (48,52-54).

Body composition 
Body composition is another key factor in drug distribution. 
Body composition (total body water, total protein, and fat 
content) changes with gestational and postnatal age, which 
may produce significant quantitative changes in the Vd and 
plasma concentration.

As the fetus matures from 24 weeks of gestation to 
term, the percentage of total body water decreases from 
85% to 75%, and the fat tissue increases from 1% to 16% 
(10,15,52,55). Body composition is also affected by the 
intrauterine environment and fetal disease states. Fat stores 
are abundant in infants born to women with diabetes but 
are reduced in infants with intrauterine growth restriction. 
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These differences in body composition directly affect the 
dose of a drug required to affect a response. In comparison 
to adults, neonates have proportionally more body water 
than fat and have greater Vd for water-soluble compounds 
than fat-soluble compounds. Higher Vd has a lower drug 
peak concentration. Hydrophilic drugs like gentamicin have 
increased Vd especially in preterms (with high body water 
content), therefore a higher dose is required to achieve the 
same peak concentration compared with term neonates (56).

Protein binding
Only the ‘unbound drug’ (Free drug) is pharmacologically 
active, thus protein binding plays a significant role in the 
pharmacokinetics of a drug and its distribution. Newborns 
exhibit lower protein binding affinities for certain drugs such 
as penicillin, phenobarbital, phenytoin, and theophylline 
(57,58). The Vd increases with decreased protein binding. 
However, in the instance of reduced binding, for a given 
total serum concentration, there is a higher free fraction of 
available drug. An increased free fraction of the drug may 
result in an exaggerated therapeutic or toxic effect. This 
increased concentration of the drug is short-lived as the 
unbound form, or active drug has a higher clearance rate 
and is excreted at a faster pace. This difference in protein 
binding underscores the importance of measuring total and 
free serum drug concentrations in neonates (48).

Preterm infants have proteins with diverse qualities and 

quantities when compared to term neonates. They have a 
lower concentration of binding proteins such as albumin, 
lipoproteins, alpha-1-acid glycoprotein, and beta globulins, 
increased fetal albumin which has decreased affinity for 
drugs, lower plasma pH which hinders the binding of acidic 
drugs, and marked quantities of binding protein inhibitors. 
Thus, preterm infants have inconsistent responses to 
protein binding drugs when compared to term infants.

Pathological conditions
Pathological conditions can also affect the protein binding 
affinity and volume of distribution. Hepatic and renal 
diseases and hypoproteinaemia secondary to malnutrition, 
cystic fibrosis, burns, surgery, trauma, and acidosis 
decreases the plasma protein-drug binding due to decreased 
protein synthesis or the presence of competitive inhibitors. 
Hyperbilirubinemia also reduces the binding of acidic drugs 
like ampicillin, penicillin, phenobarbital, and phenytoin 
(57,59). On the contrary, ceftriaxone and sulphonamides 
lead to an increased amount of displaced bilirubin, which 
increases the risk of bilirubin encephalopathy (60,61).

Drug metabolism/biotransformation

Biotransformation is the process of metabolism of drugs 
within the body. It alters the chemical composition, 
converting lipophilic drugs into more polar hydrophilic 

Figure 1 Pathway of drug distribution.
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derivatives to facilitate excretion or weaken the drug 
activity by turning it into a pharmacologically inactive 
form (62-65). The polar metabolites are generally inactive, 
but some can still retain pharmacological activity, such as 
theophylline and valganciclovir. They can also be toxic, as 
seen with N-acetyl-p-benzoquinone imine, a by-product 
of acetaminophen metabolism. Premature infants have 
reduced biotransformation capacity, because of incomplete 
organ development and consequent immature physiology. 
Factors such as reduced cellular uptake of drugs, lower 
hepatic enzyme capacity, decreased hepatic blood flow, 
and reduced biliary excretion are responsible for decreased 
metabolic activity and differences in biotransformation 
between a term and a pre-term infant (15,48). For example, 
the half-life of phenobarbital is longer in preterm infants 
than in term infants due to immaturity of phenobarbitone 
metabolism in preterms (66-68).

