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Leslie 7. Ben!et

Tn oxder to understand and control the therapeutic action of
drugs in the huran body, one must know how much diug
will reach the site(s) of drug action and when this will
oceur. The absorption, distribution, metabolistm {(biotrans-
formation), and elimination of drugs are the processes of
pharmacokinetics (Pigure 2-1). Undezstanding and
employing pharmacokinetic principles can increase the
probability of therapeutic success and reduce the occur-
rence of adverse drug effects in the body,

PHYSICOCHEMICAL FACTORS IN
TRANSFER OF DRUGS ACROSS
MEMBRANES

The absorption, distribution, metabolism, excretion, and
action of a drug all involve its passage across cell mem-
branes. Mechanisms by which drugs cross membranes
and the physicochemical properties of molecules and
membranes that influence this transfer are critical to
undérstanding the disposition of drugs in the human
body. The characteristics of a drug that predictits move-
ment and availability at sites of action are its molecular
size and siructural features, degree of ionization, relative
lipid solubility of its fonized and non-ionized forms, and
its binding to serum and tissue proteins. In most cases,
a drug must traverse the plasma membranes of many
cells to reach its site of action. Although barriers to drug
movement may be a single layer of cells (intestinal
epithelium) or several layers of cells and associated
extracellular protein (skin), the plasma mermbrane rep-
resents the common barrier to drug distribution,

Celi Membranes; The plasma membrane consists of a bilayer of
amphipathic lipids with their hydrocarbon chains oriented inward to

Pharmacokinetics: The Dynamics
of Diug Absorption, Distribution,
Metabolism, and Elimination

Tain L. 0. Buxton and

the center of the bilayer to form a continuous hydrephobic phase and
thejr hydrophilic heads oriented outward, Individual lipid molecules
in the bilayer vary according to the particular membrane ariet can
move laterally and organize themsslves with cholesteral (e.g., sphin-
golipids), endowing the membrane with fluidity, flexibility, organi-
zation, high electrical resistance, and relative impermeability to
highly polar molecules. Membrane proteins embedded in the bilayer
serve as structural anchors, receptors, ion channels, or transporters
to transduce elecitical or chemical signaling pathways and provide
selective fargets for drug actions. In contrast to earlier proposals that
cell membranes are fluid and thus proteins collide in an uncrdered
fashion, we row understand that membranes are highly ordesed and
compartmented (Pinaud et al., 2009; Singer, 2004). These proteins
may be associated with caveolin and sequestered within caveolae;
they may be excluded from caveolae; or they may be orgamzed in
signaling domains rich in cholesterol and sphingolipid not containing
caveolin or other scaffolding proteins (i.e., lipid rafts),

Cell membranes are relatively permeable to water either by
diffusion or by flow resulting from hydrostatic or osmotic differ-
ences across the membrane, and bulk flow of water can carry with
it drug molecules, Howéver, proteins with diug molecules bound to
them are too large and polar for this type of membrane passage to
occur. Transmembrane movement of drug generally is limited to
unbound drug; thus drug-protein complexes constitute an inactive
reservoir of drug that can influence both therapeutic as well as
unwanted drug effects. Paracellular passage through intercellular
gaps is sufficiently large that iransfer across capillary endothelium
is generally limited by blood flow and not by other factors. As
described later, such membrane passage is an important factor in
filtration across the glomerulus in the kidney. Important exceptions
exist in such capillary diffusion; “light” intercellular junctions are
present in specific tissues, and paracellular passage in them is lim-
ited. Capillaries of the central nervous system (CNS) and a variety
of epithelial tissues have tight.junctions, Bulk flow of water can -
carry with it small water-soluble substances, but buik-flow transfer
is limited when the molecular mass of the solute exceeds 100-200Da,
Accordingly, most large lipophilic drugs must pass through the cell
membrane itself (Figure 2-2),
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Figure 21 The interrelationship of the absorption, distribution, binding, metabolism, and excretion of a drug and its concentration

at its sites of action, Possible distribution and binding of metabolites

Passive Flux Across Membranes, Drugs cross mermbranes either by
passive processes or by mechanisms involving the active participation
of components of the membrane. In passive transfer, the drug molecule
vsually penetrates by diffusion along a concentration gradient by virtue
of its solubility in the lipid bilayer. Such iransfer is directly proportional
to the magnitude of the concentration gradient across the membrane, to
the lipid-water partition coefficient of the drug, and (o the membrane
surface area exposed (o the drug. The greater the partition coefficient,
the higher is the concentration of drug in the membrane and the faster

. isits diffusion. After a steady state is attained, the concentration of the

unbound drug is the same on both sides of the membrane if the drug is
anon-clectrolyte, For fonic compounds, the steady-state concentrations
depend on the electrockemical gradient for the fon and on differences
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Figure 2-2, The variety of ways drugs move across cellular barriers
in their passage throughout the bedy.

in relation to their potential actions at receptors are not depicted.

in pH across the membrane, which will influence the state of ionization
of the molecule disparately on either side of the membrane and can
effectively trap drug on one side of the membrane.

Weal Electrolytes and the Influence of pH, Many drugs
are weak acids or bases that are present in solution as
both the non-ionized and ionized species. The non-ion-
ized molecules usually are more lipid soluble and can
diffuse readily across the cell membrane. In contrast, the
ionized molecules usually are less able to penetrate the
lipid membrane because of their low lipid solubility, and

" passage will depend on the leakiness of the membrane

related to the membrane’s elecirical resistance. Therefore,
the transmembrane distribution of a weak electrolyte is
influenced by its pK, and the pH gradient across the
membrane. The pK is the pH at which half the drug
(weak acid or base electrolyie) is in its ionized form.

To illustrate the effect of pH on distribution of
drugs, the partitioning of a weak acid (pK, = 4.4)
between plasma (pH = 7.4) and gastric juice (pH = 1.4)
is depicted in Figure 2-3. Assume that the gastric
mucosal membrane behaves as a simple lipid barrier
with a high electrical resistance that is permeable
only to the lipid-soluble, non-ionized form of the
acid. The ratio of rion-ionized to ionized drug at each
pH is readily calculated from the Henderson-
Hasselbaich equation:

[protonated form] _
[unprotonated form]

lo pK, —pH {Equation 2-1)
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igure 2-3 Influence of pH on the distribution of a weak acid
between plosma and gustric juice separated by a lipid barrier.
A. The dissociation of,a weak acid, pK, = 4.4.

B. Dissociation of the Weak acid in plasma {pH 7.4} and gastric
acid (pH 1.4). The uncharged from, HA, equibrates across the
membrane, Blue numbers in brackets show relative concenira-
tions of HA and A~

1.001 = [HA] + [A]

This equation relates the pEL of the medium around the
drug and the drug’s acid dissociation constant (pX,) to
the ratio of the protonated (HA or BH*) and unproto-
nated (A~ or B) forms, where HA « A™ + H* K, =
FATT[HY/IHAL) describes the dissociation of an acid,
and BH*e B 1 (K, = [BI[H)/[BH*]) describes the
dissociation of the protonated form of a base.

In the example of Figure 2-3, the ratio of non-
jonized to ionized drug in plasma is 1:1000; in gastric
juice, the ratio is 1:0.001, as given in brackets in Figure
2-3, The total concentration ratio between the plasma
and the gastric juice therefore would be 1000:1 if such
a sysiem came to a steady state. For a weak base with
a pk, of 4.4 (e.g., chlordiazepoxide), the ratio would be
reversed, as would the thick horizontal arrows in Figure
23, which indicate the predominant species at each
pH. Accordingly, at steady state, an acidic drug will
accumulate on the more basic side of the membrane and
a basic drug on the more acidic side.

Common ionizable groups on drug molecules are
carboxylic acids (pK,_~4.5) and primary amino groups
(pK,~9.5), but myriad others are possible. Resonance
structures and electron withdrawing groups can change
the pK_, and many compounds have mulfiple ionizable
groups; thus, pK_ values vary over a broad range.
Furthermore, some drugs contain quaternary amines
with a permanent positive change. One consequence of
a drug being ionized at physiological pH is illustrated
by the relative lack of sedative effects of second generation

histamine I, antagonists: second generation antihista-
mines are jonized molecules (less lipophilic) that cross
the blood-brain barier poorly compared to first gener-
ation agents (uncharged at pH 7.4). The effects of net

charge are observable elsewhere in the body, in the .

kidney tubules, for instance. Urine pH can vary over a
ride range, from 4.5 to 8. As urine p¥ drops (as [H*]
increases), weak acids (A7) and weak bases (B) will

exist to a greater extend in their protonated forms (HA .

and BH"); the reverse is true as pH rises, where A~ and
B will be favored. In the kidney tubules where a lipid
soluble (uncharged) drug can be reabsorbed by passive
diffasion, excretion of the drug can be promoted by
altering the pH of the urine to favor the ionized state
(A~ or BH*). Thus, alkaline nrine favors excretion of
weak acids; acid urine favors excretion of weak bases,
Elevation of urine pH (by giving sodium bicafhonate)
will promote urinary excretion of weak acids such as
aspirin (pK _~3.5) and urate (pK,~5.8). This principle of
in tmp;‘)ing is an important process in drug distribution.

These considerations have obvious implications for the
absorption and excretion of many diugs, as will be discussed more
specifically. The establishment of concentration gradients of weak
electrolytes across membranes with a pH gradient is a physical
process and does not require an active electrolyte transport system.
All that is necessary s a membrane preferentially permeable to one
form of the weak electrolyte and a pH gradient across the mem-
brane. The establishment of the pH gradient, how'e\‘ﬁer, is an active
process.

Carrier-fladiated Membrane Transport, While passive diffusion
throngh the bilayer is dominant in the disposition of most drugs, car-
rier-mediated mechanisms also play an important role, Active trans-
port is characterized by a direct requirement for energy, movement
against an electrochernical gradient, saturability, selectivity, and
competitive inhibition by co-transported compounds. Na*K*-
ATPase Is an important example of an active fransport mechgnism
that is a therapeutic target of digoxin in the treatment of heart fajlure
{Chapter 28). Secondary active transport uses the electrocherpical
energy stored in a gradient to move another molecule against a cou—
centration gradient; e.g., the Na™Ca* exchange protein uses the
energy stored in the Na* gradient established by the Na¥, K*-ATPase
mechanism to export cytosolic Ca?* and maintain it at a low Bhsal
level, ~100 nM in most cells (Chapier 3); similardy, the Na*™dependent
glucose transporters SGLT1 and SGLI'2 move ghucose across mem-

branes of gastrointestinal (GI) epithelium and renal tubules by o

_ pling glucose transport to downhill Na* flux. \-

Facilitated diffusion describes a carrier-mediated transp@rt
process in which there is no input of energy, and therefore: enhancéd
movement of the involved substance is down a chemical gradient as
in the permeation of glucose across a muscle cell membrane mediated
by the insulin-sensitive glucose transporter GLUT4, Such mecha-
nisms, which may be highly selective for a specific conformational
structure of a drug, are involved in the transport of endogenous
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compounds whose rate of transport by passive diffusion otherwise
would be too slow (Figure 5-4). In other cases, they function as
exporters, creating a barrier to prevent the intracellimlar zccumulation
of potentially tokic substances. Pharmacologically important trans-
porfers may mediate either drug uptake or efffux and often facilitate
vectorial transport across polarized cells. An important efflux trans-

+ porter is the P—glycoprotcm encoded by the multidrug resistance-1

B! (MDRI } gene (Table 5-4). P-glycoprotein localized in the enferocyte
hrmts the oral absorption of transported drugs because it exports
compounds back into the lumen of the GI tract subsequent to their
-absorption by passive diffusion, The P-glycoprotein also can confer
Tesistance to some cancer chemotherapeutic agents (Chapters 60-63).
Transporters and their roles in drug action are presented in detail in
Chapter 5.

DRUG-ABSORPTION, BIOAVAILABILITY,
AND ROUTES OF ADMINISTRATION

Absorption is the movement of a drug from its site of
administration into the central compartment (Figure 2--1)
and the extent to which this occurs. For solid dosage
forms, absorption first requires dissolution of the tablet
or capsule, thus liberating the drug. The clinician is
concerned primarily with bioavailability rather than
absorption. Bioavailability is a term used to indicate the
fractional, e‘xtent to which a dose of drug reaches its site
of action or a biological fluid from which the drug has
access to its stte of action, For example, a drug given
orally must be absorbed first from the GI tract, but net
absorption may be limited by the characteristics of the
dosage form, the drug’s physicochemical properties, by
intestinal metabolism, and by transporier export back
into the intestinal lnmen. The absorbed drug then passes
through the liver, where metabolism and biliary excre-
tion'may occur before the drug enters the systemic cir-
culation. Accordingly, a fraction of the administered and
absofbed dose of drug will be inactivated or diverted in
the intestine and liver before it can reach the general
circulation and be distributed to its sites of action. If the
metabolic or excrefory capacity of the liver and the intes-
tine for the drug is large, bioavailability will be reduced
substantially (first-pass effect). This decrease in availability
is a function of the anatomical site from which absorp-
tion takes place; other anatomical, physiological, and
pathological factofs can influence bioavailability
(described later), and the choice of ihe route of drug
administration must be based on an understanding of
these conditions. Moreover, knowledge of drugs that
undergo significant metabolism or require active trans-
port across the intestinal and hepatic membranes
instruets our understanding of adverse events in thera-
peutics, since some drugs are substrates for the same

drug metabolizing enzymes or diug transi)orters and
thus compete for metabolism and transport.

Oral (Enteral) Versus Parenteral Administration, Often there is a
choice of the route by which a therapeutic agent may bo adminis-
tered, and knowledge of the advantages and disadvaniages of the dif-
ferent routes of administration is then of primary importance. Some
characteristics of the major routes employed for systemic drug effect
are compared in Table 2-1.

Oral ingestion is the most common method of drug adminis-
tration. It also is the safest, most convenient, and most economical.
Disadvantages to the oral route include limited absorption of some drigs
because of their physical characteristics (e.g., low water solubility or
poor membrane permeability), emesis as a result of irritation to the GI
mucosa, destruction of some drugs by digestive enzymes or low
gastric pH, irregularities in absorption or propulsion in the presence
of food or other drugs, and the need for cooperation on the part of
the patient. Such cooperation is frequently not forthcoming, since tol-
erafing ceitain oral medications means accepting unwanted effects;
such as G pain, which may require use of an altemate route of admin-
istration (Cosman, 2009). In addition, drugs in the GT tract may be
metabolized by the enzymes of the intestinal flora, mucosa, or liver
before they gain access to the general cireulation.

