3
Multiple Dosing

Some drugs, for example, analgesics, hypnotics, neuromuscular block-
ing agents, bronchodilators, and antiemetics, may be used effectively
as a single dose. More frequently, drugs are given on a continuous
basis. Moreover, most drugs are administered with sufficient frequency
that measurable and often pharmacoclogically significant levels of drug
persist in the body when a subsequent dose is administered. For
drugs administered in a fixed dose at a comstant dosing interval (e.g.,
every 6 h or once a day), the peak plasma level following the second
and succeeding doses of a drug is almost always higher than the peak
level after the first dose, and therefore the drug accumulates in the
body relative to the initial dose. However, under these conditions
drug accumulation proceeds at a decreasing rate with increasing num-
ber of doses until a steady-state plasma level of drug is achieved. At
steady state, the plasma conecentration of drug at any time during any
dosing interval should be identical to the concentration at the same time
during any other dosing interval. As will be demonstrated, the rate
and extent of accumulation of a drug is a function of the relative mag-
nitudes of the dosing interval and the half-life of the drug. A model-
independent approach to multiple dosing (i.e., superposition) is dis-
cussed in Appendix E.

INTRAVENOUS ADMINISTRATION

The following genersl equation can be used to describe the plasma con-
centration versus time curve resulting from the intravenous injection
of a drug:

n -Alt
c= > A (2.7
2=1
where
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n
Aﬂ.=ﬁ P (2.8)
T (A, = 1,)
SR B
ite

In these equations XO Is the intravenous dose, Vo is the volume of
the central compartment, Ej is the sum of the exit rate constants from
the ith compartment, A{ and ), are disposition rate constant, and n is
the number of exponentials required to describe the curve adequately.
The maximum plasma concentration resulting from the intravenous ad-
ministration of the firat bolus dose of a drug, (Ci)pax,» would oceur
at t = 0. Therefore,

n
(c Z (3.1)

max

The concentration of drug in the plasma at the end of the first dosing
interval of length 1 time units (Cj)pin will be given by the relation-
ship

Z Ae * (3.2)

1 min

which is obtained by setting t equal to zin (2.7). Since there are
usually measurable plasma concentrations of drug when a second dose
is administered, administration of a second dose, equal in size to the
first dose, will produce an immediate increase in plasma concentration
of drug ylelding a new maximum, (Cg)pmax. This new maximum would
be equal to the sum of the plasma concentration at the time of admin-
istration (i.e., at time t = 1) and the maximum concentration resulting

from the first dose {l.e., (Cy)pax]- Therefore,
(02)max = (Cl)max + (Cl)min 3.3

Substitution for (Cqlpay and (Cylmin according to (3.1) and (8.2),
respectively, ylelds
“A T “X T

masz+§Ae“ ZA(1+ef’
=1

) (3.4)

The minimum concentration of drug in the plasma after the second dose
(Co)min (assuming & constant dosing interval of 1) is given by

n - A ET =A gz

> Az(1+e Je (3.5)
2=1

(C))

Zmin=
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which can be modified to vield

n -A£T -2A£1
(Cz)min= E Alte +e ) (3.8
=1
It follows that
n n -lgr -2)\21
(Cp .= 2 A + > A (e +e )
3 'max 41 2 2=1 )
n -19.1 "2)\2‘{
= z A£(1+e + e ) 3.7
=1
and
n -AJLT -2A£T “hgt
Gy o = > A(l+e +e Je
2=1
n AT -2x 0T -3x T
=3 ae Pre tre M (3.8)
=1

where (Cglyay 18 the maximum plasma concentration following a third
dose and (Cglpin is the minimum plasma concentration ttime units
after the third dose.

On examination of (3.1), (3.4}, and (3.7), it is readily apparent
that a geometric series can be written for the maximum concentration
of drug in the plasma following N doses, (Cylpax:

n “h T ~2h T -(N-1)x T
(CN)maxzsz,(l"'e i'+e 1‘1‘""1'9 2')
g=1
(3.9)
If we let
—)«21' -2A£t -(N-l))\l-r
r=1+e +e + e+t (3.10)
it follows that
n
Cdmax = 2 Ayr (3.11)
£=1
Multiplication of (3.10) by e **7 yiclds
re-A£T= e—AET+ 8-2}\£'r+ o e-(N-I)J\R”r.{- e~NA£t (3.1
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which when subtracted from (3.10) produces

-A T -Nx T
r—re ¥ =1-g £ (3.13)
which can be solved for r to yield
. e_ng‘T
r = "——ﬁ (3.14)
A
i—-e

Substitution of this value of r in (3.11) yields the following general
expression for the maximum concentration of drug in the plasma after
intravenous administration of any number of doses:

Nt
n 1—e &
(CN)max = Z AP. B (3.15)
L

From a comparison of previous equations [i.e., (3.1) and (3.2),
(3.4) and (3.5), and (3.7) and (3.8)] it is equslly clear that

AT
_ )
(CN)min = (CN)maxe (3.16)
and, therefore,
n 1 - e-NAzT ‘Ag,T
Cmin= 2 A" 7 ¢ (3.17)
1=1 {—-e *

It is evident on examination of (3.15) and (3.17) that the concen-
tration of drug in the plasma at any time during e dosing interval (i.e.
Cy) is given by

-NXx 1
n 1—a L -Agt
C,. = z A ——e (3.18)
N =1 2 AET

l—e

where t is the time elapsed since dose N was administered. Therefore,
by knowing the zero-time intercepts and disposition rate constants,
A, and )y, respectively (both of which can be obtained following a
single intravenous dose), the plasma concentration of a drug at any
time during a dosing interval can be predicted provided that a fixed
dose is administered every t time units.

