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Volumes of distribution are proportionality constants between total amount of
drug in the body and plasma concentrations. As snapshot plasma drug
concentrations may be measured in different conditions (at equilibrium, under
pseudo-equilibrium condition,...), several volumes of distribution have been
defined. The two most relevant are the volume of distribution at equilibrium
(Vg), and the volume of distribution during pseudo-equilibrium (V,.,).
Volumes of distribution are used to compute a loading dose (V) or the
residual amount of drug in the body knowing plasma concentrations (Vcq).
Volume of distribution may be interpreted in terms of drug distribution having
recourse to physiological models involving drug binding to plasma and tissues.
Volumes of distribution should be determined early in drug development
programmes and those having a large volume of distribution may be selected to
obtain a long terminal half-life even for drugs having a relatively high
clearance.
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INTRODUCTION

Three volumes of distribution (V4) are classically reported in
the scientific literature: the volume of the central compartment
(Vo), the volume of distribution calculated by the area
method (V,e.) and the steady-state volume of distribution
(Vss)-

Vg4 is the parameter used to assess the amount of drug in
the body from the measurement of a snapshot plasma
concentration. The main clinical application of V4 is to
compute a loading dose (e.g. the first dose of a multiple
dosage regimen) in order to immediately reach the target
therapeutic plasma concentration. Frequently, and often
incorrectly, the numerical value of a Vg is advocated to
support claims on the extent of drug distribution. It should be
stressed that V4 was not primarily designed to evaluate drug
distribution in the different physiological spaces, and that a Vg
can be much higher than the total body water space (Fig. 1).
Nevertheless, a physiological interpretation of V4 is possible
but this requires having recourse to models involving drug
binding to plasma and tissues.

This review defines each volume of distribution, how to
compute them (with particular attention to the most frequent
incorrect computations) and how to interpret and use appropri-
ately the different V.
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VOLUME OF DISTRIBUTION: A GENERAL DEFINITION

All the volumes of distribution correspond to the ratio of an
amount (A) of drug in the body at a given time (A), and plasma
(blood) concentration at that time (Eqn 1):

Vi Amount of drug in the body at time t (A) )
4= Cplasma at time ¢

By definition a V4 should only be regarded as a propor-
tionality constant (parameter) between a plasma concentration
and the corresponding amount of drug in the body. This
proportionality constant having a volume for dimension
has been termed volume of distribution. Figure 2 gives a
pictorial view of the concept of V4 using a flask analogy to the
body.

DRUG DISTRIBUTION AND VOLUME OF DISTRIBUTION

The evaluation of drug distribution (with its different determi-
nants) and that of volume of distribution are two different issues.
They should be carefully distinguished, even if relationships
between them exist, as expressed by different physiological
models (vide infra). Figure 3 depicts the principles of drug
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repartition between the vascular space (plasma) and extra-
vascular spaces (tissues).

WHY DO SEVERAL VOLUMES OF DISTRIBUTION EXIST?

As the plasma concentration can be measured in different
situations [just after an intravenous (i.v.) drug administration,
during the phase of drug distribution, during the terminal
phase of drug disposition or at equilibrium], several Vy are
needed because the proportionality ratio between the amount

of drug in the body and the plasma concentration will have
different values according to the state of drug disposition.
Figure 4 gives the four possibilities, with V. being the initial
volume of distribution, Vg, the appropriate volume of distri-
bution when plasma concentrations are measured in steady-
state conditions, and Ve, or V, (formerly termed Vy4f), the
appropriate Vq when plasma concentration is measured in
pseudo-equilibrium conditions. When plasma concentration is
measured during the drug distribution phase, the ratio of the
drug amount over the plasma concentration is not a
parameter but a time dependent variable.
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Fig. 2. A simplistic system to introduce the concept of volume of
distribution. The same amount of drug (10 mg) is dissolved in the same
volume of water (1 L). For the left beaker the water concentration is
10 pg/mL and when applying Eqn 1 in the text, the computed apparent
volume of distribution of the drug in the left beaker is 1 L (which
corresponds to the actual volume of water in the beaker). In the right
beaker, there is charcoal that can fix part of the drug, which is divided
between water and charcoal. The water concentration is here of only

2 pg/mL and applying Eqn 1 of the text gives an apparent volume of
distribution of 5 L, i.e. five times the actual volume of water.

THE INITIAL (V) AND THE TERMINAL (Vagga OR Vy)
VOLUMES OF DISTRIBUTION AFTER INTRAVENOUS
BOLUS DRUG ADMINISTRATION

Just after an i.v. drug administration, plasma concentration is
maximal (Cp). Before any drug elimination or distribution, the
amount of drug in the body is by definition equal to the
administered dose, and the plasma concentration is Cy. Applying
the definition of a V4 (Eqn 1), the initial volume of distribution
(Vg) is (Eqn 2):

V. — Dose

c = Co

(2)

Equation 2 assumes that C, corresponds to an initial plasma
concentration resulting from a total drug mixing in blood before
any drug elimination or distribution, which is generally an
unrealistic assumption. Practically speaking, C, is estimated by
extrapolation to time zero of the drug disposition curve (Fig. 5
gives an example of the determination of Cy for the evaluation of
plasma volume using Evans blue).

In the framework of a compartmental analysis, the initial
volume of distribution is termed volume of the central compart-
ment and is obtained by mean of Eqn 3:

Dose

Ve =
> Y
i=1

)

where Y; are intercepts of the different phases of the kinetic
disposition obtained by fitting the plasma drug concentration vs.
time profile.
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Therefore, V. can be viewed as the apparent volume from
which drug elimination occurs because kidney and liver, the two
main clearing organs, belong to the central compartment
(Fig. 6).

