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Apparent Volume of Distribution

The proportionality constant relating drug concentration in blood or
plasma to the amount of drug in the body has been termed the ap-
parent volume of distribution. There has been considerable confusion
concerning the estimation and meaning of the apparent volume of dis-
tribution of a drug. A principal cause of this confusion is the fact
that there is no obvious relationship between the apparent and reat
volume of distribution of & drug.

The real distribution volume of a drug is related to body water
and cannot exceed total body water (i.e., about 58% of body weight
in the normal adult human). Body water may be divided into at
least three distinet compartments: the vascular fluid or blood, the
extracellular fluid, and the intracellular fluid. In humans, extra-
cellular fiuid is about one-third of total body water and includes the
plasma, which is about 4% of body weight. Blood volume, which in-
cludes the intracellular fluid of the erythrocytes and other formed
elements, is about twice the plasma volume.

Some high molecular weight substances, such as Evans blue or
indocyanine green, are essentially confined to the circulating plasma
after intravenous administration and can be used to estimate plasma
volume (or blood volume if the hematoerit is determined). Certgin
ions, such as chloride or bromide, rapidly distribute throughout the
extracellular fluid but do not easily cross cell membranes, so they
may be used to estimate extracellular water. The volume of total
body water may be estimated by means of heavy water or certain lipid-
soluble substances, such as antipyrine, which distribute rapidly
throughout the total body water.

The apparent volume of distribution of each of these tracers
approximates its true volume of distribution because binding to plasma
proteins and tissues is negligible, For most substances this is not
the case. Most drugs are significantly bound in either the vascular
or extravascular space, or both, Drugs that are predominantly bound
to plasma proteins have apparent volumes of distribution that are
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smaller than their real volumes of distribution, whereas drugs that
are predominantly bound to extravascular tissues have apparent vol-
umes of distribution that are larger than their real distribution space.
For different drugs, volumes of distribution may range from about

0.04 to more than 20 liters/kg.

RELATIONSHIP BETWEEN VOLUME OF DISTRIBUTION, DRUG BINDING
AND ELIMINATION, AND ANATOMIC VOLUME

A guantitative expression relating apparent volume of distribution,
renl distribution space, and binding may be developed using the model
shown in Fig. 5.1. The mode] consists of two physioclogic spaces, the
vascular or blood space and the extravascular or tissue space, Linear
binding oceurs in both spaces and the concentration of free drug is
the same throughout the total hody water. After administration of
drug into the vascular space by intravenous bolus injection, distribu-
tion is assumed to be instantaneous. Elimination occurs in a first-

¥
VASCULAR SPACE NONVASCULAR SPACE

Blood - bound Drug Tissue - bound Drug

__i—.h
Free Drug } Free Drug
-~

ky

Y

Eiiminated Drug

Fig. 5.1 One-compartment pharmacokinetic model with two linear bind-
ing sites. Initially, a bolus dose of drug is introduced in the vascular
space; binding and distribution is assumed to be instantaneous. The
rate of drug elimination is given by the product of k¢ and free drug

concentration,
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order fashion at a rate proportional to the free drug concentration.
The model is, in one sense, a one-compartment system in that drug
distribution between the two physiologic spaces is assumed to be in-
stantaneous. However, in another sense, the model is a two-compart-
ment system since vascular binding sites (such as plasma proteins}
and tissue binding sites are restricted to separate spaces.

In the case of linear binding in the vascular space (bloed),

CBb =bCf (5.1)

and

ABb = bVBCf = bABf {5.2)
where Cpryp is the concentration of drug bound in the blood at time t;
b is a proportionality constant relating free (unbound) drug concen-
tration Cy¢ to bound drug concentration in the blood; Ay and Apf
are the amounts of drug bound and free, respectively, in the blood
at time t; and Vg is blood volume.