Parenteral injection of drugs has certain distinct advantages
over oral administration. Tn some instances, parenteral administration
is essential for the drug to be delivered in its active form, as in the case
of monoclonal antibodies such as infliximab, an antibody directed
against tumor necrosis factor ¢ (TNF o) used in the treatment of
rhevmatoid arthritis. Availability usually is more rapid, extensive, and
predictable when # drug is given by injection. The effective dose can

- therefore be delivered more accurately. In emergency therapy and

when a patient is unconscious, uncooperative, or urable to retain any-
thing given by mouth, parenteral therapy may be a necessity. The
injection of drugs, however, has its disadvantages: asepsis must be
maintained, and this is of particular concermn when drugs are piven over
time, such as in intravenous or intrathecal administration; pain may
accompany the injection; and it is soretimes difficult for patients to
perform the injections themselves if self-medication is TIECESSary.

Oral Administration. Absorption from the CI tract is governed by
factors such as surface area for absorption, blood flow tg the site of
absarption, the physical state of the drug (solution, suspension, or
solid dosage form), its water solubility, ahd the drug’s concentration
at the site of absorption. For drugs given in solid form, the rate of dis-
solution may Himit their absorption, especiatly drugs of low aquegus
solubility. Since most drug absorption from the GI tract occurs by
passive diffuston, absorption is favored when the drug is in the non-
tonized and more lipophilic form. Based on the pH-pariition concept
(Figure 2-3), one would predict that drugs that are weak acids would
be better absorbed from the stomach (pH 1-2) than from the-upper
intestine (pH 3-6), and vice versa for weak bages. However, the
epithelivm of the stomach is lined with a thick mucus layer, and its
surface area'is small; by contrast, the villi of the upper intestine pro-
vide an extremely large surface area (~200 m?). Accordingly, the rate

_ of absorption of a drug from the intestine will be, greater than that

from the stomach even if the drug is predominantly jonized in the
intestine and largely non-ionized jn the stomach. Thus, any factor
that accelerates gastric emptying (recumbent position, right side)




ROUTE

' ABSORPTION PATTERN
Intravenous

Absorption circumvented

Potentially immediate
effects

Snitable for large volumes
and for frritating sub-
stances, or complox
mixtures, when diluted

" Prompt from agueous

"solation

Slow and sustained
from repository
preparations

Subcutaneous

Intramuscular Prompt from aqueous
~ solution
Slow and sustained from

repository preparations

Some Characteristics of Common Routes of 'Drgg Adminisiration®
' SPECTAL UTILITY

Valﬁable for emergency' i.IS-E.‘; B

: Penmits titration of dosage

Usually required for high-
molecular-weight pro-
tein and peptide drugs

* Suitable for some poorly solu-

ble suspensions and for
instillation of slow-release
implants

. Suitable for moderate vol-

umes, oily vehicles, and

some irritating substances
Appropriate for self-admin-

istration (&.g., insukin

Most convenient and economi-

. LIMITATIONS AND PRECAUTIONS

. Increased risk of adverse effects

Must inject solutions slowly as a
mule

: Not suitable for oily solufions or

poorly soluble substances

. Not suitable for large volumes
. Possible pain o necrosis from irri-

tating substances

" Precluded during anticeagulant; 9

therapy

. May interfere with interpretation of

certain diagnostic tests (e.g.,
creatine kinase)

Variable, depends on
many factors {see text)

(tral ingestien
a$ee text for more complete discussion and for other routes.

will be likely to increase the rate of drug absorption {Queckenberg
and Fuhr, 2000), whereas any factor that delays gastric emptying is
expected to have the opposite effect, regardless of the chdracteristics
of the drug. Gastric motor activity and gastric emptying rae a1e gov-
exned by nenral and humoral feedback provided by receptors found
in the gastric musculature and proximal small intestine. In healthy
individuals, gasiric emptying rate is influenced by a variety of factors
including the caloric content of food; volume, osmolality, tempera-
ture, and pH of ingested fluid; giurnal and inter-individual variation;
metabolic state (rest/exercise); and the ambient termperature. Such
factors will influence inpested drug absorption. Gastric emptying is
snfluenced in women by the eifects of estrogen {i.e., slower than in

men for premenopausal woemen and those taking estrogen replace- -

ment therapy).

Dyugs that are destroyed by gastric secretions and low pH or
that canse gastric irritation sometimes are administered in dosage
forms with an enterte coating that prevents dissolution in fhe acidic
gastric contents. Thess pharmacologically inactive coatings, ofien
of cellulose polymers, have a threshold of dissolution between pH 5
and 6. Enteric coatings are useful for diugs such as aspirin, which
can cause significant gastric irritation in many patients, and for pre-
senting a drug such as mesalamine to sites of aciton in the fleurn and
colon (Figure 47-4).

Controlled-Relguse Prepurations, The rate of absorption of a drug
administered as a tablet or other solid oral dosage form is partly

cal; usually more safe

" Requires patient compliance
Bioavailability potentially errafic
- and incomplete

dependent on its rate of dissolution in GI fluids. This'is the basis for
controlled-release, extended-release, Susa‘ained»refease, and pro-
longed-action pharmaceutical preparations that are designed to pro-
duce slow, uniform absorption of the drug for 8 hours or longer. Such
prepatations are offered for medications in il major drug categories.
Patential advantages of such preparations are reduction in the fre-

"quency of administration of the drug as compared with conventional

dosage forms (often with improved compliance by the patient),
maintenance of a therapeutic effect overnight, and decreased inci-
dence andfor intensity of both undesired effects (by dampening,of
the peaks in dnig concentration) and nontherapentic blood levely of
the drug (by elimination of troughs in concentration) that often ocer
after administration of immediate-releass dosage forms. !

*  Many controlled-release preparations fulfill these expectations
and may be preferred in some therapeutic situations (e.g., therapy for
depression [Nemerofi, 20037 and - ADHD [Manos et al., 20077) or
treatmgnt with dihydropyridine Ca®" entry blockers (Chapters 26:289‘.
However, such products do have drawbacks: yariability of the'syg-
temic concentration achieved may be greater for conirolled{eleaé%
than for immediate-release dosage forms; the dosage form may faily
and “dose dumping” with resulting toxicity can gceur because thé
total dose of dmg ina controlled-release preparation may bs severa
times the amount contained in the conventional preparation, although
current regnlatory approval requiremenis generally preclude such
occurrences. Controlled-release dosage forms aré most appropriate
for drugs with short hatf-lives (t), <4 hours) or in selected patient
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groups such as those receiving anti-epileptics (Bialer, 2007; Pellock
etal,, 2004), So-called confrolled-release dosage forms are sometimes
developed for drugs with long t,, values (>12 hours). These usually
more expensive products should not be prescribed unless specific
advantages have been demonstrated. The availability of controlled-
release dosage forms of some drugs can lead to abuse, as in the case

: -E of controlled-rclease oxycodone marketed as oxycowtN. Crushing

3 and snorting the delayed-release tablets results in a rapid release of
3  the drug, increased absorpfion, and high peak serum concentrations
“(Aquina et al., 2009).

Sub!mgua[ Admipistration, Absorption from the oral mucosa has spe-
cial significance for certain drugs despite the fact that the surface
area available is small. Venous drainage from the mouth is to the
;ilperior vena cava, bypassing the portal circulation and thereby pro-
tecting the drug from rapid intestinal and hepatic first-pass metabolism,
For example, nitroglycerin is effective when refzained sublingually
because it is non-ionic and has very high lipid solubility. Thus, the diug
is'absorbed very rapidly, Nitroglycerin also is very potent; absorption
of a relatively small amount produces the therapeutic effect
{“unloading” of the heart; Chapter 27).

Transdermal Absorption. Not all drugs readily penetrate the intact
skin, Absorption of those that do is dependent on the surface area
over which they are applied and thejr lipid solubility because the epi-
dermis behaves as a lipid barrier (Chapter 65), The dermis, however,
is freely permeable to many solutes; consequently, systemic absorp-
tien of drugs occurs much more readily through abraded, bumed, or
denuded skins Inflammation and other conditions that increase cuta-
neous Bood flow alse enhance absorption. Toxic effects sometimes
are produced by absorption through the skin of highly lipid-soluble
substances (¢.g., a lipid-soluble insecticide in an organic solvent).
Absorption through the skin can be enhanced by suspending the drug
inan oily vehicle and rubbing the resulting preparation into the skin,
Because hydrated skin is more permeable than dry skin, the dosage
form may be modified or an veclusive dressing may be used to facil-
itate absorption. Controlled-release topical patches have become
increasingly available, including nicotine for tobacco-smoking with-
drawal, scopolamine for motien sickness, nitroglycerin for angina
pectoris, testosterone and estrogen for replacement therapy, various
estrogeus and progestins for birth control, and fentanyl for pain relief,

uﬁtcal Administration, Approximately 50% of the drug that is
absorbed from the rectum will bypass the liver; the potential for
hepatic first-pass metabolism thus is less than that for an oral dose;
furthermore, a major drug metabolism enzyme, CYP3A4, is present
in the upper intestine but not in the lower intestine. However, recial
absorption can be irregular and incomplete, and certain drugs can
cause imitation of the rectal mucosa. The use of special mucoadhe-
sive microspheres may increase the number of medications that can
be given by the rectal route (Patil and Sawant, 2608).”

Parenterat Injection, The major routes of parenteral administration
are intravenous, subcutaneous, and inframuscular, Absorption from
subcutaneous and intramuscular sites oceurs by simple diffusion
along the gradient from drug depot toplasma, The rate is limited by
the area of the absorbing capillary membranes and by the solubility
of the substance in the interstitial fuid. Relatively large aqueous
channels in the endothelial membrane account for the indiscriminate
diffusion of molecules regardless of their lipid solubility. Larger

molecules, such as profeins, slowly gain access to the circulation by
way of Iymphatic chanrels.

Drugs administered into the systemic circulation by any
route, excluding the intra-arterial route, are subject to possible first-
pass elimination in the lung prior to distribution to the rest of the
hody. The tungs serve as a temporary storage site for a miumber of
agents, especially drugs that are weak bases and are predominantly
noit-ionized at the blood pH, apparently by their partition into lipid.
The Iungs also serve as a filter for particulate matter that may be
given intravenously, and they provide a route of elimination for
volatile substances.

Intravenous. Factors limiting absorption are circumvented by intra-
venous injection of drugs in aqueous solution because bicavailability
is complete and rapid. Also, drug delivery is controlled and achieved
with an accuracy and immediacy not possible by any other procedure.
In some instances, as in the indngtion of surgical anesthesia, the dose
of a drug is not predetermined but is adjusted to the response of the
patient. Also, cerfain irritating solutions can be given only in this man-
ner because the drug, if injected slowly, is greatly diluted by the
bleod. There are both advantages and disadvantages to the use of this
route of administration. Unfavorable reactions ean occur becauss high

concentrations of drug may be atinined rapidly in both plasma and

tissues. There are therapeutic circumstances where it is advisable to
administer a drug by bolus injection (small volume given rapidly, e.g.,
tissue plasminogen activater immediately following an acute myocar-
dial infarction) and other circumstances where slower administration
of drug is advisable, such as the delivery of drugs by intravenous “pig-
gyback™ (e.g,, antibiotics), Tnravencus administzation of drugs war-
rants close monitoring of the patfent’s response, Furthermore, once the
drug is injected, there is often no retreat. Repeated intravenous injec-
tions depend on the ability to maintain a patent vein. Diugs in an oily
vehicle, those that precipitate blood constiteents or hemolyze ery-
throcyles, and drug combinations that cause precipitates to form must
not bs given by this route,

Subcutaneons. Injection into a subcutaneous site can be dane only
with drugs that are not irritating to tissue; otherwise, severe pain,
necrosis, and tissue slonghing may occur. The rate of absorption fol-
lowing subcutaneous injection of a drug oftert is sufficiently constant
and slow to provide a sustained effect. Moreover, altering the period
over which a drug is absorbed may be varied intentionally, as is
accomplished with insulin for injection using particle size, protein
complexation, and pH to provide short-geting (3-6 hours), interme-
diate-acfing (10-18 hours), and long-acting ¢([8-24 hours) prepara-
tions. Fhe incorporation of a vascconstrictor agent in a solution of a
drug to be injected subcutaneousty also retards absorption, Thus, the
injectable local anesthetic lidocaine incorporates epineplrine into
the dosage form. Absorption of drugs implanted under the skin in a
solid pellet form ceeurs slowly over a period of weeks or months;
some hormones (e.g., contraceptives) are administered effectively in
this manner, and implantable devices (e.g., a plastic rod delivering
etonogestrel) can provide effective contraception for 3 years
(Blumenthal et al., 2008).

Intramuscalor. Drugs in aqueous solution are absorbed quite rapidly
after intramuscular injection depending on the rate of blood flow fo
the injeetion site. This may be modulated to some extent by local
heating, massage, or exercise. For example, whils absorption of
insulin generally is more rapid from injection in the arm and

~




abdominal wall than the thigh, jogging may cause a precipitous drop

in blood sugar when insulin is injected into the thigh rather than into
the arm or abdominal wall because running markedly increases

blood flow to the leg. A hot bath accelerates abserption from all these -
sites owing to vasodilation. Generally, the rate of absorption follow=

ing injection of an agueous preparation into the delfoid or vastus lat-
eralis is faster than when the injection is made into the gluteus max-
imus. The rate is particularly slower for femates after injection into
the gluteus maximus, This has been attributed to the different distri-
bution of subcutaneous fat in males and females and because fat is
relafively poorly perfused. Very obese or emaciated patients may
exhibit unusual patterns of absorption following intramuscular or
subcutanecus injection, Slow, constant absorption from the intra-
muscular site results if the drug is injected in solution in cil or sus-
pended in varions other repository (depot) vehicles. Antibiotics often
are administered in this manner. Substances too irrifating to be
injected sabcutaueously sometimes may be given inframuscularly.
Intra-arterial, Occasmnaﬁy, adrog is injected directly into an attecy
to localize its effect in a particular tissue or organ, such as in the
treatmment of liver tumors and head/neck cancers. Diagnostic agents
sometimes are administered by this route (e.g., technetium-labeled
hurian seram albumin). Intra-arterial injection requires great care
and should be reserved for experts. The dampening, first-pass, and
cleansing effects of the lung are not available when drugs are given
by this route,

Istrathecal. The blood-brain barrier and the blood-cerebrospinal
fluid {CSF) barrier often preclude or slow the entrance of drugs into
the CNS. Therefore, when local and rapid effects of drugs on the
meninges or cerebrospinal axis are desired, as in spinal anesthesia or

" treatment of acute CNS infections, drugs sometimes are injected
direely into the spinal subarachnoid space. Brain tumors also may

be treated by direct intraventricular drug administration, " More recent
developments include special targeting of substances to the brain via
receptor-mediated transcytosis (Jones and Shusta, 2007) and modu-
lation of tight junctions (Matsuhisa et al,, 2009).

