University of Pennsylvania

ScholarlyCommons
Miscellaneous Papers

Miscellaneous Papers

1-1-2001

Critical Care Nursing of Infants and Children
Martha A. Q. Curley
University of Pennsylvania, curley@nursing.upenn.edu

Patricia A. Moloney-Harmon
The Children's Hospital at Sinai

Copyright by the author. Reprinted from Critical Care Nursing of Infants and Children, Martha A.Q. Curley and Patricia A. Moloney-Harmon
(Editors), (Philadelphia: W.B. Saunders Co., 2001), 1,128 pages.
NOTE: At the time of publication, the author, Martha Curley was affiliated with the Children's Hospital of Boston. Currently, she is a faculty member
in the School of Nursing at the University of Pennsylvania.
This paper is posted at ScholarlyCommons. http://repository.upenn.edu/miscellaneous_papers/4
For more information, please contact repository@pobox.upenn.edu.

Please Note: The full version of this book and all of its chapters (below) can be found on ScholarlyCommons (from
the University of Pennsylvania) at http://repository.upenn.edu/miscellaneous_papers/4/

Information page in ScholarlyCommons
Full book
front.pdf - Front Matter, Contributors, Forward, Preface, Acknowledgements, and Contents
Chapter 1.pdf - The Essence of Pediatric Critical Care Nursing
Chapter 2.pdf - Caring Practices: Providing Developmentally Supportive Care
Chapter_3.pdf - Caring Practices: The Impact of the Critical Care Experience on the Family
Chapter_4.pdf - Leadership in Pediatric Critical Care
Chapter 5.pdf - Facilitation of Learning
Chapter_6.pdf - Advocacy and Moral Agency: A Road Map for Navigating Ethical Issues in Pediatric Critical Care
Chapter_7.pdf - Tissue Perfusion
Chapter 8.pdf - Oxygenation and Ventilation
Chapter_9.pdf - Acid Base Balance
Chapter 10.pdf - Intracranial Dynamics
Chapter 11.pdf - Fluid and Electrolyte Regulation
Chapter 12.pdf - Nutrition Support
Chapter 13.pdf - Clinical Pharmacology
Chapter_14.pdf - Thermal Regulation
Chapter_15.pdf - Host Defenses
Chapter 16.pdf - Skin Integrity
Chapter_17.pdf - Caring Practices: Providing Comfort
Chapter 18.pdf - Cardiovascular Critical Care Problems
Chapter 19.pdf - Pulmonary Critical Care Problems
Chapter 20.pdf - Neurologic Critical Care Problems
Chapter 21.pdf - Renal Critical Care Problems
Chapter 22.pdf - Gastrointestinal Critical Care Problems
Chapter_23.pdf - Endocrine Critical Care Problems
Chapter_24.pdf - Hematologic Critical Care Problems
Chapter_25.pdf - Oncologic Critical Care Problems
Chapter_26.pdf - Organ Transplantation
Chapter 27.pdf - Shock
Chapter_28.pdf - Trauma
Chapter_29.pdf - Thermal Injury
Chapter 30.pdf - Toxic Ingestions
Chapter_31.pdf - Resuscitation and Transport of Infants and Children
back.pdf - Appendices and Index

Clinical Pharmacology
Donna M. Kraus

PEDIATRIC AGE GROUP TERMINOLOGY

multiple drug interactions. This chapter will review pediatric pharmacokinetics, pharmacodynamics, drug dosing,
therapeutic drug monitoring, medication administration, and
drug interactions in the PICU patient.

MONITORING PARAMETERS
PEDIATRIC PHARMACOKINETICS

Absorption
Distribution
Metabolism
Elimination

PEDIATRIC AGE GROUP TERMINOLOGY
The normal developmental maturation of body composition,
physiologic parameters, weight, and size that occur throughout infancy and childhood dramatically influence pharmacokinetic parameters, phannacodynamics, and dosing recommendations of medications in children. In fact, pediatric
dosing recommendations are usually specified according to
specific age group terms. For many drugs, the mg/kg
recommended dose is different for children of different
ages. I Categorizing an individual by the wrong age group
term could result in significant overdosing or underdosing of
the patient. Therefore it is important for PICU clinicians to
know the definitions of the various age group terminology.
These terms are listed in Table 13-1.

PHARMACODYNAMICS

Dosing of Medication in Critically III Children
Therapeutic Drug Monitoring
MEDICATION ADMINISTRATION IN THE

PICU

IV Administration
Pediatric Dosage Forms
Pediatric Medication Administration Decision
Making
PRINCIPLES OF DRUG INTERACTIONS

MONITORING PARAMETERS

T

he safe and rational use of medications in critically ill
children requires a thorough understanding of pediatric
pharmacology and proper medication administration. Agerelated differences in drug disposition, metabolism, excretion, and pharmacodynamic effects, coupled with the special
pharmacologic considerations of the critically ill, can make
the pediatric intensive care patient a phamlacotherapeutic
challenge for the clinician. Critically ill children usually
receive multiple medications; many of which are extremely
potent and require careful titration. Oftentimes the use of
medications in critically ill children falls outside of the
product labeling approved by the Food and Drug Administration (FDA). In addition, the proper dosage form and
concentration of many medications may not be readily
available for these patients. Thus the PICU patient is at a
great risk for many drug misadventures including miscalculation of doses, use of non-optimal or untested doses,
improper dilution and administration of medications, and

Many clinical monitoring parameters used in adults for
assessing medication efficacy or toxicity are also used in the
critically ill child. However, normal values for infants and
children may differ. One must be aware of these differences
in laboratory parameters and normal vital signs in order to
adequately monitor pharmacotherapy in PICU patients. For
example, children, especially neonates and young infants,
have lower blood pressures and higher respiratory and heart
rates, compared to adults. Proper references should be
consulted for the normal values for age when providing
clinical care to critically ill children.

PEDIATRIC PHARMACOKINETICS
Pharmacokinetics mathematically describes the concentration of a drug or its metabolites in the body (i.e., in the
blood, body fluids and tissues) over a period of time?
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TABLE

Phenomena of Concern

13·1

.

~.;

Definition of Age Group Terminology

li'.

The time from conception until birth. More specifically, gestational age is defined as the number of
weeks from the first day of the mother's last menstrual period (LMP) until the birth of the baby.
Gestational age at birth is assessed by the date of the LMP and by physical exam (Dubowitz score).

f!J'ostnatal age (PNA)

Chronologie age since birth

ii!:p.
¥,,,. ostconceptional
~!,:age (PCA)
i~Neonate

Age since conception. Postconceptional age is calculated as gestational age plus postnatal age
(PCA = GA + PNA).

\m,Gestallonal age (GA)

~l

~:
~I,

i®i
ur;

liC
ii[~remature neonate
il;,

A full-term newborn 0-4 weeks postnatal age. This term may also be applied to a premature
neonate whose postconceptional age (PCA) is 42-46 weeks
Neonate born at <38 weeks gestational age

i\],[ull-term neonate

Neonate born at 38-42 weeks (average -40 weeks) gestational age

I~fant

1 month to I year of age

¥hildiChildren
fJ:'
l\'~dolescent

1-12 years of age

~;Adult

> 18 years of age

!!!O

13-18 years of age

eproduced with pennission from Takelomo CK, Hoddiog JH, Kraus DM: Pediatric dosage handbook, ed 6, Hudson, OH, 1999, Lexi-Comp, 13.

Clinically, pharmacokinetics is used to describe the timedependent changes of the drug plasma concentrati()n following administration of a medication. The concentration of
a drug in the plasma is dependent upon numerous factors
including: the absorption of the drug from the site of
administration into the systemic circulation, distribution of
the drug into tissues and fluids of the body, metabolism or
biotransformation of the drug, and elimination or excretion
of the drug from the body. Mathematic pharmacokinetic
models can be used to characterize absorption, distribution,
metabolism and elimination of a drug and can predict the
drug concentration in the plasma at a given time. This is
clinically important. For many drugs, the plasma drug
concentration is proportional to the concentration of the
drug at the receptor site. Therefore the plasma concentration
can be related to the pharmacodynamic and cI inical effects
of the drug.) This section will define pharmacokinetic
terminology and discuss important age-related differences
in drug absorption, distribution, metabolism, and excretion
as they clinically relate to the PICU patient.

Absorption
Administration of medication by any route, except intravenous, requires the drug to be absorbed from the site of
administration into the systemic circulation. Once a drug
reaches the systemic circulation, it can then be distributed
throughout the body and to the drug receptor site (i.e., site
of drug action). "Bioavailability" is a pharmacokinetic term
that estimates the extent of absorption of a drug. Bioavailability is defined as the percent of an administered dose that
reaches the systemic circulation. 4 Several factors can affect
drug bioavailability, including the dissolution characteristics
of the dosage form (e.g., capsule, tablet, sustained-release
product), physicochemical characteristics of the drug (e.g.,
solubility, degree of ionization, salt from), route of administration, and extent of metabolism by the liver or gut before
the drug reaches the systemic circulation. Drugs that are