Immediately after i.v. bolus administration, the drug begins to
be distributed and eliminated. If the distribution is instantane-
ous, after the drug administration, the body is reducible to a
homogenous pool (compartment) and V. remains the single V4.
However, for the vast majority of drugs, there is a non-
instantaneous distribution phase during which the drug plasma
concentration decreases more rapidly than the total amount of
drug actually present in the body. During the distribution phase,
the decrease of plasma concentration is largely due to the
partitioning of the drug in the body, and not to the drug
elimination. Therefore, according to the definition of a V4
(Eqn 1), the latter increases progressively until it reaches an
asymptotic value when the pseudo-equilibrium of distribution is
achieved. This asymptotic value is termed V... Thus, V4 during
the distribution phase can be viewed as a time-dependent
variable that expands from V. immediately after the bolus drug
administration until it reaches the maximal value of V..,
(Fig. 7).

When the distribution pseudo-equilibrium is reached, the net
exchange (balance) between plasma (central compartment) and
the tissues (peripheral compartments) is null, and the decrease of
plasma concentration is now only because of irreversible drug
elimination, which is proportional to the body (total) clearance
(Eqn 4):

Rate of drug elimination = Cliot X Cplasma (4)

where Cl is the plasma clearance.

The relationship between plasma concentration and the
amount of drug in the body during the elimination phase is
given by Eqn 5:

Amount of drug in the body during the terminal phase
Plasma concentration during the terminal phase

(5)
The amount of drug present in the body at a given time ¢t

during the elimination phase is equal to the amount of drug
which remains to be eliminated, i.e. (Eqn 6):

Varea =

Amount of drug in the body at time t; = / Clx Cphdt (6)

ti

where t; is a time during the elimination phase. Integration of
this equation gives Eqn 7:

Amount of drug at time t; = CI X [AUC(;,_o)] (7)

where AUC(;_.. is the area under the plasma concentration vs.
time curve between t; and infinity.

During the terminal phase the plasma concentration decays
according to a mono-exponential curve which can be described
by a mono-exponential equation (Eqn 8) :

C(t;) = Y,exp(—Jst;) (8)
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Fig. 3. Principles of drug partition between vascular space (plasma) and non-vascular space (tissue), and establishment of a minimal model for volume
of distribution. Upper panel: in plasma (volume: Vp), drug is either free (open circle) or bound (black circle) to proteins or red blood cells. The total
concentration in plasma (Cp) is the sum of bound (Cpouna) and free (Cyee) concentrations. The free fraction in plasma (fu,p) is the ratio Cy.../Cp. Lower
panel: only the free drug (open circle) can cross the capillary membrane and gain access to the extracellular fluids outside the plasma. In extra-vascular
space (volume Vr), drug is also either free (open circle) or bound (black circle) to extra-vascular components; when equilibrium is achieved, the
unbound concentration (C.e) in the vascular and extra-vascular spaces are the same and the free fraction in the extra-vascular space (fu,7) is the ratio
Ciree/ Cr; Cr being the total concentration in extracellular space, i.e. Ciee + Thound- According to the principle of mass balance, the total amount of drug
in the body is equal to the amount in plasma (VpCp) plus the amount in tissue (VCr). By definition of volume of distribution (see Eqn 1):

Vp( Vi C C
vy = e VG v vy x
Cp CP
Considering that Cy/ Cp is equal to fu,p / fu,p: ]
Vo = Vp + Vg x 200
Jugr

Total concentrations in plasma and tissue spaces are functions of the affinities of the drug in these spaces for the different components to which drug
binds, and it is the free drug concentration which ‘controls’ the total drug concentration, not the reverse.

where C(t;) is the predicted plasma concentration at time t;, Y,
and A, are the intercept and the slope of the terminal phase,
respectively.

AUC(;—.., can be easily computed by integrating Eqn 8 from ¢
to infinity (Eqn 9):

C(t:)
pa )

AUC(lFOO) =

Now applying the definition of V..., (Eqn 5) and combining
Eqns 7 and 9 gives (Eqn 10):

Cl x [C(t)/ 2]
Vareas = ——————~——— 10
Cli (10)
and after simplification (Eqn 11) :
Varea = 91 ﬂ X l (11)

b AUCo ) 4

Inspection of Eqn 11 explains why this V4 is termed V., or
V,. More importantly, Eqn 11 shows that V., is a volume term
that is tributary of plasma clearance, and explaining that the
numerical value of V.., can be modified by an alteration of
plasma clearance, whereas the actual physiological space of the
drug repartition remains unchanged (vide infra).

THE ERRONEOUS COMPUTATIONS OF Vagga FOR
EXTRA-VASCULAR ROUTES

The computation of V.., requires two major assumptions: (i) the
dose which gains access to the systemic circulation should be
accurately known and (ii) the terminal phase during which V..,
is computable should be a pure elimination phase.

When V.., is computed after extra-vascular drug adminis-
tration and when the amount of drug that gains access to the
systemic circulation is unknown, what is actually estimated is
Varea/ Fy N0t Vyea (Eqn 12):
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Fig. 4. The different volumes of distribution (Vy4). The left panel indicates the appropriate V4 to consider (V,, Va.ea Or V) when computing a drug

amount in the body from a snapshot plasma concentration (Cp) regarding the state of drug distribution, i.e. at time O, in equilibrium conditions or at
pseudo-equilibrium conditions. The right panel explains the difference between a pseudo-equilibrium state of distribution (e.g. after an i.v. bolus drug
administration) and an equilibrium condition (e.g. during an i.v. infusion). V... is the appropriate V4 to consider during the terminal phase of a pseudo-
equilibrium, whereas Vg is the appropriate V4 to consider under steady-state conditions. During the distribution phase, V4 is not a parameter but a time

dependent variable.
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Fig. 5. The use of V. to determine plasma volume. Evans blue (EB) is a
dye classically used to determine plasma volume. A given amount of EB is
administered by i.v. injection (e.g. 250 pg/kg) and after a delay of

20 min (i.e . after EB blood mixing), the disposition curve is evaluated
from 20 to 180 min, the decay being mono-exponential. The plasma
volume is estimated by V., the latter being estimated from the intercept
[initial concentration (Cy) obtained by extrapolating the fitted curve to
time O]. The curve shown in this figure was simulated with the equation
proposed by Wamberg et al. (2002) in dogs.