Futmonary Absorpiion, Provided that they do not cause irritatios,
gaseous and volatile drugs may be inhaled and absorbed through the
pulmonary epithelium and mucous membranes of the respiratory
tract. Access fo the cireulation is rapid by thig route because the Jung’s
surface area is large. The principles governing absorption and excretion
of anesthetic and other therapeutic gases are discussed in Chapter 19,
In addition, solutions of drugs can be atomized and the fing droplets
in air (acrosol) inhaled, Advantages are the almost instantaneous
absorption of a drug into the blood, avoidance of hepatic first-pass
loss, and in the case of pulmonary disease, local application of the
drug at the desired site of action. Por example, cwing to the ability to
meter doses and create fine aerosol§, dnigs can be given in this manner
for the treatment of allergic rhinitis or bronchial asthma (Chapter 36).
Pulmonary absorption is an important route of eniry of cerfain drugs
of abuse and of toxic environmental substances of varied composition
and physical states, Both local and systemic reactions to allergens
may accur subsequent to inhalation.

Tapical Application _

Mucous-Hembranes. Drugs are applied to the mucous membranes of
the conjunctiva, nasopharynx, cropharynx, vagina, colon, urethra,
and urinaty bladder primarily for their local effects. Occasionally,

a3 in the application of synthetic anti-diuretic hormone to the nasal
mucosa, systemic absorption is the goal. Absorption through mucons

membranes occurs readily, Tu fact, local anesthetics applied for [ocal -

effect sometimes may be absorbed so rapidly that they produce sys-
temic toxicity.

Eye, Topically applied ophthalmic drugs are used primarily for their
Tocat effects (Chapter 64). Systemic absorption that results froin
diainage through the nasolacrimal canal is usvatly undesirable.
Because daug that is absorbed via deainage is not subject to first-pass
intestinal and hepatic metabolism, unwanted systemic pharmacolog-
ical effects may oceur when S adrenergic iecapior antagonisis or cor-
ticosteroids are adminisiered as ophthalmic drops. Local effects usu-
ally require absorption of the drug through the cornea; comneal
infection or trauma thus may resulf in more rapid absorption.
Ophthalmic delivery systems that provide prolonged duration of
action (e.g., suspensions and cintments) are useful additions to
ophthalmic therapy. Ocular inserts, such as the vse of pilocarpine-
containing insexts for the treatment of glaucoma, provide contmuous
delivery of small amounts of drug. Very little is lost, t;;rough
drainage; hence systenic side effects are minimized.

Novel Methods of Drug Belivery

Drug-eluting stents and other devices are being used to target drugs
locailly and minimize systemic exposure. The systemic toxicity of
potentially important compounds can be decreased significantly by
combination with a variety of drug carrier vehicles that modify dis-
tribution. For example, linkage of the cytotoxic agent calicheamicin
to an antibody directed to an antigen found on the surface of certain
leukemic cells can target the drug to its intended site of action,
improving the therapentic index of calicheamiciti. ’

Recent advances in drug delivery include the use of biocom-
patible polymers with functional monomers atéached in such a way as
to permit linkage of drog malecules to the polymer. A drug-golymer
conjupate can be designed to be a stable, long-cirenlating prodrug by
varying the molecular weight of the polymer and the cleavable linkage
between the drug and the polymer. The linkage is designed to keep the
drug inactive until it released from the backbone polymer by a dis-
ease-specific trigeer, typically enzyme activity in the targeted tissue that
delivers the active drog at or near the site of pathology. Nanoparticles
are offering new opportunities for diagnosis, targeted ding delivery,
and imaging of clinical effect (Prestidge et al,, 2010; Sajja et al., 2059).
Risequivalence ' . 5
Drug products are considered to be pharmaceutical equivalents’if
they contain fhe same active ingredients and are identical in strength
or concentration, dosage form, and route of administration. Two
pharraceutically equivalent diug products are considered to be bice-
guivalent when the rates and extents of bioavailability of the actiye
ingredient in the two products are not significantly different under
snitable test conditions. In the past, dosags forms of a drag from diff-
ferent manufacturers and even different-lots of preparations from 5
single manufacturer sometimes differed in their bioavailability. Suc}f
differences were seen primarily among oral dosage forms of pooﬂy
soluble, slowly absorbed drugs such as the urinary anti-infective,
metronidazole (FLAGYL). When first introduced, the peneric form
was not bioequivalent because the generfc manufacturer was not able
to mimic the proprietary process used to microsize the drug for
absorption initially. Differences in crystal form, parficle sizs, or other
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physical characteristics of the drug that are not rigidly controlled in
formulation and manufacturs affect disintegration of the dosage form
and dissoluiion of the drug and hence the rate and extent of drug
absorption.

The potential nen-gquivalence of different drug preparations
has been a matter of concern (Meredith, 2009}, However, no
Ifgrospect_ive clinical study has shown an FDA-approved generic drug
garoducl: to yield significantly different therapeutic effects, even when

“testing published anecdotal reports of nen-equivalence, Because of:

the legitimate concern of clinicians and the financial consequences
of generic prescribing, this topic will continue to be actively
addressed. Generic versus brand name prescribing is further dis-

cussed in connection with drug nomenclature and the choice of drag

name in writing prescription orders {Appendix 1),

BLSTREEUT?BN OF DRUGS

Followmg absorption or systemic administration into
the bloodstream, a drug distributes into interstitial and
intracellular fluids. This process reflects a number of
physiological factors and the particular physicochemi-
cal properties of the individual drug, Cardiac output,
regional blood flow, capillary permeability, and tissue
volume determine the rate of delivery and potential
amount of drug distributed into tissues. Initially, liver,
kidney, brain, and other well-perfused organs receive
most of the'drug; delivery to muscle, most viscera, skin,
and fat is slowes, and this second distribution phase may
require minutes to several hours before the concentra-
tion of drug in tissue is in equilibrivm with that in
blood. The second phase also involves a far larger frac-
tion of body mass (e.g., musele) than does the initial
phase and generally accounts for most of the exiravas-
cularly distributed drug. With exceptions such as the
brain, diffusion of drug into the interstitial fluid occurs
rapidly because of the highly permeable nature of the
caplllgﬂy endothelial membrane. Thus, tissue distribu-
tion is*determined by the partitioning of drug between
blood and the particular tissue, Lipid solubility and
transmembrane pH gradients are important determi-
nants-of such uptake for drugs that are either weak acids
or bases. However, in general, ion trapping associated
with transthembrane pH gradients is not large because
the plI difference between tissue and blood (~7.0 versus
7.4} is small. The more important determinant of blood-
tissue partitioning is the relative binding of drug to
plasma proteins and tissue macromolecules that limits
the concentration of free drug.

Plasma Proteins, Many drugs circulate in the blood-
streamn bound to plasma profeins. Albumin is a major
carrier for acidic drugs; o,-acid glycoprotein binds
basic drugs. Nonspecific binding to other plasma

proteins generally occurs to a much smaller extent. The
binding is usually reversible; covalent binding of reac-
tive drugs such as alkylating agents occurs occasionally.
In addition to the binding of drugs to carrier proteins
such as albumin, certain diugs may bind to proteins that
function as specific hormone carrier proteius, such as
the binding of estrogen or testosterone to sex hormone—
binding globulin or the binding of thyroid hormone to
thyroxin-binding globulin,,

The fraction of total drug in plasma that is bound is deter-
mined by the drug concentration, the affinity of binding sites for the
drug, and the number of binding sites. Mass-action relationships
determine the unbound and bourd concentrations (described later),
At low concentrations of drug (less than the plasma protein binding
dissociation constant), the fraction bound is 2 function of the concen-
tration of binding sites and the dissociation constant. At high dnig
concentrations (greater than the dissociation constant), the fraction
bound is a function of the number of binding sites and the drug con-
centration. Therefore, plasma binding is a nonlinear, saterable
process. For most drugs, the therapeutic range of plasma concentra-
tions is limited; thus, the extent of binding and the unbound fraction
are yelatively constant. The percentage values listed for protein bind-
ing in Appendix 11 refer to binding in the therapeutic range dnless
otherwise indicated. The extent of plasma protein binding also may
be affected by disease-related factors. For example, hypoalbumine-
mia secondary fo severe liver disease or nephrotic syndrome results
in reduced binding and an increase in the unbound fraction. Also,
conditions resulting in the acute-phase reaction response (e.g., can-
cer, arthritis, myocardial infarction, Crohn’s disease) lead to elevated
levels of ¢ -acid glycoprotein and enhanced binding of basic drugs.
Changes in profein binding due to disease states and drug-drug inter-
actions are clinically relevant mainly for a small subset of so-called
high-clearance drugs of narrow therapeutic index (described later)
that are administered intravenously, such as lidocaine (Benet and
Hoener, 2002), When changes in plasma protein binding occur in
patients, unbound drug rapidly equilibrates throughout the bedy and
only a transient significant change in unbound plasma concentration
will occur. Only drugs that show an almosi instantancous relation-
ship between free plasma concentration and effect (e.g., anti-arthyth-
rnies) will show a measureabls efféct. Thus, unbound plasma deug
concentrations will really exhibit significant changes only when
either drug input or clearance of unbound drug occurs, as a conse-
quence of metabolism or active transport. A more common problem
resulting from competition of drugs for plasma protein-binding sites
is misinterpretation of measured concentrations of drgs in plasma
because most assays do not distingnish free drug from bound drug.

Importantly, binding of a drug to plasma profeins limits its
conceniration in tissues and at its’ site of action becanse only
unbound drug is in equilibrivm across membranes, Accordingly,
after distribution equilibrium {s achieved, the concentration of active,
unbound drug in intracellular water is the same as that in plasma
except when carrier-mediated transport is involved. Binding of a

drug to plasma protein also limits the drog’s glomerular filteation
“because this process does not bmmediately change the conceniration

of free drug in the plasma (water is also filtered). However, plasina
protein binding generally does not limit renal tubular secretion or




biotransformation because these processes lower the free dmg con-

centration, and this is followed rapidly by dissociation of drug from

the drug-protein complex, thereby reestablishing equilibrium

between bound and free drug. Dmg‘transport aid metabolism also

are limited by binding to plasma proteins, except when these are”
especially efficient, and diug clearance, calculated on the basis of

unbound drug, exceeds organ plasma flow,

Tissue Binding, Many drugs accumulate in tissues af
higher concentrations than those in the extracellular flu-
ids and blood. For example, during long-term adminis-
tration of the anti-malarial agent quinacrine, the corn-
centration of drug in the liver may be several thousand
times that in the blood. Such accumulation may be a
result of active transport ox, more commonly, binding.
Tissue binding of drugs usually occurs with cellular
consiituents such as proteins, phospholipids, or nuclear
proteins and genelally is reversible, A large fraction of
drug in the body may be bound in this fashion and serve
as a reservoir that prolongs drug action in that same tis-
sue-or at a distant site reached through the circulation.
Such tissue binding and accumulation also can produce
Tocal toxicity, as in the case of the accumulation of the
aminoglycoside antibiotic gentamicin in the kidney and
yestibular system.

Fat as a Reservoir Many Tipid-soluble drugs are stored by physical
solution in the neutral fat. Tn obese persans, the fat content of the
body may be as bigh as 50%, and even in lean individuals fat con-
stitutes 10% of body weight; hence fat may serveasa reservoir for
lipid-soluble drugs. For example, as much as 70% of the highly
lipid-soluble barbiturate thiopental may be present in body fat 3
hours after adminisiration, when plasma concenirations are negligi-
ble and no anesthetic effects are measurable. Fat is a rather stable
reservoir because it has a relatively low blood flow. However,
among highly lipophilic drugs {e.g., remifentantl and some f block-
ers), the degree of lipophilicity does not predict their distribution in
obese individuals.

Reite. The tetracyeline antibiotics (and other divalent metal-ion
chelating agents) and heavy metals may accumulate in bone by
adsorption onto the bone crystal surface and eventual incorporation
into the crystal lattice. Bone can become a reservoir for the slow
velease of toxic agents such as lead or radium into the blood; their
effects thus can persist long after exposure has ceased. 1.ocal destruc-
tion of the bone medulla also may leadifo reduced blood flow and
prolongation of the reservoir effect because the toxic agent becomes

 sealed off from the cireulation; this may further enhance the direct

Tocal damage to the bone. A vicious cycle results, vwhereby the
greater the exposure to the toxie agent, the slower is its rate of elim-
ination. The adsorption of drug onto the bone crystal surface and
incorporation into the crystal Iattice have therapeutic advaitages for

" {he freatment of asteaporosis. Phosphonates such as sodium etidronate

bind tightly to hydroxyapatite crystals in mineralized bone mairix.
However, unlike naturally occurring pyrophosphates, etidronate is
resistant to degradation by pyrophosphatases and thus stabilizes the
bone matrix. ’

Redisiribution. Termination of drug effect after with-
drawal of a drug usually is by metabolism and excretion
but also may result from redistribution of the drug from
its site of action into ofher tissues or sites. Redistribution
is a factor in terminating drug effect primarily when a
highly lipid-soluble drug that acts on the brain or car-
diovascular system is administered rapidly by intra-
venous injection or by inhalation. A good example of
this is the use of the intravenous anesthetic thiopental,
a highly lipid-soluble drug. Becalise blood flowy to the
brain is so high, the drug reaches its maximal concen-
tration in brain within a minute of its infravenous injection.
After injection is concluded, the plasma concentration
falls as thiopental diffuses into other tissues, such as ms-
cle. The concentration of the drug in brain follows that of
the plasma because there is little binding of the diug o
brain constituents. ‘Thus, in this example, the diset of
anesthesia is rapid, but so Is ifs termination. B“th are
related directly to the concentration of drag in the brain.