Since the free drug concentration at any time is the same through-
out the system, it follows that the amount of free drug in the blood

is given by
v

B
v A’f (5.3

f
where V¢ is the volume of distribution of free (unbound) drug and is
equal to the sum of Vg and Vt (where V7 is the volume of the tissue
or extravascular space), and Ay is the amount of free drug in the
body at time t. It follows that

Ags

VB
ABbzb\_F?Af (56.4)
In the case of linear binding in the extravascular space,
CTb = BC £ (5.5)
and
ATb = BVTCf = BATf (5.6)

where Cpyp, is the concentration of drug bound in the extravascular
space at time t; B is a proportionality constant relating free drug
concentration to bound drug concentration in the extravascular space;
ATp and Arf are the amounts of drug bound and free, respectively,
in the extravascular space at time t; and V¢ is the volume of the
extravascular space. Since the free drug concentration at any time
is the same in both spaces, it follows that
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Vp
Arp =5 A (5.7)
£
and
A =B -V-T-A (5.8
T~ V.0t -8)

At any time after administration, the entire dose D can be ac-
counted for by the sum of the amounts bound in the vascular and ex-
travascular space, the amount of free drug in the body, and the
amount eliminated:

t
D=Af+ABb+ATb+kfj; Afdt (5.9)

where ks is the first-order elimination rate constant and the term
ke J’ Ap dt represents the amount eliminated up to time t. Differentia-
tion of Eq. (5.9) with respect to time yields

dAf dA Bb dA

Th _
at tTa tTar tEAe 0 (5.10)

By differentiating Egs. (5.4) and (5.8), we obtain

dA V. dA
P - R { (5.11)

s
[=2

A
Tb 5 T _J (5.12)

Therefore, Eq. (5.10) may be transformed to

dA v v
£ B,qn. T _
rra (1+b v, V——f)+ koA, =0 (5.13)

Rearrangement yields

—dA v v
£ Big L)-
n (1+bv +*B g ) koA, (5.14)
£ f
Sinee Ap = V¢Cp, it follows that
—dCf kf

= C.=8C {5.15)
dt 1+ b(VBfo) + B(VB/Vf)
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where g is the apparent elimination rate conatant and is given by

k
f
= (5.18)
1+ b(VB/Vf) + B(VTIVf)

B

If we define a new term, f, as the fraction of the total amount of
drug in the body which is free, then

A 1

£ =
A 1+ (Ag, /AL + (A JAL)

Ap+ Agy *Apy Bb' A

Rearranging Eq. (5.4) gives a term for Agp/A¢ and rearranging Eq.
(5.8) gives a term for ATp/Ap. Substituting these terms in Eq,
(5.17) yields

(3.17)

f

1
f= (5.18)
1+ b(VBIVf) + B(VTIVf)

Substituting this expression in Eq. (5.16) gives

B = fkf (5.1

It is evident that the apparent elimination rate constant g is the
product of the instrinsic elimination rate constant for free drug k¢
and the fraction of the total amount of drug in the body that is free,
f. Ordinarily, we cannot measure f in humans and it is very difficult
to measure in animals. On the other hand, we can determine the
fraction free in the vescular space (i.e., the fraction unbound in
blood)} by relatively simple binding experiments. This parameter, fg,
is defined as
%% V% )
B C¢+Chp VeCr*VaCmp “pt*4pp
Comparison of Eqs. (5.17) and (5.20) suggests that the relationship
between f and fg is complex and nonlinear. It follows that 8 will not
be a linear function of {g.

Integration of Eq. (5.15) yields

f (5.20)

= (09 -gt
Cf Cfe (5.21)

where Cg is the concentration of free drug at time zero (i.e., im-
mediately after injection}.
The total drug concentration in the blood Cg is given by

CB~'=Cf+CB.D=Cf+bCf=(1+b)Cf (5.22)
It follows that

=C%a Bt
CB CBE (5.23)
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The initial condition et time zero for the model is given by the
equation

=] -] Q -
Af +ATb+ABb D (5.24)
The ratio of AB to dose D is
[~} [+]
A _ V88 _ _ “Bf " Amob (5.25)
Q o Q .
D D Af + ATb + ABb
Therefore,
A
Cc2 = Bf D (5.26)