Gestational and postnatal development, environmental, 
and genetic factors also influence drug metabolism and 
biotransformation. Drug accumulation and exaggerated 
pharmacological response ensue if proactive modifications 
in the drug therapy are not initiated.

Although most of the biotransformation occurs in the 
liver, other organs, such as the kidney, intestine, skin, lungs, 
and adrenals often contribute. Metabolism in the liver starts 
with uptake by the hepatocytes. Once in hepatocytes, the 
next step involves either phase I and/or phase II reactions (64).

Phase I and phase II reactions
Phase I reactions are ‘Preparatory Reactions’ as they are 
non-synthetic modification reactions and include oxidation, 
reduction, hydrolysis, hydroxylation, or demethylation. They 
are facilitated by the cytochrome P (CYP) 450 family and 
convert a parent drug to a polar metabolite by introducing 
or unmasking a more polar site. Phase I enzymes, although 

present since birth, vary in their levels and activity and reach 
maturity by the first year of life (Table 1).

Phase II reactions are synthetic reactions mediated by 
enzymes such as UDP-glucuronosyltransferase, glutathione 
S-transferase, N-acetyltransferase, or sulfotransferase 
(63,64,69). These add endogenous substances to the drug to 
form a highly polar metabolite by glucuronidation, sulfation, 
acetylation, or methylation reactions. Expression of phase II 
enzymes varies with maturation and development. Sulfation 
is relatively developed at birth compared to acetylation 
and glucuronidation, which develop with postnatal age 
and weight gain. As morphine and acetaminophen involve 
glucuronidation for their metabolism, their clearance is 
low in neonates (70,71). Acetaminophen compensates 
glucuronidation deficiencies at birth by predominant 
sulfation and is excreted as sulfate-conjugated metabolites.

Hepatic CYP P450 mediated metabolism
Hepatic CYP is a group of microsomal enzymes localized 
in the smooth endoplasmic reticulum. They are primarily 
responsible for phase I oxidative metabolism (72). More 
than 1,000 CYP450s are known, but only about 50 are 
functionally active in humans. CYP1, CYP2, and CYP3 
families are involved in most drug metabolism reactions. 
The reactions catalyzed by them include aromatic ring 
and aliphatic side chain hydroxylation, dealkylation, 
deamination, dehalogenation, sulfoxidation, N-oxidation, 
N-hydroxylation, nitro reduction, and azo reduction. 
Although individual CYP isoforms tend to have substrate 
specificities, but overlap is common (73).

During human development, CYP isoforms are expressed 
differentially and are categorized into three groups. First 
group enzymes have the highest levels in fetal life, their 
activities reduce with increasing age, and include isoforms 
such as CYP3A7, SULT1A3/1A4. The second group 

Table 1 Common cytochrome isoforms with their age of expression, drug substrates and inducers

CYP isoforms Postnatal age of expression Drugs Inducers

CYP 2E1 Hours Ethanol paracetamol Ethanol, isoniazid 

CYP 2D6 Hours, days Amphetamines, codeine lignocaine, metoclopramide Phenobarbital, phenytoin

CYP 2C9 First weeks Ibuprofen, phenytoin Rifampicin

CYP 2C19 First weeks Omeprazole, phenytoin diazepam indomethacin Carbamazepine, prednisone

CYP 3A4 First weeks Steroids, clarithromycin Phenobarbitone, phenytoin

CYP 1A2 1–3 months Caffeine, acetaminophen Insulin, omeprazole

CYP, cytochrome.
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includes enzymes that are expressed after birth and increase 
progressively with age. They include CYP3A5, CYP2C19, 
and SULT1A1. Enzymes such as CYP2D6, CYP3A4, 
CYP2C9, and CYP1A2 are assigned to the third group, 
these enzymes display modest ontogeny during the second 
or third trimester of pregnancy, with increased phenotypic 
expression throughout infancy (10,12,15,70,73-76).