CNS and'Cevebrospinal Fluid, The distribution of drugs
info the CNS from the blood is unique. One reason for
this is that the brain capillary endothelial cells have con-
tinuous tight junctions; therefore, drug penetration into
the brain depends on transcellufar rather than paracel-
lular transport. The unigue characteristics of brain cap-
illary endothelial cells and pericapillary glial cells con-
stitute the blood-brain barrier, At the choroid plexus, a
similar blood-CSF baier is present, except that it is
epithelial cells that are joined by tight junctions rather
than endothelial cells. The lipid solubility of the non-
jonized and unbound species of a drug is therefore an
important determinant of its uptake by the brain; the
more hpophﬂlc a drug, the more likely itis to cross the
blood-brain barrier. This situation often is used in drug
design fo alter drug distribution to the brain; e.g. }he
so-called second-generation antihistamines, suchsas
loratadine, achieve far lower brain concentrations than
do agents such as diphenhydramine and thus are non-
sedating. Drugs may penetrate into the CNS by specific
uptake transporters normally involved in the ‘nanspmt
of nutrients aind endogenous compounds {rorm blood
into the brain and CSE. *

!

i

*
Another important factor in the functional bloed-brain barri‘e{r

involves membrane transporters that are efflux carriers present in thg

brain capillary eadothelial cell and capable of removing a large num:f-;
ber of chemically diverse drugs from the cell. MDR1 (P-gp) and thé
organic anfon-transporting polypeptide (OATP) are two of the more
notable of these. The effects of these exporters are to dramatically
Jimit access of the drug to the tissue expressing the efflux transporter.
Together, P-gp and the OATP family exporta lasge array of stucturally
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diverse drugs (see Chapter 5 and Maeda et al., 2008). Expression of
OQATP isoforms and their pelymorphic forms in the GI tract, liver,
and kidney, as well as the blood-brain barrier, has important impli-
cations for drug absorption and elimination, as well as fissue pene-
tration. Expression of these efflux transporters accounts for the
relatively restricted pharmacological access to the brain and other
,;. tissues such as the testes, where drug concentrations ‘may be below
t those fiecessary to achieve a desired efiect despite adequate bload
g ; flow. This situation occurs with HIV protease inhibitors and with lop-
:eramlda a potent, systemically active opioid that lacks the central
=effects characteristic of other opioids (Chapter 19). Efflux trans-
“porters that actively secrete drug from the CSF into the blood also are
present in the choroid plexus (see Chapter 5 for, details of the con-
fribution of drug transporters to barrier function), Drugs also may
exit the CNS along with the bulk flow of CSF through the arachnoid
villi. In general, the blood-brain barrier’s function is well maintained;
howevel meningeal and encephalic inflammation increase local per-
meabLhty Recently, blood-brain barrier disruption has emerged asa
strategy in the treatment of certain brain tumors such as primary
CNS Iymphomas (Angelov et al., 2009).The goal of this treatment is
to enhance delivery of chemotherapy to the brain tumor while main-
taining cognitive function that is often damaged by conventional
radiotherapy.

Placenial Transfer of Drugs. The transfer of drugs
across the placenta is of eritical importance because
drugs may cause anomalies in the developing fetus.
Administered immediately before delivery, as is often
the case with. the use of tocolytics in the treatment of
preterm labor, they also may have adverse effects on
the neonate. Lipid solubility, extent of plasma binding,
and degree of ionization of weak acids and bases are
important general determinants'in drug tansfer across
the placenta. The fetal plasma is slightly more acidic
than that of the mother (pH 7.0-7.2 versus 7,4), so that
ion trapping of basic drugs occurs. As in the brain, P-gp
and other export transporters are present in the placenta
and, functlon to limit fetal exposure to potentially toxic
agents The view that the placenta is an absolute barrier
to drugs is, however, inaccurate, in part because a num-
ber of influx transporters are also present (Weier et al.,
2008). The fetus is to some extent exposed to all drugs
taken by the mother.

EXCRETION OF DRUGS

Drugs are eliminated from the body either unchanged
by the process of excretion or converted to metabolites.
Excretory organs, the ung excluded, eliminate polar
compounds more efficiently than substances with high
lipid solubility. Lipid-soluble drugs thus are not readily
eliminated until they are metabolized to more polar
compounds.

The kidney is the most important organ for
excreting drugs and their metabolites. Substances
excreted in the feces ave principally unabsorbed orally
ingested drugs or drug metabolites excreted either in
the bile or secreted directly into the intestinal tract and
not reabsorbed. Excretion of drugs in breast milk is
important not because of the amounts eliminated, but
because the excreted drugs are potential sources of
unwanted pharmacological effects in the nursing infant
(Buhimschi and Weiner, 2009). Excretion from the lung
is important mainly for the elimination of anesthetic
gases (Chapter 19).

Renal Excretion, Excretion of drugs and metabolites in the wrine
involves three distinet processes: glomerular filtration, active tubular
secretion, and passive tubular reabsorption. Changes in overall renal
function generally affect all three processes to a similar extent. Even
in healthy persons, renal function is not constant, In neonates, renal
function is low compared with body mass but matures rapidly within
the first few minths after birth, During adulthood, there is a slow
decline in renal function, ~1% per year, so that in elderly patients a
subsiantial degree of functional impairnent may be present,

The amount of drug entering the tubular lumen by filtration
depends on the glomerular filiration rate and the extent of plasma
binding of the drug; only unbound drug is filtered. Tn the proximal
renal tubule, active, carrier-mediated tubular secretion also may add
drug to the tubular fluid. Transporters such as P-gp and the mul-
tidrug-resistance—associated protein type 2 (MRP2), localized in the
apical brush-border membrane, are responsible for the secretion of
amphipathic anions and conjugated metabolites (such as glucurenides,
sulfates, and glutathione adducts), respectively (Chapters 5 and 6),
Solute carrier transporters that are more selective for organic cationic
drugs are involved in the secretion of organic bases. Membrane
transporters, mainly located in the distal renal tubule, also are
responsible for any active reabsorption of drug from the tubular
lumen back into the systemic eirculation; however, most such reab-
sorption occurs by non-ionic diffusion.

In the proximat and distal tubules, the non-icnized forms of
weak acids and bases undergo net passive reabsorption. The concen-
tration gradient for back-diffusion is created by the reabsorption of
water with Na* and other inorganic ions. Since the tubular cells are
less permeable to the ionized forms ofi weak electrolytes, passive
reabsorption of these substances depends on the pH. When the tubular
urine is made more alkaline, weak acids are largely ionized and thus
are excreted more rapidly and to a greater extent, When the tubular
urine is made more acidic, the fraction of drug ionized is reduced,
and excretion is likewise reduced. Alkalinization and acidification
of the urine have the opposite effects on the excretion of weak bases.
In the treatment of drug poisoning, the excretion of some drugs can
be hastened by appropriate alkalinization or acidification of the
urine. Whether alteration of urine pH results in a significant change
in drug elimination depends on the extent and persistence of the pH
change and the contribution of pH-dependent passive reabsorption to
total drug elimination. The effect is greatest for weak acids and bases
with p&, values in the range of urinary pH (5-8). However, afkalin-
ization of urine can produce a 4-6-fold increase in excretion of a rel-
atively strong acid such as salieylate when urinary pH is changed




from 6.4 to 8.0 and the fraction of non-ionized drug is reduced from
1% to 0.04%.

Bitiary and Fecal Excretion. Transporters are also present in the
canalicular membrane of the hepatocyte, and these actively secretg
drugs and metabolites into bile. P-gp and BCRP (breast cancer resist-
ance protein, or ABCG?2) transport a plethora of amphipathic lipid-
soluble drugs, whereag MRP2 is mainly involved in the secretion of
conjugated metabolites of drugs {e.g., slutathione conjugates, glu-
curonides, and some sulfates), Ultimately, drugs and metabolites
present in bile are released info the GI iract during the digestive
process. Because secretory iransporters also are expressed on the
apical membrane of enterccytes, direct secretion of drugs and
metabolites may occur from the systemic circulation into the Intes-
tinal lumen, Subsequently, drugs and metabolites can be reabsorbed
back into the body from the intestine, which, in the case of conju-
gated metabolites such as glucuranides, may require their enzymatic
hydrolysis by the 1nte.st1na1 microflora. Such enterohepatic recycling,
if extensive, may proIong significantly the presence of a druug {or
toxin) and its effects within the body prior io elimination by other
pattiways, For this reason, drugs may be given orally to bind sub-
stances excreted in the bile, In the case of mercury poisoning, for
example, aresin can be administered orally that binds with dimethiyl
mercury excreted in the bile, thus prcventmg reabsorption and further
toxicity.

Enterchepatic recyeling also can be an advantage in the
design of drugs. Bzetimibe is the first of a class of drugs that specif-
ically reduces the infesfinal absorption of cholesterol (Lipka, 2003).
The drug is absorbed into the intestinal epithelial cell, where it is
believed to inferfere with the sterol transporter system, preventing
both free cholesterol and plant sterols (phytosterols) from being
transported into the cell from the intestinal lumen. The drug is
absorbed rapidly and glucuronidated to an active metabolite in the
intestinal cell before secretion into the blood. Abscrbed ezetimibe is
avidly taken up by the liver from the porial blood and excreted into
the bile, resulting in low peripheral blood concentrations. The
glucuronide conjugate is hydrolyzed and #hsorbed, and is equally
effective in inhibiting sterol absorption. This enterohepatic recycling
is responsible for a 1, in the body of >20 hours. Tho principal benefit
is areduction in low-density Hpoprotein cholesterot (see Chapter 31
and Dembowki and Dav1dson, 2008).

Excretion by Other Routes. Excretion of drugs into sweat, sahva,
and tears is quantitatively unimportant, Elimination by these routes
depends mainly on diffusion of the non-ionized lipid-soluble form of
drugs through the epithelial cells of the glands and depends on the
pH. Drugs excreted in the saliva eater the mouth, where they are usu-
ally swallowed. The concentration of some drugs in saliva parallels
that in plasma. Saliva therefore may be a useful biological fluid in
which to determine drug concentrations when it is difficult or incon-
venient to obtain bloed. The same principles apply to excretion of
drugs in breast milk. Since milk is more acidic than plasma, basic
compovnds may be slightly concentrated in this fiuid; conversely,
fhe concentration of acidic compounds in the milk is lower than in
plasma. Non-electrolytes, such as ethanol and urea, readily enter
breast milk and reach the same concentration as in plasma, inde-
pendent of the pH of the milk. Thus, the administration of drugs to
breast-feeding wonien carries the general caution that the suckling
infant will be exposed to some extent to the medication and/or its

metabolites. In certain cases, such as treatment with the 3 blacker
atenolol, the infant may be exposed 1o significant amounts of drug
(Ito and Lee, 2003). Although excretion jnto hair and skin is quan-
titatively umimportant, sensitive methods of detection of drugs in
these tissues have forensic significance.

METABOLISM OF DRUGS

The lipophilic characteristics of diugs that promote
their passage through biological membranes and sub-
sequent access fo their sites of action hinder their excre-
tion from the body. Renal excretion of unchanged diug
is a major route of elimination for 25-30% of drugs
administered to humans. The majority of therapeutic
agents are lipophilic compounds filtered through the
glomerulus and reabsorbed into the systemic circulation
during passage through the renal tubules. The metabo-
lism of drugs and other xenobiotics 1ntq,f<m01e
hydrophilic metabolites is essential for their elimination
from the body, as well as for termination of their biolog-
ical and pharmacological activity. In general, biotrans-
formation reactions generate more polar, inactive
metabolites that are readily excreted from the body.
However, in some cases, metabolites with potent bio-

logical activity or toxic properties are generated. Many .

of the enzyme systems that transform drugs to inactive
metabolites also generate biologically,active metabo-
lites of endogenous compounds, as in steroid biosyn-
thesis. Understanding drug metabolism has spawned
the new disciplinary focus of pharmacogenetics, which
offers the promise that understanding the expression
and activities of specific metabolizing enzyme isoforms
in a given individual will permit the clinician to tailor
treatments, particularly in chemotherapy (Dawood and
Leyland-Jones, 2009), to maximize therapeutic out-
comes and numuuze risks of toxicity or dmg—dlug
interactions. H

Drug metabolism or biotransformation reactions are cl;'éism‘
fied as either phase I functionalization reactions or phase I biosyn-
thetic (conjugation) reactions. Phase X reactions introduce or expose
a functional group on the parent compound such as occurs in hydrotysis
reactions. Phase Lreactions genevally result in the loss of pharmago-
logieal activity, although there are examples of retention or enhante-
ment of activity. In rare instances, mefabolism is associated with'an
altered pharmacological activity. Prodrugs are pharmacologlcally

 inactive compounds designed to maximize the amount of the actwe

species that reaches its site of action. Inactive prodrugs are convextgd
rapidly to biologically active metabolites often by the hydrolysis ¢ of
an ester or amide linkage. Such is the case with a number of
angiotensin-converting enzyme (ACE) inhibitors employed in the
management of high blood pressure. Enalapril, for instance, is rela-
tively inactive uniil converted by esterase activity to the diacid
enalaprilat, Tf not exereted rapidly into the wrine, the products of
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28 phase I biotransformation reactions then can react with endogenous
compounds to forn a highly water-soluble conjugate.

Phase II conjugation reactions lead to the formation of a
covalent linkage between a fenctional group on the parent com-
pound or phase I metabolite and endogenously derived glucuronic
acid, sulfate, glutathione, amino acids, or acetate. These highly
polar conjugates generally are inactive and are excreted rapidly in
the urine and feces, An example of an active conjugate is the 6-glu-
curonide metabolite of morphine, which is a more potent analgesic
- than its parent.