Vaea Dose 1
ez 1
F AUC 7 (12)

where F is the bioavailability factor from O to 1. Equation 12 is
equivalent to Eqn 11 only if FF = 1.

If F is unknown (no i.v. study), V.../F is at best of little value
because V,.../F cannot be used to compute the actual amount of
drug in the body after an extra-vascular administration. At
worst, Varea/ F may be advocated incorrectly to discuss the extent
of drug distribution that will appear greatest while the bioavail-
ability decreases. If one wishes to compute the residual amount
of drug in the body after extra-vascular administration, the
appropriate V., is the one that has been computed by i.v. route.

Another, poorly appreciated requirement to compute a V.o
is a terminal phase which is actually a pure elimination
phase (in order to fulfil the assumption of distribution
pseudo-equilibrium conditions in which the V..., has been
defined). In this situation the computation of a V,.../F becomes
wholly incorrect if the terminal phase actually corresponds to

© 2004 Blackwell Publishing Ltd, J. vet. Pharmacol. Therap. 27, 441-453

an absorption phase (flip-flop). Under these conditions, V../F
can become very large as A, becomes small (see Eqn 12 and
Fig. 8 for an example). This unacceptable computation and
incorrect interpretation of V.., is frequently encountered in
veterinary publications for avermectins and long-acting formu-
(2002),
compiled pharmacokinetic parameters reported in the literature

lations of antibiotics. For example, Payne et al.
for oxytetracycline in the goat. For long-acting formulations
administered by the IM route, V¢ (or V,..) Were considerably
larger (4.1-11.9 L/kg) than Vg (or V,..) reported after i.v.

administration (0.5-3 L/kg).

STEADY-STATE VOLUME OF DISTRIBUTION (Vg)

As V,..a relies on total body clearance, V.., is not an appropriate
V4 in those situations for which clearance is null or apparently
null. This is the case during i.v. infusion, once the steady-state
condition has been reached and the rate of drug input exactly
compensates for the rate of drug elimination. Under these con-
ditions, the system behaves equivalently to a closed system (no
input and no output), i.e. as having a null clearance.

In this circumstance, the use of V... overestimates the
total amount of drug in the body and the appropriate V4 to
be selected will be the so-called V¢ with (Eqn 13):

Ve — Amount of drug in the body in equilibrium conditions
s§ —

Steady-state plasma concentrations (Css)
(13)

Vs is a clearance independent volume of distribution that is
used to calculate the drug amount in the body under equilibrium
conditions, i.e. during a drug i.v. infusion and also during
multiple drug administration once the steady-state conditions
are achieved.

Vs can be derived using different approaches (compartmental,
statistical moments, ...). For a classical mammillary compart-
mental model, Vg is given by Eqn 14:

n I{ .
Ve =Ve[1+> 21 (14)
2 Kp
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Fig. 6. Compartmental model and the volume of distribution of the central compartment. The figure shows the correspondence between a
tricompartmental model (right) vs. the physiological and anatomical reality (left). The classical 2 or 3 compartmental mammillary models are a
simplistic representation of the body in 2 or 3 well-stirred compartments. The mammillary topography is due to the anatomy of the cardiovascular
system, which irrigates different organs in a parallel pathway (rather than sequentially). The central compartment corresponds to blood and all organs,
which are in rapid equilibrium with blood (lungs, kidney and liver). The kidney and liver being the two most important clearing organs, drug
elimination occurs from the central compartment (according to a first-order rate constant noted K;), and the volume of the central compartment (V)
can be viewed as the apparent space from which drug elimination occurs. It is the reason why body clearance can be estimated by the product of K;¢
and V.. The peripheral compartment corresponds to organs for which the rate of equilibrium with blood is slower, the number of required peripheral
compartments being indicated by the data itself. It should be noted that K;,V. and K5V, are clearances of drug distribution for the shallow and deep
peripheral compartment respectively, and they can be interpreted in terms of local organ blood flow.
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Fig. 7. Time development of the volume of distribution and distribution phases for a hypothetical drug. Data were simulated with parameters given for
the represented bi-compartmental model. Left panel: during the distribution phase, drug plasma concentrations decrease more rapidly than the total
amount of drug in the body because the decrease of drug plasma concentration is mainly because of the drug partition between vascular and extra-
vascular spaces, and not to irreversible drug elimination. According to the definition of Vg, the V4 of the drug during the distribution phase should
progressively increase to remain the proportionality factor between plasma concentrations and the total amount of drug (see right panel). And also
during the distribution phase, V4 is a time dependent variable starting from an initial volume of distribution (V. = 90 mL/kg) until it reaches an
asymptotic value termed Veq (Varea = 333 mL/kg). V... is a parameter because during the elimination phase, the ratio between the plasma
concentration and the amount of drug in the body is a constant.

where K;; and Kj; represent the distributional rate constants _ Dosejy. x AUMC Cl x MRT (15)
such as Kj,, K>, Ki3, K31, etc. of the general mammillary = (AUC)2 -
model.