Q Q
B Af + ATb ABb VB
Equations (5.17) and (5.20) apply equally at the initial condition
and at any time t. Therefore, the ratio of f to fz is given by
Apr ARy ¢ (5.27)
o =] =] [ .
AFt AR, T A% Ape
Since Ag/Agy Is equal to Vi/Vp, according to Eq. (5.3), it fol-
lows that on rearrangement of Eq. (5.27), we obtain

f.
==

=]
ABvi:'+ Bb VB f
Kg vag +Ao. "V, I, (5.28)
f Bb f B
Substituting Eq. (5.28) into Eq. (5.26) yields
A
f D B_f D (5.20)

The systemic (blood) clearance of a drug, Clg, is calculated from
the ratio of the dose to the total area under the blood concentration-

time curve:
L (5.30)

Cl, = ———
}'OC dt

Integration of Eq. (5.23) from t = 0 to t = =, followed by substitu-
tion for C§ from Eq. (5.29) and for 8 from Eq. (5.19), gives

- Cp D
C_dt=-—= (5.31)
L B B kaf
Substituting this term in Eq. (5.30) yields
ClS = fB(kaf)

(5.32)
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where Vegky is the intrinsic clearance. Thus we see the classic rela-
tionship between systemic clearance and the fraction of drug free in
the blood, which was first described by Levy and Yacobi [1}.

By definition, systemic clearance is the product of the apparent
volume of distribution and the apparent elimination rate constant:

Cls = Vg (5.33)
Therefore,
Cls
ve2 (5.34)
Substituting for Cly from Eq. (5.32) and for g from Eq. (5.19) gives
f
=B
V= 7 Vf (5.35)

Equation (5.35) indicates that in the absence of drug binding (i.e,,
t=fg =1), V=V¢, This is the case for antipyrine; the apparent
volume of distribution of antipyrine closely approximates total body

water.
From Eqgs. (5.17) and (5.28) it can be shown that
f. A A, +A + A
- Bf f Bb Tb (5.38)

Bt * “Bp Ag

Since in all cases an amount term is the product of a concentration
term and a volume term,

f VC +V_C C
B _ Bf f BBb TTb (5.37)

f VBCf"'V CB f £

which simplifies to

2.
f

fa VeCe* VeClhry * V1Crp

B 1
= . - (5.38}
f Cf + CBb Vf

Therefore,
By Y% V%b " V1m (5.39)
f f Cf + C Bb

Substituting Eq. (5.39) in Eq. (5.35) and reerranging terms yields
V(Cf + CBb) = Vfcf + VBCBb + VTC'I‘b (5.40)

Dividing each term in Eq. (5.40) by Cf gives
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) V. C v.C

V(C,.+C
f Bb =V + B 131:)+ T Tb (5.41)

Cf f Cf Cf

It is helpful to define a new term fp (i.e., the fraction free in the
extravascular space), which is, by analogy to fg {see Eq. (5.20)],
given by

Ce
f_ = em——— (5~42)
T Cp+Cyy,
By rearranging terms in Eqs, (5.20} and (5.42), we can show that
C 1-1
Bb
2 - _f.ii. (5.43)
f B
and
C i-1¢f
2 (5.44)
f T
Substituting Eqs. {5.20), (5.43), and (5.44) into Eq, (5.41) yields
1-1 1-f
}:vf», 2V TvT (5.45)
B B T

Recognizing that Vg is simply the sum of Vg and Vp, and multiplying
each term in Eq. (5.45) by fg gives the following expression:

1-1

- _ T
V= fB(VB + VT) + (1 fﬁ)vB + fB --——--—-fT VT (5.46)
Expanding each term yields
f. -~ f£_f§
B BT
V=f V_+ fBVT Vg fBVB + f'I‘ AL (5.47)
which simplifies to
fB
V=VB+qVT (5.48)

Experimentally, drug binding is determined, by one of several
methods, in plasma or serum rather than in blood. Hence one de-
termines f,, the fraction of drug unbound (free) in the plasma,
rather thah fg. However, f, values can be easily converted to fp
values by multiplying f by% he ratio of drug concentrations in plasma

and in whole blood (i. e. » Ig = fp(Cp/CRII.
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In the event that no information is available conecerning the par-
titioning of drug between plasmea and red blood cells, an alternative
expression for calculating apparent volume of distribution is as

follows:

f

vi=v +v, 2

p T¢
T
In Eq. (5.49), V'is the apparent volume of distribution relating the
total amount of drug in the body to the total drug concentration in
plasma, V, is plasma volume, and Vo is the volume of the extra-
vascular space plus the erythrocyte volume, Drug binding to erythro-
cytes contributes to f-'r.