The enzyme systems involved in the biotransformation of
= drugs are localized primarily in the liver, although every tissue exam-

ined has some mefabolic activity. Other organs with significant meia-
% bolic capacity include the GI tract, kidneys, and Iungs. Following oral

metabolically inactivated in either the intestinal epithelium or the liver

before the drug reaches the systemic circulation. This so-called first-
‘pass metabolism significantly limits the oral availability of highly
fmetabolized drugs. Within a given cell, most drug-metabolizing activ-
ity is found in the smooth endoplasmic reticulum and the cytosol,
although drug biotransformations also can occur in the mitochondria,
nuclear envelope, and plasma membrane. The enzyme systems
involved in phase I reactions are lecated primarily in the endoplasmic
reticulum, whereas the phase II conjugation enzyme systems are
mainly cytoselic. Often, drugs biotransformed through a phase T reac-
tion in the endoplasmic reticulum are conjugated at this same site or
in the cytosolic fraction of the same cell in a sequential fashion. These
biotransforming reactions are carried out by CYPs (cytochrome P450
isoforms) and by a variety of transferases. These enzyme families,
the major reactions they catalyze, and their roles in drig metabolism
and adverse drug responses are presented in detail in Chapter 6.

k SFT4IINTY TY¥INTD

CLINICAL PHARMACOKINETICS

The fundamental tenet of clinical pharmacokinetics is
that a relationship exists between the pharmacological
effects of a drug and an accessible concentration of the
drug (e.g., in blood or plasma). This relationship has
been documented for many drugs and is of benefit in the
therapeutic management of patients, For some drugs, no
cleat or simple relationship has been found between
pharmacological effect and concentration in plasma,
whereas for other drugs, routine measurement of drug
conceniration is impractical as pait of therapeutic moni-
toring. In most cases, as depicted in Figure 21, the con-
centration of drug at its sites of action will be related to
the concentration of drug in the systemic circulation.
The pharmacological effect that results may be the clin-
ical effect desired, a toxic effect, or in some cases an
. effect unrelated to the known therapeutic efficacy or tox-
icity. Clinical pharmacokinetics attempts to provide both
' a quantitative relationship between dose and effect and

i

a framework within which to interpret measwements of -
concentrations of drugs in biological fluids and their

adjustment through changes in dosing for the benefit of

administration of a drug, a significant portion of the dose may be ~

the patient. The importance of pharmacokinetics in
patient care is based on the improvement in therapeutic
efficacy and the avoidance of unwanted effects that can
be attained by application of its principles when dosage
regimens ace chosen and modified,

The four most important parameters governing
drug disposition are bioavailability, the fraction of drog
absorbed as such into the systemic circulation; volunie
of distribution, a measure of the apparent space in the
body available to contain the drug based on how much
is given versus what is found in the systemic circulation;
clearance, a measure of the body’s efficiency in elimi-
nating drug from the systemic circulation; and elimination
t,;» & measure of the rate of removal of drug from the
systemic circulation. We will deal with each of these
parameters in turn, and will explore mathematical rela-
tionships that use them to describe the time course of
plasma drug accumulation and to design dosage regi-
mens based on physiologic and pathophysiologic vari-
ables of individual patients.

Clearance

Clearance is the most important concept to consider
when designing a rational regimen for long-term drug
administration. The clinician usually wants to maintain
steady-state concentrations of a drug within a therapeutic
window or range associated with therapeutic efficacy
and a minimum of toxicity for a given agent. Assuming
complete bioavailability, the sicady-state concentration
of drug in the body will be achieved when the rate of
drug elimination equals the rate of drug adminisivation,
Thus:

Dosing rate = CL- C,  (Equation 2-2)

where CL is clearance of drug from the systemic circu-
lation and C__ is the steady-state concentration of drug.
If the desired steady-state concentration of drug in
plasma or blood is known, the rate of clearance of drug

by the patient will dictate the rate at which the drug
should be administered.

The concept of clearance is extremély useful in clinical pharma-
cokinetics because its value for a particular drug usually is constant
over the range of concentrations encountered clinically: This is true
because systems for elimination of dutgs such as metabolizing
enzymes and transporters usually are not saturated, and thus the
absolute rate of elimination of the drug is essentially a linear function
of its concentration in plasma. That is, the elimination of most drugs
follows first-order kinetics, where a constant fragtion of drug in the
bedy is eliminated per unit of time. If mechanisms for elimination of
a given drug become saturated, the kinetics approach zero order, in
which a constant amount of drug is eliininated per unit of time.




* Under such a circumstance, clearance (CL) will vary with the
condentratien of drug, often according to the equation

CL =y, (Kp +C) (Equation 2-3)
. - #
iwhere K represents the concentration at which half the maximal rate
of elimination is reached (in units of mass/volume) and v _ is equal to
the maximal rate of elimination {in units of massftime). Thus, clear-
ance is derived in units of volume/time, This equation is analogous to
the Michaelis-Menten equation for enzyme kinetics., Design of
dosage regimens for drugs with zero-order elimination kinetics is
more complex than when elimination is first-order (described later).

Principles of drug clearance are similar to those of renal phys-
iology, where, e.g., creatinine clearance is defined as the rate of elim-
ination of creatining in the urine relative to its concentration in
plasma. At the simplest level, cleatance of a drug is its rate of elim-
ination by all routes normalized to the concentration of drug C in
some biological finid wﬁere measurement can be made;

C1, = 1ate of elimination/C (Bquation 2-4)

Thus, when clearance is constant, the rate of drog elimination is
directly proportional fo drug concentration. Note that clearance doss
not indicate how mech drug is being removed, but rather the volume
of biological fluid such as blood or plasina from which drug weuld
have to be completely removed to account for the clearance per unit
of body weight (e.g., mL/min per kg). Clearance can be defined fur-
ther as blood clearance (CL, ), plasma clearance (CLP), or clearance
based on the concentration of unbound drug (CL), depending on the
measurement made (C,,C s OF C)

Clearance of drug by several organs is additive. Elimination
of drug from the systemic circulation may occur as a result of
processes that occur in the kidnsy, liver, and cther organs, Division
of the rate of elimination by each organ by a concentration of drug
(e.g., plasma concentration) will yield the respective clearance by
that organ. Added together, these separate clearances will equal sys-
temic clearance: '

CL

renal

+ CL.&epaJic + CLulher =
Other routes of elimination could include loss of drug in saliva or
sweat, secretion into the GI tract, volafile elimination from the
lung, and metabolism at other sites such as skin: Naote that changes
in clearance in one organ will change the overall calculation; thus,
renal failure alters CL for drugs excreted unchanged from the
plasma,

Systemic clearance may be determined at steady state by
using Bquation 2-2, For a single dose of a diug with complele
bioavailability and first-order kinetics of elimination, systemic clear-
ance may be determined from mass balance and the integration of
Equation 2-4 over time:

CL=DosefAUC {Equation 2-6)

where AUC is the total area undet the carve that describes the meas-
ured concentration of drug in the systemic circulation as a function
of time (from zero to infinity), as in Figure 2-6.

Examples. The plasma clearance for the antibiotic cephalexin is
4.3 mlfminfkg, with 90% of the drug excreted unchanged in the

CL  (Pquation2-5)

urine. For a 70-kg man, the clesrance from plasma would be 301
mlJ/min, with renal clearance accounting for 90% of this elimination.
In other words, the kidney is able to excrete cephalexin at a rate such
that the drug is completely removed (cleared) from ~270 mL of

plasma every minute (renal clearance = 90% of total clearance).”

Beeause clearance usually is assumed to remain constant in a med-
ically stable patient (e.g., no acute decline in kidney function), the
rate of elimination of cephalexin will depend on the concentration of
drug in the plasma (Equation 2-4). '

The B adrenergic receptor antagonist propranolol is cleared
from the bloed at a rate of 115l mL/minf kg {or 1120 ml./min in a
70-kg man), almost exclusively by the liver. Thus, the liver is able to
remove the amount of propranolol contained in 1120 mL of blood in
1 minute. Bven though the liver is the dominant crgan for elimina-
tion, the plasma clearance of some drugs exceeds the rate of blood
flow to this oxgan. Often this is so because the drug partitions readily
into red blood cells (RBCS) and the raje of drug delivered to the elim-
inating organ is considerably higher than expecied from measure-
ment of its concentration in plasma. The relationship between plasma
(subscript p; acellular) and blood (subscript b; all components) clear-
ance at steady sfate is given by

CL C C,
2o h gy g
cr, CI? Cp

(Bquation 2-7)

Clearance from fhe blood therefors may be estimated by dividing the
plasma clearance by the dmg’s blood-to-plasma concentration xatio,
obtained from knowledge of the hematocrit (H = 0.45) and the red
cell to plasma concentration ratio. In most instances, the blood clear-
ance will be less than liver bleod flow (1.5 L/min) or, if renal excre-
tion also is involved, the sum of the blood flows to each eliminating
organ. For example, the plasma clearance of the immunomodulator,
tacrolimus, ~2 L/min, is more than twice the hepatic plasma flow rate
and even exceeds the organ’s blocd flow despite the fact that the liver
is the predominant site of this drug’s extensive metabolism. However,
after taking into account the extensive distribution of tacrelimus
into red cells, ifs clearance from the blood is only ~63 mL/min, and
it is actmally a low- rather than high-clearance drug, as might be inter-
preted from ihe plasma clearance value alons. Sometimes, however,
clearance from the blood by metabolism exceeds liver blood flow,
and this indicates extrahepatic metabolism, In the case of the §; 1';;cep~
tor antagonist, esmolol, the blood clearance value (11.9 L/rmg) is
greater than cardiac output (5.3 Lfnin) because the drug is metab-
olized efficiently by esterases present in red blood cells,

A further definition of clearance is useful for understanding ‘

the effects of pathological and physiclogical variables on drug e,ﬁm—
ination, particularly with respect to an individual organ, The rate of
presentation of drug fo the ozgan is the preduct of blood flow (Q)
and the arterial drug concentration (C, ), and the rate of exit of driig

_ from the organ is the product of blood flow and the venous drug con-

centration (C,), The difference between these rates at steady statf:;is
the rate of daig elimination by that organ: . P

Rate of elimination=0-Cp -2~ Oy

=0(C, - Cy) (Equation 2-8)
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Division of Equation 2-8 by the concentration of drug entering the
oigan of elimination C, yields an expression for clearance of the -
drug by the organ in question:

Cyr—C .
. CLOi‘gan = TA_V =0Q.F (Bquation 2-9)

Ca

poe o

Thefexpression (C, — CVC ', in Bquation 2-9 can be referred to as
the &xtraction ratio (E) of the drug. While not employed in general
medtcal practice, calculations of a drug’s extraction ratio(s) are use-
ful for modeling the effects of disease of a given metabolizing organ
on ¢learance and in the design of ideal therapeutic properties of
drugsdn development.

Hepatie Clearance, The concepts developed in Equation 29 have
important implications for drugs that are eliminated by the liver.
Consider a drug that is removed efficiently from the blood by hepatic
processgs—metabolism and/or excretion of dmg into the bile, n this
instance, the concentration of drug in the blood leaving the liver will
be low, the extraction ratio will approach unity, and the cleatance of
the drug from bleod will become limited by hepatic blood flow.
Dirugs that ave cleared efficiently by the liver (e.g., drugs in Appendix
I with systemic clearances >6 mL/min/kg, such as diltiazem,
imipramine, lidocaine, morphine, and propranolol) are restricted in
their rate of elimination not by intra-hepatic processes but by the rate
at which they can be transported in the blood to the liver.
Additional complexities also may be considered. For exam-
ple, the eguations plesented earlier do not account for drug binding
to components of blood and tissues, nor do they permit an estimation
of the intrinsic capacity of the liver to eliminate a drug in the absence
of limitations imposed by blood flow, termed intrinsic clearance. Tn
biochemical terms and under firsk-order conditions, intrinsic clear-
ance s a2 measure of the ratio of the Michaelis-Menten kinetic
parameters for the eliminating process (i.e., v /K ) and thus reflects
the maximum metabolic or (ransport capability of the clearing organ.
Extensions of the relationships of Equation 2-9 to include expres-
sions for protein binding and intrinsic clearance have been proposed
for 4 number of models of hepatic elimination (Hallifax and
Houston, 2009). Models indicate that when the capacity of the elim-
inating orgajL to metabolize the drug is large in comparison with the
rate of presefﬁation of drug to the organ, clearance will approximate
the organ’s blood flow. By confrast, when the drug-metabolizing
capacity is small in comparison with the rate of drug presentation,
clearance will be proporiional fo the unbound fraction of drug in
blood and the drag’s intrinsie clearance, Appreciation of these con-
cepts allows understanding of a number of possibly puzzling exper-
imental results. For example, enzyme induction or hepatic disease
may change the rafe of drug metabolism in an isolated hepatic micro-
somal enzyme system but not change clearance in the whole animal,
For a drug with a high extraction ratio, cleatance is limited by blood
flow, and changes in intrinsic clearance owing to enzyme induction
or hepatic disease should have little effect. Similarly, for drugs with
high extraction ratios, changes in protein binding owing to disease
ar competifive binding interactions by other drugs should have littls
effect on clearance. Conversely, changes in intrinsic clearance and
protein binding will affect the clearance of drugs with low intrinsic
clearances such as warfarin, and thus extraction ratios, but changes
in blood flow will have little effect.:

Renal Clearance, Renal clearance of a drug results in its appedrance
in the urine. In considering the impact of renal disezse on the clear
ance of a drug, complications that relate to filtration, active secretion
by the kidney tubule, and reabsorption from it must be considered
along with blood flow. The rate of filtration of a drug depends on
the volume of fluid that is filiered in the glomerulus and the unbound
concentration of drug in plasma, because drug bound to protein is not
filteréd, The rate of secretion of drug by the kidney wilt depend on

. the drug’s intrinsic clearance hy the transporters involved in active -

secretion as affected by the dreg’s binding to plasma proteins, the
degree of saturation of these transporters, and the rate of delivery of
the drug to the secretory site. In addition, processes involved in drug
reabsorption. from the tubular fluid must be considered. The influ-
ences of changes in protein binding and blogd flow and #n the num-
ber of functional nephrons are analogons to the examples given ear-
lier for hepatic elimination.

DISTRIBUTION

Yolume of Distribution. Volume is a second fundamen-
tal parameter that is useful in considering processes of
drug disposition. The volume of distribution (V) relates

the amount of drug in the body fo the concentration of |
‘drug (C} in the blood or plasma depending on the fluid

measured. This volume does not necessarily refer to an
identifiable physiological volume but rather to the fluid
volume that would be required to contain all of the dru g
in the body at the same concentration measured in the
blood or plasma:

t . H b = N
Amount of drug in body/V o1 (Equation 2-10)

V=amount of drug in body/C

A drug’s volume of distribution therefore reflects the
extent to which it is present in extravascular tissues and

notin the plasma. It is reasonable to view V as an imag-’

inary volume, since for many drugs the volume of dig-
tribution exceeds the known volume of any and all body
compartments. For example, the value of V for the
highly lipophilic anti-malarial chlofoquine is some
15,000 L, yet the plasma volume of a typical 70-kg man
is 3 L, blood volume is ~5.5 L, extracellular fluid vol-
ume outside the plasma is 12 1, and the volume of total-
body water is ~42 1.