Vs can also be derived using the statistical moments approach where AUMC is the area under the first moment of the
described by Benet and Galeazzi (1979) (Eqn 15): disposition curve, Cl the plasma clearance, and MRT the mean

residence time in the system.

© 2004 Blackwell Publishing Ltd, ]J. vet. Pharmacol. Therap. 27, 441-453
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Fig. 8. V... and the extra-vascular route of administration: influence of bioavailability and incorrect computation of V., in presence of a flip-flop.
Disposition curves corresponding to a classical bi-compartmental model were simulated after an intravenous (i.v.; panel A) or extra-vascular (EV; panels
B, C and D) route of administration (dose 10 mg/kg). For the EV administration, three different sets of K,; (first-order rate constant of drug transfer from
the site of administration to the central compartment) and K, (which represents the irreversible drug loss from the site of administration) were selected
to obtain a rapid and total (panel B), or a rapid but incomplete bioavailability (panel C), and a disposition curve characterized by a slow but complete
absorption (flip-flop) (panel D).

Varear terminal half-life and plasma concentration at 23 h post-injection were estimated by classical curve fitting. The residual amount of drug in the
body at 23 h post-administration was estimated by the product V., X C33 1, and compared to the actual value. It can be seen that the true V,,, as
obtained by i.v. route (211 mL/kg), can be obtained from an EV administration only if bioavailability is total and the rate constant of drug absorption is
rapid (t;,» abs = 0.693 h) in relation to drug elimination (t;,> elimination = 7.3 h) (panel B). For the same apparent rate of drug absorption (t,,»
abs = 0.693 h) but for an incomplete bioavailability (panel C), V.. is overestimated (422 mL/kg) because what is actually estimated is V.../F (here
F = 50% because K,; = K,>). Using the term V,.../F to estimate the residual amount of drug at 23 h post injection leads to overestimation (here
twofold) of the true residual amount. In this situation, the appropriate V., to consider is that calculated by the i.v. route. For panel D, the terminal half-
life was estimated to be 31 h, a much longer half-life than after i.v. administration (7.3 h) indicating a flip-flop. V... was estimated to be 850 mL/kg,
which leads to estimate erroneously the residual amount of drug in the body (plasma and tissue) as 7.23 mg/kg. Actually, the drug amount remaining
in the body (plasma and tissue) was only 1.71 mg/kg, whilst the residual amount at the injection site was 5 mg/kg. It should be noted that using Ve,
computed by the i.v. route (211 mL/kg), the residual amount of drug in the body (absorbed but not eliminated) is estimated to be 1.78 mg/kg, which is
rather close to the true value (1.71 mg/kg).

The main assumptions for developing Eqn 15 are that the
system is linear and that drug elimination takes place from the
drug sampling site. The advantage of this method is that it does
not require a curve fitting procedure but only a trapezoidal
method.

V¢ can also be computed during a multiple dosing regimen,
but in this situation Eqn 15 will overestimate the true Vg and
corrections are required (see Bauer & Gibaldi, 1983; Smith &
Schentag, 1984). When data are obtained in steady-state
conditions, Vg is given by Eqn 16:

Vss(computed in steady-state conditions)

(AUMCSS)(’, + r(AUCSS);’c
[(AUC);]?

16
= Dose (16)

where 7, (AUMCy)g. (AUCs) and (AUCss): are the dosing

interval, the area under the first moment curve within a dosing

© 2004 Blackwell Publishing Ltd, J. vet. Pharmacol. Therap. 27, 441-453

interval at steady-state, the area under the plasma concentration
time curve within a dosing interval at steady-state, and the area
under the plasma concentration curve from the last dose to
infinity, respectively.

DIFFERENCES BETWEEN Vagpa AND Vgg

For all drugs, Vgae. is higher than Vg but generally, the
difference remains small. The difference between V., and Vg
can be very large, however, if a large fraction of the drug is
eliminated before reaching pseudo-equilibrium. This is the case
for aminoglycosides when considering the very late terminal
phase (Fig. 9). The difference between V,., and Vg derives
from the difference between pseudo-equilibrium and equilib-
rium conditions. In pseudo-equilibrium conditions, plasma
drug concentrations decrease because the drug is continually
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Fig. 9. Difference between the numerical value of Vi and V,e,. Three
disposition curves (A, B, and C) corresponding to a bi-exponential
equation with the same half-life of distribution (0.693 h) and the same
half-life of elimination (6.93 h) were simulated for different sets of
intercept (ug/mkL) (Y7 for the initial phase and Y, for the terminal phase
with Y, + Y, = 200). For Curve A, Y; = Y, = 100. For curve B,

Y, =190 and Y, = 10. For curve C, Y; = 198 and Y, = 2. For each
curve, Vg and V.., were computed; it can be seen that when a large
fraction of the dose has been eliminated during the initial phase (curve
C), then V., is much higher than V. In contrast, if a minimal amount
of drug is eliminated during the distribution phase, the numerical values
of the two volumes of distribution are relatively similar.

removed from plasma at a rate proportional to plasma
clearance (see Eqn 4). In contrast, in equilibrium conditions,
plasma concentration is constant because the rate of drug
elimination is compensated by the rate of drug input in the
body (clearance is apparently null). Thus, all things being
equal (i.e. for the same total amount of drug in the body),
plasma concentration will be systematically lower in pseudo-
equilibrium conditions than in equilibrium conditions. There-
fore, when establishing the correlation between the same
amount of drug in the body with plasma concentration, the
proportionality constant should be higher in the pseudo-
equilibrium state (V,.,) than in the equilibrium state (Vg),
and Vg can be viewed as the limit of V..., when the clearance
tends towards zero.

