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ABSTRACT

The purpose of this article is to provide a brief introduction and
review regarding basic principles of pharmacology, including termino-
logy and colloquialisms, as well as pharmacokinetic and pharmacody-
namic principles of ototoxic agents. As an audiology practitioner, it is
more important than ever to have a working knowledge regarding the
known and proposed mechanisms of action for drugs and chemicals with
known ototoxicity potential. Additionally, this article provides a
discussion regarding the biochemistry behind distribution, which is a
major step in determining ototoxic potential of known and potential

ototoxins.
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The study and evaluation of drugs and
chemicals for the audiology practitioner is
more important now than ever. A review that
integrates pharmacokinetics (PK), pharmacody-
namics (PD), terminology, colloquialisms, and
ototoxicity is warranted. As an integral part of
the healthcare team, audiologists are a valuable
resource to patients and other practitioners, who
seek their in-depth knowledge and skills regar-
ding whether an audiologic manifestation may
be caused by a chemical. Even more significantis
the potential for this review to provide the
knowledge and skills necessary for an audiologist
to recognize and prevent an ototoxic effect (or
other adverse reaction) of a chemical.'™

Some points of clarification: pharmacology as
a discipline sometimes uses many terms to
describe the same thing. For the purposes of
this article, you will see chemical, drug, and
medication used to describe a compound that
may have therapeutic or toxic effects. Generally,
one may refer to a drug or medication as a
product that has been studied in animals and/or
humans and is used for therapeutic purposes,
whereas the term chemical is sometimes used to
describe a compound that is in clinical trials or
that has no known therapeutic beneficial effects
in humans (e.g., insecticides). Since pharmaco-
logy is biochemistry at its core, all these terms
will be used.
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Biotransformation and metabolism will be
used interchangeably to indicate the breakdown
step in the PK process. Clearance, elimination,
and excretion will be used interchangeably to
describe the removal of the drug from the body,
as the terminal step in the PK process. Lastly,
side effect and adverse effect/event will be used
interchangeably to describe the risks associated
with giving a drug, whereas toxic effect will
predominantly describe a more severe event
following the administration of a drug or
chemical.

The study of pharmacology is an extension
of chemistry. There is no way to separate the
two concepts. However, a practitioner need not
be adept at chemistry to effectively discuss and
utilize basic pharmacology skills in patients.
Having a working knowledge about basic phar-
macology is a major key to becoming a proactive
practitioner.

Two important subclasses include PK and
PD. PK consists of four steps: absorption,
distribution, metabolism (biotransformation),
and clearance (elimination, excretion), and is
sometimes abbreviated as the acronym ADME.
It specifically refers to the evaluation of a drug
or chemical’s timeframe as it moves through
these four steps and is defined as what the body
does to the drug or chemical as it goes from
input (absorption) to output (excretion/elimi-
nation/clearance).>*®

Author John Hodgson references a slightly
different acronym, ADMET, where T (i.e.,
toxicological potential/problem) is added to
the original acronym. Hodgson states, “A che-
mical cannot be a drug, no matter how active
nor how specific its action, unless it is also taken
appropriately into the body (absorption), dis-
tributed to the right parts of the body, meta-
bolized in a way that does not instantly remove
its activity, and eliminated in a suitable manner
—a drug must get in, move about, hang around,
and then get out” This is an interesting
addition, as Hodgson says that drugs that
make it to market and drugs that never make
it to market all have a potential for dangerous
toxicologic manifestations. How very true. PD
refers more specifically to what the drug or
chemical does to the body. In other words, it
refers to the mechanism of action that produces
the efficacy and toxicity of the agent. From an

audiologic perspective, one tends to spend more
time in the PD arena, as ototoxicity lies squarely
under the umbrella of this definition. This
article will describe how this is possible from
an anatomic, physiologic, and pathophysiologic
perspective.z’

Absorption is the first step in the PK
process. When a PO drug is swallowed and
lands in the stomach, the major event that must
take place is dissolution of the drug from the
dosage form. In other words, a drug must be
liberated or freed from its dosage form to be
absorbed (e.g., capsule, tablet). This liberation
step is the major factor in determining the
RATE and even the EXTENT of absorption
of a PO drug. For example, if a drug is meant to
be taken on an empty stomach, then taking it
with food will likely slow down the absorption
(i.e., decrease the rate) and/or decrease the
amount (i.e., decrease the extent) of the drug
that will end up in the bloodstream. This may
result in subtherapeutic blood levels.>™®