Many drugs exhibit volumes of distribution far in excess of
these values. For example, if 500 pg of the cardiac glycoside digoxin
were in the body of a 70-kg subject, a plasma concentration of ~0.75
ng/mL would be observed. Dividing the amount of dru g in the body
by the plasma concentration yields a volume of distribution for
digoxin of ~667 L, or a value ~15 times greater than the total-body
volume of a 70-kg man. In fact, digoxin distributes preferentially to
muscle and adipose tissue and to its specific receptors (Na*, K*-
ATPase), leaving a very small amount of drug in the plasma to be
measured. For drugs that are bound extensively to plasma proteins
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bul that are not bound tor tissue components, the volume of digiribu-
tion will approach that of the plasma volume because drug bound to
plasma protein is measurable in the assay of most drugs. In contrast,
certain drugs have high volumes of disiribution even though most of
the drug in the gireulation is bound to albumin because these drugé
are also sequestered elsewhere.

The volume of distribution may vary widely depending on
the relative degrees of binding to high-affinity receptor sites, plasma
and tissue proteins, the partition coefficient of the drug in fat, and
accumulation in poorly perfused tissues. As might be expected, the
volume of distribution for a given drug can differ according fo
patient’s age, gender, body composition, and presence of disease.
“Total-body water of infants younger than 1 year of age, for example,
is 75-80% of body weight, whereas that of adult males is 60% and
that of females is 55%.

Several volume terms are used commonly to describe drug
distribution, and they haye been derived in a number of ways. The
volume of distribution defined in Bquation 2—10 considers the body
asa si_ng'IB' homogeneous compartment. In this one-compartment
model, all drug administration occurs direetly into the central com-
partment, and distribution of drag is instantarieous throughout the
volime (V). Clearance of drug from this compariment occuss in a
first-order fashion, as defined in Bquation 2—4; that is, the amount of
drug eliminated per unit of time depends on the amount (concenfration)
of drug in the body compartment. Figure 2-4A and Equation 2-11

=
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16*/
S V =Dose /Cg

PLASMA DRUG CONCENTRATICN
{ng/ml)

TIME (hours)

describe the decline of plasma concentration with time for a drug
introduced into this central compartment:

C = [dose/V]fe ] (Equation 2—11)

where k is the rate constant for elimination that reflects the fraction

of drug removed from the compartment per unit of time, This rate
constant is inversely related to the t,, of the drug [kt), = 0.693 =
In2].

The idealized one-compartment model discussed earlier does
not describe the entire time course of the plasma concentration. That
is, certain tissue reservoirs can be distinguished from the central com-
partment, and the drug concentration appears io decay in a manner
that can be described by multiple exponential terms (Figure 2-4B).

fate of Distribwtion. The muoltiple exponential decay observed for
a drug that is eliminated from the body with first-order kinetics
results from differences in the rates at which the ding equilibrates to
and within tissues: The rate of equilibration will depend ort the ratio
of the perfusion of the tissue to the partition of dmg into Hie tissue.
In many cases, groups of tissues with similar perfusion-partition
ratios all equilibrate at essentially the same rate such that only one
apparent phase of distribution is seen (rapid initiat fall of concentra-
tion of intravenously injected drug, as in Figure 2-4B). It is as
though the drug stacts in a “central” volume (Figure 2-1), which
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Flyure 24 Plasma concentration-time curves following intravenous administration of a drug (500 my) to a 70-kg patient. "
A. Drug concentrations are measured in plasma at 2-hour intervals following drug administration. The semi-logarithmic plot of plasina
concentration (C ) versus time appears to indicate that the drug is ¢liminated from a single compartment by a first-order procgss
(Equation 2-11) with a t,,, of 4 hours (k= 0.683/t,,,= 0.173 hrd). The volume of distribution (V) may be determined from the value
of C, obtained by extrapolation to 1= 0(C) = 16 pg/mL). Yolume of distribution (Equation 2-10) for the one-compartment model'is
31.3 I, or 0.45 Likg (V = dose/C®). The clearance for this drug is 90 mL/min; for a one-compartment model, CL=£kV. 1
B, Sampling before 2 hours indicates that in fact the drag follows multi-exponential kinetics. The terminat disposition t,, is 4 hout,
clearance is 84 mL/min (Fquation 2-6), ¥, is 29 L (Bquation 2-11), and V,_ is 26.8 L. The initial or “central” distribution volun‘,le
for the drug (V, = dose/CDis 16.1 L. The example chosen indicates that nulticompartment kinetics may be overlooked when sampling
at early times is neglected. In this particular case, there is only a 10% error in the estimate of clearance when the multicompariment
characteristics are ignored. For many drugs, multicompartment inetics may be observed for significant periods of time, and failure

to consider the distribution phase can lead to significant errors in estimates of clearance and in predictions of the appropriate dosage.
Also, the difference between the “central” distribution volume and other terms reflecting wider distribution is important in deciding
a loading dose strategy. :
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32  consists of plasma and tissue reservoirs that are in rapid equilibrium
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with it, and distributes to a “final” volume, at which point concen-
trafions in plasma decrease in a log-linear fashion with a rate con-
stant of k (Figure 2-4R). The multicompartment model of drug dis-
position can be viewed as though the bloed and hi ghly perfused lean
organs such as heart, brain, liver, lung, and kidneys cluster as a single
ceniral compartment, whereas more slowly perfused tissues such as
muscle, skin, fat, and bone behave as the final compartment (the tis-
sué compértment).

. TIfthe patiern of ratio of blood flow to various tissues chan ges
within an individual or differs among individuals, rates of drug dis-
tribution fo tissues also will change. However, changes in blood flow
also’may cause some tissues that were originally in the “central” vol-
ume fo equilibrate sufficiently more slowly so as to appear only in
the “final” valume, This means that central volumes will appear to
vary with disease states that cause altered regional blood flow (such
as would be seen in cirthosis of the liver). After an intravenous bolus
dose, drug concentrations in plasma may be higher in individuals

with poor perfusion (e.g., shock) than they would be if perfusion
were hetter, These hi gher systemic concentrations may in turn cause
higher concentrations (and greater effects) in tissues such as brain
and heart, whose usually high perfusion has not been reduced by the
aliered hemodynamic state, Thus, the effect of a dru g at various sites
of action can vary depending on perfusion of these sites,

Multicompartment Yolume Terras, Two different terms have been
used to describe the volume of distribution for drugs that follow mul-
tiple exponential decay, The first, designated V___, is calculated as
the ratio of clearance to the rate of decline in concentration duting

the elimination (final) phase of the logarithmic concentration versus
time curve: ;

! Vioreq = .Clv‘_ = ._‘gfi (Bquation 2-12)
k k- AUC

" The estimation of this parameter is straightforward, and the volume

term may be determined after administration of a single dose of drug
by the intravenous or oral roufe {where the value for the dose must be
corrected for bioavailability), However, another multicompartment
volume of distribution term may be more useful, especially when the
effect of disease states on pharmacokinetics is to be determined.
The volume of distribution at steady state (V. )) represents the volume

* In which 4 drug would appear to be distributed during steady state if '

the drug existed throughout that velume at the same concentration as
that in the measured fluid {plasma or blood). V., also may be appre-
ciated as shown in Bquation 2-13, where V. is the volume of distri-
bution of drug in the central compartment and V.. is the volume term
for drug in the tissue compartment:
V.= V. + v, (Equation 2—-13)
Although V,ey 15 2 convenient and easily caleulated parameter, it
varies when the rate constant for drug climination changes, even
when there has been no change in the distribution space. This is so
because the terminal rate of decline of the concentration of drug in
blood ot plasma depends not only on clearance but also on the rates
of distribution of drug between the “central” and “final” volumes.
V.. does not suffer from this disadvantage. The value of V ey Will

always be greater than Ve As will be described, the extent of this
difference will depend on ihe difference in t,,, observed during a
dosing interval at steady state versus the value found for the termi-

nal t,,,. V.. can only be determined accurately if the drug is given
intravenously.

Steady State. Bquation 2-2 (dosing rate = CL, . C)
indicates that a steady-state concentration eventually
will be achieved when a drug is administered af a con-
stant rate. At this point, drug elimination (the product of
clearance and concentration; Equation 2-4) will equal
the rate of drug availability, This concept also extends
to regular intermittent dosage (e.g., 250 g of drug
every 8 hours). During each interdose interval, the con-
centration of drug rises with absorption and falis by
elimination. At steady state, the entire cycle is repeated
identically in each interval (Figure 2--5). Equation 2-2

2 ] Steady Stats

-Aftained afler approximately four half-limes
*Time to steady state independent of dosage

] \ }
Steady-Stato Concentrations j

*Proportional to dosefdasage interval
'Proportional to F/Ct

Fluctuaiions |

*Froporticnal to dose intervalhali-tima
*Blunted by slow absorption
T T ] T

0 1 2 3 4 5 6
TIME (multiples of elimination half-time})

CONCENTRATION
I

Figwre 2-5 Fundamentol pharmacokinetic relationships for
repeated administration of drugs. The blue line is the patiern of
drug accumulation during repeated administration of a drug at
intervals equal to its elimination half-time when drug absorption
is 10 times as rapid as elimination. As the rate of absorption
increases, the concentration maxima appreach 2 and the minima
approach 1 during the steady state. The black [ine depicts the
pattern during administration of equivalent dosage by continuous
intravenous infusion, Curves are based on the one-compartment
model. Average concenfration (CSS) when the steady state is
attained during intermittent du g administration is

where F is fractional bioavailability of the dose and T'is dosa ge
interval (time). By substitution of infusion rate for .- dose/T,
the fotmula is equivalent to Equation 2-2 and provides the con-

centration maintained at steady state during continuous intra-
venous infusion.
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still applies for intermittent dosing, but itnow ¢ describes
the average steady-state drug concentration (C,p) during
an interdose interval,

Hatf-Life. The t,,, is the time it takes for the plasma con-
centration to be reduced by 50%. For a one-compart-
ment model (Bigure 2-4A), t,,, may be determined
readily by inspection and used to make decisions about
drug dosage. However, as indicated in Figure 2-4B, drug
concentrations in plasma often follow a multi-exponen-
tial pattern of decline, reflecting the changing amount
of drug in the body. When using pharmacokinetics to

calculate drug dosing in disease, note in Equation 2-14 .

that t,,, changes as a funetion of both clearance and
volume of distribution.
4

b, 20.693-V,ICL (Rquation 2-14)
This t,, reflects the decline of systemic drug concen-
frations during a dosing interval at steady-state as
depicted in Figure 2-5. '

Bxamples of the marked differences in terminal versus
steady-staie €, (which reflect the difference belween V., and V)
are gentamicin and indomsthacin, A terminal t,,, of 53 hours is
observed for gentanticin (versus the steady-state value of 2-3 hours);
biliary eycling probably is responsible {for the 120-hour terminal
value for indomethacin (compared to the steady-state value of
2.4 hours). The appreciation of longer terminal t,, values for some
medications may relate to their accumulation in tissues during
chronic dosing or shorter periods of high-dese freatment, Such is the
case for gentamicin, where the terminal t,, is associated with renal
and otetoxicities. The relevance of a particular t,,, may be defined in
terms of the fraction of the clearance and volume of distribution that
is related to each t,,, and whether plasma concenirations or amournis
of drug in the body are best related to measures of response.

Clearance is the measure of the body’s ability to
eliminate a drug; thus, as clearance decreases, owingioa
disease process, e.2., {;;, would be expected to increase.
However, this reciprocal relationship is valid only when
the disease does not change the volume of distribution.
For example, the t,,, of diazepam increases with increas-
ing age; however, it is not clearance that changes as a
function of age but rather the volume of distribution.
Similarly, changes in protein binding of a drug may
affect its clearance as well as its volume of distribution,
leading to unpredictable changes int,,as a function of
disease. The t,, of tolbutamide, e.g., decreases in patients
with acute viral hepatitis in a fashion opposite from
what one might expect. The disease alters the drug’s
protein binding in both plasma and tissues, causing no
change in volume of distribution but an increase in

ing rate is used. For example, Equation 2-2 is modified to

clearance because higher concentrations of unbound
ding are present in the bloodstream.-

Although it can be a poor index of drug elimination from the
body per se (disappearance of drug may be the resuit of formation
of undetected metabolites that have therapeutic or unwanted effects),
the t,, defined in Feuation 2-14 provides an approximation of the
time required to reach steady state after a dosage regimen is initiated
or changed (e.g., four half-lives to reach ~24% of anew steady state}
and a Teans to estimate the appropriate dosing interval (see the Jater
discussion and Sahin and Benet, 2008). "

3

Extent and Raie of Bioavailability

Bioavailability. It is important to distinguish between
the rate and extent of drug absorption and the amount

of drug that ultimately reaches the systemic eirculation. -

The amount of the drug that reaches the systemigc circu-
lation depends not only on the administered dose but
also on the fraction of the dose (F) that is absorbed and
escapes any first-pass elimination, T his fraction is the
drug’s hicavailability. Reasons for incomplete absorp-

tion were discussed earlier. Also, as noted previously, if.

the drug is metabolized in the intestinal epithelium or
the Tiver, or excreted in bile, some of the active drug
absorbed from the GI tract will be eliminated before it
can reach the general circulation and be distributed to
its sites of action. :

Knowing the extraction ratio (E,)) for a drug across the liver
1

(Bquation 2-9), it is possible to predict the maximum oral availability

(F assuming that hepatic elimination follows first-order processes:

Fmax =1- EH =1- (CLﬁeparic[ Qh:;wic)

{Bquation 2-13)
Thus, if the hepatic blood clearance for the deug is large relative to
hepatic blood flow, the extent of availability will be low when the
drug is given orally (e.g., lidocains or propranolol). This reduction
in availability is a function of the physiological site from which
absorption takes place, and no modification of dosage formAwill
improve the availability under conditions of linear kinetics. Incomfﬂete
absorption and/or intestinal metabolism following oral dosing will,
in practice, reduce this predicted maximal value of F.