Equation (3.18) may also be obtained by a method that does not
rely on & deteiled derivation of the type presented above, and conse-
quently is significantly more convenient (see Appendix B). Any equa-
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tion that describes the time course of a drug in & driving force com-
partment after a single dose may be directly converted to a multiple-
dose equation by multiplying sach exponential term containing t by
the function

-Nk, T
I —e 1
-ki'r
l-e
where N and 1are as defined previously and kj is the apparent first-
order rate constant in each exponential term. Therefore, multiplica-

tion of (2,7), C =L ?':1 A me-k’?’t, by the multiple-dosing function,
and setting kj equal to X, [since A, is the rate constant in the ex-
ponential term of {2.7)] permits (2.7) to be directly converted to
(3.18),

The drug concentration in the plasma, at any time during a dosing
interval, will increase and then approach a constant value as the num-
ber of doses increases (see Fig. 3.1). The equation describing the
time course of drug &t the plateau or steady state cen be obtained by
setting N in (3.18) to infinity (i.e., by recognizing that the term
e-N]\ﬂ'T approaches zero with increasing number of doses). Thus

n At
_ 1 L
Coo ™ Z A 5 e (3.19)

=1 1 2
—e

where Cg, is the plasma concentration of drug at any time during a
dosing interval at steady state. Similarly, the equations for the max-
imum and minimum concentrations of drug in the plasma during a dosing
interval at steady state, (Cgglmax and (Csgipin, respectively, ean

be written as

n
- S S
(Css)max_ 2 Aa -t (3.20)
=1 L
l1—e
and
n AT
i} I
(Css)min B g AL ot © (3.21)
S A

If the dosing interval ©is much greater than the half-life of a drug
(where t1;9 = 0.683/A,), (Cgglpmin approaches zero. Under these
conditions no accumulation will oceur and the plasma concentration
versus time profile will be the result of the administration of a series
of single doses.
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Fig. 3.1 Drug sccumulation and attainment of steady state on multiple
intravencus dosing of a fixed dose of drug every 6 h. Maximum and
minimum drug concentrations after the first dose are denoted (Cilmax
and (C1)yin. respectively; those at steady state are denoted (C, )max
and (Cw)min, respectively., The average drug concentration at
steady state, C, is alsc shown. The area under the drug concentra-
tion in plasma versus time curve during & dosing interval at steady
state (shaded area) is the same as the total area under the curve
after a single dose (shaded area hounded by solid and dashed lines).

As discussed in Chap. 2, one frequently finds in a two-compart-
ment model that the larger the ratio of the zero-time intercepts A /Ajg,
the more readily one can discern the multicompartment characteris-
tice of a drug, Equation (3.19) can be written as

n -)\Et
C = > Ue (3.22)
58 = %
=1
where
U =A S S (3.23)
L £ -A£T

1-—¢

The ratio of U1/Uy would therefore be given by
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-Azr
U1 A1(1~—e )
T (3.24)
2 1
A2(1-—e )

and will always be less than the ratio Aj/Ag. Since ) is by definition

greater than A, the ratio (1 — e *2%/(1 — e *1%) will always be less
than 1, Consequently, following multiple dosing the ability to discern
the multicompartment characteristics of a drug is usually decreased.
On the other hand, analytical limitations may prevent one from observ-
ing more than one exponential phase after a single intravenous admin-
istration of a drug that has an exceptionally large ratio of Ay to A2.

In this case, multiple dosing makes the multicompartment characteris-
tic of the drug more obvious. For a more detailed discussion of this
phenomenon, see Chap. 2.

Average Steady-State Concentration

A parameter that is very useful in multiple dosing is the "average"
concentration of drug in the plasma at steady state, C. This parameter
can be defined as

T
_ fg Cggtt

T

c (3.25)
where )’6’ Cgs dt is the area under the plasma concentration-time curve
during a dosing interval at steady state (i.e., between time zero and
7} where tis as defined previously. Integration of (3.19) from time
zero to t yields

T n Ag
f C.qdt= > == (3.26)
0 g=1 "¢

This expression for the area under the plasma concentration-time
curve from time zero to 1 during a dosing interval at steady state is
equivalent to (2.40), the equation for the area under the plasma con-
centration-time curve from time zero to infinity following a single intra-
venous dose (see Fig. 3.1). Therefore, the average plasma concen-
tration of drug at steady state can be predicted from a single-dose
study by employing the following relationship:

o0
[ Cat

T

C= (3.27)
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The JBrea under the plasma concentration versus time curve, AUC
or fe C dat, following a single intravenous dose, Xj, can be obtained
by rearrangement of (2.214) to give

X

AUC = ¢ (3.28)
A
g n

where Vg is the apparent volume of distribution and ip is the dis-
position rate constant associated with the terminal slope of a log
plasma concentration-time curve and equals 0,693 divided by half-
life (i.e., 0.693/t1/2) {Eq. (2.11)). The relationship between these
parameters and clearance Clg has also been presented previously:

le3 = vsln (2.215)
Therefore, substituting X¢/Vgipy for ]; C dt in (3.27) and setting
Vgin equal to Cl yields

X X
RSP SR (3.29)

V x 1 Clrt
B n )

which can also be written in terms of healf-life, i.e.,

1.44X 1t
C=— 2 (3.30)
T
B

By knowing the AUC following a single dose, the clearance, or the
half-life end volume of distribution of a drug, the average plasma
concentration of a drug at steady state following the administration of
a fixed dose X at a constant time interval tcan be predicted. As
cant glso be seen from (3.29) and (3.30), the size of the administered
dose Xg and the time Interval at which this dose is administered, 1,
can be adjusted to obtain a desired averape steady-state plasma con-
centration. These equations assume that all parameters are constant
over the entire dosing period.