administered orally must first pass through the gastrointestinal mucosa and into the portal circulation of the liver
before reaching the systemic circulation. Therefore orally
administered drugs can be metabolized by enzymes located
in the gastrointestinal mucosa or the liver before reaching
the systemic circulation. This phenomena is called the
"first-pass effect." A large first-pass effect will result in a
lower bioavailability for a drug and a larger difference
between the recommended oral and intravenous doses.
Drugs that are administered IV do not have to pass through
the liver to reach the systemic circulation. Therefore IV
drugs do not have a first-pass effect and have a bioavailability of 100%. Propranolol is an example of a drug with an
extensive first-pass effect; its oral bioavailability is only
30% to 40%. I The usual oral dose of propranolol to treat
arrhythmias in children is 0.5 to 1 mg/kg gi ven every 6 to
8 hours, whereas the recommended IV dose is only 0.01 to
0.1 mg/kg. As one can see by this example, the bioavailability of a drug must be taken into consideration when
changing the route of administration of a medication. If it is
not, serious and potentially fatal overdoses or underdoses
may occur. Other examples of drugs with low bioavailability
and significant differences between the IV and oral dose
include: hydralazine, labetalol, midazolam, morphine, and
verapamil. I
Bioavailability may also be different for different dosage
forms of the same drug. For example, the oral bioavailability
of digoxin elixir can be as low as 70%, whereas the
bioavailability of digoxin capsules can be 100%.1 This 30%
difference in bioavailability dictates that a dosage adjustment must be made when one dosage form is changed to the
other. Thus bioavailability needs to be considered not only
when changing the route of administration, but also when
changing dosage forms.
Many factors can affect the absorption of enterally
administered medications in the pediatric intensive care
patient Significant age-related maturational changes of
gastric emptying time, gastric acidity, intestinal motility and
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integrity, enzymatic activity, biliary function, and bacterial
colonization occur during the first 2 years of life and can
influence drug absorption. For example, gastric emptying
time can be delayed in neonates for as long as 6 to 8 hours
and adult values may not be reached until 6 to 8 months of
age. 5 Disease states, drugs, and diet may also influence
gastric emptying time and gastrointestinal motility. A longer
gastric emptying time may delay drug absorption in the
small intestine. This can result in a decreased peak serum
drug concentration and a longer time to reach the peak
concentration of an enterally administered medication.
Gastric acidity and duodenal pH also affect drug
ionization and absorption. 5 •6 Drugs are absorbed across
membranes in the un-ionized form. In general, acidic drugs
are better absorbed in an acidic environment because these
drugs would be in the un-ionized form. However, a basic
drug in an acidic environment will be mostly ionized and
therefore less well absorbed. Similarly, in an alkaline or
more basic environment, acidic drugs will be ionized and
less well absorbed, whereas basic drugs will be un-ionized
and better absorbed. Therefore age-related changes in
gastric pH can affect drug absorption. Gastric acidity is
decreased in neonates, especially in preterm newborns. 7
This decrease in gastric acid output is often termed "relative
achlorhydria" and results in a higher (more alkaline) gastric
pH. This may result in a decrease in the bioavailability of
acidic drugs (e.g., phenobarbital, phenytoin) and an increase
in the bioavailability of acid-labile drugs (e.g., ampicillin,
erythromycin, penicillin).5,g Although gastric acidity is
generally lower in the neonatal period, maximal gastric acid
output does not reach adult values until 2 years of age. 5,7
Thus infants and young children may have age-related
differences in drug absorption related to gastric pH.
Differences in the formulation of an enterally administered medication can also affect drug absorption. Sustainedrelease products are made to release a drug over an extended
period of time (e.g., 12 hours). However, in young infants,
the gastrointestinal transit time may be less than 8 hours.
Thus the use of a sustained release preparation (such as
theophylline) in a young infant, may result in incomplete
and highly variable absorption (i.e., the sustained release
product may be excreted in the stool before the drug is
completely absorbed). This is why fast (or prompt) release
oral products (i.e., non-sustained-release products) are
usually used in neonates and infants. I
The absorption of enterally administered medications
may also be delayed or decreased in patients who have
decreased perfusion to the gastrointestinal tract (e.g., critically ill patients, patients in shock, patients with congestive
heart failure) or decreased gastrointestinal function (e.g.,
postoperative patients recovering from anesthesia). Therefore medications are not usually administered enterally to
these patients. In addition, medications commonly used in
PICO patients may influence gastrointestinal drug absorption. Anticholinergics may prolong gastric emptying time
and delay drug absorption, while metoclopramide may
shorten gastric emptying time and hasten the time to drug
absorption. 9 Medications that are used to increase gastrointestinal pH, such as antacids, histamine-2 receptor blockers
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(e.g., cimetidine, ranitidine) and proton pump inhibitors
(e.g., omeprazole) may also affect the absorption of medications. For example, the oral absorption of ketoconazole
(which requires an acidic pH for proper absorption) is decreased by these agents. I Medications, such as B-blockers,
may decrease liver blood flow and increase the oral bioavailability of certain drugs that normally rely on liver blood flow
for a large first-pass effect,9
Even food can interfere with the absorption of drugs and
some medications are better absorbed on an empty stomach.
Continuous NG feedings can decrease the enteral absorption
of phenytoin, carbamazepine, hydralazine, levothyroxine,
and warfarin. III These drug-nutrient interactions require
holding enteral feedings for a period of time (to allow the
drug to be absorbed), close monitoring of the patient, and
measurement of serum drug concentrations.
For some of these agents (e.g., phenytoin, carbamazepine) holding the feedings for 2 hours before and 2 hours
after a dose is recommended, if possible. 1,10 If the continuous feedings cannot be interrupted for that period of time,
the IV route of administration or alternative drugs may need
to be considered. Sucralfate will interact with continuous
enteral feedings by binding to the protein in the food. It is
not recommended in these patients because of the prolonged
period of time that feedings would need to be held. 10
The rectum has been used as an alternative route of
pediatric drug administration, especially when the oral route
is not feasible and IV access is not readily available.
However, routine use of the rectal route is discouraged,
especially for certain drugs (e.g., aminophylline) because of
unpredictable drug absorption and potential toxicities. 8 In
general, the slow and unpredictable absorption by this route
of administration makes rectal administration of medications in the intensive care setting undesirable. II However, if
one utilizes the proper drug and dosage formulation, rapid
and efficient rectal absorption can occur. For example,
rectally administered diazepam and valproic acid have been
used to treat status epilepticus. In fact, rectally administered
diazepam solution for injection produced comparable serum
concentrations to IV use and rectal use of valproic acid
syrup produced concentrations similar to those from oral
administration. 12,13 A recently marketed diazepam rectal gel
formulation (Diastat) is approved for use in children <':2
years and adults for intermittent episodes of increased
seizure activity. 1 Rectal administration of diazepam, rnidazolam, and morphine has also been successfully used for
analgesia or pre-anesthetic sedation in children.])
Drug absorption following intramuscular (1M) administration is dependent upon several factors including: blood
flow, muscular contractions, muscle mass, and physicochemical characteristics of the drug. 5 ,6,8 In critically ill
patients with low cardiac output or hypotension, the rate and
extent of 1M drug absorption may be decreased as a result of
compromised perfusion of the injection site. In addition, the
low degree of muscular activity and muscle contractions in
immobile, severely ill, or paralyzed PICO patients can also
decrease the rate of 1M drug absorption. Because 1M absorption is also affected by the surface area of the muscle over
which the medication has spread, patients with a low muscle
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mass to total body mass ratio (e.g., neonates) may also
display a decrease in 1M absorption of drugs. The physicochemical properties of a drug also play an important role in
1M absorption. Phenytoin, for example, will precipitate at
the site of 1M injection, due to its physicochemical properties and the relative pH of the muscle. 8 This precipitation or
crystallization of the drug acts as a depot of medication in
the muscle. Absorption of the drug is decreased initially, but
the medication continues to be absorbed over a prolonged
period of time (even after the 1M injections are discontinued). The erratic absorption of 1M phenytoin, and the pain
associated with precipitation ofthe drug in the muscle, make
the 1M route of administration unacceptable for this medication. 14 Fosphenytoin, a prodrug of phenytoin, is water soluble and is FDA approved for 1M administration in adults;
however, limited studies in children have been conducted. I
Although certain drugs, such as the aminoglycosides, penicillins, and phenobarbital, can be administered 1M, in general, because of variable absorption, the 1M route of administration should be avoided in critically ill pediatric
patients. 1,11
The potential absorption of medications through the skin
should not be overlooked in the PICU patient. Percutaneous
absorption of drugs can be increased in neonates, especially
preterm newborns, as a result of the increased hydration of
the skin, decreased thickness of the stratum corneum (outer
layer of the epidermis), and the higher ratio of surface area
per kilogram body weight. 5.6 Toxicities have been reported
following topical application of boric acid, corticosteroids,
epinephrine, hexachlorophene, iodine, and salicylic acid in
neonatal patients. 15 Although skin barrier development may
be fulJy developed by 2 to 3 weeks after birth, IS it is
important to remember that the ratio of body surface area to
kilogram body weight is still increased in infants and young
children, compared to adults. Because of this higher surface
area/weight ratio, infants and young children will absorb
more drug per kilogram for an equal application of topical
medication. In addition, disruptions in the integrity of the
skin, such as abrasions, open lesions, or bums, and occlusive
dressings can also increase the percutaneous absorption of
medications in any aged patient. Therefore the young PICU
patient may potentially be at risk for toxicities from the
topical application of medications.