When drugs are administered by a route that is subject to figst-
pass loss, the equations presented previonsly that contain the terms
dose or dosing rate (Equations 2-2, 2-6, 2--11, and 2-12) also myst

include the bicavailability term F such that the available dose or dos-
kg

o4
F . dosing rate = CL - C,, (Bquation 2—13)
. i

whero the value of F s between. 0 and L. The value of # vasies widely
for deugs administered by mouth, Btidronate, a hisphosphonate used
to stabilize bone matrix in the treatment of Paget's disease and osteo-
porosis, has an I of 0.03, meaning that only 3% of the diug appears -
in the blocdstream following oral dosing. In the cass of etidronate,
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therapy using oral administration is still useful, and the dose of the
drug administered per kilogeain is larger than would be given by
injection.

fiate of Absorpiion. Although the rate of drug absorption does not,
in general, influence the average steady-state concentration of the
drug in plasma, it may stil influence drug therapy. If a drug is
absorbed rapidly {e.g., a dose given as an infravenous bolus) and has
3 a small “central” volume, the concentration of drug initially will be
L h1gh 1t will then fall as the drug is distributed to its “final” (Iarger)
“volume (Figure 2-4B). If the same drug is absorbed more slowly
{e.g., by slow infusion), a significant amount of the drug will be dis-

ihoban

tributed while it is being administered, and peak concenirations witl -

e lower and will ocenr later. Controlled-release oral preparations
are designed to provide a slow and sustained rate of absorption in
order to produce smaller fluctuations in the plasma concentration-
time profile during the dosage interval compared with more imme-
diate—reiﬂase formulations. A given dmg may act to produce both
deSIrabIe and undesirable effects at several sites in the body, and the
rates of distribution of drug to these sites may not be the same. The
relative intensities of these different effects of a drug thus may vary
transiently when its rate of administration is changed. Since the ben-
eficial, nontoxic effects of drugs are based on knowledge of an ideal
or desired plasma concentration range, maintaining that range while
avoiding large swings between peak and trough concentrations can
improve therapeulic ocuicome.

Nonlinear Pharmacokinetics
?

Nonlinearity in pharmacokinetics (i.e., changes in such parameters
as clearance, volume of distribution, and t,, as a function of dose or
concentration of drug) usually is due to saturation of either protein
binding, hepatic metabolism, or active renal transport of the drug.

Saturable Protein Binding. As the molar concentration of drug
increases, the unbound fraction eventually also must increase (as al
binding sites become saturated). This usually occurs only when drug
concentrations in plasma are in the range of tens to hundreds of
micrograms per milliliter. For a drug that is metabolized by the liver
with a low intrinsic clearance-extraction ratio, saturation of plasma-
protein binding will cause both ¥ and CF. to increase as drug concen-
tratlous increase; t, thus may remain constant (Equation 2-14). For
such a- drug, o \wll not increase linearly as the rate of drug admin-
istration is mcreased Tor drags that are cleared with high intrinsic
clearance-extraction ratios, C_ can remain linearly proportional to
the rate of drug administration. In this case, hepatic clearance will
not change, and the increase in ¥ will increase the half-time of
disappearance by reducing the fraction of the total drug in the body
that is delivered to the liver per unit of time. Most drugs fall between
these two exiremes, and the effects of nonlinear protein binding may
be difficult to predict.

Saturahble Elimination. In this situation, the Michaalis-Menten
equation (Equation 2-3) usually describes the nonlinearity. All active
processes are undoubtedly saturable, but they will appear to be linear
if values of drug concentrations encountered in practice are much
less than K. When drug concentrations exceed K, nonlinear kinel-
ics are observed. The major consequences of saturation of metabo-
lism or teansport ate the opposite of those for saturation of protein
binding. Saturation of protein binding will lead to increased CL

N

because CL increases as drug concentration increases, whereas sat-
uration of metabolism or transport may decrease CL. When both
conditions are present simuttancously, they may virtually cancel each
others’ effects, and surprisingly linear kinetics may result; this occurs
over a certain range of concentrations for salicylic acid, for example.

Saturable metabolism causes oral first-pass metabolism to be
less than expected (higher F), and there is a greater fractional
increasg in C,  than the corresponding fractional increase in the rate
of drug administration. The latter can be seen most easily by substi-
futing Equation 2-3 into Equation 2--2 and solving for the steady-
state concentration:

dosing rate - K,
55 =

vy, — dosing rate (Bquation 2-17)
As the dosing rate approaches the maximal elimination rate (v}, the
denominator of Equation 2-17 approaches zero, and C increases
disproportionately. Because saturation of metabolism should haveno
effect on the volume of distribution, clearance and the relative rate of
drug elimination detrease as the concentration increases; therefore,
the log C time curve is concave-decreasing until metabolism
becomes sufficiently desaturated and first-order elimination is pres-
ent. Thus, the concept of a constant t, , is not applicable to nonlinear
metabolism occurring in the usual range of clinical concentrations.
Consequently, changing the dosing rate for a drug with nonlinear
metabolism is difficult and unpredictable because the resulting steady
state is reached more slowly, and importantly, the effect is dispropor-
tionate to the alteration in the dosing rate.

The anti-seizure medication phenytoin provides an example
of a drug for which metabolisem becomnies saturated in the therapeutic
range of concentrations, lts t ;s 6-24 hours. Por clearance, K,
(5-10 mg/L} is typically near the lower end of the therapeutic range
(10-20 mg/L}. For some individuals, especially young children and
newborns being treated for emergent seizures, K may be as low as
1 mg/L. If, for an adult, the target concentration is 15 mg/L and this is
attained at a dosing rate of 300 mg/day, then from Bquation {2-17),
v, equals 3206 mg/day. For such a patient, a dose that is 10% less
than optimal (i.e., 270 mg/day) will produce a C, of 5 mg/L;, well
below the desired value. In contrast, a dose that is 10% greafer than
optimal (330 mg/day) will exceed metabolic capacity (by 10 mg/day)
and cause a long, slow and unending ¢limb in concen,tﬁétion during
which toxicity will occur. Dosage eannof be controlled so precisely
{<10% error). Therefore, for patients in whom the target concentration
for phenytoin is more than ten times greater than the K, altemating

between inefficacious therapy and toxicity is almost enavoidable,

For a-drug such as phenytoin that has a narrow therapeutic index and
exhibits nonlinear metabolism, therapeutic drug monitoring (described
later) is most important, When the patient is a neonate; appreciation
of this concept is of particular concern because signs and symptoms
of toxicity are particularly difftculi to monitor. In such cases, a phar-
macokinetic consult is appropriate.

Dasign and Optimization
of Dosage Regimens :

Following administration of a dose of diug, its effects usu-
ally show a characteristic temporal pattern (Figure 2-6).




MEG for
adverse
response

Peak effect

Onset of
effect Therapeutic

window

Drug Effact (Cp)

MEG for
R ¥ desired
1<—— Duration of action—- ' \ response

1
1
I
i
1
r

l
i
1
E

lag perlod Time

Figure 2~6 femporal chiracteristics of drug effect and relationship
to the therapeutic window (e.g., single dose, oral administration).
A lag period.-is present before the plasma drug concentration
(Cp) exceeds the minimum effective concentration (MEC) for
the desired effect. Following onset of the response, the intensity
of the effect increases as the drug continues to be absorbed and
distributed. This reaches a peak, after which dmg elimination
results in a decline in Cp and in the effect’s intensity. Bifect dis-
appears when the drug conceniration falls below the MEC.
Accordingly, the duration of a dmg’s action is determined by the
time period over which concentrations exceed the MEC. An
MEC exists for each adverse response, and if drug conceniration
exceeds this, foxicity will result. The therapeutic goal is to obtain
and maintain concentrations within the therapeutic window for
the desired response with a minimum of toxicity. Drug response
below the MEC for the desired effect will be subtherapeutic;
above the MEC for an adverse effect, the probability of toxicity
will increase. Increasing or decreasing drug dosage shifts the
response curve up or down the intensity seale and is used to mod-
ulate the dg’s effect. Increasing the dose also prolongs a drug’s
duration of action but at the risk of increasing the likelihood of
adverse effects. Unless the diug is nontoxic (e.g., penicillins),
increasing the dose is not a useful strategy for extending the
duration of action. Instead, another dose of drug should be given,
timed to maintain concentrations within the therapeutic window.
The area under the blood concentration-time curve (area under
the curve, or AUC, shaded in gray) can be used o calculate the
clearance (FEquation 2-6)} for first-order elimination. The AUC
is also used as a measure of bicavailability (defined as 100% for
an infravenously administered drug). Bioavailability will be
<100% for orally administered drugs, due mainly to incomplete
absorption and first-pass metabolism and elimination.

Onset of the effect is preceded by a lag period, after
which the magnitude of the effect increases to a maxi-
mum and then declines; if a further dose is not admin-
istered, the effect eventually disappears as the drug is
eliminated, ‘This time course reflects changes in the
drug’s concentration as determined by the pharmaco-
kinetics of its absorpiion, distribution, and elimination.

Accordingly, the intensity of a drug’s effect is related to
its concentration above a minimum effective concen-
tration, whereas the duration of the drug’s effect reflects
the length of time the drug level is above this value.
These considerations, in general, apply to both desired
and undesired (adverse) dug effects, and as a result, a
therapeutic window exists that reflects a concentration
range that provides efficacy without unacteptable
toxicity.

Simitar considerations apply after muliiple dosing associated
with long-term therapy, and they determine the amount and fre-
quency of drug adminisiration fo schieve an optimal therapeutic
effect. Tn general, the lower limit of a dig’s therapeutic range is
approximately equal to the drug concentration that produces about
half the greatest possible therapentic effect, and the upper limit of the
therapeutic range is such that no more than 5-10% of patients will
experience a toxic effect. For some drugs, this may mean that the
upper limit of the range is no more than twice the loweritinit. OF
course, these figures can be highly variable, and some patienis may
benefit greatly from drug concentrations that exceed the therapeatic
range, whereas othefs may suffer significant toxicily at much lower
values (e.g., with digoxin).

For a limited number of diugs, some effect of the drug is eas-
ily measured (e.g., blood pressure, blood glucose) and can be used
to optimize dosage using a trial-and-crror approach. Even in an ideal
case, certain quantifative issues arise, such as how ofien to change
dosage and by how much. These usually can be settled with simple
rules of thomb based on the principles discussed (e.g., change dosage
by no mors than 50% and ne more often than every 3-4 half-lives).
Aliernatively, some drugs have very little dose-related toxicity, and
maximum efficacy wsnally is desired. In such cases, doses well in
excess of the average required will ensure efficacy (if this is possible)
and prolong drug action. Such a “maximal dose” strategy typically
is used for penicillins.

For many drugs, however, the effects are difficult to measure
(or the drug is given for prophylaxis), toxicity and Iack of efficacy
are both potentiat dangers, or the therapeutic index is narrow. In
these circumstances, doses must be titrated carcfully, and drag
dosage is limited by toxicity rather than efficacy. Thus, the thera-
peutic goal is to maintain steady-state dmg levels within the thera-
pentic window. For most drugs, the aciual concenirations associated
with this desired range are not known and need not be known. It is
sufficient to nnderstand that efficacy and toxicity generally depend
on concentration and how dmg dosage and frequency of adminis-
tration affect the drug level. However, for a smatl sumber of dr‘i‘igs
for which there is a small (2-3 fold} difference between concentra-
tions resulting in efficacy and toxicity (e.g., digoxin, theophy]lu’ie
lidocaine, aminoglycosides, cyclosporine, tacrolimus, sirolimys,

. warfarin, and anticonvulsants), & plasna conceniration xange assoéi—

ated with effective therapy has been defined. In these cases, a tai":a
get-level strategy is reasonable, wherein a desived (targef) Ste‘ld}}'—
state concentration of the drug (usually in plasma) associated with
efficacy and minimal foxicity is chosen, and a dosage is computed
that is expected to achi¢ve this value. Drug concenirations are sub-
sequently measured, and dosage is adjusted if necessary o approx-
imate the target more closely {described later).
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Maintenance Dose

In most clinical situations, drugs are administered in a series of repet-
itive doses or as a continuous infusion to maintain a steady-state con-
centration of drug associated with the therapeutic window.
Calculation of the appropriate mainfenance dosage is a primary goal,
To maintain the chosen steady-stafe or target concentration, the rate
of drug administration is adjusted such that the rate of input equals
tlie rate of loss. This relationship was defined previously in

Equations 2-2 and 216 and is expressed here in ferms of the desired -

tarfget conceniration:

=

Dosing rate = target C, + CL/F (Equation 2-18)

4
If the clinician cheoses the desired concentration of drug in plasma
ard knows the clearance and bioavailability for that drug in a particular

patfqnt, the appropriate dose and dosing interval can be calculated.

Exan%:ple. Oral digoxin is to be used as a maintenance dose to grad-
ually “digitalize” a 63 year old, 84-kg patient with congestive heart
failure. A steady-state plasma concentration of 0.7-0.9 ng/ml. is
selected as an appropriate conservative target based on prior knowl-
edge of the action of the drug in patients with heart failure to main-
tain levels at or belowin the 0.5-1.0 ng/ml. range (Bauman et al.,
2006). Based on the fact that the patient’s creatinine clearance (CL )
is 56 mL/min, digoxin’s clearance may be estimated from data in
Appendix I,

Ll

CL=0.88 CL, +0.33 mL - mint - kg!

=0.88 X 56/84 + 0.33 mL - min! - kg

=092 mL - min! - kgt

=77mL - mint =4.6 L - hour™!

Equation {2-18) then is used to calculate an appropriate dosing rate
knowing that the oral bicavailability of digoxin is 70% (& =0.7).

Dosing rate = Target C, CL/F .
= 0.75 ng - mL1x (0.92/0.7) mL - min™! - kg~
=099 ng - min~! - kg!

or 83 ng - min~! for an 84-kg patient
wr  or 83 ng - min! x 60 minx 24/24 hr
T =012 mgf24 hr

In practice, the dosing rate would be rounded to the closest dosage
size, 0.123 mg/24 hr, which would result in a steady-state plasma
concentration of 0.78 ngfmL (0.75 x 125/120), Digoxin is a well
charactérized example of a drug that is difficult to dose and must be
monitored regularly. While guidelines based on calculations of the
sort suggested here are useful (Bauman et al., 2006), it is clear that
tablet sizes are limiting and fablet sizes intermediate to those avail-
able are needed. Since the coefficient of variation for the clearance
equation when used for digoxin treatment in this patient group is
large (52%), it is common for patients who are not menitored regu-
larly to require hospital admission o adjust medication, Monitoring
the clinical status of patients (new or increased ankle edema, inabil-

Tty to sleep in & recumbent position, decreased exercise tolerance)

wheiher accomplished by home heaith foHow up or regular visits to
the clinician, is essential o avold untoward results.