Looking at it from the opposite perspec-
tive, the rate and extent of a PO medication may
be drastically increased if taken with a hot liquid
(e.g., swallowing a morphine tablet with hot
coffee or tea). This example may result in
supratherapeutic blood levels that may be
deadly. Additionally, chewing or splitting a
PO drug that is intended to be swallowed whole
may result in loss of activity due to destruction
by stomach acid or a deadly load of the drug
being absorbed all at once. This last example is
particularly true of long-acting PO drugs that
are taken once per day. In general, a drug should
be taken according to manufacturer directions,
as they are meant to optimize absorption of an
agent in an individual patient. Parenterally
administered drugs (e.g., IV, IM, SC) are
generally unaffected by the stomach contents
and will be addressed later in this article.>>®

When a drug is given orally (PO), it must
cross the biologic membranes of the gut (usually
the beginning of the small intestine) where it then
dumps into the liver via the portal vein. Here, the
drug compound may undergo hepatic extraction
(first pass effect) and/or biliary excretion before
reaching the systemic circulation. The main pur-
pose of this extraction is to begin the breakdown
process (metabolism/biotransformation) to pre-
pare the drug for clearance/ elimination.>*™
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The first pass effect has no impact on
parenterally administered agents, as they enter
the venous circulation without going through
the portal vein, which is one of the main reasons
why oral drug doses are many times higher than
a parenteral dose of the same agent. Once
absorbed, the fraction of drug reaching the
systemic circulation is known as bioavailability
(F). Bioavailability (Fig. 1) describes how much
of a PO dose is biologically available to exert an
effect in the body, both therapeutically and as an
adverse effect. In other words, F represents the
fraction of drug given (i.e., absorbed) that
reaches the bloodstream. For example, IV
medications have an ' = 1, as they circumvent
absorption all together because they are injected
directly into the systemic circulation. Conver-
sely, most PO medications have an F that is less
than 1, as the body has already begun the
metabolism/biotransformation (e.g., first pass
effect) and clearance/elimination steps by the
time the medication reaches the systemic circu-
lation. Most other routes of administration
have a bioavailability that is somewhere in
between the bioavailability of PO and IV

medications, with most parenteral routes and
sublingual (SL) administration having an F
close to 100%. Once a drug is systemic, it can
be distributed to the therapeutic site of action
and to potential sites that produce side effects,
including ototoxicity.>~?

When a drug or chemical reaches the
systemic circulation, there are several detours
that a drug may take; so, a discussion that looks
at the PD process of the drug-receptor complex
is warranted. Why do some drugs improve
symptoms like vertigo or motion sickness,
whereas other drugs cause adverse effects like
ototoxicity, hepatotoxicity, or nephrotoxicity?
More specifically, why do some antibacterials
treat meningitis, endocarditis, or pneumonia,
while other antibiotics do not treat these infec-
tions? The simple answer to these questions is
because the drugs ges there. They distribute to
these areas (which will be discussed in the next
section) and once they get to these areas, they
have the ability to exert an effect. That effect
might be therapeutic (i.e., benefit the patient)
or it might cause a side effect (i.e., risk of taking
a drug). This is precisely why a practitioner

F = amount of drug reaching the systemic circulation

amount of drug given (in a single dose)

Example 1: “drug A” is given to a patient as a 500mg PO capsule; after the patient swallows the
drug, blood samples are drawn at 0.5, 1, 2, 4, 6, 8, 10 hours after ingestion of the drug. The

average of the 7 samples is putinto the equation:

F = 195mg (average of the amount of “drug A” in blood samples) = 0.39

500mg (the PO dose of “drug A” given to patient
Explanation: “F” of a PO dose of “drug A" is 39%

Example 2: “drug B” is given to a patient as a 1,000mg IV bolus dose; 8 blood samples are
drawn at 5, 10, 20, 30, 45, 60, 75, and 90 minutes after the dose is injected. The average of the 8

samples is put into the equation:

F = 1.000mg (average of the amount of “drug B” in blood samples) =1
1,0000mg (The IV dose of “drug B™ given to patient
Explanation: “F” of a IV dose of “drug B™ is 100%

Figure 1 Bioavailability (“F").5616
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must always think in terms of risk versus benefit
and efficacy versus toxicity when any agent is
used. When a drug enters the systemic circula-
tion, it finds a place to fit, and this is many times
onto a receptor.l_3’5_7'9_14

When a drug binds to a receptor to activate
it or produce a biologic response, it is known as
an agonist. On the contrary, some drugs bind to
areceptor to simply block a response or reverse a
response and are known as antagonists. A
competitive antagonist can be overcome by
increasing the dose of the agonist, whereas a
noncompetitive antagonist interferes with an
agonist differently and therefore simply inc-
reasing the dose of the agonist would have no
effect. While there are multiple types of drug-
receptor responses, a detailed explanation for all
of them is beyond the scope of this discussion.
In general, the strength of the drug-receptor
complex can be described graphically as a dose—
response curve and as a higher or lower affinity.
This drug-receptor complex is vital in the
clinical trial evaluation of drugs, where mini-
mum doses, maximum doses, and dosing inter-
vals are generally determined.’>>7%1*

Once a drug is absorbed into the systemic
circulation, consideration is given in terms of
how subsequent doses are to be given. To have
predictable serum concentrations, distribution,
and even efficacy, drug dosing should follow
recommendations for dosing amounts and
dosing intervals.

Serum concentrations refer to blood levels
of'a drug in this particular discussion. Blood flow
to the target tissue or organ is a very significant
consideration, as highly perfused areas (e.g.,
lungs) allow the body to clear a drug faster
and therefore may need to be dosed with higher
amounts and/or more often. Additionally, two
concepts play a vital role in absorption, distribu-
tion, and dosing: serum half-life (t;;;) and
concentration steady-state (Css). Ty, as a
unit of time, represents the time it takes for
drug plasma concentrations to decrease by 50%.
While the ty,, typically is referring to measure-
ment in the plasma, terminal ty, refers
to secondary (i.e., deep) body tissues or com-
partments where a drug may be distributed other
than the plasma. Terminal t,, typically takes a
longer amount of time for a drug to clear. For
example, gentamicin generally has a serum ty/,

of 2 to 3 hours, whereas its terminal t;,, may be
50+ hours because the drugs accumulate and sit
in the inner ear and in renal parenchyma. This is
a major issue in the nephrotoxicity and oto-
toxicity associated with gentamicin and other
aminoglycoside antibiotics, 3081516

Css indicates that concentrations of drug in
plasma will be steady, and is achieved when
drugs are administered at a constant rate, which
is typically determined by ty/,. Most PK models
suggest that a drug can be considered to be at Css
after five t1/,s have passed. Some drugs can be
given as a loading dose, which bypasses the five
t1/ rule, as a loading dose can typically bring the
plasma drug concentrations to Css after a single
dose. Maintenance doses are repetitive doses
that are typically given in the same amounts
and in the same intervals to maintain Css. Css
relies on an important assumption, which is for
each dose of drug given, another dose of drug is
being eliminated at an equal rate and amount.
Therefore, if a patient is unable to eliminate a
drug, then Css will not be maintained as serum
levels will begin to increase and potentially cause
toxicity.l,3,5,6,8,15,16

Another important term that is evaluated
once a drug has been absorbed is called the
therapeutic index, which is an indication (repre-
sented as a ratio) of the safety of a drug. This ratio
represents the ratio between the lowest systemic
concentration associated with toxicity and the
lowest systemic concentration associated with
therapeutic benefit or efficacy. In short, a drug
with a high therapeutic index is considered to be
safer than a drug with a low therapeutic index.
This term is generally used along with therapeu-
tic range, which is an extension of therapeutic
index and refers specifically to plasma drug
concentrations. It evaluates and quantifies the
range of plasma concentrations between thera-
peutic and toxic blood levels.b>>6:815:16