Distribution
Once a drug is absorbed or enters the bloodstream (i.e., the
central compartment), it then can be delivered to other sites
in the body, including the site of action and the site of
elimination. Drug "distribution" is the process of drug
movement to the various body tissues, organs, and fluids.
The "distribution phase" refers to the time during which the
drug is distributing throughout the body. Clinically, for
many drugs, the serum drug concentration ajier distribution
more closely correlates with the concentration of drug at the
receptor site. Thus serum concentration determinations for
most drugs must be obtained after the distribution phase.
Some drugs (like digoxin) have a very long distribution
phase (6 to 8 hours). I If a digoxin serum concentration is

obtained too soon after the dose, it will reflect drug in the
central compartment and will be extremely elevated. This
example illustrates the importance of understanding the
concept of distribution phase as it clinically applies to
the PICU patient.
The "volume of distribution" (Vd) represents the hypothetical volume that would "account for the total amount of
drug in the body if it were present throughout the body at the
same concentration found in the plasma. ,,4 Clinically, a
small volume of distribution indicates that the drug has
minimal distribution and is largely retained in the central
compartment (e.g., in adults, the Vd of gentamicin is
0.25 Llkg). A large volume of distribution indicates that the
drug distributes well into peripheral compartments (tissues,
organs and body fluids) and may even concentrate in certain
tissues or organs (e.g., in adults, the Vd of digoxin is
7 Llkg). I For a given drug, provided other factors remain
constant, patients with larger volumes of distribution will
require larger doses to obtain the same serum concentration
as patients with smaller volumes of distribution. Understanding the variables that affect drug distribution will help
explain some of the special dosing requirements of critically
ill pediatric patients.
Drug distribution is dependent upon the physicochemical
properties of the drug (molecular weight, degree of ionization, solubility in water and lipids) and various patientspecific physiologic factors. These factors include: the
composition and size of body compartments (e.g., total body
water, intracellular and extracelJular water, and adipose
tissue), membrane permeability, pH, protein binding, and
hemodynamic variables such as cardiac output, tissue
perfusion and regional blood flow. 16 Many of these factors,
especially body composition and protein binding, are age
related and can be influenced by various disease states
observed in PICU patients.
Total body water and extracellular water, when expressed
as a percentage of weight, are increased in the newborn and
decrease throughout childhood with increasing age. The total body water of a full-term newborn is 75%, but it is 60%
in a three-month old and 55% in an adult. 17 Extracellular
water is approximately 50% of body weight in premature
infants, 35% in infants 4 to 6 months old, 25% in a l-yearold child, and 19% in adults. 18 The higher total body water
and extracellular water observed in newborns and infants
generally results in a larger Vd for water-soluble drugs,
compared with older children and adults. Additionally, the
Vd for aminoglycosides (e.g., gentamicin) and other drugs
that distribute into the extracellular water compartment
roughly correlates to the volume of the extracellular water
compartment. The Vd for these drugs is larger in neonates
and infants; therefore a larger mg/kg loading dose is needed
to achieve similar initial concentrations compared to older
children and adults.
The Vd for gentamicin can also be increased in patients with increased extracellular water, such as those
patients with ascites, third spacing, or congestive heart
failure. In fact, the mean Vd for gentamicin in prcu
patients (0.42 Llkg) was found to be greater than the mean
Vd reported in children in the literature (-0.31 Llkg).'9
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This larger Vd and other alterations in pharrnacokinetic
parameters suggest that critically ill children may need
initial gentamicin doses closer to 9 mg/kg/day to produce
therapeutic serum concentrations (using traditional q8h
dosing) rather than the standard recommended doses of
7.5 mg/kg/day.
In contrast, smaller milligrams per kilogram loading
doses of fat-soluble drugs (e.g., diazepam) are recommended in neonates and young infants. Neonates and young
infants have much less adipose tissue compared with adults.
The adipose tissue content of a preterm newborn is only 1%
to 2%, but it is 15% in a term newborn. 17 This lower amount
of adipose tissue (and the higher water content of adipose
tissue in newborns) may result in a decreased Vd for
fat-soluble drugs, and thus smaller mg/kg loading doses for
fat-soluble drugs.
The plasma protein binding of many medications is lower
in neonates and infants for several reasons. Neonates have
(I) a decreased affinity for drugs by fetal albumin; (2) lower
concentrations of binding proteins (e.g., albumin, alpha,acid glycoprotein); (3) a lower plasma pH (which can
decrease binding of acidic drugs to protein); and (4) higher
concentrations of endogenous substances (such as bilirubin
and free fatty acids) or other substances acquired transplacentally (e.g., medications, hormones) that may compete
with medications for protein-binding sites. 5 .2o The affinity
of albumin for acidic drugs and total plasma protein
concentrations increase with age and may approach adult
values at 10 to 12 months of age. 6 Thus PICU patients less
than I year of age may have an age-related decrease in
protein binding compared to older patients. In addition,
PICU patients with disease states that result in low
concentrations of albumin or total protein, acidosis, hyperbilirubinemia, or uremia may have decreased protein
binding for certain drugs. Clinically, these changes are
important for drugs that are highly protein bound, such as
phenytoin, valproic acid, and warfarin.
Decreased protein binding results in an increase in the
percent of drug that is free or unbound in the plasma. This
higher proportion of free drug or "free fraction" can result
in an increase in the Vd for a medication, as only the free or
unbound drug can cross membranes and distribute into tissues. One would think that an increase in the free fraction of
a drug would also lead to an increase of free drug at the
receptor site and thus an increased drug effect. However, the
free or unbound drug is also available to distribute into
tissues where the drug has no receptors and is available to
organs for metabolism (inactivation) or elimination from the
body.9 The overall result of decreased protein binding is that
the free fraction of the drug in plasma is increased, the free
concentration of the drug is not significantly altered, but a
decrease in the total concentration of the drug occurs.
Therefore changes in protein binding will alter the clinical
interpretation of serum drug concentrations. An example
will help to illustrate this point. The therapeutic range of
phenytoin in a patient with normal protein binding is 10 to
20 f.lg/mJ. If normal protein binding of phenytoin is considered to be 90%, then the normal free concentration would be
I to 2 f.lg/ml (10% of 10 to 20). Therefore if a patient with
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normal protein binding had a serum phenytoin concentration
of 10 f.lg/ml, and their free fraction was 10%, then their free
concentration would be I f.lg/ml. Remember it is the free
concentration that best correlates with drug effect. If a patient had low protein binding (such that their free fraction
was 20%), but their serum phenytoin concentration was only
5 fig/ml, their free concentration would still be I f.lg/ml
(20% of 5). If a clinician only looked at the measured serum
phenytoin concentration, they may misinterpret it to be subtherapeutic, when in reality it is comparable to a concentration of 10 fig/ml in a person with normal protein binding.
This example illustrates the importance of identifying clinical situations that alter protein binding. In this case, a measurement of the free or unbound concentration of phenytoin
can be determined to better assess therapy.

Metabolism
In general, most drugs are relatively lipid soluble and need
to be converted into more polar (water-soluble) compounds
in order to become inactivated and excreted from the body.
However, there are a few exceptions to this statement. Some
medications (e.g., enalapril) are inactive "prodrugs" that
need to be metabolized into an active form (enalaprilat)
before they can have a pharmacologic effect. Other drugs
may have active metabolites that contribute to the pharmacologic effect of the drug or that may accumulate with
decreased renal function and cause toxicities. For example,
meperidine is metabolized to normeperidine, an active
metabolite that can accumulate in patients with renal
dysfunction and cause tremors or seizures. 1These examples
illustrate the importance of understanding the metabolism of
medications used in PICU patients.
Drug metabolism can take place in a variety of sites (e.g.,
GI tract, skin, plasma, kidney, lungs), but most drugs are
metabolized in the liver via hepatic enzymes and most drug
metabolites are eliminated by the kidneys or biliary tract.
Drugs may undergo hepatic metabolism via Phase I and
Phase II reactions. During Phase I reactions the molecular
structure of the drug may be altered via oxidation, reduction,
demethylation, and hydrolysis. Phase II reactions are synthetic in nature and include conjugation with glucuronide,
sulfate, glycine, hippurate, and glutathione; methylation;
and acetylation. 21
Both Phase I and Phase II biotransformation reactions are
significantly decreased in the newborn, but increase (mature) with age. However, the degree of enzyme maturation
at birth varies for the different hepatic enzyme reactions and
the different enzyme pathways mature at different rates and
for different substrates (drugs). For example, for Phase I
reactions, the level of activity of cytochrome P-450 hepatic
enzymes in full-term newborns is only - 50% of the adult
value?2 This results in decreased oxidation of certain
medications (e.g., phenobarbital, phenytoin, theophylline,
diazepam).5.21 However, cytochrome P-450 oxidative reactions can mature relatively early in relation to other
enzymes. The hydroxylation of phenobarbital and phenytoin
increases to adult levels as early as 2 to 4 weeks after birth
in full-term newborns, but can be delayed in infants who are
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born premature. Although oxidative metabolism is reduced
in the newborn, it increases to 2 to 5 times that of an adult
by I year of age. This has important clinical relevance. For
drugs that are primarily excreted by the liver, metabolism
helps detennine the drug's clearance from the body (i.e., the
amount of blood or plasma completely cleared of the drug
per unit time). Clearance of the drug helps detennine the
recommended maintenance dose. Drug that have a high
clearance will require a higher mg/kg maintenance dose,
whereas drugs with a low clearance will require lower
mg/kg maintenance doses. Thus for drugs that are primarily oxidized by the P-450 enzyme system (e.g., phenobarbital), the recommended maintenance doses will be lower on
a mg/kg basis during the neonatal period (3 to 4 mg/kg/
day), but will significantly increase during the first year of
life and throughout early childhood (I to 5 years: 6 to
8 mg/kg/day). Interestingly, this high P-450 enzyme activity
in early childhood decreases during adolescence to a lower
level in adulthood (see Figure 13-1). The age-related
changes in P-450 enzyme activity will, in part, ,dictate the
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Fig. 13-1 P-450 Enzyme activity. A, Traditional view of cytochrome P-450 development. The development of functional PA50
activity is traditionally viewed as being limited in newborn infants
but increasing in tbe first year of life to levels in toddlers and older
children that generally exceed adult capacity. Near the onset of
puberty, oxidative drug biotransformation begins the decline to
adult levels. B, Developmental profiles of hypothetic cytochromes
P-450. Not all P-450s share the "traditional" developmental
profile. Overall drug biotransformation capacity represents a
composite of the individual drug metabolism patbways and is
dependent on the isoforms and amounts of P-450s (and other drug
metabolizing enzymes) expressed. Therefore for a given pediatric
patient, the apparent drug metabolism "phenotype" is a function of
tbat individual's unique complement of drug metabolizing enzymes and stage of development (vertical arrows). (From Leeder
JS, Keams GL: Pharmacogenetics in pediatrics: implications for
practice. Pediatr Cli" North Am, 44:67, 1997).