The derivation outlined above resulting in Eq. (5.48) or (5.49)
was first presented by Gibaldi and McNamara [2] and leads to a re-
lationship identical to that proposed by Wilkinson and Shand [3] based
ont the work of Gillette [4]. This relationship is conceptually very
useful, It is evident that ordinarily, the smallest apparent volume of
distribution of a drug is blood volume, This value is approached when
there is extensive binding in the vasculer space (i.e,, fg + 0) and
little binding in the extravascular space (i.e., f’l‘ + 1). A highly
polar drug, restricted to the vascular space because of molecular
weight considerations, may have an apparent volume of distribution
equal to plasma volume, Lipid-soluble drugs such as dicumarol that
are highly bound to plasma proteins but less bound to tissues (i.e.,
fp/fr < 1) have apparent volumes of distribution that are between
the values of blood volume and the volume of total body water. Many
basic drugs, including amphetamine, are preferentially bound to extra-
vaseular tissues (i.e., fg/fT > 1) and have apparent volumes of dis-
tribution that exceed the volume of total body water. Drugs that are
negligibly bound (i.e,, fg = f7 = 1) have apparent volumes of distribu-
tion that epproximate the volume of total body water in the cases of
lipid-soluble compounds (e.g., antipyrine) or the volume of the extra-
cellular space in the case of poorly lipid scluble ecompounda.

Equation (5.48) predicts a linear relationship between apparent
volume of distribution V and fraction free in the blood fg when
the fraction free in the extravascular space is constant. Thus if
certain perturbations such as disease state, concomitant drug therapy,
or genetic factors affect plasma protein binding of a drug but have no
effect on tissue binding, a plot of V versus fg will be linear with a
positive slope and an intercept equal to Vg (see Fig. 5.2)., If the
perturbation produces a parallel but smaller effect on tissue binding,
an apparently linear plot may result, but the value of the intercept
will be greater than Vg. If the effects on plasma protein and tissue
binding are quantitatively similar, V is independent of fg. Both of
these cases are also shown In Fig. 5.2. Perturbations that principally

(5.49)
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Fig. 5.2 Apparent volume of distribution as a function of free fraction
of drug in blood, fB . Blood volume is equal to 75 ml/kg. Total body
water is equal to 600 ml/kg. Case A: fp varies from 0.1 to 0.2, fy

is constant at ¢.1. Case B: f{g varies from 0.1 to 0.2, fr varies from
0.1 to 0.14 such that fp = 0.4 fg + 0.08. Case C: Both fg and fy
vary from 0.1 to 0.2 such that fg/fp is constant. (Data from Ref. 2.)

affect plasma protein binding will produce an increase in V, whereas
those that principally affect tissue binding will result in a decrease
in V. An example of the latter situation is found with digoxin in
patients with renal disease [5].
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TISSUE BINDING

Although the fraction free in the extravascular space, {1, cannot
be determined directly in humans, it may be possible, under certain
circumstances, to estimate it indirectly by using a rearranged form of
Eq. (5.48):

f v
B T
f = —-—— (5.50)
T V-~ Va
By determining V and fg experimentally and by using appropriate
estimates of Vg and Vp, we can readily caleulate f7. Therefore,
we can asgess whether a perturbation that affects plasma protein
binding also affects tissue binding. Using this approach it has been
found that uremia and nephrosis, both of which significantly decrease
the plasma protein binding of phenytoin in humans, have no effect
on the apparent tissue binding of the drug. On the other hand,
apparently genetically related differences in plasma protein binding
of warfarin in individual rats are paralleled by differences in tissue
binding [6].

Clarification of the role of tissue (extravascular) binding in drug
disposition and drug effects requires further investigation, but it is
clear that the systemic clearance of a drug is independent of tissue
binding [see Eq. (5.32)], On the other hand, tissue binding appears
to be a principal determinant of the apparent elimination rate constant
g or half-life of a drug.