The average plasma concentration of a drug at steady state as
calculated employing (3.27), (3.29), or (3.30) is neither the arithmetic
nor the geometric mean of (Cggdmax 8nd (Cggimin- Rather, itis a
plasma eoncentration value which when multiplied by tequals the area
under the plasma concentration-time curve over the time interval zero
to 7 at steady state. Therefore, from simple geometric considerations,
C must represent a plasma concentration value between (Cgglmax and
(Cygdmin (See Fig, 3.1). A limitation of the C approach is that it _
gives no information about the fluectuations in plasma levels [i.e., C
gives no information as to the relative magnitudes of (Cgglmax and

(Caglminl.
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Accumulation

Ag discussed previously, the administration of a drug on a multiple-
dose regimen will usually result in its accumulation in the body. The
extent of accumulation of a given drug may be gquantified {n several
ways. One approach is to determine the ratio of the minimum plasma
coneentration of drug at steady state (Cgglmin to the minimum plasma
coneentration following the first dose (Cy)min. This ratio can be
defined as the accumulation factor R. Therefore,

(C_

88 min
R = (3.31)
(Cl)min
Substitution for (Cgglmin and (C1dmin in (3.31) according to (’3.21)
and (3.2), respectively, yields
n ~A T
P A, et
_ £ AT
=1 1—e
R = = ')‘f (3.32)
L Aze
=1

This relationship is rather complex. However, if all dogses are ad-

ministered in the postdistributive phase (i.e., e_llT to e"‘n-lf ap-
proach zero) of a plasma concentration versus time curve, or if the
plasma concentration versus time curve can be adeguately described
by a monoexponential equation [i.e., n = 1in (3.32)], then (3.32)
reduces to

_ 1
R = (3.33)

1—-e
Under these conditions the extent of accumulation can be predicted
simply by knowing the terminal disposition rate constant of a drug, Ap
or K, or half-life t1;9, since t1/2 = 0.693/2, = 0.693/K.

The ratio of (Cgglmax to (C1)max is also an appropriate expression
of drug accumulation. According to Eqs. (3.20) and (3.1), this ratio
is given by

n ~A R‘E
t {A /(1—e
(Css)max o =1 *

(cl)max

3]
(3.34)

n
I A

=1 Y
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In the case of a drug that shows one-compartment model character-
istics on intravenous administration, Eq. (3.34) may be simplified to
Eq. (3.33) where K replaces i,.

Another expression that has been used to characterize drug ac-
cumulation is the ratio of C, the average drug concentration at steady
state, to C1, the average drug concentration during the first dosing
interval. Consider that the average drug concentration during any
dosing interval (f.e., Cy)} may be defined as

T
N T '
where [J CN dt is the area under the plasma concentration-time
curve during the Nth dosing interval. Integration of (3.18) from

time zero to T yields

-Na
T

T n 1-e
ch dt= 3 A ——— (3.36)
0 =1 2

Substitution of this value of IJ Cy dt in (3.34) and substitution for
J§ Cgs dt in (3.25) according to (3.26) yields

N} 1
= § I-e .
C.= A ——— (3.37)
Nogmr 2 4T
and at stea&y state
— n 1
C=2 4, 5= (3.38)
=1 A

respectively. Taking the ratio of EN to C and canceling the common
term 1 gives

n —N}\Ex
EN =21 [Az(l—e )llzl
S (3.39
"(":"‘ n
px (Ag,mz)
=1
When N = 1, that is, for the firat dose, (3.38) becomes
n -J\Rt
'61 ;1-)-:1 [AL(I—e )”‘9.1
—_ = (3.40)
E n
E (Af,un)

=1
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The inverse ratio C/ 61 may be used to express accumulation:

n
5 251 (Agl?\l)
—= (3.41)
c n “J\ET
1 £ {A£(1‘ e )IAR,]

=1

In the case of a drug that can be described by a one-compartment
model on intravenous administration, Eq. (3.41) reduces to (3.33)
where K replaces i,.

Equation {3.33) indicates that the larger the ratio of ty;9/t, the
greater will be the extent of accumulation. For example, consider a
drug with a half-life of 24 h (i.e., A, = 0.028 h™%). If this drug is
administered every 24 h (i.e., 1= 24 h), according to Eq. (3.33)

R equals 2.0. However, administration of the same dose every § h
results in much greater accumulation (R = 6.3). Consequently,

when tis equal to or greater than the half-life of a drug, the extent of
accumulation is relatively modest (<2). If the ratio t1,2/7is large,
however, the extent of accumulation may be substantiai.

Time to Reach Steady State

The ratio EN/C"— as given by (3.39) can be employed to calculate the time
required to reach a certain fraction of the uitimate steady-state level,
where the fraction of the steady-state level, fgg, is defined in terms

of average plasma levels:

C
s = X (3.42)
C
Substitution for EN/Ein (3.42) secording to (3.39) gives
n ‘N)tl't
L [A(1—-e ¥l
g=1 * .
as = n (3.43)
z (Az‘”\z)

£=1

Equation {3.43) can be used to calculate the fraction of the uiltimate
steady state that is reached following the Nth dose, This equation
cannot, however, be rearranged to obtain an expression for the time
(i,e., N1t) to reach a certain fraction of the steady-state level. The
term Nt can only be estimated by numerical iteration. If the plasma
concentration versus time profile of a drug can be adequately de-
seribed by a moncexponential equation (I.e., n = 1), (3.43) reduces to



124 Pharmacokinetics

.1 _ ~NKt
. 1—e (3.44)
Rearrangement of (3.44) yields
-NKr=¢
e =1~ fss (3.45)

the common logarithm of which is
—NKrt= 2.303 log (1 — fss) (3.46)

Equation (3.46) can be further rearranged to obtain an expression
for N1, Thus

2.303
Nt=- K log {1 — fSS) (3.47)
or
Nt=-3.32 t”2 log (1 — fss) {3.48)

since K equals 0.693/ty,9 [Eq. (2.11)].