mg/kg maintenance doses for drugs metabolized by this
system. Therefore after early childhood, the mg/kg maintenance dose of phenobarbital decrease to 4 to 6 mg/kg/day
for 5 to 12 year old patients and I to 3 mg/kg/day for
adolescents and adults. I Prediction of doses based on
maturation of hepatic enzymes can be complex because
different enzymes mature at different rates, and more than
one enzyme may be involved in the metabolism of a drug.
For example, the hydroxylation of theophylline matures to
adult levels by 40 weeks postconceptional age, but clearance of theophylline does not significantly increase until
55 weeks postconceptional age, when the N-demethylation
pathway matures?3 Like phenobarbital and other drugs that
are metabolized via the P-450 enzyme system, the clearance
of theophylline (and therefore the dose of theophylline on a
mg/kg/day basis), increases dramatically during the first
year of life and exceeds adult values on a per kilogram basis
in early childhood.
Phase II reactions, such as acetylation, glucuronide
conjugation, and glycine conjugation are also decreased in
the newborn; however, methylation and sulfonation are
functionally more mature at birth. 21 •24 Most infants younger
than 2 months are phenotypically slow acetylators. This
results in decreased acetylation of drugs such as sulfonamides and hydralazine. In general, glucuronide conjugation
does not fully mature until 6 to 18 months of age, but
maturation of glucuronide conjugation differs for different
substrates. Because of the decreased rate of conjugation,
metabolism of drugs such as chloramphenicol, corticosteroids, lorazepam, morphine and trichloroethanol (active
metabolite of chloral hydrate) can be significantly decreased
in neonates and young infants. In fact, the "gray baby
syndrome" (manifested by shock and cardiovascular collapse) was caused by the accumulation of chloramphenicol
in neonates who were not given reduced doses to accommodate the reduced metabolism of the drug. Glycine
conjugation is an important pathway for the metabolism of
the preservatives benzyl alcohol and benzoic acid. This
pathway is decreased in neonates, but matures by approximately 8 weeks of age. Because of this decreased metabolism, neonates (especially pretenn neonates) who are given
excess benzyl alcohol and benzoic acid may develop the
"gasping syndrome." This potentially fatal syndrome consists of severe metabolic acidosis, gasping respirations and
mUltiple organ system failure?5 As a result of these
problems, the FDA advises the use of preservative-free IV
medications, diluents, and solutions in neonatal patients 26
In addition to age-related differences in drug metabolism,
certain disease states and drugs utilized in the PICU may
increase (induce) or decrease (inhibit) hepatic enzyme
activity. Decreased cardiac output, decreased liver perfusion,liver dysfunction, or hypoxia may decrease the activity
of hepatic enzymes and decrease drug clearance. This
decrease in drug clearance may result in an increase in drug
levels and toxicities, unless proper dosage adjustments are
made (see dosing of drugs in hepatic failure below). Drugs
that inhibit specific hepatic enzymes can decrease the
metabolism of other drugs that are nonnally metabolized by
those specific hepatic enzymes. Inhibition of an enzyme that
nonnally metabolizes a drug can cause significant eleva-
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tions of drug concentrations and toxicities. For example,
erythromycin inhibits certain P-450 enzymes, and can
increase the serum concentrations of drugs metabolized by
those enzymes (e.g., midazolam, carbamazepine, phenytoin,
cisapride, cyclosporine, theophylline). 1 The elevation in
serum drug concentrations can cause serious toxicities. In
contrast, drugs that induce hepatic enzymes, such as
phenobarbital, phenytoin, and rifampin, may increase the
metabolism of medications that are normally metabolized
by these enzymes. This can result in subtherapeutic serum
concentrations of the concurrently administered agent. For
example, rifampin induces certain P-450 hepatic enzymes
and may decrease the serum concentrations of drugs such as
barbiturates, methadone, digoxin, verapamil, quinidine,
cyclosporine, corticosteroids, warfarin, theophylline, chloramphenicol, ketoconazole, and oral contraceptives. 1 The
decrease in serum concentration may be very significant.
For instance, an alternative form of contraception should be
strongly considered in women taking both oral contraceptive agents and rifampin (even short courses of rifampin).
Before starting any medication, each potential drug interaction should be carefully evaluated. For many drug interactions involving hepatic metabolism, avoidance of an agent,
dosage modification, or close monitoring may be advised.
To better evaluate specific drug-drug interactions, a more
detailed text should be consulted.1. 27

Elimination
Several pharmacokinetic terms need to be defined to better
understand drug elimination. Total body clearance is the
intrinsic ability of the body to remove drug from the plasma
or blood. 4 It does not indicate the amount of drug being
removed from the plasma or blood, but indicates how much
plasma or blood would be totally cleared of the drug if it
were present. Therefore clearance is usually expressed as
milliliters per minute (i.e., volume per time). In pediatrics, .
clearance is standardized per kilogram (mVmin/kg) or per
body surface area (mlfmin/meter) to better compare individuals of different ages and body size. Total body clearance
is actually the sum of drug clearance of each organ of
elimination. For many drugs, total body clearance is equal to
hepatic clearance plus renal clearance. Renal clearance is
determined by the clearance of unchanged drug in the urine.
In the liver, drug clearance can occur via biotransformation
to a metabolite and/or excretion of unchanged drug into the
biliary tract. Half-life is an indirect measurement of
clearance that is used to quantify elimination. Half-life is the
time it takes for the drug concentration to be decreased by
one-half (Figure 13-2). Clearance and volume of distribution determine half-life. Although half-life is not a very
good indicator of drug elimination, it does help to determine
an appropriate dosing interval for medication regimens. It
also can be used to determine the time it takes to achieve
steady-state and the time for a drug to be completely
removed from the body. Steady-state (Figure 13-3) occurs
when the rate of drug administration is equal to the rate of
drug elimination; the drug concentration remains constant at
steady-state. 4 When a patient begins a new medication
regimen, it will take 3 to 5 times the half-life of the drug to
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reach steady-state. Thus it will take a longer period of time
to reach steady-state for a drug with longer half-life. For
example, if the half-life of a drug is I hour, it will take 3 to
5 hours to reach steady-state. If the half-life of a drug is 24
hours, it will take 3 to 5 days to reach steady-state. Similarly,
it takes the body 3 to 5 times the half-life to remove a drug
from the body, once a medication is discontinued.
For many drugs and metabolites, the kidney is the most
important route of excretion. The kidney has three physiologic functions: glomerular filtration, tubular secretion, and
tubular reabsorption. Renal elimination of medications is
dependent on the balance of these three functions. Some
drugs are primarily eliminated by glomerular filtration (e.g.,
aminoglycosides, vancomycin). Clearance of these agents
(and therefore dosing) is well correlated with glomerular
filtration rate. Other drugs are also eliminated by proximal
tubular secretion (e.g., penicillins, thiazides, furosemide).
Tubular reabsorption of drugs also affects total body
clearance. Therefore age or disease-related changes in any
of these renal functions can affect the renal clearance and
dosing of medications used in the PICV.
At birth, all three physiologic functions of the kidney
(glomerular filtration, tubular secretion and tubular reabsorption) are decreased in the newborn compared to adults.
This results in a decreased clearance for drugs that are
eliminated via the kidneys. Therefore the maintenance doses
of these drugs must also be reduced. Renal function matures
with age. However, the rates of maturation for the individual
physiologic functions are different, making it difficult to
predict the renal clearance of drugs that are eliminated by
more than one of these mechanisms. At birth, glomerular
filtration is only 10 to 20 mlfmin/1.73 m 2 ; it doubles by
2 weeks of age, but does not reach adult values until 3 to
5 months of age. 28 •29 Tubular secretion is only 20% to 30%
of adult values at birth; it reaches adult values at approximately 8 to 10 months of age, and values 10 times higher
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Fig. 13-2 The half-life of a drug can be calculated by plotting the
logarithm of the serum drug concentration (following a dose given
at time 0) versus time. The half-life of a drug is the time it takes
for the serum drug concentration to fall by one-half. In this
example, the serum drug concentration is 4 mg/L at 3 hours and
falls to 2 mg/L at 6 hours. Thus the half-life (tl/2) of the drug is 3
hours.
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Fig. 13·3 Steady-state occurs when the rate of drug administration is equal to the rate of drug
elimination. This produces drug concentrations that are constant. Steady-state occurs at 5 times the drug's
half-life. (Clinically, 3 to 5 times the drug's half-life is used to estimate steady-state). In A, an intermittent
dose of a drug with a half-life of 5.5 hours is administered every 6 hours. Serum drug concentrations
increase after each dose to a peak amount and then decline to a trough concentration (right before the next
dose is given). With repeated dosing the peak and trough concentrations increase (as a result of drug
accumulation) until steady-state is achieved. At steady-state, all the peak concentrations are equal and all
the trough concentrations are equal. In this example, steady state occurs at 27.5 hours (5 times the half-life
of 5.5 hours). In B, the same drug is administered via a continuous infusion at the same dose per day.
Steady-state occurs at the same time (27.5 hours or 5 times the half-life of 5.5 hours). Because the same
amount of drug was given per day, the steady-state concentration in B is equal to the average steady-state
concentration in A.

than birth by I year of age. 5 •6 Tubular reabsorption is
decreased in the neonate and the nonnal diurnal variation in
urinary pH is not evident until 2 years of age. Thus the
kidney's capacity for clearance via all three physiologic
functions may not be fUlly developed until 2 years of age.
Clinically then, PICU patients less than 2 years of age may
have age-related alterations in renal clearance of medications that are normally eliminated by the kidney. This is·
probably more significant for patients who are I year of age
or less. Medical conditions, such as decreased cardiac
output, decreased renal perfusion, renal disease, and asphyxia may also decrease glomerular filtration and drug
clearance. Whenever renal function is decreased, proper
dosage adjustment of drugs that are normally eliminated by
the kidney, must be made so that accumulation of drug and
toxicity does not occur (see dosing of drugs in renal
failure below).