The impact of clearance on V.., explains why V.ca
decreases when renal insufficiency exists. It would be errone-
ous to explain this decrease as an altered drug distribution.
For instance, the pharmacokinetics of gentamicin was inves-
tigated in the horse before and after the occurrence of
nephrotoxicity. V,e. was reduced by 36%, i.e. a reduction
proportional to that of body clearance (40%) whereas, as
expected, the reduction of Vg was more limited (19%) (Riviere
et al., 1983).

CLINICAL USE OF VOLUMES OF DISTRIBUTION (V¢,
Varsa AND Vi)

Volumes of distribution were conceived to compute drug amount
and loading dose. Conversely, V. and V¢ can be used to predict
critical concentrations. In practice, V. is seldom used. It can be

useful to predict the initial maximum concentration for an i.v.
bolus administration (e.g. in anaesthesiology), and to anticipate
possible side-effects when a loading dose is rapidly administered
with a possible initial high peak plasma concentration, making it
desirable to divide the loading dose. Another application of V. is
to estimate the plasma volume when using a compound which is
restricted to plasma such as Evans blue (Fig. 5) (Wamberg et al.,
2002).

Varea (N0t Vea/F) is used to estimate the residual amount of
drug in the body when the drug decreases according to its
elimination phase. In a mass balance trial, V.., can be helpful to
predict how much drug remains to be excreted, or the overall
amount of drug residue in the body.

Vs is the most useful V4 because it allows computation of a
loading dose (Eqn 17):

VSS X CSS

Loading dose = 7

(17)
where Cg is the expected (desired) plasma concentration at
steady-state and F (0-1), is the bioavailability factor. A loading
dose can be required for some drugs when it is desirable to
reach immediately or rapidly the Cg; (e.g. under life threatening
conditions for anti-coagulant, anti-epileptic, anti-arrhythmic,
antimicrobial therapy,...) and when the drug has a long ter-
minal half-life. As discussed in the companion paper on half-
life, the time required to reach steady-state conditions is
approximately 4-5 times the terminal half-life, regardless of the
frequency of the drug administration. For instance, potassium
bromide, for the therapy of epilepsy in dog, has a very long
terminal half-life (from 12 to 20 days). Steady-state condition
(90% of Cg) is only reached after approximately 2 months
(March et al., 2002) when administering the daily maintenance
dose, a delay during which the patient is underexposed with
regard to the final targeted Cy. For potassium bromide, Viea
(close to Vg because the body clearance is very low) was
estimated to be 0.45 £ 0.07 L/kg (Trepanier & Babish, 1995)
and an i.v. loading dose of 450 mg/kg has been suggested to
immediately reach a minimal therapeutic bromide plasma
concentration (1000 mg/L) (Trepanier & Babish, 1995). This
loading dose is about 15-20 times higher than the oral
maintenance dose (20-30 mg/kg BID) (March et al., 2002) and
caution must be exercised in regard to the risk of achieving
transitory excessive (toxic) concentrations. Practically, the oral
loading dose of 400-600 mg/kg is divided into four doses,
mixed with food, and given over a 24-h period of time to re-
duce nausea and vomiting (Dowling, 1999).

In emergency situations, an i.v. loading dose (generally
followed by an infusion to maintain Cg) can be appropriate to
immediately reach the Cg, as is the case for the anti-arrhythmic
drug lidocaine (Nunes de Moraes et al., 1998).

Figure 10 summarizes the main difference between the
maintenance and loading doses.

Vg can also be used to predict the fluctuation of plasma
concentrations during a dosage interval for an intermittent
dosage regimen. In the equilibrium condition, the plasma
concentration is decreased from the peak (maximum) plasma

© 2004 Blackwell Publishing Ltd, ]J. vet. Pharmacol. Therap. 27, 441-453



Plasma clearance

——

Maintenance dose

¢ Required for a majority of
drugs

* Many factors of variation

= Dosage regimen adaptation

sl | Loading dose

* Required for few drugs
* Few factors of variation
= Seldom necessary to adapt loading dose

Volume of distribution

Fig. 10. Features of maintenance vs. loading doses.

concentration (Cp.¢) to a trough (minimum) concentration
(Ciin) (Fig. 11). The amplitude of the fluctuation can be
approximated by (Eqn 18):

Cmax - Cmin - @ (18)
SS

Therefore, the larger the Vg, the smaller the fluctuation and
vice versa. Thus, for drugs having a narrow therapeutic window,
the dose and dosing interval can be appropriately selected to
minimize plasma concentration fluctuations.

Finally, V4 can be used to anticipate the usefulness of
dialysis for the treatment of drug intoxication in emergency.
Indeed, comparison of the V4 to the plasma volume indicates if
the drug present in the body is mainly located in the vascular
or extra-vascular spaces, then dialysis is indicated in the
former case.

THE INCORRECT USE OF VOLUME OF DISTRIBUTION TO
EXPLAIN LEVELS OF PLASMA CONCENTRATION

Volumes of distribution are frequently used to discuss the extent
of drug distribution. It should be emphasized again that V4 was
not primarily designed for this purpose, and to say that average
(Css) plasma concentrations are low because Vg is large would
imply rearranging implicitly and incorrectly the Eqn 1 into
(Eqn 19):

Amount at equilibrium
Css =

Vss

(19)

This expression is not valid when conceptualizing dependency
and functionality because it involves inter-relating the depend-
ent variable (Vi) and the independent variable (Cg). In the
framework of V4, C is the variable that controls V.