For a drug with one-compartment model characteristics the time
required to reach a particular fraction of steady state is independent
of the number of doses administered and the interval between admin-
istrations, but it is directly proportional to the half-life. From Eq.
(3.48) it can be readily calcuiated that 3.32 and §.64 half-lives would
be required to reach 90 and 89%, respectively, of the steady-state
plasma level of a drug. Since Egs. (3.44) and (3.48) were derived
based on a one-compartment system, they will be in error if used for
a drug that demonstrates multicompartment characteristics.

A model-independent approach for the estimation of fgg involves the
use of areas under the plasma concentration versus time curve [1].
This approach is based on a simple extension of Eq. {(3.43). Expansion

of (3.43) vields

n n -le'f
p (A /ny - E (A0 3y
=1 1 £ g=1
o~ - (3.49)
(A /X))
s

The total area under a plasma concentration versus time curve, AUC,
following the intravenous administiration of a single dose of drug eguals
22._,1 (Ag/ay) [Eq. (2.403]. Substitution of AUC for EE:I (AR“E) in

(3.49) gives
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n
AUC - £ (A e /A )
=1 £
= (3.50)

fss AUC

=X . ;
The integral of (2.7) (C = %) Aje lt) from time t to = provides
an expression for the area under a plasma concentration-time curve
following a single intravenous bolus dose from time t to =, AUC?:

-Aat
- n Aze %
AUCt = z ——A--'—"-" (3.51)
=1 4

Since Ntin (3.50) equals the time since the beginning of dosing (i.e.,
t), AUCt‘”can be substituted for 213-_-1 (A’le-NAET/Al) in (3.50) to yield

AUC - AUC, AUCE
(3.52)

fes = AUC = AUC

Therefore, the fraction of steady state reached at time t after initia-
tion of a multiple- dosing regimen can be determined by knowing the

areas, AUC and AUC{ or AUC(j obtained from a single bolus dose of

the drug. No model has to be assumed to permit the use of (3.52)

for determining f a5

Determination of a Loading Dose

As (3.48) indicates, a significant period of time may be reguired to
attaln steady-state plasma concentrations for drugs with long half-
lives. A rational method to overcome the lepse in time before a steady-
state concentration is reached would be to administer an initial loading
dose, One approach to the calculation of a loading dose is as
follows. It is often desirable to maintain plasma concentrations of drug
greater than some minimum effective level. This level may be deﬁned
as (C min- Therefore, the first dose (i.e., the loading dose XG)
must be sufficiently high such that (Ci)}pnin equals (Cgg)min, where
(C1)min end (Cgglyin are given by {3.21) and (3.2), respectively.
Substitution for A according to (2,8), in (3.2) and (3.21), and sub-
stitution of XO (the loading dose) for Xj (the maintenance dose) in

{3.2) ylelds

n
n x; igz(Ei — Ay -3,
(C )min ggl ‘v‘;‘ ema——— (3.53)
1Oy =4y
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and
n
n X0 i-_-nz (Ei - Aﬂ.) 1 -AET
(Css)min - gl \_l; n «Azre (3.54)
- n (Ai - A£) 1—e
i=1
i#1

respectively. Since (Cylpin 88 glven by (3.53) must equal (Cgglnin,

n n
n (E, — ) ) T (E ~ 1))

% - -
§x0 L - R R R 1 Aot
vV n e =2 V. 71 a1 °
£=1 "qa =1 "¢ 2

nm(x, —x) I (x-2) 1l-—e
. i 2 . 1 L
i=1 i=1
i#2 i#1
(3.55)
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Fig. 3.2 Time course of drug concentration when a fixed dose of
drug is given every 6 h (dashed line) and when the first dose of
the regimen is replaced by an appropriastely larger dose, a loading
dose (solid line}. Drug concentrations in plasma at steady state are
fdentical, but steady state is attained much more quickly when a
loading dose is used.
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Fig. 3,3 Comparison of serum digoxin concentrations in human volun-
teers given a 2 mg loading dose followed by a 0.5 mg daily dose of
the drug (e) and in those in whom the loading dose was omitted (Q).
{From Ref.2.)

Solving (3.55) for X3 and canceling the common term V,, yields

n n n -)\nr ~A£r
S H(E.—A)/H(A.“l)[lf(l—-e e
o1} ji=z * Mg PR
_ 4
X:=X,

n n n ‘in"l‘

» n(E-x)/n(A.—A)e

1) li=2 P g 1R

i#4
(3.56)

In a one-compartment system ({.e., n = 1), or if all doses are admin-

istered in the postdistributive phase (i.e., ep)‘lt to e—}(n'1~E approsch
zero), (3.58) reduces to
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1
-Anr
1—e

=1
n
s
=

Pharmacokinetics

(3.57)

Therefore, the loading dose is equal to the product of the maintenance

dose and the sccumulation factor,

Administration of a loading dose

Xg as calculated by (3.57) followed by a maintenance dose X; every 1
time units in the postdistributive phase should produce an immediate
minimum steady-state plasma concentration of drug (Figs. 3.2 and

3.3).