PHARMACODYNAMICS
Phannacodynamics is the study of the time-dependent
actions or biologic effects of a drug in the human body that
result from the interaction of the drug and its receptor?
Phannacodynamics uses mathematic models to describe the
relationship between the drug dose or the plasma concentration and the pharmacologic effect of the drug. One such

model is the sigmoidal model (Figure 13-4), which approximates an S-shaped curve. 30 In this model, the pharmacologic effect of the drug only slightly increases as one begins
to increase the dose or concentration. As the dose or concentration continues to increase, the pharmacologic effect of the
drug then increases greatly, almost in a linear fashion. As
one continues to increase the dose even higher, a leveling off
of the effects occur. This leveling off of the curve indicates
that there is a maximum amount of drug, above which no
further increase in effect is seen. In conjunction with the
phannacologic effects, adverse effects or toxicities that are
dose or concentration related may also occur. Phannacodynamic modeling tries to identify a dose that will produce an
optimal level of phannacologic effect, with a minimal
amount of dose-related side effects.
Pharmacodynamic modeling may also help identify the
range of therapeutic serum drug concentrations. Concentrations below the therapeutic range are usually subtherapeutic and concentrations above the therapeutic range
are usually toxic. Serum drug concentrations are only useful when they closely relate to the concentration of drug at
the receptor3l The "therapeutic index" of a drug uses the
'serum concentrations of the therapeutic range and is the
ratio of the maximum serum concentration in the therapeutic
range to the minimum serum concentration in the therapeutic range. If a drug has a "narrow therapeutic index," it
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Fig. 13·4 Pharmacodynamic model. In this graph, the probability of response for a pharmacologic effect
(efficacy) and toxicity are plotted versus the logarithm of the serum drug concentration. The efficacy line
displays the traditional sigmoidal shaped curve. In this example, as the serum drug concentration increases
from 0 to 4 mg/L, the probability of a pharmacologic effect is low and barely increases. At concentrations
from 6 to 30 mg/L the probability of effect increases greatly, almost in a linear fashion. Note that as
concentrations increase to greater than 30 mg/L the probability of an effective response does not
significantly increase. However, the probability of toxicity continues to increase with increasing serum drug
concentrations. The shaded area represents an identified therapeutic range of 10 to 20 rng/L. At these
concentrations, the probability for efficacy would be about 50% to 85%, although the probability for
toxicity would be only 10% to 30%.

means that the serum concentration (or dose) that produces
a subtherapeutic effect is very close to the serum concentration (or dose) that produces a toxic effect. Proper
monitoring of serum drug concentrations for drugs with a
narrow therapeutic index can optimize dosing and pharmacologic effect, while minimizing toxic effect (see therapeutic drug monitoring below).

Dosing of Medication in Critically III Children
The pharmacodynamics and pharmacokinetics of a drug
must be taken into consideration when dosing guidelines are
designed. Pediatric dosing guidelines must take into account
all of the developmental pharmacokinetic issues discussed
above, plus any age-related differences in pharmacodynamic response. Medications are dosed in PICU patients
according to their age and body size (either weight or body
surface area). Pediatric doses are usually expressed as
mg/kg/day or mg/kg/dose with the dosing interval specified. Potent medications that are given as continuous
infusions (such as catecholamines), are dosed as flg/kg/
min. 1 For many drugs, the mg/kg dose is different for
different age groups. Although there is a good correlation of
body surface area with body functions (i.e., cardiac output,
glomerular filtration rate) and growth and development,
measurement of body surface area can be difficult (espe-

cially in small infants). Therefore surface area is usually
used to dose certain medications that require very accurate
dosing (e.g., chemotherapeutic agents).
Normally, for most PICU patients, the individual's actual
body weight (total body weight) is used to calculate mg/kg
doses. However, special dosing considerations must be
made for certain medications in patients who are extremely
obese. Unfortunately, very few studies have examined the
pharmacokinetics and dosing of drugs in obese pediatric
patients. Therefore much has to be extrapolated from studies
performed in obese adults. Several pharmacokinetic differences exist between obese and non-obese adults 32 •33 In
obese patients, the Vd per kilogram of actual body weight
will be decreased for water-soluble drugs (e.g., gentamicin).
This is expected, because the excess weight in obese
patients is adipose tissue, and water soluble drugs will not
penetrate well into adipose tissue. However, the Vd per
kilogram of actual body weight for lipid-soluble drugs is
less predictable, with an increase in Vd for some lipidsoluble drugs (benzodiazepines, carbamazepine, verapamil)
and a decrease in Vd for others (cyclosporine, propranolol).
This suggests that other factors besides lipid-solubility play
an important role in tissue distribution. 32 Generally, total
body clearance of drugs that are hepatically metabolized by
oxidation, reduction, or conjugation is not decreased in
obese patients. However, clearance may be increased for
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prednisolone, halothane, and some benzodiazepines. Renal
clearance of aminogylcosides in Llhr is significantly higher
in obese adults compared with the non-obese?3 These
pharmacokinetic differences require that different dosage
adjustments be made for different drugs. For example, in
obese patients, the dose of lorazepam and vancomycin
should be based on total body weight. 32 •33 Vecuronium,
however, should be dosed on ideal body weight. The initial
dose of an aminoglycoside should be based on an adjusted
body weight, which is calculated by adding the ideal body
weight to 40% of the difference between the total body
weight and the ideal body weight 33 Subsequent doses of
aminoglycosides should be based upon serum drug concentrations. Practical guidelines for dosing other drugs in obese
adults have been proposed. 32.33 Clinical use of these
guidelines, especially in obese children, requires close
monitoring of the patient and serum drug concentration
determinations to best optimize the dose.
Loading Doses. As stated before, when a dosing
regimen is started, it will take 3 to 5 times the half-life of the
drug to achieve steady-state. If the dosing regimen has been
properly designed, it should achieve a steady-state serum
drug concentration that is therapeutic. However, for drugs
that have a long half-life, it will take a longer time to reach
steady-state and therefore a longer time to reach a therapeutic serum drug concentration. If the time it will take to
achieve the steady-state therapeutic drug concentration is
too long for the clinical condition being treated, then a
loading dose may be given. In other words, a loading dose
is given to rapidly achieve a therapeutic serum drug
concentration; it will NOT affect the time it takes to get to
a steady-state condition. 4
An example may better illustrate this point. Let's say we
have a 4-year-old patient who requires phenobarbital to
control his active seizure activity. The half-life of phenobarbital in this child may range from 37 to 73 hours. I
Therefore if just a maintenance dose of phenobarbital was
started, we could expect steady-state to occur in approximately 5 to 15 days (3 to 5 x 37 to 73 hours). If the
maintenance dose was correct, then the patient would also
achieve therapeutic serum concentrations at around the
same time (5 to 15 days). Obviously, 5 to 15 days is too long
to wait for a therapeutic effect, so a loading dose of
phenobarbital should be given. The loading dose will
rapidly achieve a therapeutic serum concentration, so that
the patient's seizure activity can be controlled. After the
loading dose, the patient should be started on a phenobarbital maintenance dose. It will still take 5 to 15 days of
phenobarbital maintenance therapy to achieve steady-state.
However, this patient's serum concentration should remain
in the therapeutic range during this time. As the phenobarbital concentration from the loading dose begins to decline
over time, the phenobarbital concentrations from the maintenance doses should accumulate over time. The overall
result will maintain the concentrations within the therapeutic range.
Dosing of Drugs in Renal Failure. When PICU
patients develop significant renal dysfunction, the dose of
medications that are renally eliminated must be reduced or

the dosing interval for these drugs must be lengthened. With
either method, the amount of drug that the patient receives
per day is reduced. If the dose of a renally eliminated drug
is not adjusted in a patient with renal dysfunction, the drug
will accumulate in the patient and clinical toxicities may
occur. Box 13-1 lists some common PICU medications that
may require dosage reduction in patients with clinically
significant renal dysfunction. Dose reduction may be
required at different levels of renal dysfunction based on
creatinine clearance. Dose reduction also depends on the
amount of drug that is eliminated unchanged in the urine.
Thus for a given creatinine clearance, the degree of dosage
reduction will be different for different drugs. Several
methods of adjusting the dose of medications in renal failure
have been described. 1.l1.34 Serum drug concentrations of
certain medications (e.g., amikacin, digoxin, gentamicin,
tobramycin, vancomycin) should be monitored in patients
with renal dysfunction to optimize the dose.
Patients with renal failure and other conditions may also
undergo dialysis, which can remove medications from
the body. The amount of drug removed by dialysis de.