Contrary to expected intuition, it is not Vg which controls Cg
but the plasma clearance (Eqn 20):

F x Dose(maintenance
Css x Dosing interval = AUCs = ( )

20
Clearance (20)

Equation 20 also indicates that the total AUC is wholly
independent from V. AUC is controlled only by the plasma
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Fig. 11. Volume of distribution (V) and plasma concentration fluctu-
ations at steady-state. This figure illustrates that the amplitude of plasma
drug concentration fluctuation (the difference between the C,,.x and the
Cin) is influenced by the extent of the drug distribution. Simulated
curves correspond to two different drugs (A and B) having the same
plasma clearance, the same rate constant of absorption (1 h™') but
different Vg (0.2 L/kg and 0.5 L/kg for drugs A and B, respectively). The
same dosage regimen (Dose 100 mg/kg, dosing interval 24 h) has been
simulated. At steady-state, the actual amplitude of fluctuation was 427
and 187 pg/mL for drugs A and B respectively, whereas Eqn 18
predicted 500 and 200 pg/mL (assuming F = 100%). The difference
between the actual and predicted value is due to the fact that Eqn 18
does not take into account that drug disposition follows multiexponential
kinetics, and that the actual C,,., and C,;, are functions of a set of
several exponential constants.

clearance, and V4 is associated only with the shape of
the disposition curve and not its area.

A MINIMAL PHYSIOLOGICAL MODEL FOR THE
INTERPRETATION AND PREDICTION OF A VOLUME OF
DISTRIBUTION

If one wishes to discuss V4 in terms of drug repartition, it is
necessary to have recourse to a physiological model. For this
purpose, Vg is the appropriate V.

Taking into account that only unbound drug is capable of
entering and leaving the plasma and tissue (see Fig. 3), a
minimal physiological model of Vi can be established according
to the principle of mass balance (Eqn 21):

Ju,p

Vg =Vp+ Vp—
Suyp

where Vp is the plasma volume and Vi is the volume outside

(21)

the plasma into which the drug distributes. In the first
instance, V can be approximated by total body weight (Jusko
& Chiang, 1982). fu,p is the fraction unbound in plasma, and
fu,r is the fraction unbound outside plasma. The ratio fu,p/ fu,p
can be seen as the overall drug partition coefficient (Kp)
between plasma and other tissues (Eqn 22). Figure 12 presents
a pictorial view of the minimal model for a V4 using a flask
analogy to the body.

Equation 21 indicates that a drug which is largely bound to
plasma protein (fu,p small) will tend to have a rather small Vg,
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whereas a drug extensively bound to tissue (fu,r small) will
generally have an apparent large Vy4. Thus, fu,r and fu,p have
opposite effects on Vg, and the extent of distribution in the body
can be regarded as the result of a binding competition between
plasma and tissue (Bickel & Gerny, 1980).

fu,p, in contrast to fu,p is not easily measurable. Currently,
there is evidence of a lack of correlation between fu,p and fu,r,
but the correlation between binding in different tissues (Fichtl
et al., 1991) suggests that this process may be governed by

For a drug having a large Vg, Vp in Eqn 21 can be neglected
and Vq interpreted using Eqn 22:

Ve = VeI vk,

fu7T

where Kp is the overall partition coefficient and Vy is approxi-
mated by the body weight : 1 L/kg or 30 L for a 30 kg dog.

If Vg is expressed in L/kg (i.e. if Vy is 1 L/kg), the numerical

(22)

value of V is equal to Kp. For example, the Vg of chlorprom-

similar mechanisms whatever the tissues. azine in the dog is 18.6 L/kg; using Eqn 22, Kp can therefore be

Free drug A B C D
/
(O)N6) 00 O :g 0 i:
\F;h=a$E1 @ 3 protein n=0 00 n=0 E’O 0 @ n=>5 fs} (O) =5 n=4 0 8 n=4
i ) i H
o) 0o (0] 0] 0 o] o 0]
0] 0] ©)
Phase 2 O © ;10 AT
V=1L i
Tissue n=0 n=16 n=0 n=8
Bound drug
Total amount of drug in the flask
Vd = Phase 1 total concentration
8/4=2L 18/14 =1.286 L 24/12=21L
Total number of dots 24/4=61L
V4 =" Number of dots in plasma
fu,,, = Free concentration phase 1 4/4 =1 4/4 =1 4/14 = 0.286 4/12 =0.333
P Total concentration phase 1
_ Free concentration phase 2
fiy = Total concentration phase 2 4/4 =1 4/20=0.2 4/4 =1 4/12 = 0.2333
Kp = fu,p/ fu,p 1 5 0.286 1
Model
fit.p
Vg=V,;+V, X ity 1+1=2L 1+1x5=6L 1+1x0.286 1T+1x1=2L
=1.286 L

Fig. 12. Models of volume of distribution using a flask analogy model. A hypothetical drug partition between two water phases (1 and 2) having the
same volume (1 L) and being analogous to plasma (1) and tissue (2). The drug concentration is symbolized by a given number of dots. In phases 1 and 2
drug can be free (O) or bound (@) to protein, tissues... The system being in equilibrium, the free drug concentration is the same in phase 1 and phase 2
(symbolized here by 4 empty dots, in each water phase). In phase 1, drug can bind to protein leading to computation of a free fraction denoted fu,p.
Similarly, for the phase 2 representing the tissue compartment, the free fraction is denoted fu,r.

The figure in each inset gives the number of solid dots fixed on plasma protein or tissue components. Using this analogous system, the definition of

volume of distribution is applied:
Total number of dots in the flask

~ Total dot concentration in phase 1 of the flask

Va

The Vg is also computed using a model of the form:

Va = volume of phase 1 (1L) + volume of phase 2 (1L) x jﬂ
Ju,t

where fu,p and fu,r are the number of free dots over the total number of dots in each phase. This model is the physiological model for a V4 (see Eqn 21 in
the text). The ratio: Kp = fu,p/fu,r is the partition coefficient of the system.