By rearrangement of Eq. (5.33), we can show that

Cls
B = = (5.51)
Substituting for Clg according to Eq. (5.32), and for V according to
Eq. (5.48), yields

M (5.52)
VB + (fofT)VT

B

If we assume & situation where drug binding to erythrocytes is neg-
ligible, and define apparent volume of distribution in terms of drug
concentration in plasme rather than blood, we may rewrite Eq. (5.52)
as

6= Vs _ (5.53)
= , )
Vp, + (/I )VE

Since plasma volume is only about 40 ml/kg, it follows that for drugs
with an apparent volume of distribution greater than 400 ml/kg,
V = Vp uV a Vilfy/fp) and
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o Ve Ve
B —(f /f )V' - V! (5-54)
p'it’VT T

As we have noted, the product of V; and ky iz usually designated
as intrinsic clearance or Clp and reflects the intrinsic ability of
the eliminating organ(s) (e.g., the liver or kidneys or both) to clear
the drug from the blood. Therefore,

f C‘II

g X -%~—~ (5.55)
T
and
0.893V,,
w
tisg _.—fTCII (5.586)

Equation (5.56) shows that, for many drugs, half-life is a func-
tion of the body's intrinsic ability to eliminate the drug and of the
degree of binding of the drug in the extravascular space, and that
half-life is independent of plasma protein binding. Although Eq.
(5.56) applies rigorously only to drugs with apparent volumes of
distribution exceeding 400 ml/kg, it has been shown for drugs with
apparent volumes ranging from 100 to 400 ml/kg that, under the con-
ditions stated half-life is largely dependent on tissue binding snd
less dependent on plasma protein binding [T]. The half-lives of
drugs with apparent volumes of distribution of less than 100 ml/kg
are highly dependent on plasma protein binding.

it should be recognized that f1 is a hybrid constant and reflects
the weighted average of drug binding to different organs and tissues
in the extravascular space. As noted by Gillette [4]1, Eg. (5.48) is

more appropriately expressed as

n
fo i§1 (Cp ) (V)
V=Vpt ¢,

(5.57)

where Cy is the concentration of free (unbound) drug at steady state,
(Cp){ is the total (bound and unbound) drug concentration in a given
tissue or organ at steady state, and (Vr)j is the anatomie volume of

the given organ or tissue, Since Cy¢/fp is egual to total drug concen-

tration in blood Cg, it follows that
n
V=vVg+ 3 R, (V) (5.58)
1=t
where R4 is the partition coefficlent or distribution ratio of drug be-
tween tissue and blood [i.e., Ry = (Cp)}/Cgl.
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The fraction bound in the extravascular space, fp, largely re-
fleets the binding of drug to organs and tissues that contain large
fractions of the total amount of drug in the body. An assessment of
fT by pharmacokinetic means [see Eq. (5.50)] to detect the effect
of a perturbation on tissue binding may fail to reveal even substantial
changes in drug binding to tissues or organs that contribute little to
the overall apparent volume of the extravascular space.

ESTIMATION OF APPARENT VOLUMES OF DISTRIBUTION

In prineipal, one can calculate the apparent volume of distribution
of drug in laboratory animals or in humans, on necropsy, by determin-
ing the distribution ratio between blood and each of the principal
organs and tissues that account for the total amount of drug in the
body, estimating the anatomic volume of sach and using Eq. (5.58).
This has been carried out for lidocaine in the monkey [8] but is a
formidable task. Thus many other, considerably simpler, methods
have been devised to estimate the apparent volume of distribution of a
drug in the intact organism. All methods require that the drug be
given intravenously so that the amount reaching the systemic circula-
tion will be equivalent to the administered dose and be known,

For the model described in Fig. 5.1, it can be shown that drug
concentrations in the vascular space (blood or plasma) decline
exponentially with time (see Fig. 1.1). Extrapolation of such data to
zerc time on the drug concentration axis provides an estimate of the
initial drug concentration C; immediately after intravenous bolus in-
jection but before any drug has been eliminated. It follows that

y = dose (5.59)

o

The volume term calculated by this equation is often called Vgytrgpolated:
This equation must never be applied to data obtained after oral or
intramuscular administration, even if complete absorption or avail-

ability can be assumed.