Box 13-1
CommonPICU Medications That May
Require Dosage Reduction in Patients
With Significant Renal Dysfunction
Acyclovir
Arnikacin
Amoxicillin
Ampicillin
Atenolol
Aztreonam
Bretylium
Captopril
Cefazolin
Cefepime
Cefotaxime
Cefotetan
Cefoxitin
Ceftazidime
Ceftizoxime
Cefuroxime
Cephalothin
Cimetidine
Codeine
Digoxin
Disopyramide
Enalapril
Enalaprilat
Enoxaparin
Famciclovir
Famotidine
Fentanyl
Aecainide

Fluconazole
Ganciclovir
Gentamicin
Hydralazine
Imipenem-Cilastatin
Lisinopril
Meperidine
Meropenem
Methadone
Methicillin
MezlociIlin
Milrinone
Morphine
Nizatidine
Oxacillin
Pancuronium
Penicillin
Pentamidine
Piperacillin
Procainamide
Quinidine
Ranitidine
Sulfamethoxazole
Ticarcillin
Tobramycin
Trimethoprim
Vancomycin
Verapamil

Specific dosing guidelines to reduce the dose of these drugs when used in
patients with renal dysfunction can be found in TakclOffiO CK, Hooding JH.
Kraus DM: Pediatric dosage handbook, ed 6. Hudson, Ohio, J999.
Lexi-Comp.
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pends upon several properties of the drug (i.e., molecular size/weight, water solubility, protein binding and volume of distribution), as well as the type of dialysis
used. 34 Significant differences in drug removal occur between hemodialysis, peritoneal dialysis, and the three main
types of continuous renal replacement therapy (CRRT) (i.e.,
continuous arteriovenous or venovenous hemofiltration
[CAVH/CVVHj, continuous arteriovenous or venovenous
hemodialysis [CAVHD/CVVHDj, and continuous arteriovenous or venovenous hemodiafiltration [CAVHDF/
CVVHDFj).35 (See Chapter 21.) Doses of medications for
PICU patients undergoing dialysis must be individualized
and serum drug concentrations should be monitored to help
optimize doses.
Dosing of Drugs in Hepatic Failure. Many drugs
are eliminated by the liver, either by metabolism to inactive
forms or by excretion via the biliary tract. Therefore these
drugs must be used with caution and doses may need to be
decreased in patients who have hepatic dysfunction or
biliary tract obstruction. If doses of hepatically eliminated
drugs are not decreased in patients with hepatic dysfunction,
the drug may accumulate and clinical toxicities may occur.
Certain drugs, such as valproic acid and felbamate, are
contraindicated in patients with hepatic dysfunction because
they are hepatotoxic. I Common PICU drugs that are
significantly metabolized by the liver include carbamazepine, cyclosporine, diazepam, ketamine, midazolam, labetalol, lidocaine, phenytoin, procainamide, propranolol, and
vecuronium. Dosage reduction may be required at different
levels of hepatic dysfunction (e.g., moderate or severe) and
will depend upon the percent of drug that is eliminated by
the liver. Specific guidelines for dosing of many drugs in
hepatic dysfunction are not well developed. Unlike how
serum creatinine can easily assess renal function, there is not
one simple clinical marker that can reliably assess the
degree of hepatic dysfunction in a patient. Thus for certain
medications, dosage adjustment may be made based on
clinical assessment of hepatic function, liver enzymes,
and/or bilirubin serum concentrations. Oftentimes, the dose
may be adjusted based on the patient's clinical response and
signs of drug toxicity or adverse effects. Serum concentrations for specific hepatically metabolized drugs (e.g.,
carbamazepine, cyclosporine, lidocaine, phenobarbital, phenytoin, procainamide) should be monitored to best optimize
therapy.

Therapeutic Drug Monitoring
Many medications that have a narrow therapeutic range are
utilized in the PICU and require therapeutic drug monitoring
(e.g., aminoglycoside antibiotics, phenobarbital, phenytoin,
theophylline, and vancomycin). Proper obtainment of serum
drug concentrations in relation to the dose and duration of
therapy is essential in order to best interpret the concentrations and make correct dosage adjustments. Table 13-2 lists
the therapeutic range and time to obtain serum concentrations for these agents. The peak serum drug concentration
(i.e., the maximum concentration achieved) occurs shortly
after administration of an IV dose, or after absorption into
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the blood stream when the drug is administered via other
routes. The trough serum drug concentration (i.e., the
minimum concentration achieved with a dosing regimen)
occurs right before the next dose. The optimal time to
measure the peak and trough serum drug concentration has
been determined with clinical studies for each drug. These
studies have related the drug concentrations obtained at
certain times to the optimal clinical effect. Therefore drug
concentrations must be drawn at the appropriate times in
order to best utilize their results.
It is also important for PICU clinicians to document the
time that the dose was administered (i.e., start and stop time
of the infusion) and the time that the serum drug concentration was obtained. Using this information, the dose, other
patient information, and the results of the serum drug
concentrations, the clinical pharmacist can calculate the
patient's individual pharmacokinetic parameters and optimize the dose. One should remember that drawing blood
samples from central catheters where the drug was just
infused may falsely elevate the drug concentration, even if
extra blood is taken from the catheter. The measured serum
drug concentrations and calculated pharmacokinetic parameters should always be utilized in conjunction with the
patient's clinical condition.

MEDICATION ADMINISTRATION
IN THE PICU
IV Administration
Pediatric total daily fluid requirements (in mllday) are much
smaller than adults. In addition, pediatric patients cannot
tolerate large volumes of fluid. Therefore the volume of
fluids that an IV medication can be delivered into a pediatric
patient is limited. Additionally, the rate of drug infusion is
also limited. This is not only because of the limitations of
volume, but also because of the limitations of the physicochemical properties of the drug and the adverse effects it
may cause in high concentration to the smaller diameter
veins. This problem is compounded in the PICU patient who
may be fluid restricted because of renal, respiratory or
cardiac disease. II Table 13-3 lists the maximum concentration, method of infusion and rate of infusion for select PICU
medications.
The method of IV drug administration in pediatric
patients can affect drug delivery. The slow IV infusion rates
for maintenance fluids used in infants and young pediatric
patients (e.g., <25 mllhr) can cause a delay in drug delivery,
especially if medications are administered via volumetric
chamber devices (Metriset or Buretrol). Even when factors
such as tubing diameter, drug volume, and infusion rates
have been taken into consideration, the actual delivery of
drug to the patient may be delayed up to 2 hours if these
devices are used 36 In addition, administration of drugs at a
Y-site, instead of using a syringe pump at the site closest to
the patient, can also affect drug delivery. A delay in peak
aminoglycoside concentrations of 1.5 hours and a mean
decrease in peak concentrations of 2.5 ~g/ml was seen in
neonates, when tobramycin was administered via Y-site
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TABLE 13·2 Blood Level Sampling Time Guidelines
!pc

Infusion Time

Therapeutic Range

When to Draw Levels

Peak: 20-30 llg/ml
Trough: < 10 llg/ml

Peak: 30 min after end of 3D-min infusion
Trough: Within 30 min before next dose
Peak: I hr after 1M injection
Trough: Within 30 min before next dose

4- 12 11g/ml

Just before next dose

Peak: 15-25 llg/ml

~~.' PO
~f:
:",;J::ydosporine
tt'IV/PO
[¢L

Peak: 90 min after end of 3D-min infusion
Trough: JlIst before next dose
Peak: 2 hr post-PO dose

BMT 100-200 ng/ml
Liver transplant 200-300 ng/ml
Renal transplant 100-200 ng/ml

Jlist before next dose

Ii""

Age and disease related: 0,8-2 ng/ml

6 hr postdose to just before next dose

~Ethosuximide PO

40-100 llg/ml

Just before next dose

~f1ucytosine PO
!!i.,.

25-100 llg/ml

Peak: 2 hr after at least 4 days of therapy

iii:!. IV

Phenytoin: 10-20 llg/ml

Peak: 2 hr after end of an infusion
Peak: 4 hr after 1M injection

Peak: 4-10 llg/ml
Trough: 0,5-2 llg/ml

Peak 30 min after end of 3D-min infusion
Trough: Within 30 min before next dose
Peak: I hr after 1M injection
Trough: Within 30 min before next dose

j!Drug
~Fi'
~iArnikacin

.

sulfate

~ir IV

30 min

"~j
"J;'
·iL.. .•."•.'.",.•. IM

l

,~!r'

~~tarbamazepine

I'#Chloramphenicol
!iL
iill"· IV
ii1!'

30 min

~;

~tDigoxin IV/PO

f~~i

t~rosphenytoin (measure phenytoin levels)

ill!!'(·IM
ift.,

~"Gentamicin

~B;

I~l

IV

lr~r 1M

'"
"T..
~~J'\,.

30 min

~iPhenobarhilal

15-40 Jig/ml

Trough: just before next dose

\WL PO, IV

10-20 Ilg/ml

Trough: just before next dose
Post-load/peak: I hI' after end of infusinn

10-20 Ilg/ml

Peak: 30 min after end of 30-min infusion

~'Phenytoin

~f(

I

. I"

•;!.'.•.(. .Th eophylline
'l,.l, IV bolus

30 min

~ii: Continuous infusion

16-24 hI' after the stan or ehange in a constant IV infusion
Peak: I hI' postdose
Trough: Just before next dose
Peak: 4 hI' posldose
Trough: Just before next dose

fit

PO liquid, fast-release tablet (Somo-phyllin,
~i:
Slo-Phyllin liquid and tablet)
~!. PO slow-release (Theo-Dur, Slo-Phyllin GC,

"~I.·..
ir~!

Slo-bid)

~TobramYCin

~. IV

30 min

Peak: 4-10 Ilg/ml
Trough: 0.5-2 Jig/ml

Peak: 30 min after end of 30-min infusion
Trough: Within 30 min before next dose
Peak: I hI' post-1M injection
Trough: Within 30 min before next dose

60 min

Peak: 5-10 Ilg/ml
Peak: 1-3 Jig/ml

Peak: 30 min after end of 60-min infusion

l!i'

~L. 1M

~C

m"T···'
'
ijli,'nmethopnm
~fi IV, dose 20 mg/kg

~,

IV, dose 8-10 mg/kg
f PO

I

Peak: I hI' postdose

'k:

jyalproie aeid

50-100 Jig/ml

Trough: Just before next dose

Peak: 25-40 Ilg/ml
Trough: 5-15 Jig/ml

Peak: 20-30 min after end of 60-min infusion'
Trough: Within 30 min before next dose

Ji. PO

lolt(!!

fW'iiiVaneomyein
w:
';;:":

'1: :

"~~some institutions may draw vancomycin peak

60 min

I hour ancr I-hour infusion and accept the lower range of therapeulic.