Similar to the therapeutic index, drugs with a
large therapeutic range are generally considered to
be safer than those with a small/narrow thera-
peutic range, as there is more distance between
plasma levels that are therapeutic versus toxic. For
practical application, this generally means that
drugs with a narrow therapeutic range tend to be
potentially more toxic and intense monitoring and
follow-up is generally required. With some drugs,

measuring plasma drug concentrations helps
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ensure efficacy while limiting toxicity. Additio-
nally, with medications like aminoglycosides and
vancomycin, practitioners measure peak and
trough levels. Peak refers to the highest concent-
ration of a drug in the bloodstream, usually
measured shortly after administration of an IV
medication. Trough or pre-dose concentration
refers to the concentration of a drug in the
bloodstream, usually measured a short time before
the next dose of an IV medication is given.
Theoretically, these terms would also hold true
for other routes of administration (e.g., IM, PO,
SL); however, there are currently no drugs avai-
lable that routinely require this type of
monitoring.1’3’5’6’8’15’16

Throughout the body, PK distribution
describes the movement of drugs and chemicals
into areas outside of the blood stream and is
therefore a very important PK parameter in
terms of describing drug delivery. Distribution
is, however, described as apparent in pharma-
cology, as it is referring to an apparent volume
that the drug is occupying inside of the body.
The volume of distribution (Vd) seeks to relate
the amount of drug inside the body compart-
ment(s) to the concentration (C) of drug in the
bloodstream. In other words, it gives an esti-
mated value that describes/quantifies how a
drug partitions between the plasma and tissues.
Vd is apparent because these volumes are
estimated/extrapolated based on the chemical
characteristics of the drug as well as the che-
mical characteristics of every tissue and com-
partment in the body.>*?

Once a drug reaches the systemic circula-
tion, it is distributed throughout various fluids
(e.g., intracellular and extracellular) in the body
on its way to reach target tissues. Target tissues
refer to areas where drugs/chemicals exert an
effect, either therapeutically or as a toxicity.
Although this may seem like a simple process,
the vasculature is quite distinct depending on
location, and multiple physicochemical proper-
ties of molecules and membranes are involved.
In many cases, drugs leave the systemic circu-
lation and move into local tissues from post-
capillary venules. This basic distribution is
frequently a passive diffusion. Another more
complicated diffusion principle of a drug is
traversing biologic membranes which tend to

be hydrophobic, and there are layers of mecha-

nisms for how some drugs are able to complete
this process.s'(’’9’13’14'16

When comparing the various passive or
active diffusion models, a common theme boils
down to biochemistry principles of the drug and
the biologic membranes. Chemical properties of
drugs that impact distribution include molecular
weight, lipophilicity (fat soluble), and hydro-
philicity (water solubility). Distribution of a drug
is not a random, unpredictable process. On the
contrary, distribution is fairly predictable once a
practitioner understands the basic biochemistry
that helps determine it. For example, aminogly-
coside antibacterials (e.g., tobramycin, gentami-
cin, amikacin) are predominantly hydrophilic.
Hydrophilic chemicals tend to have a smaller
distribution as they do not tend to move out of
the bloodstream into other tissues as much as a
lipophilic chemical. On the contrary, lipophilic
drugs like some opioids (fentanyl) deposit into
adipose tissue and then slowly seep out over a
long period of time. In terms of molecular
weight, smaller chemical compounds tend to
distribute outside of the bloodstream more
than very large, heavier chemicals. When both
concepts are put together, we see that a small,
fat-soluble drug has a wider distribution than a
large, water-soluble drug. While this is generally
a correct and reliable assumption, a brief discus-
sion regarding how distribution is determined is
helpful.5’6’9’13’14’16