CYP3A4 and 3A5 are responsible for 50% of drug 
metabolism. CYP3A4 increases concomitantly in the first 
year of life and becomes the major isoform in the adult 
liver. CYP2C and CYP2D6 activity develop in fetal life and 
increase during the perinatal period, however, it is still very 
low compared to that in an adult liver. The cytochrome 
P450 genes also exhibit single nucleotide polymorphisms 
that lead to wide genetic varia tion which further explains 
the differential enzymatic activity. For example, CYP2D6 
metabolizes codeine to morphine; consequently, neonates 
with higher CYP2D6 activity may influence morphine 
toxicity (73,77,78).

Drugs such as fluconazole, spironolactone, and 
metronidazole can inhibit CYP450 enzymatic activity. This 
inhibition reduces the metabolism of potential substrates 
and secondarily delays their elimination. Drugs such as 
phenobarbitone and rifampicin can induce CYP3A, and 
CYP2C respectively, which may prolong the half-life of 
certain drugs. Common cytochrome isoforms their variable 
age of expression, substrates, and inducers are represented 
in Table 1.

Extra microsomal enzymes in the mitochondria and 
cytosol of the liver and other tissues may also mediate 
some important phase I reactions. These include aldehyde 
dehydrogenases, tyrosine hydroxylase, and monoamine 
oxidase. Their expression is also low in the early postnatal 
period but improves with postnatal age (73,79,80).

Drug elimination

Elimination refers to the process of clearance of a drug 
from the body. Kidney and hepatobiliary systems are the 
main routes of clearance of drugs and their metabolites. 
The primary mode of excretion is through the kidney while 
the liver is the main site of metabolic clearance. Exhaled 
air, saliva, and sweat also contribute to the elimination of 
certain drugs. 

The site of elimination
As mentioned earlier, the kidneys and liver are the primary 
sites of drug elimination. 

Drug elimination by kidney
The kidney plays a major role in the elimination of drugs. 
The excretion of drugs through the kidney is determined 
by interrelated factors such as renal blood flow, glomerular 
filtration rate (GFR), and renal tubular activity (reabsorption 
and secretion). These are not adequately developed 
in premature infants. Renal function improves with 
gestational/postnatal age and maturation of the neonate, 
which is accompanied by changes in renal blood flow and 
renal vascular resistance (81). Even though GFR has a 
linear relationship with gestational age, this holds only after  
34 weeks of gestation. In term neonates, GFR doubles 
within 2 weeks of life and attains adult value by two and 
a half months of life. However, it can take 2 years for a 
preterm infant to attain the same level. This extensive 
variability is explained by incomplete kidney maturation 
during infancy. Drugs such as digoxin, aminoglycosides, 
and cephalosporins are dependent on GFR for excretion, 
and changes in the GFR can lead to potential toxicity. On 
the other hand, drugs depending on tubular secretion for 
elimination have decreased clearance such as furosemide 
and penicillins (12,65). Small for gestational age (SGA) 
infants exhibit decreased clearance of vancomycin and 
amikacin up to 16% when compared to appropriate for 
gestational age infants (82).

Prenatal exposure to drugs also modifies the excretion 
capacities of the kidneys. For example, methadone increases 
GFR, whereas indomethacin reduces it. Alterations in 
plasma and urine pH can also alter the excretion of ionized 
drugs, especially weak acids, and bases (73). 

Consequently, factors such as maturation (e.g., age, birth 
weight), disease characteristics (e.g., peripartum asphyxia, 
renal congenital malformations, co-medication, or growth 
restriction), genetic polymorphisms, and renal failure may 
adversely impact the excretion of many drugs. Creatinine 
clearance and nomograms are used to modify drug dosage 
in infants with renal failure. However, they should be used 
with caution as they are primarily designed for adults and 
children. Hence, there is a compelling need to develop 
gestational-specific nomograms based on gestational age 
and postnatal age (10).