For example, administration of a loading dose twice the size of

the maintenance dose for a drug where the dosing interval t equals

the haif-life will yield immediate minimum steady-state concentrations.
If a loading dose were not given, approximately four half-Hves
would have been required to reach %0% of the ultimate steady state,

INTRAVENOUS INFUSION

Some drugs are administered as an intravenous infusion rather than
The relationship describing the rise

an intravenous bolus injection.
in drug concentration in the plasma during infusion is

M n

<|”
-

[e]
=y
o

(2.55)

where k, is the zerc-order infusion rate, and all other parameters are
as defined previously. Administration of a second dose as an infusion,
T time units after administration of the first dese, where tis in the
postdistribution phase of the previous dose, would yield the following
equation for plasma concentration (C 2) as a function of time

2

= (Cl)

mine

-kn(t-T)

L0
v
Q

[y

[ s

=8l s
- ™

3]
e

o
[

L

1

n

T (E, — X))

i=2 i g
n

ALH (Aiwlm)
i=1

i# 2

"A,(t-D
e

(3.58)

If a third infusion is given t time units after the second infusion,
plasma concentrations resulting from this infusion would be given by

the following equation:
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(3.59)

On examination of Eqs. (2.55), (3.58), and (3.59}, it is readily appar-
ent that a general equation cen be written for the plasma concentration

of drug following N doses, Cy, that is

- ln(t-(N-l) D

-ll(t"(N'l}T)
e (3.60)

x = Cy-Vmin®
- i
o n I (B =2
0l i=2 {=2
re |l - 2
Vc n P n
il A‘l 12 i (l.—kg)
i=1 i=gp 1!
i i g

)

Since t = (N — 1)1+ {{ where Y is some time during infusion (i.e.,
0 <t <T, where T is the infusion time), Eq. (3.60) can be written

as follows:

A

e
min

[ 5

C,,=(C

N )

Lo
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Y]

budn
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¥y
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e
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A, Ty~ Ay
A B

1412 §

(3.61)

The maximum plasma concentration following the Nth infusion will oceur
when t; = T and is therefore given by the relationship

-A T k
n

.0

T
C

(Cxdmax = N-1"min®

17 A AT

n
n E(E

i

1
2 ]

(3.82)

e
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The plasma concentration of & drug as a function of time following
the cessation of infusion is given by

n -Azt'
C= E Rge (2.68)
g=1
where
-ART n
k[) (e —1)i£2(Ei }\2)
Rz“ir: a (2.87)
- A, I (X, =2
£i=1 i A
i# 2

and t'is the time postinfusion. Equation (2.66) can be readily con-
verted to a multiple-dosing equation by multiplying it by the multiple-
dosing function and setting k; equal to iy, yielding
n - e—N}\ ot
oyt 3 Ry
=1 )
I1—e

- '
A!Lt

The minimum postinfusion concentration will occur when t' equals 1

~ T. If each dose is administered in the postdistribution phase of the
previous dose, £ =n. Therefore, (CN.{)yin, & value necessary to
determine Cy and (Cy)pax from Eqa, (3,61) and ¢3,62), is given

by

Lo JEDRT e
On-tmin = Fn 7 %7 ° (3.69)
1-e

R_ is given by 2.67 when £ =n.
n -(N-DApT
At steady state, that is, when e nT approaches zero

1 -An(T—T)
(Cse)min = Rn iz ® (3.64)
1—e n
The maximum concentration of drug at steady state, and the concen-
tration of drug at steady state during infusion can be determined by
setting (Cy_{)pin in Egs. (3.61) and (3.62) equal to (Cgg)yin; the
latter is given by (3.64).
_ The average concentration of drug in the plasma at steady state,
C, resulting from multiple intravenous infusions can be determined from
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the same basic relationship used for the intravenous bolus case,
namely C = [f Cgg dt/v [Eq. (3.25)]. It can be demonstrated that

T «
f Css dt =[ C dt (3.65)
0 0

Therefore,

_ k 0’1‘
C= (3.66)
VCkIOT

since f[‘)" C dt following an intravenous infusion equals kT /Vckig [see
Eq. (2.212)]1. The product kyT equals the intravenous dose Xg, and
Vekig = Vgip = Clg [Eq. (2.21)]. Therefore, the average plasma
concentration of drug at steady state resulting from intravenous in-
fusions can also be determined using Egs. (3.27), (3.29), or (3.30).

Provided that the same underlying assumptions are met, an ac-
cumulation factor R, the time 1o reach a certain fraction of steady
state N1, and a loading dose XE can be determined for intravenous
infusion data using the same relationships as used for intravenous
bolus data:

R ='-—""“'1"_TTE (3.33)
1-e O
Nt= *-3.32t”2 log (1 — fss) (3.48)
and
X¥r=x — 1 (3.57)
¢ 0 AT *
n
l1—e

respectively. Equation (3.48) applies only to a one-compartment model,
In (3.57) Xﬁ would equal the product of the loading infusion rate k§
and the loading infusion time T* for the loading dose, and Xg would
equal the product of the infusion rate kg and infusion time T for the
maintenance dose. Therefore,
1
Pk = —_—
kGT kOT s (3.87)

l1-e
Assuming that the infusion times for the loading and maintenance doses
are the same (i.e., T* = T), (3.67) can be simplified to

1
x = e
5=k, " (3.68)
n
1—-e

k
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FIRST-ORDER ABSORPTION

The vast majority of drugs administered on a continuous basis are
glven orally. The equation describing the plasma concentration versus
time curve following multiple dosing of a drug that is absorbed by an
apparent first-order process can be arrived at directly. Multiplica-
tion of the exponential terms in (2, 93), which describes the time
course of drug in the plasma following first-order input, by the
multiple-dosing function and setting k; in each function equal to the
rate constant in each exponential term (see Appendix B) vields

n
kpx 0B T k) NE Tkt
c =-2 0 i=2 1—e o &
N~ Vv n -k 1
¢ RO, -k) l-e a
i=1
n
n (E. — 2) -NAy T
kFX, n =g 12 P T W
+ > e
Vo =1 n Ayt
(ka“li)_lj (Ai—J\l) l—~e
i=i
i#e

(3.69)

where 0 <t < 1, kg is an apparent first-order absorption rate constant,
and F is the fraction of the orally administered drug that reaches the
systemic circulation. All other parameters are as defined previously
in this chapter. Equation (3,69} can be employed to predict the
plasma concentration of drug at any time during any dosing interval.
However, information thet is often difficult to obtain, such as estimates
of F/ Vo and kg, 18 required for such predictions. In such cases
superposition (Appendix E} is an attractive alternative.

