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concentration; in 3.3 half-lives, it will be 90
percent; and in five half-lives, it will be 97
percent of the plateau level.

Dosage recommendations for continuousin-
fusions are designed to produce appropriate
plasma concentrations at equilibrium. The phe-
nomenonjust described, which is often termed
drug accumulation, entails a delay in achieving this
concentration. The magnitude of the delay is
related to the half-life of the drug, whereas the
ultimate concentration is determined by the Vj,
the half-life, and the rate of administration.

Plasma Drug Clearance

The plasma clearance (Cl) of a drug is of
primary importance in appreciating the rela-
tionship between rate of drug administration
and consequent drug concentration. Drug
clearance, like creatinine or inulin clearances,
is determinedbyrelating the rate of elimination
(E) to the plasma concentration at equilibrium
(C..):

Cl = |=Ss

At equilibrium, E = R. Thus,

R
Ccl= =

° C.

or, with rearrangement,

R
== 3C. Cl (14 )

R=axc, °- (14.3A)

where R= rate of administration.
Equation 14.3A emphasizesthatit is drug clear-
ance, rather than half-life, which determines
the rate of administration (R) or dosage per
interval (D/T) necessary to achieve a specific
concentration. Ultimately, clearance is related
to half-life and volume of distribution:

cy 0.7 X Va XWe
ty,

when Vj is expressed in L/kg, half-life (t,,) in
hours, and clearance (Cl) in L/hr.
With substitution into equation 14.3, this be-
comes:
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R x ty,
C., = ———— 14.40.7 X Va x Wt. ( )

where R is expressed in mg/hr and C,, is ex-
pressed in mg/L.

Equation 14.4 indicates that equilibrium drug
concentration is related to three variables: half-

life (t,,), volume of distribution (V,), and rate
of administration (R, or D/T). Thus, doubling
Vy has the same effect upon steady state con-
centration as halving t,,. Either alteration will
lead to a 50 percent reduction in drug concen-
tration that can be exactly offset by doubling
the dosage.

Multiple Dose Kinetics

The reader has been introduced to the phe-
nomenon of drug accumulation as it occurs
during continuous infusion. Drug accumula-
tion also occurs with intermittent dosage
schedules.

Considera drug that is given by intermittent
IVinjection. Whenthefirst dose is given, the
concentration of drug is zero. Immediately after
the dose, a peak concentration is recorded. The.
concentration then declines at a rate deter-

mined by the drug’s half-life. If the next dose
is given before the concentration has once again
reached zero, the second peak will be higher
than the first. As this process continues, the
peak(C,,,.) and trough (C,,,,) levels rise toward
plateau values, as will the average concentra-
tion, C,,-. This process is illustrated in Figure
14-4. Drug accumulation occurs during inter-
mittent administration when a second, or nth,
dose is administered before all the previous
dose has been eliminated. For mostclinical pur-
poses, this condition is satisfied when the dos-
ing interval is less than twice the half-life of
the drug. As with continuousinfusions, 50 per-
cent of a plateau concentration is achieved in
one half-life; 97 percent is achieved after five
half-lives.

C.ve is analogous to the equilibrium concen-
tration (C,,) that develops during continuous
infusion. Thus, its value is determined only by
the relationship between clearance (C1) and rate
of administration (R; see Equation 14.3). The
peak (C,,..) and trough (C,,,) concentrations
fluctuate around the C,,, in a manner that is
determined by the size of the dose and the
length of the dosing interval. For example,
theophylline may be administered by inter-
mittent IV injection. In an adult, a standard
regimen calls for 300 mg every 6 hours (1200
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Figure 14-4.

 
 mg/day). Alternatively, one may administer

150 mg every 3 hours (1200 mg/day). Finally,
some physicians administer a continuous in-
fusion of 50 mg/hr (1200 mg/day). Both in-
termittent regimens produce the same(C,,.),
whichis equal to the C,, during the continuous
infusion. This does not mean that the regimens
are equivalent. The 6-hour schedule produces
muchgreater fluctuation around C,,. than the
3-hour schedule. With the 3-hour regimen, the
peaks and troughs lie closer to Cyye. This in-
creases the
likelihood of remaining within the therapeutic
range throughout the dosing interval (Fig. 14—
5). ,

In this regard, the half-life of a drug is a
watershed. When a drugis given at an interval
that is equalto its half-life (T = ty), Crnax/Crin
is approximately 2. During more frequent
administration (T < ty), Cmax/Cmin is less than
2, and during less frequent administration
(T > ty), Crax/Cmin is greater than 2.

Thus, drugs with a long half-life, such as
digoxin or phenobarbital, are often given once
daily, because even with this schedule, T is less
than ty, and the plasma concentration remains
within the relatively narrow therapeutic range
of these agents. Conversely, theophylline and
quinidine have relatively short half-lives (3 to
6 hours in children). When conventional for-
mulations of these agents are administered,
they requirerelatively frequent dosing (every
3 to 6 hours) if the plasma concentrationis to
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Concentration of theophylline during intermittent IV administration. Note that C,.a Cmins aNd Cz,. increase
to equilibrium values. C,,,. = C,, that obtains during continuous administrationif the total daily dosagesare identical.

remain within the respective therapeutic ranges
throughout the dosing interval.