The  excre t ion  o f  exc ip ient s ,  which  are  o f ten 
coadministered with drugs, is often neglected in neonatal 
population. They can be administered in significant 
amounts in neonates and have been associated with 
significant adverse effects including mortality. Classic 
examples of these include propylene glycol and benzyl 
alcohol (77,83-88).
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Drug elimination in liver
The liver is an important organ for metabolic drug 
elimination. Internal clearance is absent at birth but 
develops later. Phase I and phase II reactions play 
a significant role in drug metabolism and facilitate 
elimination as elucidated earlier. Postnatal maturation 
leads to differences in phase I and phase II reactions. These 
qualitative and quantitative differences exist because of 
different stages of development and influence the rate and 
pattern of elimination by newborns (62-65). Other factors 
that play an important role in hepatic clearance are blood 
flow and plasma protein binding. 

Drugs eliminated by liver are classified further as ‘flow-
limited’ or ‘capacity-limited’. A drug that relies on hepatic 
blood flow for clearance is classified as ‘flow-limited’. A 
change in hepatic blood flow has a proportional change on 
the delivery of the drug to the liver and hence, on its overall 
clearance. Examples of this includes drugs like morphine, 
propranolol, and meperidine. If a drug depends on hepatic 
metabolizing capacity for clearance, it is classified as 
‘capacity limited’. Hepatic metabolism determines the 
clearance, which is independent of hepatic blood flow 
(2,89). Examples of this includes drugs like phenytoin, 
theophylline, and diazepam (2,48,89).

The cardiovascular status also impacts drug excretion. 
Congestive cardiac failure and cardiac defects alter regional 
blood flow distribution. It may impact renal and hepatic 
blood flow as well as function and consequently diminishing 
drug biotransformation and elimination.

The compartment of metabolism
The distribution of drugs in different tissues of the body 
has led to the ‘compartmental modeling’ concept. Central 
compartments include highly perfused tissues such as the 
heart, liver, lungs, and kidneys, whereas the peripheral 
compartments constitute tissues such as fat, muscle, and 
cerebrospinal fluid (CSF). Although drugs are not restricted 
to one compartment, the ‘one-compartment’ model is most 
frequently cited. This holds for drugs with insignificant 
distribution in the peripheral/extravascular compartments, 
such as aminoglycosides. It is also based on the assumption 
that a drug distributes instantly to all body tissues and fluids. 
The distribution phase (alpha-phase) is very short (15 to  
20 min) but the metabolism and elimination phases (beta-
phase or terminal phase) are much slower and longer (48,90).

On the other hand, some drugs follow a complex 
‘multicompartmental model’. This includes lipophilic drugs 
such as benzodiazepines or those with extensive tissue 

or intracellular uptake. Plasma drug samples should be 
withdrawn only after the distribution of a drug is complete. 
This permits a reflection of accurate drug levels as a state of 
pseudo equilibrium is reached between the peripheral and 
central compartments (15,90).

Clearance (Cl)
Cl of a drug refers to the theoretical volume of plasma from 
which the drug is completely removed in a unit of time and 
is expressed as volume over time. It can be calculated as

Cl Rate of elimination/C=  [2]
 

where C is the plasma concentration of the drug.
Cl represents the volume of plasma from which the drug 

is completely removed in a given time. Cl determines the 
steady-state concentration for a given dose (49). Based on 
the rate of clearance, drugs are said to follow first-order 
or zero-order kinetics. In first-order kinetics, a fraction of 
drug is excreted per unit time, clearance remains constant. 
There is increase in elimination of the drug with increased 
amount in the body. Drug follows a linear plot between the 
plasma concentration versus time. In contrast, zero-order 
kinetics of elimination is characterized by a constant rate of 
elimination, irrespective of drug concentration in the body. 
It is also known as ‘saturation kinetics’ or Michaelis-Menten 
kinetics. A constant amount of the drug is eliminated over 
time, regardless of the amount of drug in the body. The Cl 
decreases with increases in concentration. Drugs with zero-
order kinetics include caffeine, chloramphenicol, diazepam, 
furosemide, indomethacin, and phenytoin (15,91-95).