In practice, however, few drugs show simple monoexponential de-
cline immediately after injection; that is, our assumption regarding
instantaneous distribution throughout the body space seems rarely to
be true. In most cases, it appears that a finite time is required for a
drug to distribute throughout the body space, and most plots of log
drug concentration versus time after intravenous bolus injection must
be described by multiexponential equations (suggestive of a multicom-
partment system) rather than monoexponential equations (indicative of
one-compartment systems). Under these conditions extrapolation of
the linear portion of the log concentration versus time plot to the con-
centration axis yieids a value which is less than the concentration of
drug in the blood immediately after injection. Furthermore, calcula-
tion of V according to Eq. (5.59) by assuming that the extrapolated
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value is equal to Cy will result in an overestimate of the apparent
volume of distribution. Therefore, we may use Eq. (5.59) only when
the deviation of the log concentration versus time plot from a mono-
exponential expression is negligible.

A more general, and therefore more useful, approach for estimat-
ing V is to use the well-developed relationship between the total area
under the drug concentration versus time curve, AUC, and the intra-

venous dose:

_ dose
AUC = VK (5.60)
or
dose _ dose (5.61)

AVC =5 = 5
n

where K is the first-order elimination rate constant (one-compartment
model) and g or A is the terminal slope (times 2.303) of the curve
deseribed by plotting log concentrations versus time for & drug in a
linear multicompartment system. Upon rearrangement we cbtain

_  dose
V= K- AUC (5.62)
and
V= dose _ _ dose (5.63)

3. AUC _ln-AUC

The volume term described by Eq. (5.62) is sometimes called
Varea. whereas that described by Eq. (5.63) has been termed Vypag
or Vg. The terminology Vg arises from the fact that this volume term
relates drug concentration in plasma or blood to the toial amount of
drug in the body during the terminal exponential phase (log-linear or
8 phase) of a log drug concentration in blood or plasma-time curve for
any multicompartment model where elimination occurs from the central
compartment [91. Equation (5.62) or (5.63) may be applied to data
obtained after oral administration of a drug only when complete ab-
sorption and complete systemic availability (i.e., no first-pass or gut
metabolism) can be assumed.

An estimate of apparent volume of distribution that is equivalent
to Vapeg o Vg may also be obtained from blood- or plasma-level data
obtained after constant rate intravenous infusion for a sufficiently
long period to attain steady state, The drug concentration in plasma
or blood under these conditions, Cgg, is given by

0 (5.64)
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where k; is the zero-order infusion rate constant and Clg is systemic
clearance. For a one-compariment model, Clg = VK, and for a multi-
compartment model, Clg = Vg, Hence

k

Ky
V= (5.65)
585
or
k
v =2 (5.68)
8C '
88

If a one-compartment model can be assumed, an estimate of apparent
volume of distribution may be obtained from data collected before
steady state during constant rate intravenous infusion, Under these

conditions
k

C=gr(1-eh (5.67)
where t {s infusion tjme. V may be calculated from the slope of a plot
of C versus 1 — e"Kt, which is equal to kg/VK. The infusion rate kg
is known and the rate constant K may be estimated from data collected
after stopping the infusion. The volume term calculated by mesns of
Eq. (3.85) or (5.66) has sometimes been termed Vipfusion (Vinf) or
Vinfusion equilibrium (Vinf eq) but is, in fact, equivalent to Vgpega or
V..

B If the body may be viewed as a single compartment with respect to
the distribution and elimination kinetics of a drug, the volume terms
introduced above (i.e., Vextrapolated. Varea, Vinf eq) and the physio-
logically based apparent volume of distribution defined by Eq. (5.48)
or (5.58) are equivalent. This physiologically based volume is equiv-
alent to the apparent volume of distribution at steady state, V.

In those situations where the body may not be viewed as a single
compartment and where there is a finite time required for distribution
to take place so that & multicompartment model ias required to deseribe
the kinetics of the drug, the volume terms are not equivalent. Under
these circumstances, one finds that Vextrapolated > Varea or Vg =
Vinf eq > Vgg- Moreover, yet another volume term, Vg or V3, the
volume of the central compariment, is often used to deseribe multi-
compartment models. By definition, Vg5 > V,. The only useful volume
terms for multicompartment systems are V,, Vg, and Vgg.