Nonlinear Kinetics

To this point, the discussion has concerned
first-order kinetic behavior in whichafixed pro-
portion of drug is eliminated per unit time. Zero-
order kinetics occurs under some conditions, no-
tably when plasma drug concentrationsarerel-

Dosage = D
Interval = T = ty,

 
Dosage = D/2
interval = TI2 = ty,/2Concentration(arbitraryunits)

Time

Figure 14-5. Effect of varying both dosage and dose
interval upon peak(C,,,,) and trough(C,,,,) concentrations
during steady state. The solid saw toothline indicates the
time concentration curve that results with intermittent IV
administration of dosage D at an interval T equal to the
drug tv. Note that Cnad/Cmin = 2. The interrupted fine
indicates the curve that results when dosage (D/2) and
interval (T/2) are halved. Cya/Cmin = 1-5. The straight
solid line indicates C.,,, which is the.same during both
conditions, and is equal to C,,, which results when the
sametotal daily dosage is administered by continuous IV
infusion. i
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atively large. With zero order or nonlinear ki-
netics, a fixed amount of drug is eliminated per
unit time. Ethanol is an extreme example, be-
cause the usual dosage is large (gm amounts)
relative to other drugs (mg amounts). Within
the usual range of blood ethanol concentra-
tions, humanseliminate about 120 mg per kg
per hrof the substance. Because the volume of
distribution of ethanol is about 0.5 L per kg,
blood ethanol levels decline at a fixed rate of
20 to 25 mg/dl per hr. Therate of elimination
does not change with increases in concentra-
tion. Consequently, increments in dosage pro-
duce much greater changes in concentration
than would be the case for a drug eliminated
in accordance with first-order kinetics.

Manysubstances followafirst-order model
at low plasma concentrations but a zero-order
modelat higher concentrations. Whenthetran-
sition from first- to zero-order elimination oc-
curs at concentrations appreciably higher than
the usual therapeutic range, the pharmacoki-
netic treatment of the drug is uncomplicated
and a first-order kinetic model will be suffi-
ciently accurate for mostclinical purposes.

Unfortunately, a few commonly used drugs,
such as phenytoin and salicylate, exhibit this
transition at concentrations within the thera-
peutic range.

A change from first- to zero-order kinetics
as concentration increases is typical of an en-
zyme-mediated process. This changeis due to
saturation of the enzyme system that is re-
sponsible for metabolic transformation of the
drug. There is a limited amount of enzymeat
the metabolic site; therefore, there is a maxi-
mum rate at which transformation can occur

(Vinax)» At concentrations that are low relative
to Vn, first-order behavior predomiinates. As
concentration increases, Vinax is approached.
After V,,, has been achieved, further increases
in concentration cannot augment the metabolic
rate. Thus, a fixed amount of drug is metab-
olized per unit time. This amount, of course,is
equal to Via, Mathematically, this process is
described by the Michaelis-Menton equation:

— Vanax X €E= 14.5K, +C€ (14.5)
whereE is the rate of elimination or metabo-
lism; V,,, is the maximum rate of metabolism;
K,, is the Michaelis-Menton constant, which
defines the affinity of the enzyme for the drug;
and C is plasma drug concentration.

Note that when C is much less than K,,, E
varies directly with C. This resemblesa first-
order process. When C is greater than K,,, E

approaches V,,,,, and zero-order behavior oc-
curs.

There are two important consequences of
this kinetic behavior. The first is that an in-
crease in dosage produces an exponential, rather
than a linear rise in concentration. This occurs
very often whentreating patients with phen-
ytoin (Fig. 14-6); on occasion,this phenomenon
is recognized during treatment with theophyl-
line. It requires that dosage adjustments must
be made cautiously and in small amounts. The
second major consequence of Michaelis-Men-
ton kinetics is that the apparent plasmahalf-life
increases with the plasma concentration. The
greater the plasma concentration, the sloweris
the relative rate of elimination. Using repre-
sentative values of K,, and V,,.. for phenytoin,
one can estimate that at a concentration of 10
mg per L, the apparent t,, of phenytoin is 24
hours; at a concentration of 25 mg perL, the
apparent t,, is 42 hours. This means: 1) in-
creases in dosage cause lengthening of the ap-
parent t,, (thus, Michaelis-Menton kinetics is
sometimesreferred to as dose dependent kinetics),
2) small increments in dosage can produce huge
increases in drug concentration, and 3) intox-
ication with phenytoin will be prolonged, be-
cause, at high concentrations, eliminationis ex-
tremely slow relative to the amountof drugin
the body.

MAINTENANCE DOSE

The maintenance dose (MD) is the amount
of drug (R for continuous infusion, D/Tfor an
intermittent schedule) that is administered dur-
ing equilibrium. Thus, from Equation 14.3A,
maintenance dose, MD,is equal to the product
of clearance, Cl, and desired steady state plasma
concentration, C,,, (MD = Cl x C,). The
maintenance dose is often determined by con-
sulting standard reference material. In patients

| Phenytoin
| (Michaelis-Menton)
 
 Gentamicin

(First-order)Concentration
Daily Dosage

Figure 14-6. Effect of dosage upon plasma concentra-
tion for drugs following first-order vs. Michaelis-Menton
kinetics.
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