At steady state the time course of drug in the plasma during a
dosing interval can be described by the equation

n
T (E, — k_) -
kaFX 0 i=2 i a 1 kat
C = e
88 v n -kar

R Oy = k) 1-e
i=1
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n
k FX. n (B =) -t
+ B 0 z i=2 1 o £
Ve 4= n AT
(ka-* ;\2) 1[ (J\i— Al) 1—e
i=1
itz
(3.70)

which is obtained by sstting N equal to a sufficiently large number in

(3.89) and realizing that the terms e-NkaT and e_NAﬁ'T then approach

Zero.
The average plagma concentration of drug at steady state, C, as
defined by (3.25) (C = [j C4q dt/7), can be calculated either by
employing (3.25) directly, or by employing (3.27) (C = fg’c dt/o
or eguations analogous to (3.29) (C = XOIVBAnt = Xﬂ/Clsr) or {3.30)
(C = 1.44Xgt1/2/Vg1). Integration of (3.70) from time zero to t
yields

n
t k Fx, (B k)
_e ) i=2
C dt=
j; ss8 Vc n
ka 1 (Ai - ka)
i=1
n
kFxo o BT
5 > = (3.71)
¢ =1
AR ifl Oy =29
i#s
Thig equation can be further simplified to
Mn n 7
T FX . (Ei - ka) n ka 1 (Ei - Az)
_ "o ti=2 i=2
C__dt= + >
o S8 Vc n 4=1 n
‘H (li——ka) Aﬂ,(ka_)\ﬂ.) I ()«i—lg)
i=1 i=1
i i#2 i

(3.72)

Expanding the term within the brackets for a given n, canceling com-
mon terms, and recognizing that n{;z Eilﬂin=1 A= llkm [see (2.107)
and {2,169)], where kig is the first-order elimination rate constant
from the central compariment, gives
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/‘T FXO
C dt-= (3.73)
o °° Vekig
Since
Vckm = VBJ\n = ClS (2.215%)
(3.73) can alsc be written as follows:
"¢ are o0 (3.74
a8 VoA - Tl 74
0 B n

It can also be demonstrated that

T oo
C _dt= C at (3.75)

where [ C dt is the area under the plasma concentration-time curve
from time zero to infinity following first-order input of a single dose.

Substituting FXy/V 1, and/or FX,/Clg for [T Cgg dt in (3.25)
and recognizing that A, = 0.693/t1/2 [Eq (2. 11)‘} vields

= FX0 FXO 1. 44Fx0t”2 (5.76)

V. i1 Cl ' V.1 :

g n B

As is evident from (3.76), C is dependent on the size of dose admin-
istered, the extent to which it is absorbed, and the dosing interval.
However, C is independent of the rate of absorption and all other dis-
position rate constants, as evidenced by the absence of kg and ) terms
from (3.76). The same average plasma concentration of drug will be
obtained whether the dose X is administered as a single dose every
1 time units, or is subdivided and administered at different times with-
in T time units; that is, 600 mg once a day is equivalent to 300 mg
every 12 h, is equivalent to 150 mg every 6 h, and so on (see Figs.
3.4 and 3.5). However, upon subdividing the dose, the difference
between the minimum and maximum plasma concentration wiit usually
decrease.

Although Eq. (3.78) permits the estimation of average drug con-
centration at steady state based on the pharmacokinetic parameters of
the drug, it ig rarely used as such; a much simpler approach is avail-
able. Since C = [j Cgq dt/t and f‘ gs 4t = [7 C dt, C may be esti-
mated directly frorn the ratio of total area under the drug concentration
in plasma versus time curve after a single oral dose, to the dosing in-
terval t (see Fig. 3.8). This approach assumes that systemic avail-
ability and clearance are constants from dose to dose.

Accumulation can be determined by comparing the minimum plasma
concentrations of drug at steady state and following the first dose,
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1 x I
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1
I
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16 B 20
After treatment se—

f+——————During freutment
Time {days}

Fig. 3.3 Mean concentrations of phenytoin (diphenylhydantoin) in
normal adult volunteers who recelved either 300 mg once a day
(single-dose group: ®—%) or 100 mg three times a day (divided-
dose group: ®---@®). The averapge drug concentration at steady
state is a funetion of the total daily dose (see Ref. 3).

Dose {1x500 mg fablet/day} Dose (4:!25pg tablets/day}

;{ /[/H o 2 %,H’{\\‘f\;“’ii
_.{, 1da B {/

-

Meon ug Griseofulvin/ml plosmo £ Sg

0 TF T 2 o 5 1BV

Tirme th) Time (h}
Fig. 3.5 Average concentrations of griseofulvin during the first and
fourteenth day of drug administration in human volunteers who re-
ceived 500 mg once & day or 125 mg four times a day. Theory pre-
diets that the average drug concentration at steady state will be the
same for both regimens but that the steady-state peak-to-trough
ratio will be larger for the once-a-day regimen. (From Ref. 4.)
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R = {Cgglmin/(C1lmin [Eq. (3.31)]. However, this method is rel-
atively simple only when one is dealing with a situation in which each
dose is administered in the postabsorptive-postdistributive phase of
the preceding dose. This situation probably exists for a large num-
ber of drugs, although it may not be valid for sustained-release
products and for drugs that are absorbed very slowly.