It is important to keep in mind that distri-
bution refers to all areas of the body, including
tissues/organs that may help eliminate a drug
(e.g., liver and kidney) or noneliminating tissues
or organs (e.g., brain, muscles, and lungs). PK
studies and academic writings tend to represent
Vd in compartments such as total body water,
extracellular water, blood plasma, and adipose
tissue (i.e., fat). Additionally, the concept that
certain areas of the body receive no drug (e.g.,
blood—placenta barrier, blood-brain barrier
(BBB), blood-testicular barrier) is a historic
and disproven theory. While these tissues or
organs may have a small amount of a chemical
when compared with other areas of the body, the
concept of a complete “barrier” is no longer valid.
Looking at the body from a two-compartment
model helps explain this “barrier” concept by
evaluating the rate and duration of drug distri-
bution. The central compartment includes well-
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perfused tissues and organs like the heart,
kidney, brain, and liver. Due to increased blood
flow in this compartment, drugs are able to
perfuse and equilibrate within a relatively short
period of time. Even though the central com-
partment is well perfused, drug distribution into
the central nervous system (CNS) is slightly
more complicated due to the BBB. In general,
the BBB contains very tight junctions that are
specifically there to protect the CNS from
foreign substances, including drugs. From a
biochemistry perspective, small, hydrophobic
drugs can most easily pass through the biologic
membranes of the BBB. If this does not work,
then a drug must use existing transport proteins
in the BBB to try to penetrate into the central
compartment.1_3’5_14’16’17

The second compartment is the peripheral
compartment and is composed of less-perfused
organs like the adipose tissue and skeletal
muscles. Due to decreased blood flow, drugs
generally take longer to equilibrate. In addition,
the adipose tissues can act as a storage site. In
short, drugs that tend to stay in the blood
stream have a relatively low Vd, whereas drugs
that move into fat, muscle, and other fairly
nonvascular sites have a relatively high Vd. One
last drug/biochemical concept that can decrease
Vd is plasma protein binding to albumin, which
is the most abundant protein in human plasma.
While drug binding to albumin is considered to
be a drug interaction, it is a distribution con-
cept. Highly protein-bound drugs tend to stay
in the blood stream which can impact their
ability to distribute to a tissue binding site
outside of the vasculature. While this is signifi-
cant on paper, PK and PD studies have shown
this to be fairly predictable and the dose of
highly protein-bound drugs generally takes this
into consideration. What may be significant
and applicable in patients is the competitive
nature of highly protein-bound drugs. When
two (or more) highly protein-bound drugs are
present in the blood stream at the same time,
they compete for albumin-binding sites. The
danger is that a highly protein-bound drug like
warfarin can be “bumped” off of albumin when
a second highly protein-bound drug is ingested
(e.g., aspirin). This allows more free warfarin in
the blood stream (because it has been “bumped”
off of albumin) and a potential bleeding disaster

may ensue. Interestingly, scientists have disco-
vered that many times the drug that has been
bumped off of the albumin and present in much
higher serum concentrations is not always the
disaster that one would expect, as the body has
the unique capability of increasing the meta-
bolism and elimination of this sudden increase
in free drug. Appropriate monitoring for effi-
cacy and toxicity is crucial when patients are
simultaneously taking more than one highly
protein-bound drug.l_B’S_M'l(”17

Drugs also can be distributed into several
other special compartments which often have
poor access due to the structure of the organ or
tissue, such as the inner ear. Unlike the rest of
the body, the PK and delivery of drugs in the
inner ear is unclear. The PK of drug delivery
and distribution into the inner ear is a complex
and intricate process. Accumulation of data in
the past has shown that drugs given both
systemically or topically can slowly diffuse
through the fluid spaces throughout the diffe-
rent regions of the ear. Some of the commonly
used antibiotics such as aminoglycosides have
been shown to be acutely ototoxic to the
auditory and vestibular regions of the ear, often
leading to irreversible damage to hearing. The
method of drug delivery can play a crucial part
for the distribution of the drug to the target
tissue. From a therapeutic perspective, adequate
delivery of medication to the inner ear has been
a challenge for physicians due to the intricate
physiology of the ear. Drugs can be distributed
within the inner ear from three different entry
points: round window membrane, oval window,
and cochlear bone via application in the middle
ear. A blood—cochlear barrier (similar to the
BBB) can limit the concentration of the drug
actually being delivered to the inner ear and
therefore systemic drug delivery may be inade-
quate for many inner ear disorders, 13081719