!r:rom TakelOIllO CK, Hooding JH, Kraus DM: Pediatric do"age handbook, ed 6, Hudson, OH, 1999, Lexi-Comp,
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It)TABLE 13-3

Maximum Concentrations of Select Medications for IV Infusion
in Pediatric Patients

I~g

.".:

ii,

picillin

lm'
~Wretylium
~!i

Iii'
Ill!":

IT~-~
~~ eftriaxone

,- irnetidine

:~-

'. butarnine
parnine

Method of Infusion/Rate

Maximum Concentration

Intermittent infusion over 30 min
Usual: infuse over 20-30 min
Maximum: 0.36 mg/kg/min, no faster than 25 mg/min
Peripheral infusion over 2-6 hr
CVP over 2-6 hr
IVP over 3-5 min: max: 100 mg/min
Intermittent infusion over 15-30 min
Life-threatening situation:
IVP over <30 sec
Non-life-threatening situation:
Slow IVP over at least 8 min
Intermittent infusion over 10-30 min
Intermittent infusion over 15-30 min
Slow IVP over at least IS min
Continuous infusion
Continuous infusion

5 mg/ml
I mg/m1
25 mg/ml
0.1 mg/ml
0.5 mg/ml
100 mg/ml
30 mg/ml

Continuous infusion
Intermittent infusion over 30-60 min
Slow IV over 15 min
Continuous infusion

Continuous infusion

Intermittent infusion over 15-30 min
Slow IVP over at least 5 min
Intermittent infusion over 30-60 min
.
Slow IV over IS min
Intermittent ird'usion over 60 min

50 mg/ml
10 mg/ml
40 mg/ml
6 mg/mI
15 mg/ml
5 mg/ml
3.2 mg/ml
6 mg/ml has been used in
large veins in extreme
fluid restriction
64 Ilg/ml
2 mg/ml
10 mg/ml
20llg/ml
64 Ilg/ml ha~ been used in
extreme fluid restriction
4llg/ml
16 Ilg/ml has been used in
extreme fluid restriction
0.5 mg/ml
2.5 mg/ml
2 mg/ml
10 mg/ml
5 mg/ml

:. dapted from Taketomo CK, Hooding JH, Kraus OM: Pediatric dosaMe halldbook. ed 6, Hudson. OH, 1999. Lexi-Comp.
..""

compared to the syringe pump?7 Therefore inappropriate IV
drug administration can result in lower measured peak
concentrations, and calculations of inappropriately large
volumes of distribution and prolonged half-life for a drug.
Whenever calculated pharmacokinetic parameters seem
suspiciously high or low, the method of drug administration
should be closely evaluated.
Certain methods of drug delivery may also cause medical
problems. In adults patients, many drugs are administered
via IV "piggyback" or in IV "riders." With this method of
administration, the dose of medication is added to 50 or 100
ml of D sW or NS. This method of drug delivery should not
be used in small patients (e.g., those <10 kg), because of the
excess amount of fluid, free water (from DsW), and sodium
(from NS) that will be delivered. Other potential problems
or errors in pediatric drug administration techniques are
listed in Box 13-2.

Pediatric Dosage Forms
Pediatric patients, especially those who are critically iII, are
not able to swallow solid dosage forms. However, not all
oral drugs are commercially available in a liquid formulation. Oftentimes, an extemporaneous liquid preparation
must be compounded by the pharmacist using either an oral
solid dosage form or an injectable product. 1,38 Information
regarding the preparation and stability of pediatric extemporaneous formulations is Iimited. 39 In addition, extemporaneous products take much time to prepare and may not be
readily available at all institutions.
The lack of liquid medications results in alternative
methods to administer solid dosage forms to pediatric
critically ill children. In general, regular-release tablets may
be crushed, and administered either orally or through a
nasogastric (NO) tube after being mixed with a small
amount of water. This can be done, unless the medication
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Box 13·2

Potential Errors in Drug
Administration Techniques

Factors Involving Drug (Dose) Preparation
• Inappropriate dilutions
• Similarity in appearance of dose units
• Loss of potentially large amounts of drug dose in the dead
space of a syringe; infusion V-site, etc.
• Unsuitable drug formulations for administration
Unlabeled or undesirable ingredients in dosage forms
Undesirable drug concentrations and/or osmolalities
• Errors in interpreting drug orders and/or dose calculations

Factors Involving IV Drug Administration
Loss of drug consequent to routine changing of IV sets
• Reduction in serum concentrations for drugs with rapid
plasma clearance that are infused slowly
• Extreme increase in plasma drug concentrations consequent
to rapid infusion of drugs with small central compartment
volume of distribution
• Delayed infusion of total dose when IV line is not flushed
Inadvertent mixture of drugs by the manual IV retrograde
method
• Large distance between the site of drug infusion into an IV
line and the insertion of the line into the patient
• Potential loss of large volume doses in the overflow
syringe with the IV retrograde technique
• Possible loss of drug because of binding to IV tubing
Use of large intraluminal diameter tubing for small patients
Infiltrations not detected by pump alarms
Infusion of multiple medications/fluids at different rates by
means of a common "hub"
• Oscillations in fluid/dose rate of potent medications infused
with piston-type pumps
Factors Involving Other Routes of Drug Administration
• Loss in delivery (nasogastric tube dead space) or from oral
cavity
• Leakage of drug from 1M or SC injection site
• Expulsion of drug from the rectum
Misapplication to external sites (i.e., ophthalmic ointment
in young infants)
From Blumer JL. Reed MO: Principles of neonatal pharmacology. In Yaffe S,
Aranda IV, eds: Pec!iolr;c pharmacology: therapeutic principles in praclice.
ed 2, Philadelphia, 1992. WB Saunders. p. 168.

will produce irritation to the oral mucosa, is extremely bitter
in taste (does not apply to NG use), contains dyes or could
directly stain mucosal tissue or teeth, or is potentially
carcinogenic 40 Enteric-coated, sublingual, and extendedrelease dosage fonns should not be crushed. Enteric-coated
tablets are designed to stay intact in the acid environment of
the stomach and to release the drug in the intestines. If
enteric-coated tablets are crushed and administered gastrically, the drugs (I) may cause stomach irritation when they
come into contact with the stomach mucosa; (2) may be
destroyed by the acids in the stomach; or (3) may have an
earlier onset of action. Sublingual tablets are meant to be
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rapidly absorbed via the blood vessels under the tongue and
in the mouth. This rapid absorption and fast onset of action
will be lost if sublingual tablets are crushed and administered into the stomach or intestines. Extended-release
dosage forms commonly have one of the following abbreviations after their trade name: CR (controlled release), CRT
(controlled-release tablet), LA (long acting), SR (sustained
release), TR (time release), TD (time delay), SA (sustained
action), XL (extended release), or XR (extended release).
These products are designed to release the drug slowly over
a prolonged period of time. Thus the amount of drug
contained in extended-release dosage fonns is typically
greater than regular-release dosage fonns. If extendedrelease dosage forms are crushed and administered, all of
the drug contained in the tablet or capsule will be released
and absorbed at one time, resulting in very high serum
concentrations and toxicities in the patient.
A comprehensive listing of oral dosage fonns that should
not be crushed has been published recently.40 A summary of
some common PICU medications that should not be crushed
is listed in Table 13-4. Oftentimes the mg strength of a
commercially available tablet may be too large for a child.
In general, regular-release tablets can be cut in half to
administer partial doses, but enteric-coated and extendedrelease products should not be cut.
Transdermal patches are occasionally used in older
children and adolescents to deliver certain medications.
These products can be used intact, provided that the milligram strength of the transdermal delivery system and dose
delivered is appropriate for the patient's age and body size
(i.e., weight), Different types of transdermal patches exist
and some types should not be cut to deliver partial doses.
For example, transdermal patches for cionidine (CatapressTTS) and fentanyl (Duragesic) are membrane-controlled
systems. If these types of patches are cut, the semipenneable membrane can be damaged and the rate of drug
delivery may be affected. Contents of the patch reservoir
may also leak. In addition, by cutting the patch, the patch
may not adhere to the skin as well and the drug's stability or
potency may be affected by exposure to air or sunlight.
Therefore these patches should not be cut. 4 !
Partial doses of patches may be delivered by covering a
portion of skin with an impermeable adhesive bandage (i.e.,
blocking the patch). The area of the skin covered with the
adhesive bandage should be proportional to the amount of
dose reduction. An adhesive bandage may then be placed
over the whole system to secure it in place. 41

Pediatric Medication Administration
Decision Making
Critically ill pediatric patients are often given highly potent
medications that are dosed by body weight and administered
by continuous IV infusion. In emergency sitUations, drugs
such as dopamine, dobutamine, epinephrine, norepinephrine, and isoproterenol, need to be mixed appropriately and
prepared for immediate administration. Proper calculation
of the patient's dose, concentration for infusion, and
milliliter-per-hour infusion rate are essential. Errors in
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TABLE 13·4 Common PICU Medications That Should Not be Crushed
Irype of Formulation

Example Drugs

Comments

Biscodyl
Erythromycin
Ferrous sulfate
Pancrelipase
Sulfasalazine

Use
Use
Use
Use
Use

Acetazolamide
Carbamazepine
Chlorpromazine
Diltiazem

Use regular tablets or extemporaneous liquid preparation
Use suspension or regular tablets
Use liquid preparation or regular tablets
Open capsule (do not crush beads); mix with applesauce and
swallow immediately (do not chew) or flush beads down gastric
tube with sterile water
Open capsule (do not crush beads); flush beads down gastric lUbe
with sterile water; or use extemporaneous liquid preparation
Open capsule (do not crush beads); mix with apple juice and flush
through gastric tube
Use regular tablets
Use liquid form
Gastric tube: Mix capsule with apple juice or cranberry juice; stable
30 min after mixing
Jejunostomy tube: Dissolve capsule in 8.4% sodium bicarbonate to
make final concentration of 2 mg/ml
Use regular tablets or extemporaneous liquid preparation
Use liquid preparation
Use regular tablets or extemporaneous liquid preparation
Use liquid preparation
Use liquid preparation
Use regular tablets or extemporaneous liquid preparation

~_.