© 2004 Blackwell Publishing Ltd, ]J. vet. Pharmacol. Therap. 27, 441-453



estimated to 18.6, Kp expressing the overall affinity of the body
for the drug and Vg expresses the capacitance property of the
body for that drug.

WHY AND HOW TO PREDICT Vgg IN THE EARLY STAGES
OF DRUG DEVELOPMENT

Only drugs in the vascular system can be presented to the clearing
organs for elimination, and volume of distribution is one of the
determinants of the terminal half-life (Eqn 28 vide infra). In early
drug development, the V4 of different analytes can be considered
for its impact on terminal half-life and hence the duration of drug
action : the higher the V4 the longer the half-life.

For different competing similar drugs, V4 can be predicted
in silico, using different regression models including drug
lipophilicity and plasma protein binding as input parameters,
two properties which are available early in drug development
(including in silico computation) (Poulin & Theil, 2002).

V4 can also be predicted by some in vitro investigations to
estimate Kp (Eqn 22). The two main contributors to V are muscle
(about 40% of the BW) and fat (from 10 to 40% of BW depending
on age and feeding regimen) and according to Bjorkman (2002) it
is possible to predict the V for a drug from knowledge of only two
Kp (Kp for fat and muscle). The muscle Kp can be used to represent
all lean tissues including carcass but the fat Kp seems to predict
better the one of lung for basic drugs.

Another means of predicting a V4 is to extrapolate V¢ from
one species to another. For a series of basic drugs, it was shown
that the term Vy/ fu,r was relatively similar in different species,
allowing prediction of a V4 in a new species by determining only
fu,p (Sawada et al., 1984).

THE POTENTIALLY MISLEADING USE OF VOLUME OF
DISTRIBUTION TO ANTICIPATE THE LEVEL OF TISSUE
DRUG CONCENTRATIONS

It is often quoted ‘a high tissue concentration should be expected
for that drug by comparison with another one because the
difference between the volumes of distribution is very large’.
Actually, a large difference in V4 can only reflect a small change
in tissue concentrations. For instance, considering a drug having
a Vg of 1 L/’kg with 90% of the drug in tissue, and a drug having
a Vg of 10 L/kg with 99% of the drug in tissue; there is a
difference of only 10% between the two drugs in terms of
amount located in tissue.

THE RELATIONSHIP BETWEEN Vgs AND THE AMOUNT
OF DRUG IN THE BODY IN TERMS OF DRUG BINDING

The total amount of drug in the body is given by Eqn 23:

Total amount of drug in the body (23)
= Vg x Plasma concentration ]
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Replacing V4 by Eqn 22:

Total amount of drug in the body

u,p . (2 4)
x Plasma concentration oty

=V X
u,t

Considering that fu,p X Plasma concentration is equal to the
free drug plasma concentration (Cj.) Eqn 24 can be rewritten
(Eqn 25):

1
Total amount of drug in the body = Vi X —— X Ciree

fuaT (25)

Inspection of Eqn 25 shows that the total amount of drug in
the body is not influenced by fu,p (i.e. drug binding to plasma
protein) and that no adjustment of the loading dose is required
when fu,p is altered.

THE USE OF TOTAL TISSUE CONCENTRATION TO
DISCUSS THE LOCAL FREE REGIONAL EXTRACELLULAR
CONCENTRATIONS

When interpreting a large Vg or a high total tissue concentra-
tion, it should be stressed that it is the free drug concentration in
extracellular fluid which controls the total tissue concentration
and not the inverse. For instance, an increase in fu, will result in
a proportional decrease of tissular total concentration but will
have no effect on free concentration in the area or in any other
part of the body (Gibaldi & Koup, 1981).

Actually, as for the free plasma concentration, the free (local)
extracellular concentration is controlled only by the free plasma
clearance (i.e. the intrinsic clearance for drugs having a low
extraction ratio), and not by the total tissue concentration. This
explains why a high total tissue concentration does not
guarantee an appropriate extracellular drug concentration (e.g.
for an antibiotic), and that a total tissue concentration has no
relevant intrinsic therapeutic meaning, especially when the
biophase is located in extracellular water of the target tissue
(which is the case for most pathogens of veterinary interest).

The relevant concentration when the biophase is located in
extracellular fluid of a given tissue is the free plasma concen-
tration, which is in equilibrium with the free concentration in
extra-vascular water.

INTERPRETATION OF SMALL VOLUME OF
DISTRIBUTION

is not satisfactory for the
values of Vg (ie.

Equation 21 (or Equation 22)
physiological interpretation of small
Vq < 0.2 L/kg).

Oie and Tozer (1979), proposed a model for small volumes of
distribution having three physiological spaces and for a man of
70 kg BW they provided the following equation (Eqn 26):

V(L) = 7.5+ 7.5fup +Vy——

fll,p
fu7T (26)
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where Vy at variance with Eqn 22, is assimilated into the vol-
ume of intracellular water (24 L in man). The same equation
scaled in body weight units is (Eqn 27):

V(L/kg) = 0.107 + 0.107fu,p —0—0.34:3;,E

e (27)