Almost immediately after a dose of a drug
is given, irrespective of route of administration,
the body begins the process of drug clearance
for hydrophilic drugs, or the preparation of a
drug for clearance if it is chemically more
hydrophobic/lipophilic. This can be a stressful
physiologic process for the body, whose view of
homeostasis is myopic at best. In other words,
the human body’s main goal is to maintain
homeostasis from millisecond to millisecond,
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and it essentially has no capacity to understand
why a drug would be inserted into its systems or
tissues that it views as running perfectly fine at
all times. This includes illness, as our bodies
have sophisticated systems and mechanisms in
place to handle every potential scenario (e.g.,
allergic reaction, cancer, bacterial infection),
and the body is never happy that a drug has
come along to take one of its jobs. Our bodies
always think that dysfunction is better handled
endogenously rather than exogenously (i.e.,
drug); so, the physiologic and anatomic stress
that ensues when multiple drugs are taken each
day is likely immeasurable over time, and every
dose of a drug likely induces an internal panic as
the body works to get rid of the drug or drugs as
fast as possible.

This is the essence of drug metabolism/
biotransformation: to terminate any pharmaco-
logic/biologic activity of a drug and/or to make
a drug more water soluble for elimination via
the kidneys. As such, it is not surprising that
drugs tend to leave the body from the blood
stream first, then muscle, and then adipose
tissue (i.e., hydrophilic to lipophilic, respecti-
vely). To reach the last stop in the body (i.e.,
elimination/clearance/excretion), drugs that are
more lipophilic and/or have a high molecular
weight must be metabolized/biotransformed
first. Because of the human body’s rigid desire
to maintain homeostasis and eliminate a drug
that it never wanted in the first place, it has
several systems and mechanisms in place to
make ready a drug or drugs for renal elimina-
tion. Multiple tissues/organs have some ability
(usually enzymatic) to biotransform drugs into
more urine-friendly structures, including the
liver, lungs, skin, gut, and kidneys. However,
the liver is the primary organ for metabolism/
biotransformation, particularly those drugs that
are hydrophobic/lipophilic.1’4_7’16’17’20

Metabolism and biotransformation is not a
one-size-fits-all scenario; so, the bodyis prepared
to handle many different types of compounds.
Enzymatic degradation and/or conversion of the
drug structures are the major events that take
place, typically through hydrolysis, oxidation, or
reduction. For example, Phase I reactions are
many times referred to as oxidation or reduction
reactions, as the primary purpose of these reac-
tions is to terminate any pharmacologic activity.

A Phase I reaction takes a parent com-
pound and breaks it down into metabolites that
are more hydrophilic. A metabolite, which is
the breakdown chemicals of a drug, can either
be pharmacologically inert or it can have modi-
fied activity (e.g., active metabolite). If these
metabolites are still not sufficiently hydrophilic
enough to leave in the urine, one or more
additional metabolic reactions/steps may be
required. Phase II reactions are known as
conjugating or hydrolysis reactions as it takes
a parent compound (i.e., it has not been broken
down) or a metabolite from a Phase I reaction
and converts it to a water-soluble compound to
make the drug or metabolite more likely to meet
the hydrophilic-only requirements of the
urine L4716,17,20

A well-known system that exists under the
Phase I category is known as the cytochrome
P450 (CYP450) enzyme system (Fig. 2). This
enzymatic system is categorized as a metabolic
drug interaction because it occurs as drugs are
being biotransformed and readied for elimina-
tion in the blood stream. Drugs that utilize the
CYP450 system are categorized as a substrate
(i-e., the targeted drug), an inhibitor, or as an
inducer. An inhibitor will inhibit the biotrans-
formation of a substrate, resulting in an increase
in the blood concentrations of the substrate,
potentially causing a toxic blood level of the
substrate. An inducer will increase the biotrans-
formation of a substrate, resulting in a decrease
in the blood concentrations of the substrate, and
a potential unanticipated failure in therapy. A
couple of common isoenzymes that break down
individual agents include 3A4/5,2C9, 2C19. It
is a competitive drug interaction, and two or
more drugs must be using the same isoenzymes
(e.g., 3A4/5) for biotransformation for the
metabolic drug interaction to occur. In other
words, if one drug utilizes CYP450 3A4/5
isoenzymes and a second drug utilizes 2C19
isoenzymes for biotransformation, there will
not be an interaction.* 7161720