Most of the drugs used in neonatology display first-order 
kinetics, but some drugs transition to zero-order kinetics 
at higher doses. As a result, plasma concentration increases 
disproportionately with increases in dose, which can lead to 
toxicity and adverse reactions. This is classically seen with 
phenytoin and theophylline metabolism (15,91-95).

Half-life
Half-life (t1⁄2) is the time required for the serum 
concentration of a drug to decrease by 50% after absorption 
and elimination are complete. It determines the time to 
reach a steady state which is usually three to five half-lives 
and to ascertain appropriate drug dosing intervals. Half-
life depends on Vd and Cl. Drug half-life determines the 
speed at which drug concentration decreases in serum. 
Nearly complete drug elimination occurs in 4–5 half-lives. 
For drugs eliminated by first-order kinetics, t½ remains 
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constant as Vd and Cl do not change with dose. Examples 
of this includes most drugs used in neonates. Whereas 
drugs eliminated by zero-order kinetics, t1/2 increases 
with dose because Cl progressively decreases as the dose is 
increased. Examples of this includes drugs such as caffeine, 
chloramphenicol, diazepam, furosemide, indomethacin, and 
phenytoin (48,94,95).

Steady-state plasma concentration
When a drug is repeatedly administered at relatively short 
intervals, it accumulates in the body till a state of balance is 
achieved between intake and excretion. This balanced state 
is called a steady-state plasma concentration (Cpss). It is 
important to maintain steady drug levels, so that the efficacy 
of a drug remains constant, provided there is no tolerance 
to the drug. Steady-state is reached in 4–5 half-lives. 
Smaller doses repeated more frequently help maintain Cpss. 
If repeated at too short of intervals, it can cause potential 
side effects. A compromise between loss of efficacy at 
troughs and side effects at peaks determines dose intervals. 
The average Cpss is approximately 1/3 of the minimal 
and maximal levels with enteral drugs, as absorption takes 
longer. This holds true for drugs that follow first-order 
kinetics and have a linear curve. There is increase in Cpss, 
which is out of proportion to dose change, when it increases 
beyond saturation levels for drugs following zero-order 
kinetics (95).

Loading dose and maintenance dose
It is well known that it takes about four t1/2 to attain a 
steady state, which might delay the therapeutic efficacy 
of some drugs. Loading doses are used for such drugs 
to attain faster peak effective concentration for optimal 
therapeutic effect. The subsequent maintenance doses are 
used to keep the drug plasma concentration at optimum 
levels. In neonates, drugs such as aminophylline, caffeine, 
and anticonvulsants are used with these principles (96). The 
maintenance dose is determined by Cl and t1/2. It is useful 
for drugs with a short half-life and in critically ill neonates 
to achieve and maintain effective drugs concentration.

Therapeutic drug monitoring in neonates

In neonates, therapeutic drug monitoring refers to the 
measurement of plasma drug concentration. This provides 
an estimate of the pharmacokinetic variables in a particular 
patient and estimates the magnitude of deviation from 
an average patient. It is helpful to make appropriate 

adjustments in the dosage regimen. The clinical benefits 
can be maximized without added toxic or adverse reactions. 
TDM is particularly useful in renal failure, and with drugs 
that have a low safety margin or are potentially toxic, 
such as theophylline, aminoglycosides, and vancomycin. 
TDM is also useful when there is a failure of response 
without any apparent reason (i.e., antimicrobials). Accurate 
determination of TDM depends on appropriate intervals 
between drug administration and drawing of blood, the 
nature of the drug, and even on the purpose of TDM. It 
should then be repeated at specific intervals to monitor 
the progress. Immature renal function in preterm makes 
them susceptible to overdosing. This assumes even 
more significance for drugs such as glycopeptides and 
aminoglycosides, which are eliminated exclusively by 
the renal route (97). Additionally, betamethasone and 
indomethacin, when administered to the fetus, alter renal 
maturation after birth (95,98).