By setting N equeal to 1 and t equal to tin (3.69), an expres-
sion for the minimum plasma concentration following the first dose
(C1)pin can be obtained:

n
kFx. LB TRD ¢
€) -.4a 0 i=2 e a
1"min v n
_n (Ai - ka)
i=1
n
k FX, n AR S -a T
ey 2 e (3.77)
e =l L a ) E (A, =~ »)
a £ i=1 1 A
i#e

Similarly, by setting t equal to tvin (3.70), the following expression
for the minimum plasma concentration at steady state (Cssdyin
results:

n
k Fx, (B kY Kk 1
c ) _ .8 0 i=2 1 e a
$8"min Vc n —kar
jis (Ai - ka) l1—-e
i=1
n
I (E — 1) .
kano n j=g 1 ) 1 ASLT
+ z e
Vo i1 n Ayt
(ka'" AE) EI (Ai— )\1) l1—e
i=1
i#z
(3.78)
Assuming that each dose is administered in the postabsorptive-post-

distributive phase [i.e., as e'-kaT and e Mt to e n-17 approach zero],

(3.77) and (3.78) become
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Fig. 3.6 Time course of plasma nortriptyline coneentrations in two

normal subjects, G. A. (Q) and B. A. (@), who received 0.4 mg/kg

three times a day for 2 weeks., The average drug concentrations pre-

dicted from the total area under the curve after a single dose were

53 and 116 ng/ml for G. A. and B, A., respectively. (From Ref. 5.)

n
k FX 132 (B, =) S
ORI V. — e (3.79)
(ka - An) ']'I (J\i - An)
i=1
i#e
and
n
K _FX moE Ay AT
(c y . =-20 i=2 1 o
85 min Vc n -Ant
(kg = A) I Oy =a)l-e
i=1
i#e
(3.80)

respectively. Therefore, the accumulation factor R, which is defined

85 (Cggdmin/(CImin, equals 1/(1 — ¢ "B% [Eq. (3.33)], This ex-

pression can readily be employed to determine the extent of accumula-
tion following first-order input every ttime units, since only an
estimate of the terminal disposition rate constant is required. How-
ever, if each dose is not administered in the postabsorptive-post-



138 Pharmacokinetics

distributive phase, a rather complex function would result for the
accumulation factor., R would then be equal to the ratio of Eq. (3.78)
to Eq. (3.77).

The time required to reach a certain fraction of the ultimate
steady state following first-order input can alsc be estimated where
the fraction of the steady-state concentration fgg is as defined by
(3.42), that is, fgg = Cy/C, where CN = [ Cy dt/t [Eq. (3.34))
and C = FXg/Clgt= FXo/Vgiy1 [Eq. (3.76)]. Integration of (3.89)
is relatively complex., However, the concentration-time profile fol-
lowing the oral administration of many if not most drugs can be
adequately characterized by a one-compartment model with first-
order input. Under these conditions, appropriste redefinition of the
terms and integration of Eq. (3.69) from 0 to t yields

T k_FX Nkgt KT -NK1 _-Kt
C. dt = a0 1—-e e _l-e e
N Vik — K) -k T K -Kt K
[ a a a
1—-e l1—-e
-Nk_<
LJl-e™ETy 1. ® g 581
Kt K -k 1 k (3.81)
1 e a
1-—-e

which on rearrangement and simpHfication becomes

T FX Nk ke VKt
c dt=——2(1+5 8 _ 2 (3.82)
N k — K k — K ‘
1] a a

VK

Substitution of the value of fg Cy dt, as given in (3.82), into (3.34)
vields the following expression for the average plasma concentration
of drug during the Nth dosing interval:

_ Fxg Ke—NkaT kae-NKT
Cszxr(“ k. -K Kk —K (3.83)

By substituting ¢ for FXOIVKT according to (3.76) in (3.83) and
dividing both sides of the equation by C, one obtains
EN Ke—NkaT kae-NKt
f =—=14% - (3.84)
85 c ka K ka K
From (3.84) it is readily apparent that the time required to reach a
certain fraction of the steady-state level is a complex function of the
absorption and elimination rate constants. The larger the value of
k, relative to K, the less dependent on ka is the time required to
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reach a given fraction of steady state [6]. At very large values of
k, relative to K (l.e., kg/K > 10}, Eq. (3.84) approaches

_ 4, _ .~NK=
fss =1 e (3.44)
Therefore,
Nt= _3'32t1/21°g (1 - fss) (3.48)

Hence, when the absorption rate constant is significantly larger than
the terminal disposition rate constant, the time required, N1, to
reach & certain fraction of the steady-state level is a function only of
the half-life of the drug. If this is not the case, then fgg is also
dependent on k. The smaller the value of ky, the longer the time
required to attain steady state or some fraction thereof.

Estimation of the time to steady state for a drug that shows
multicompartment characteristics on oral administration is a task par-
ticularly well handled by the method of Chiou [1] [see Eq. (3.52)1.

As discussed in the section on multiple dosing by intravenous
administration, an initial loading dose may be desirable, since for
drugs with long half-lives, a long period of time is required to reach
steady state. The loading dose Xo required to achieve steady- state
levels on the first dose may be determined by letting Xj equal XO in
Eq. (3.77) [the equation for {Ci)pinl and setting this equal to the
equation for (CImin [Eq. (3.78)}:

n n
k FX% I -k) xr xrx* o 5B AT
0 i=2 o a & ] Z i=2 e I
Vc n Vc o1 n
n (A ka) (k - Ag) n (Jl AE)
i=1 i=1
i#g
n
1 (B, -k)
i k FXO =g 1 a 1 k T
Vc n -kate
T {(xa, — k) t—e
i=1 &
n
T (B — 1) R
kanu j=p 1 2 . AT
3 > - =° (3.85)
c 2=1 £

(ka-— J\E) E[ (Ai— AE) 1—-e
i=1
ite
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Solving for XS results in a relatively complex equation. However,
by administration of the maintenance dose in the postabsorptive-post-
distributive phase of the loading dose plasma concentration-time curve

(i.e., e_kﬂT and e "17to & 'n-17 approach zero), the following equs-
tion is obtained for Xg:

X=Xl (3.57)

0 0 o Y

t-e O

from which it is relatively simple to estimate a loading dose. This
equation was employed to calculate a loading dose for drugs admin-
istered by the intravenous route. Irrespective of the size of the
initial dose the steady-state plasma concentration of drug ultimately
reached will be the same since the steady-state level is governed by
the size of the maintenance dose (Fig. 3.7).