One additional consideration in the meta-
bolism or biotransformation of drugs is the type
of PK reaction that is occurring. If it is a fairly
predictable reaction where a doubling of a dose
results in the doubling of blood or serum con-
centrations, then it is termed first-order kinetics
and is, in essence, linear. Most medications
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Figure 2 Cytochrome P450 enzyme system drug interactions.

follow first-order/linear kinetics, which makes
these agents fairly predictable, as the amount of
drug that is biotransformed or excreted per unit
of time is proportional to the amount of drug in
the serum concentration at that time. In short, as
a drug dose increases, blood concentrations
increase at the same concentration and rate,
and metabolism/elimination occurs at the same
rate. When plotted on a semilogarithmic graph,
this results in a straight line which is why this
common PK metabolism/elimination is most
well known as linear. Zero-order kinetics are
much less common. The best example under this
model is alcohol. When alcohol is initially inge-
sted, it follows first-order (i.e., linear) kinetics.
Once the metabolic capacity of the enzymes that
biotransform alcohol is saturated, then blood/
serum concentrations may quickly become toxic
because the body continues to remove a constant
amount of the alcohol (or any zero-order kinetic
drug) per unit of time; however, the amount of
alcohol in the blood stream continues to
rise b+ 7:12,16,17,2021

The final, terminal step of this long
journey of a drug through the body is clea-
rance/elimination. While the purest definition
of elimination is the sum of any organ invol-

ved in the elimination of drug from the body,
the vast majority of drugs leave the body as a
terminal step in the urine, with a small num-
ber leaving via biliary extraction and then in
the stool. Biochemically, drugs that leave in
the urine are water soluble (hydrophilic) and
have a small molecular weight, either as the
original (parent) compound or as a metabolite.
Because most drugs follow the first-order
kinetic model, the simple definition of clea-
rance refers to the volume of plasma fluid that
is cleared of drug or metabolite per unit of
time. Many times the clearance is estimated
and this is called estimated creatinine clea-
rance (estCICr). This simple calculation utili-
zes patient-specific information, including
serum creatinine, because it is a by-product
of skeletal muscle metabolism that is cleared at
a constant rate via the kidneys. Once calcula-
ted, the estClCr estimates the glomerular
filtration rate of the kidneys, which also
estimates the ability of the body to renally
clear a drug. The clearance of the drug is the
single most important step in the PK process
in determining Css. In other words, if the
clearance of a drug is impaired, then Css is not
steady and blood and tissue concentrations can
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rise to dangerous or even deadly levels. For
some patients, particularly the elderly or those
with chronic kidney disease, a small decrease
in renal elimination can result in large increa-
ses in drug exposure. Most ototoxic agents fall
into this category, as they are known/presu-
med to have an increase in ototoxic potential
when renal function is diminished. This list
includes the aminoglycosides, vancomycin,
cisplatin, aspirin, and loop diuretics. If a
body cannot clear a drug, then that drug
will hang around and do nothing good. This
is where many of our toxic drug concentra-
tions occur. Relating back to t1,; and Css, it is
of interest to note that if a drug is at Css, then
when the last dose is given the “wash-out”
period occurs. Assuming the drug follows
first-order kinetics, then it will take approxi-
mately five ty, for the drug to completely
leave the body. This concept is useful in a
situation where a patient is experiencing an
adverse drug reaction or toxicity (e.g., ototo-
xicity), as it allows the practitioner to predict
when the drug will be completely cleared from
the body'2,5,6,9,12,21,22

The gravity of utilizing ADMET is an
extremely complicated and important set of
tasks; however, as practitioners with unique
skills and experiences, we have the tools neces-
sary to make good decisions for our patients. As
long as we remember that our first job is truly
primum non nocere (i.e., first do no harm), which
Hippocrates so boldly stated in the 5th century,
then we will make excellent decisions as practi-
tioners. The use of a drug can sometimes seem
to the patient and the practitioner like a random
lottery ticket or rolling the dice regarding our
choices. Every time a drug is used, there is the
real chance of unpredictability, which is why it
is so important to understand the basics of how
a drug moves through the body, the unique
biochemical characteristics of an individual
drug, and how a patient, their habits, and
comorbidities have an impact on that drug.
We must do our part to control the controllable,
rather than our patient care and drug use
becoming completely random.* %23
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