Disopyramide
Lansoprazole
Metoprolol
Morphine
Omeprazole

Procainamide
Propranolol
Quinidine
Theophylline
Valproic Acid
Verapamil

suppository or powder form
suspension form
liquid form
powder form
suspension or regular tablets'

'iAdapted from Mitchell JF: Oral dosage forms that should not be crushed: 2000 update, Hosp Pharm 35:553-557. 2000: Engle KK. Hannawa TE:
Am J Health S,\'j" Pharm 56: 1441-1444, 1999:
~iilnd Taketomo CK. Hoddll1g JH. Kraus DM: PedlUtrlc dosage handbook, ed 6, Hudson, OH, 1999, LeXl-Comp.

~Iechniques for administe~g oral medications to c~itic.al care patients receiving continuous emeral nutritio~.

I~URegular

,,,'

tablets" means regular-release tablets (i.e., not extended release. not enleric coated, not sublingual)

calculations can result in significant overdose (and toxicities) or underdose (and lack of response), To complicate
matters, many different combinations of concentration and
rates can be used to deliver the same ~g/min dose, Basically,
there are three ways to calculate doses for proper administration of these agents: (I) the standard concentration
method; (2) the "rule of 6s"; and (3) individualization of
concentrations based on rates of infusion and dose, Each of
these methods requires knowing the patient's weight and the
intended ~g/kg/min dose. Then, if the concentration is
known, the rate of administration can be calculated; if an
intended rate of administration is known, the concentration
of the infusion can be calculated.
Standard concentrations for continuous infusions can be
developed by weight, so that the rates of infusion are
acceptable when the medication is dosed within the usual
dosage range,42 For example, standard concentrations for
dopamine can' be 200 ~g/ml for infants 2 to 3 kg; 400 ~g/ml
for infants 4 to 8 kg; 800 ~g/ml for children 9 to 15 kg and
1600 ~g/ml for patients> 15 kg. To calculate the ml/hr rate
of infusion, first multiply the ~g/kg/min dose times the kg
weight, then times 60 (minlhr) and divide by the standard
concentration. For example, let's say we wanted to deliver a
dose of dopamine at 5 ~g/kg/min to a 10-kg infant. Multiply

5 ~g/kg/min times 10 kg to get 50 ~g/min; multiply this by
60 minlhr to get 3000 ~g/hr; then divide by the standard
concentration of 800 ~g/ml to get 3.75 ml/hr and round to
3.8 ml/hr. So, for this patient, 3.8 ml/hr of an 800 ~g/ml
solution will provide 5 ~g/kg/min. The advantage of
standard concentrations is that nO patient calculations are
needed to prepare the IV bag, Thus the IV bag can be
quickly prepared or hung while the dose and rate are being
calculated.
The rule of 6s is based on the fact that there are
60 minutes in an hour. With this method, a calculation based
On the patient's body weight is made to detennine the
amount of medication to add to 100 ml of solution. Because
the calculation uses the rule of 6's, the ml/hr infusion rate
very easily relates to the dose in ~g/kg/min. For dopamine
and dobutamine, 6 times the patient's body weight is added
to 100 ml; then I mllhr will equal I ~g/kg/min, For
epinephrine, norepinephrine, and isoproterenol, 0.6 times
the patient's body weight is added to 100 ml; then I ml/hr
will equal 0.1 ~g/kg/min. 1 Let's use this method to deliver
a dose of dopamine at 5 ~g/kg/min to a 10-kg infant.
Multiply 10 kg x 6 to get 60; this is the amount of drug
(60 mg) that should be added to 100 ml ofIY solution. Then
I mllm will equal I ~g/kg/min and 5 mllhr will equal
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5 llg/kg/min. This method has the advantage of utilizing a
milliliter-per-hour rate that very simply relates to the
llg/kg/min dose. However, the disadvantage of this method
is that patient-based calculations must be performed in order
to make the IV solution.
With either of these methods, the mllhr rate may be too
large for some patients (e.g., if the patient requires fluid
restriction). To individualize the concentration of the
infusion, first multiply the llg/kg/min dose times the
kilogram weight, then multiply times 60 (minlhr) and divide
by the intended rate of infusion. For example, let's say we
wanted to deliver a dose of dopamine at 5 llg/kg/min to a
10-kg fluid-restricted infant at 2 mllhr. First multiply
5 llg/kg/min times 10 kg to get 50 llg/min; multiply this by
60 min/hr to get 3000 llg/hr; then divide by the intended rate
of infusion of 2 ml/hr to get a concentration of 1500 llg/ml.
For this patient, 2 mllhr of a 1500 llg/ml solution will
provide 5 llg/kg/min. This method has the advantage of
being able to select the amount of fluid that the patient
receives. However, it requires patient-specific calculations
in order to make the IV solution.
Each PICD team should decide which of these methods
to use to calculate continuous infusions of emergency
medications. Some institutions elect to use a combination of
methods. For example, standard concentrations can easily
be prepared by the PICD staff during emergency situations.
If the patient then requires fluid restrictions, the pharmacy
can perform the necessary calculations to concentrate the
infusion.
Changing patients from the IV route of administration to
the oral or enteral route can result in significant cost savings.
However, clinicians should keep in mind that patients
should not be switched to the enteral route until the GI tract
is well perfused and functioning. Otherwise, GI absorption
may be compromised and the pharmacologic effects of the
drug may be decreased. In addition, the oral versus IV
bioavailability of the specific medication needs to be
addressed when changing routes of administration (see
Absorption above). If a drug with low oral bioavailability is
gi ven orally in the same dose as IV, an underdose will occur
and minimal systemic effects may be seen. However, if a
drug with low oral bioavailability is given IV in the same
dose that is recommended orally, an overdose will occur and
toxicities will result. Thus the recommend dose of a
medication should be verified when changing routes of
administration.

PRINCIPLES OF DRUG INTERACTIONS
Interactions can occur between two drugs (drug-drug interaction) or between a drug and a nutrient (drugnutrient interaction). Drug-drug interactions can be pharmacokinetic or pharmacodynamic in nature. Pharmacokinetic
drug-drug interactions result from alterations in absorption,
distribution, metabolism or elimination. Absorption may be
altered if a drug changes gastric pH, GI motility, GI mucosa
or flora, alters the first-pass effect, or complexes with another drug in the GI tract. Drugs may affect distribution by
altering protein binding. Metabolism may be altered when
drugs inhibit or induce hepatic enzymes, or if two drugs
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compete for metabolism by the same enzyme. Drugs may
affect excretion by altering renal elimination of unchanged
drug or hepatic elimination via the biliary tract. 27 Examples
of pharmacokinetic drug-drug interactions and drug-nutrient
interactions have been given throughout this chapter.
Pharmacodynamic drug interactions occur when one
drug modifies the pharmacologic effect of another. This type
of interaction may take place at the receptor level, may
include different cellular mechanisms of action, may involve alterations of the cellular environment, or may occur
from the neutralization of one drug by another in the body. 27
At the receptor level, drugs may act as agonists (by
stimulating the receptor), or antagonists (by blocking the
receptor). (Some drugs may act as partial agonists by both
stimulating and blocking the receptor.) An example of a
drug-drug pharmacodynamic interaction that occurs at the
receptor level would be albuterol and propranolol. Albuterol
is a B-adrenergic receptor agonist, and propranolol is a
B-adrenergic receptor antagonist (B-blocker). If these two
drugs are administered in the same patient, the bronchodilation effects of albuterol would be blocked by propranolol.
Clinically, bronchoconstriction may be observed.
Two drugs may interact because of different cellular
mechanisms of action that may either increase or decrease
the pharmacologic response. For example, diuretics may
enhance the antihypertensive effects of captopril, and
indomethacin may decrease the antihypertensive effects of
propranolol. Each of these drugs has a different mechanism
of action. Drugs may interact by altering the cellular
environment. For example, diuretics such as furosemide
may cause hypokalemia which may increase the risk of
digoxin toxicities. Drugs may also interact by neutralization.
For example, protamine will neutralize heparin and reverse
its pharmacologic effects.
Clearly the PICD patient is at risk for drug-drug and
drug-nutrient interactions because of the many medications
that they receive. The clinician should be aware of these
problems and evaluate all drugs and nutrients for potential
adverse interactions. In addition, clinicians must be aware of
physical and chemical incompatibilities of IV medications.
Certain medications will precipitate with or inactivate other
medications. For example, when furosemide is injected into
IV lines containing amrinone or milrinone, a precipitate will
form. Aminoglycosides can be inacti vated by penicillins.
Sodium bicarbonate is incompatible with calcium salts,
catecholamines and atropine and should not be mixed with
or administered with other medications. Other incompatibilities of common PICD medications are listed in the
Appendixes.
In summary, PICD patients require many special pharmacologic considerations. The age-related and disease state
differences of pharmacokinetics and pharmacodynamics in
these patients, along with the lack of appropriate dosage
forms and use of multiple medications, can pose a pharmacotherapeutic challenge for the clinician. By having a better
understanding of clinical pharmacology, including pharmacokinetics, pharmacodynamics, drug dosing, therapeutic
drug monitoring, medication administration, and drug interactions, the PICD clinician will be better equipped to
optimize the care of critically ill children.
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