The drug concentration in plasma versus time curve after oral
administration of many drugs can be adequately described by a one-
compartment mode]. Setting n equal to 1 in {3.85) and canceling
the common term k,F/V, yields

0 Time

Fig. 3.7 Influence of the first dose of a multiple dose regimen on
the time course of drug concentrations, C', in plasma. D* denotes
the first dose (loading dose) and D denotes all subsegeunt doses
{maintenance dose). The dosing interval was selected to equal the
half-life of the drug (i.e., t1=1t5p3). The ratio of D* to D varies
from 1 to 3. (From Ref. 7.)
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-k ot -k 1
a -K1 a
w8 ex_® - 0 e
XO K - ka XO K - ka X -kar
(K - ka)(l —e }
-Kt
- %Y e c (3.86)

(K - k)1 - e )

By canceling the common term, K — k_, bringing the right side of the
equation to a common denominator, ang solving for X; gives

0 e-kélT - a_(ka.kK)T - e-KT + e_(kaﬂ{)‘[
=X (3.87)
-kaT ~Kr -kaT -Kt
{1~e 1 —~e e -e )

*
XO

Further simplification results in the following expression for X 5:

X# = Xo ! (3.88)
0 “ka'{ Kt
(1l-—e J1-e ™)
If the maintenance dose is administered in the postabsorptive phase,

(3.88) can be further simplified to vield (3.57) since the term e-k&T
approaches zero.

Assuming that the fraction F of each dose absorbed is constant
during a multiple-dosing regimen, the time at which a maximum plasma
concentration of drug at steady state occurs (t;nax) may be arrived at
by differentiating (3.70) with respect to time and setting the resultant
equal to zero. Dcing this and canceling the common term kaFX4/Ve

vields
It
JE - k) g k.t
i=2 a 8 max
e
n -ka'r
.II (Ai-ka) 1—~e
i=1
n
n (E, — 1) '
n P % A -At
=y —2 b__ o #mex (3.89)
=1 B AT
(Aﬂ.—ka) n ().i—kl) l—e
i=1
i#g

As is evident from examining (3.89) t;nax cannot be readily solved
for. As discussed previously, plasma concentration versus time
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curves following oral drug administration can frequently be described
by a one-compartment model. Under these conditions we may write
that

k -kt
1 a e amax _ 1 K mex (3.90)
K-k -kt K-k Kz *
8, . 8

al—e

Canceling common terms and rearranging (3.80) gives

) KT

(ka K)tmax ka(l e }

e = ———
-k T

K(l—e 2

By taking the common logarithm of both sides of (3.81) and dividing
by k, — K, the following expression is ocbtained for the time at which
the maximum plasma concentration at steady state occurs:

-K
. 2.303 , Xptl—e )

tmax = k —K log -k 1
K(t—-e %)
The time tyay at which & maximum plasma concentration occurs follow-
ing a single dose is given by
k

(3.91)

(3.92)

_ 2303 %y
thax = k, — K log K (1.106)

Subtraction of (3.92) from (1.106) vields

-kar
t _ 2,303 I—e (3.93)

log -
1...eKT

thax " tmex Tk - K
a

Since the right side of this equation is always positive, it is apparent
that the maximum plasma conceniration cccurs at an earlier time at
steady state than following a single dose. Frequently, the time at
which the maximum plasma concentration is obgerved after the first
dosge, t .., is the time at which the plasma is sampled after adminis-
tration of subsequent doses to assess Cpgxy. Based on mathematical
principles this would not be a sound practice, since the time at which
a maximum plasma concentration occurs is not constant until steady
state is achieved.
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DETERMINATION OF PHARMACOKINETIC PARAMETERS
FROM MULTIPLE-DOSING DATA

Estimates of all pharmacokinetic parameters can be made from steady-
state intravenous plasma concentration-time data if tis sufficiently
large to permit an accurate determination of the intercept and dis-
position rate constant associated with the terminal phase of the con-
centration-time curve. Even if the dosing interval is too small to
permit this, one can still estimate clearance Clg since only the area
under the plasma concentration versus time curve at steady state,
J§ Css dt or AUC, is required. Once AUC is known, Clg can be de-
termined using (2.43) (Clg = Xp/AUC). Assuming that Ap can be
accurately determined, tj;2 and Vg can be obtained employing (2.11)
(t172 = 0.693/xn) and (2.216) (Vg = Clg/Ay), respectively. Steady-
state plasma concentrations can be deseribed by
§ - A zt
c = U e (3.22)
S8 =1 A
The method of residuals (Appendix C) csn be applied to the data,
generating the coefficients and disposition rate constants, Uy and
Ay, respectively. Once these parameters are obtained, values of
A,, the coefficients generated from intravenous single-dose data,
can be calculated from
-Ait

Az_Uk(l e ) (3.99)
which is a rearranpgement of (3.23). This then permits the volume
of the central compartment V., and the steady-state volume of dis-
tribution Vss’ to be determined using (2.15) (Vo =Xp/t ?’:1 Ag)

= n 2y et 2

and (2.2349) [V, =Xg L 9= (ARIAR)IE e=1 (Alllg) 1. The constants
k1g [Egqs. (2.107) and (2,16%8)], k19 [Eqs. (2,108) and (2.172)},
k91 [Egs. (2.106) and (2.188)], k3; [Eq. (2.187)], and ky3 [Eq.
(2.173)] can also be determined from multiple-dose data once the val-
ues for A; and ), are known.
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