Dosing Interval for Intermittent Dosage, In general, marked fluc-
fuations in drug concenirations between doses are not desirable, If
absorption and distribution were instantaneous, fluctuations in drug
concentrations between doses would be governed entirely by the
drug’s elimination t,,. If the dosing interval T were chosen to be
equal to the t,, then the total fluctuation would be 2-fold; this is
often a tolerable variation.

Pharmacodynamic considerations modify this, If a drug is
relatively nontoxic such that a concentration many times that neces-
sary for therapy can be tolerated easily, the maximal-dose strategy
can be used, and the dosing interval can be much fonger than the
elimination ¢, (for convenience). The t,, of amexicillin is ~2 hours,
but dosing every 2 hours would be impractical, Tnstead, amoxicillin
often is given in large doses every § or 12 hours. For some drugs
with a narrow therapeutic range, it may be important o estimate the
maximal and minimal concentrations that will occur for a particufar
dosing interval. The minimal steady-state concentration C oo i DAY
be reasonably determined by the use of Equation 1-19:

F-dose/ Vg,

Coo. = cexp(—-kT)
55, min =4 _ exp(—kT) p

(Bquation 2-19)

whete k equals 0.693 divided by the clinically relevant plasma t, ,
and T'is the dosing interval. The term exp(-%7) is, in fact, the fraction
of the last dose (corrected for bioavailability) that remains in the
body at the end of a dosing interval. :

For drugs that follow multi-exponential kinetics and are
administered orally, estimation of the maximal steady-state concen-
teation C,, . involves a complicated set of exponential constants for
distribution and absorption. If these terms are ignored for multiple
oral dosing, one easily may predict a maximal steady-state concen-
tration by omitting the exp(—kT) term in the numerator of Equation
2-19 (see Equation 2-20). Because of the approximation, the pre-
dicted maximal concentration from Equation 2-20 will be greater
than that actually observed.

Example, In the patient with congestive heart failure discussed earlier,
an oral maintenance dose of 01.125 mg digoxin per 24 houss was cal-
culated to achieve an sverage plasma concentration of 0.78 ng/mL
during the dosage interval. Digoxin has a narrow therapentig index,
and plasma levels <1.0 ng/mL usually are associated witlt efficacy
and minimal toxicity. What are the maximu and minimum plasma
concentrations associated with the preceding regimen? This first
requires estimation of digoxin’s volume of distribution based on
available pharmacokinetic data (Appendix 1I).

V,=3.1CL,,+38L kg
=3.1X(56/84) + 3.8 L - kg™

Combining this value with that of digoxin’s clearance provides an
estimate of digoxin’s elimination I, in the patient (Equation 2--14).

tya =0.693 Vg /CF,

0.693 % 496 L ,
=——— - _7=75hr=3.1ddys
4.4 L « hour
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Accordingly, the fractional rate constant of elimination is equal to
022 day? (0.693/3.1 days). Maximum and minimum digoxin
plasma concendrations then may be predicted depending on the
dosage interval, With T = 1 day (i.¢., 0.125 mg given every day):

F- dosel-VSS
1—exp(—kT)

0.7 %0125 mg/496 L
- 02
=0.88 ng/mL

Cys, max =

(Hquation 2-20)

Cog, min = Css, max exp(—kT)

= (0.88 ng/mL)(0.8) = 0.7 ng/mlL

.+

(Bquation 2-21)

Thus, the plasma concentrations would fluctuate minimally about
the steady-state concentra"iion of 0.78 ng/mL, well within the rec-
ommended therapeutic range of 0.5-1.0 ng/mL. Tn this patient exam-
ple, twice the daily dose (2 % 0.125 mg) could be given every other
day. The average steady-state concentration would remain at 0.78
ngf/mL, while the predicted maximum concentration would be 0,98
ng/mL {in Bquation 2-20; dose = 0.25 mg and T =2 days) and the
minimum concentration would be 0.62 ng/mL (in Bquation 2-21;
0.98 x 0.64). While this result would maintain a therapeutic concen-
tration and avoid large excursions from it between doses, it does nof
favor patient compliance. Dosing must be compatible with the
patient's routine and every other day dosing is problematic in this
patient population.

Laading Dose

The Ipading dose is one or a series of doses that may be given at the
onset of therapy with the aim of achieving the target concentration
rapidly. The appropriate magnitude for the loading dose is

Loading dose = target C_- V. /F (Bquation 2-22)

A loading dose may be desirable if the time requited to attain steady
state by the administration of drug at a constant rate (4 elimination

|1, Values) is Jong refative to the temporal demands of the condition .

bemg treated, For example, the t,, of Hdocaine is usually 1-2 hours.
Arrhythmias encountered after myocardial infarction obviously may
be life-threatening, and one carinot wait 4-8 hours to achisve a ther-
apeutic concentration of lidocaine by infusion of the drug at the rate
required to attain this concentration. Hence, use of a loading dose of
lidocaine in the coronary care unit is standard,

The use of a loading dose also has significant disadvantages.
First, the particularly sensitive individual may be exposed abruptly
to a toxic concentration of a drag. Moreover, if the drug involved
has a long t,,, it will take a long time for the concentration to fall if
the level achieved is excessive. Loading doses tend to be large, and
they are often given parenterally and rapidly; this can be patticularly
dangerous if toxic effects occur as a result of actions of the drug at
sites that are in rapid equilibrium with plasma. This eceurs because
the loading dose caleulated on the basis of V,, subsequent to drug
distribution is at first constrained within the initial and smaller “cen-
tral” volume of distribution. It is therefore usually advisable to divide
the loading dose into a number of smaller fractional doses that are

administered over a period of time. Alternatively, the loading dose
should be administered as a continuous intravenocus infusion over a
period of.time. Ideally, this should be given in an exponentially
decreasing fashion to mirror the concomitant accumulation of the
maintenance dose of the drug, and this is accomplished using com-
puterized infusion pumps.

Beample. Accumulation of digitalis (“digitalization”) in the patient
described earlier is gradual if only a maintenance dose is administered
(for al least 12 days, based on t,,=3.1 days). A more rapid response
could be obtained (if deemed necessary) by using a loading-dose
strategy and Equation 2-22. Here a target C of 0.9 ng/mlL. is chosen
as a target below the recommended rnaxunum of 1.0 ng/ml..

Loading dose =09 ng - ml 1 x 496 L7
=638 jg, or ~0.625 mg

To avoid toxicity, this oral leading dose, would be given as an initial
0.25-mg dose followed by a 0.25-mg dose 6 -8 hours later, with care-
ful monitoring of the patient and the final 0.125-mg dose given
12-14 hours Tater. s

Individualizing Dosage

A rational dosage regimen is based on knowledge of £ CI, V,, and
t,,, and some information about rates of absorption and distribution
of the drug together with poteniial effects of the disease on these
pacamefers. Recommended dosage regimens generally are designed
for an “average” patient; usual values for the important determining
parameters and appropriate adjustments that may be necessitated by
disease or other factors are presented in Appendix IT. This “one size
fits all” approach, however, oveﬂo“ols\s the considerable and tnpre-
dictable inter-patient variability that usually is presentin these phar-
macokinetic parameters. For many drugs, one standard deviation in
the values observed for B CL, and V is ~20%, 50%, and 30%,
respectively. This means that 95% of the time the C_ that is achieved
will be between 35% and 270% of the target; this is an unacceptably
wide range for a drug with a low therapeutic index. Individualization
of the dosage regimen [o a particular patient therefore is critical for
optimal thesapy. The pharmacokinetic principles deseribed earlier
provide a basis for modifying the dosage regimen to obtain desired
degree of efficacy with a minimum of unacceptable adverse effects.
In situations where the drug’s plasma concentration can be measuted
and related to the therapeutic window, additional guidance for dosdge
modification is obtained from blood levels taken during therapy gnd
evaluated in & pharmacokinetic consult available in many institu-
tional settings. Such measurement and adjustment are appropriate
for many dmgs with low therapeutic indices (e.g., cardiac glycomdes,
anti-arrhythmic agents, anticonvulsants, immunosuppressants, theﬁ-
phylline, and warfarin). s
. ;&

Therapeutic Drug Monitoring 3
The major use of measured concentrations of drpgs (aﬁ
steady state) is to refine the estimate of CL/F for the”
patient being treated, using Fquation 2—16 as rearranged
below:

CLJF (patient) = dosing rate/C_(measured) (Equation 2-23)
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The new estimate of CL/F can be used in Equation 2-18
to adjust the maintenance dose to achieve the desired
target concentration.

Certain practical details and pitfalls associated
with therapeutic drug monitoring should be kept in
mind. The first of these relates to the time of sampling
foiymeasurement of the drug concentration. If intermit-
terit dosing is used, when during a dosing interval
shoiuld samples be taken? It is necessary to distinguish
between two possible uses of measured drug concen-
tratibns to understand the possible answers. A concen-
tration of drug measured in a sample taken at virmally
any fime during the dosing interval will provide infor-
mation that may aid in the assessment of drug toxicity.
This-is one type of therapeutic drug monitoring. Tt
shoufd be stressed, however, that such use of a meas-
ured Goncentration of drug is fraught with difficulties
because of inter-individual variability in sensitivity to
the drug. When there is a question of toxicity, the drug
concentration is just one of many items used to interpret
the clinical situation,

Changes in the effects of drugs may be delayed
relative fo changes in plasma concentration because
of a slow rate of distribution or pharmacodynamic fac-
tors. Concentrations of digoxin, e.g., regularly exceed
2 ng/mL (a potentially toxic value) shortly after an
oral dose, yet these peak concentrations do not cause

. toxicity; indeed, they occur well before peak effects.

Thus, coricentrations of drugs in samples obtained
shortly after administration can be uninformative or

* even misleading, -

The purpose of sampling during supposed steady
state is to modify the estimate of CL/F and thus the
choice of dosage. Early post-absorptive concentrations
do not reflect clearance; they are determined primarily
by the ratg, of absorption, the “central” (rather than the
steady-state) volume of distribution, and the rate of dis-

 tribution, all of which are pharmacokinetic features of

virtwally no relevance in choosing the long-term main-
tenance dosage. When the goal of measurement is
adjustment of dosage, the sample should be taken well
after (he previous dose, as a rule of thumb, just before
the next planned dose, when the concentration is at its
minimum. The exceptions to this approach are drugs
that are eliminated nearly completely between doses
and act only during the initial portion of each dosing
interval, If it is questionable whether efficacious con-
centrations of such drugs are being achieved, a sample
taken shortly after a dose may be helpful. On the ofher
hand, if a concern is whether low clearance (as in renal
failure) may cause accumulation of drug, concentrations

measured just before the next dose will reveal such
accumulation and are considerably more useful for this
purpose than is knowledge of the maximal concentra-
tion. For such drugs, determination of both maximal
and minimal concentrations is recommended. These
two values can offer a more complete picture of the
behavior of the drug in a specific patient (particularly if

. obtained over more that one dosing period) can beiter

support pharmacokinetic modeling. .

A second important aspect of the timing of sam-
pling is its relationship to the beginning of the mainte-
nance-dosage regimen. When constant dosage is given,
steady state is reached only after four t,, have passed.
It a sample is obtained too soon after dosage is begun,
it will not reflect this state and the drug’s clearance
accurately. Yet, for toxic drugs, if sampling is delayed
until steady state is ensured, the damage may have been
done. Some simple guidelines can be offered, When it
is important to maintain careful control of concentra-
tions, the first sample should be taken after two t,, (as
calculated and expected for the patient), assuming that
no loading dose has been given. If the concentration
already exceeds 90% of the eventual expected mean
steady-state concentration, the dosage rate should
be halved, another sample obtained in another two
(supposed) t, » and the dosage halved again if this sam-
ple exceeds the target. If the first concentration is not
too high, the initial rate of dosage is continued; even if
the concentration is lower than expected, it is usually
reasonable to await the attainment of steady state in

another two estimated t,,, and then to proceed to adjust

dosage as described earlier.

if dosage is intermittent, thers is a third concern with the time at
which samples are obtained for determination of drug concentrations.
If the sample has been obtained just prior to the next dose, as recom-
mended, concentration will be a minimal value, not ke Thean.
Howexver, as discussed earlier, thé estimated me;gn concentration may
be calculated by using Equation 2--16.

If a drug follows first-order kinstics, the average, minimumn,
and maximum concentrations at steady state are linearly related to
dose and dosing rate {see Bquations 2-16, 2-19, and 2-20).
Therefore, the ratio between the measured and desired concentra-
tions can be used to adjust the dose, consistent with available dosage
sizes:

Cys{measured) Dose (previous)

= (Equation 2-24)
Cy (predicted) Dose (new)

In the previously described patient given 0,125 mg digoxin every
24 hours, for example, if the measured minimum {ircugh) steady-
state concentration were found to be 0.35 ng/mL rather than the pre-
dicted level of 0.7 ng/ml,, an appropriate, practical change in the
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dosage regimen would be to increase the ﬁa'{ly dose by 0.125 mg té
0.25-mg digoxin daily.
Cyg(predicted)

Dose (new)} =

X Dose (previous)
- Cgg(measured)

0.7
= —x0.125 = 0.25/24 hour
0.35 .

Tn practice, one would change the dose from the 0.125-mg tablet to
the 0.25-mg tablet by providing a new prescription.

Compliance. Ukimately, therapeutic success depends on the patient
actually taking the drug according to the prescribed dosage regi-
" men—"Dmugs don’t work if you don't take them.” Noncompliance

with the prescribed dosing schedule is a major reason for therapeutic

failure, especially in the long-term treatment of heart failure as in
our example patient being administered digoxin where the absence
of infermediate tablet sized'influences the regimens that can be prac-
tically constructed (our patient ultimately required an alternate day
or alternate dose schedule), Moréover, treatment of chronic disease
using antihypertensive, anti-reteoviral, and anticonvulsant agents also
represents a compliance problem. When no special efforts are made
to address this issue, only about 50% of patients follow the pre-
scribed dosage regimen in a reasonably satisfactory fashion, approx-
imately one-third comply only partly, and about one in six patients
is essentially noncompliant (Devabhaktuni and Bangalore 2009).
Missed dosas are more common than too many doses. The number
of drugs does not appear to be as important as the number of times
a day doses must be remembered (Ho et al,, 2009). Reducing the
number of required dosing occasions can improve adherence to a
prescribed dosage regimen. Equally important is the need to involve
patients in the responsibility for their own health using a variety of
strategies based on improved communication regarding the natuce
of the disease and the overall therapeutic plan (Appendix T).
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