Using this model, the smallest V4 is no longer the plasma
volume (3 L for a man or 0.04 L/kg) but 7.5 L for a man or
(0.11 L/kg), and it corresponds to a drug which will be integrally
bound to plasma protein (fu,p = 0). The minimal volume is
higher than the plasma volume because plasma proteins also
diffuse out of the vascular space (extracellular fluid) and return
through the lymphatic system to plasma. Thus the minimal Vg4
corresponds to the apparent distribution space of the circulating
and recirculating plasma proteins. If a lower V4 is computed, it is
likely that it has been evaluated before the drug has been totally
distributed through the protein circulation space. For a drug
restricted to the extracellular fluid and not bound to plasma
protein (fu,p = 1), the apparent volume of distribution is 15 L for
a man (or about 0.22 L/kg), i.e. equivalent to the extra-vascular
water space (e.g. the inulin Vg4). Using this model, the
repartitioning of drug (free and bound) in the body can be
predicted from fu,p and V¢ (Rowland & Tozer, 1995). For many
pathogens of veterinary interest, the biophase is the extracellular
water space and, all other things being equal, the most
appropriate antibiotic is the one for which the highest
percentage of drug amount in the body is located in this phase
as free drug. Using this criterion, the ideal drug has a V4 of
0.68 L/kg and is 100% free [29% of drug (free) located in the
extracellular fluid]. For a drug bound at 50%, the ideal Vyq is
0.42 L/kg (24% of free drug is located in the biophase). For a
drug bound at 90%, the ideal V4 is 0.2 L/kg (10% of free drug is
located in the biophase). Figure 13 gives the percentage of the
drug which is located in the extracellular fluid (as free drug) for
different volumes of distribution and different binding to plasma
protein.

TERMINAL HALF-LIFE AND MODEL OF VOLUME OF
DISTRIBUTION

After an i.v. bolus administration, the terminal half-life (¢,,,) is a
hybrid parameter which can be interpreted in terms of both
clearance and volume of distribution according to Eqn 28:

A 0.693 v
12~ \ Clearance ) * ™

A long t;,, may be associated either with a large V4 or/and a
low clearance. The influence of V4 (or more exactly of the drug
distribution) is because of the fact that only drug in the vascular

(28)

system can be presented to the eliminating organs (kidney and
liver). The larger the Vg, the lower the fraction of the drug that
can be eliminated over time and the longer the half-life.

Incorporating the model of V4 (Eqn 22) in Eqn 28 allows for
a more advanced interpretation of t1,, (Eqn 29):

25 - ——10 L/kg
——2L/kg
—=-0.8L/kg

20 ~ ——0.2L/kg

0 20 40 60 80 100
fu,p

Percentage of drug in extra vascular fluid

120

Fig. 13. Volume of distribution, extent of protein binding and drug
location in the extracellular fluid outside plasma. The values were
calculated using the equation given by Rowland and Tozer (1995) (pp.
497) for hypothetical drugs having volumes of distribution of 0.2, 0.8, 2
and 10 L/kg and for each Vy, for different extent of drug binding
(0-100%). Inspection of this figure shows that drug binding to plasma
protein has a strong influence on the fraction of drug located in the
extracellular fluid outside plasma, when Vg is small, but marginal when
V4 is large.

0.693 fup
=— """ (Vp—= 2
Clearance (Vl fu,T) (29)

For a drug having a low extraction ratio, the rate of

t2

elimination is proportional to the free plasma concentration
(filtration in the kidney, hepatic clearance). Therefore, the
body clearance is equal to fu,p X Clgee With Clye, the clearance
of the free drug. Incorporating fu,pX Clye. in Eqn 29 gives
(Egqn 30):

0.693 fu,p
= |——7|Vr— 30
1/2 |:fu7P ><lercc:| TﬁlvT ( )
And after simplification (i.e. deleting fu,p) (Eqn 31):
0.693 % )
tir = — 31
1/2 ( leree ) (/uv'l‘ ( )

Equation 31 indicates that t,, for a restricted-clearance drug
cannot be influenced by fu,p, i.e. plasma binding, but is
dependent on tissue binding (i.e. fu,y). In contrast, for drugs
having a high extraction ratio (i.e. a clearance which is flow
dependent), t;,, will be influenced by fu,p.

Table 1 gives the terminal half-life, clearance and volume of
distribution of ivermectin, doramectin and moxidectin in cattle.
It is clear that the long terminal half-life of moxidectin is mainly
due to its large V4, which in turn can be interpreted in terms of
drug binding to plasma and tissues.
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Table 1. Volumes of distribution, clearance and terminal half-life for
ivermectin, doramectin and moxidectin in cattle. The parameters were
obtained after the administration of the three drugs as a single cocktail in
eight cattle (A. Bousquet-Mélou et al., unpubl. results)

Clearance ti2
(mL/day/kg) Ve Ves (L7kg)  Varea  (days)

Ivermectin 347 0.053 2.72 4.20 7.8
Doramectin 185 0.55 3.26 3.99 14.2
Moxidectin 636 0.033 14.9 20.8 21.5

Despite the highest total body clearance, moxidectin has the longest
terminal half-life as a result of its very large volume of distribution.

For antibiotics, it is often desirable to have a long terminal half-
life in order to have a single-dose treatment to optimize compli-
ance, but the strategy for achieving this goal can be very different
between the case of long-acting formulations, for which the rate of
drug absorption controls the terminal half-life (flip-flop), and the
strategy for a drug with a large V4 (e.g. macrolides). The limitation
of the first strategy is the presence of residues at the site of injection.
The limitation of the second is to have very large total tissue
concentrations compared to lower extra-vascular (water) con-
centrations, i.e. into the body compartment, which is the most
frequent biophase for pathogens of veterinary interest. Currently,
it seems that the latter strategy is successful for macrolides for
which efficacy can be obtained with plasma concentrations lower
than in vitro minimum inhibitory concentration (MIC).

CONCLUSION

Clearance is the relevant parameter to compute the maintenance
dose, whilst Vg is the pharmacokinetic parameter to compute a
loading dose.

Using an appropriate model for the interpretation/prediction,
the volume of distribution can be predicted in drug development
and can assist drug companies in designing drugs with a long
terminal half-life, and in anticipating a persistence of drug
residues.
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