The g-phase apparent volume of distribution, Vg, may be ealcu-
iated for any linear multicompartment model by determining the total
area under the drug concentration in plasma or blood versus time
curve, AUC, after a single intravenous administration and the slope
of the long-linear or g phase and by applying Eq. (5.61). It can also
be shown that Vg = ky1gVe/8, where kyg is the apparent elimination
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rate constant of drug from the centrsal compartment. The product of
VB and g or V, end kqp is systemic clearance.

The principal shortcoming of this apparent volume of distribution
term as an index of drug distribution is that Vg may reflect the degree
of equilibration of a drug under dynamic conditions rather than its
apparent distribution volume, This is more easily appreciated when
one recognizes that Vg {s a function of the elimination kinetics of a
drug [10]. An increase in the intrinsic elimination raete constant will
cause an increase in Vg, whereas a decrease in elimination will cause
a decrease in Vg. Hence & change in the Vg of a drug may not reflect
a change in the actual distribution space or in the degree of binding
but may signify merely a change in the degree of equilibration be-
tween central and peripheral compartments secondary to a change in
elimination kinetics. For a multicompartment system with drug elim-
ination occurring from the central compartment, characterized by the
rate constant kn, the limits of Vg are = as ky5 -+ =, and Vg as
kig > 0.

Drug concentration C in a linear multicompartment model as & fune-
tion of time after intravenous injection can always be described by
an equation of the form

n -A it

c=2 Cpe (5.68)

i=1
where Cj is the coefficient of the ith exponential term of the polyex-
ponential equation and ) is the exponent multiplying time t in the
exponential terms. Note that Ay is the largest Aj (usually symbolized
by ain a two-compartment model), Ag is the second larpgest, and so on.
The term A, (or 8) is used to denote the smallest value of A;. Under
these conditions the apparent volume of the central compartment is
given by
_ intravenous dose (5.69)

Vo= £C,
1

For a two-compartment open model, V, = intravenous dose/(A + B).
This volume term may be useful for estimating peak concentrations in
plasma or blood for drugs that distribute relatively slowly in the body
and are absorbed relatively rapidly after oral or intramuscular admin-
istration. Drugs with relatively small V,/Vgg ratios may show unusual-
ly large peak-to-trough concentration ratios over & dosing interval
even when administered relatively frequently.

The most useful volume term to describe the apparent distribution
space in a multicompartment system is V g As its name implies, Vgg
relates the amount of drug in the body to the drug concentration in
the plasma or blood at steady state, during repetitive dosing, or during
constent rate infusion. Vgg is independent of drug elimination, and its
relationship to anatomical space and drug binding has been described

by Eqs. (5.48) to (5.50).
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Equations to define and estimate Vg5 have been developed in Chap.
2. A useful expression for caleulating Vgg after rapid intravenous
administration of a drug whose disposition is described by Eq. (5.68)
fs [11)]

n 2 n 2
Dt C//x D s C//x
{=1 1" i=1 i"74
VSS= - 2= 2 (5.70)
( E C.IJ\.) (AUC)
. i
i=1

Equation (5.70) is a general relationship that applies to any linear

multicompartment model in which elimination occurs from the central
compartment. For a two-compartment open model we may write Eq.
(5.70) as

_Diar?) +@/8%) (5.7
[(A/o) + (B/8)1°

Thus calculation of Vgg simply requires curve-fitting of drug concen-
tration-time data after intravenous bolus injection, to estimate C; and
Aj values, and application of Eq. (5.70).

Although (5.70) is a rather general expression, it does require
the implicit elaboration of a compartment model. A still more general,
model-independent approach for estimating Vgg has been proposed
[12,131. It can be shown that the term z?}_: Cilxz [see the numera-
tor of Eq. (5.70}] is, in fact, equal to the area under the first mo-
ment of the drug concentration in blood or plasma curve, AUMC, that
is, the area under the curve of the product of time t and drug con-
centration C from time zero to infinity. In other words,

v
s8

DI([ tC dt}
v = 0 . Diaumc) (5.72)

S8 [j;c aty? (avc)?