TDM a tool for titrating drugs

TDM is a standard tool for analyzing many drug 
concentrations given inter-individual variability in 
pharmacokinetics and to avoid toxic and substance 
susceptibility such as ototoxicity and nephrotoxicity (99). 
For gentamicin, an aminoglycoside, TDM is a standard 
tool to determine target peak and trough concentrations. 
Some anti-fungal agents such as itraconazole and 
voriconazole have a narrow therapeutic index, given 
the wide differences in volume distribution, clearance, 
and other pharmacokinetic parameters, especially in the 
neonatal period (100-102). With genetic polymorphism of 
CYP2C19 monitoring of drug concentration via TDM is 
ideal (100,103). Phenobarbital and phenytoin are amongst 
the most commonly prescribed antiepileptic drugs in 
newborns, although there are concerns about their potential 
neurotoxicity on the developing brain. They are mostly 
administered starting with a loading dose, followed by 
maintenance doses and TDM is extensively used for their 
monitoring (1,104-107).

Pharmacokinetics of drugs during therapeutic 
hypothermia (TH)

In term newborns with moderate to severe perinatal 
asphyxia, TH is now a standard of care. However, 
pharmacokinetics changes have been described during 
that period, such as the effect on decreased drug clearance 
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by glomerular filtration and decreased activity of hepatic 
cytochrome enzymes due to the effect on blood flow and 
cardiac output (108,109). Consequently, anti-epileptics, 
such as phenobarbital, when administered during TH 
for neonatal seizures resulted in higher concentration in 
plasma and longer half-lives than expected compared to 
normothermic newborns (110). However, in a Dutch study 
no clinically significant effect of TH on phenobarbital was 
observed (111). A ParmaCool study advised a Phenobarbital 
dose of 30 mg/kg (instead of 20 mg/kg) to reach therapeutic 
concentrations during TH (112). Certain aminoglycosides 
such as amikacin and gentamicin exhibit concern with a 
decrease in clearance during TH. A 12-h increase in dosing 
interval was suggested for reduced clearance (113). A  
meta-analysis reviewed eight studies and confirmed this 
decreased clearance of gentamicin during TH. They 
proposed modified gentamicin dosing regimens with 36-h 
intervals (114). Furthermore, Cies et al. suggested modified 
dosing of ampicillin to 25–50 mg/kg/day for antimicrobial 
action in the setting of controlled hypothermia (115).

Conclusions

With increasing survival rates of extremely premature 
babies, understanding pharmacokinetics and its principles 
are vital for optimizing treatment in the unique neonatal 
population. As opposed to ‘adult’ drug pharmacokinetics 
principles, it is necessary to understand complex drug 
interactions and to achieve therapeutically adequate drug 
concentrations, with the lowest risk of hazards possible. 
Neonatal physiology, disease states, developmental and 
maturational differences have a profound impact on drug 
pharmacokinetics and these diversities must be kept in mind 
while administering medications. Vast inter- and intra-
patient differences in drug handling make it indispensable 
for safe and effective drug administration. TDM is a vital 
tool and must be utilized to individualize the dosing of 
drugs in this vulnerable population whenever feasible. It 
must be acknowledged that not many drugs have their 
TDM range determined, underlying a potential area of 
research to optimize treatment with these drugs. While 
the number of drugs whose TDM is available is small, it is 
important to use it wherever available for optimal neonatal 
dosing. The success of treatment is determined by complex 
interactions between the administered drug, the host, and 
the disease process. Clinical research must be encouraged 
in premature and term neonates at different postnatal ages 
to establish pharmacokinetic models specific to neonates for 

effective dosing regimens and avoidance of toxic levels.
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