The principal assumptions required for developing Eq. (5.72) are that
the system is linear and that drug elimination takes place from the
measured site (i.e., the plasma, blood, or central compartment).

This method does not not require the assumption of a compartment
model, nor does it require a curve-fitting procedure. To calculate
Vgs. one must merely determine the total areas under the drug con-
centration versus time curve and under the first moment versus time
curve (see Fig. 5.3) using the trapezoidal rule (see Appendix D) or
some other convenient method.

Since many drugs are administered by a constant rate intravenous
infusion over a short period of time rather than by a rapid intravenous
injection, the following variant of Eq. (5.72) [14] is often useful:
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Fig. 5.3 Plots of concentration versus time (®) and of the product of
concentration and time versus time (Q) after intravenous bolus injec-
tion of a drug. The total area under the concentration versus time
curve is AUC; the toial area under the concentration-time versus
time curve is AUMC.

) kO'I‘- AUMC T(kDT)

Vs = ~ 2. AUC

(56.73)

(auC)?

where kg is the infusion rate, T the infusion time, and kyT the ad-
ministered dose.

For many drugs V, [see Eq. (5.63)] provides a close approxima-
tion of Vg5, However, in at least two situations, VB significantly
overestimates Vgg. One case is that of drugs that are rapidly cleared
from the central compartment with short half-lives. For example, it
has been calculated for benzypenicillin in humans that V, = 26 liters,
whereas Vgg = 15 liters [10]. A second case occurs where most of
the dose of a drug is eliminated relatively rapidly but a small fraction
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of the dose persists and gives rise to unusually long half lives. In
such cases the area under the extrapolated line from the g phase to
the drug concentration axis represent a relatively small fraction of
the total area under the drug concentration versus time curve (see
Fig. 2.9, curve Y). Based on data in the literature [15], it may be
calculated that for gentamicin in humans, Vg = 202 liters, whereas
Vgs = 33 liters. The latter value is a much more realistic and more
useful estimate of the apparent distribution space of gentamicin,

In 1976, Niazi [16] suggested that the change in apparent distribu-
tion volume manifested by a drug in a multicompartment system as a
function of time after intravenous administration might be a useful
parameter for characterizing distribution kinetics (see Fig. 5.4)., Im-
mediately after injection the drug cccupies a space we have termed
Vo, the volume of the central compartment. Vo may also be thought
of as a proportionality constant relating drug concentration in plasma
or blood to the amount of drug in the body at t = 0 (i.e., the intra-
venous dose), The apparent volume or proportionality constant re-
lating concentration and amount increases with time until it reaches a
limiting value which we have termed Vg. We have noted that Vg is
actually a proportionality constant relating drug concentration in
plasma or blood to amount of drug in the body during the 8 phase and
that Vg > V,. The time-dependent volume of distribution V¢ may be

Va

Volume of Distribution {L}

& i — 1
40 80 120 160

Time {min}

Fig. 5.4 Apparent volume of distribution of trichloromonofluoro-
methane as a function of time following intravenous administration in
the dog. (Data from Ref. 18.)
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defined as the ratio of the amount of drug in body at any time to the
drug concentration in plasma or blood at that time and will vary in
value from V, to V. Since in a multicompartment model where the
drug is eliminated only from the central compartment, the amount of
drug remeaining in the body as a function of time can be expressed
in terms of fractional areas [17]. It can be shown that [18]

D+ AUC
trow

t C - AUC 0w
where D ig the intravenous dose, Ci is the drug concentration at time
t, and the AUC terms refer to either partial or total areas under the
concentration-time plot. Comparative plots of V¢ versus time for dif-
ferent individuals or different species receiving the same drug might
be helpful in characterizing rates of distribution.

The idea of time-dependent changes in apparent volume of distribu-
tion is also useful for systems showing nonlinear plasma protein binding
or tissue binding. Buch changes may be quantified for one-compart-
ment models but are difficult to describe quantitatively for multicom-
partment models. In prineiple, it can be shown that V decreases with
time when nonlinear plasma protein binding occurs, whereas V in-
creases with time when only nonlinear extravascular tissue binding

occurs {18].

v {(5.74)
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