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Abstract

The apparent volume of distribution was defined for the first time as the
phase volume that can hold the total amount of a substance at the measured
phase substance concentration, in a system composed of two immiscible me-
dia that are in contact under conditions of constant phase volumes, at equili-
brium. Its value is not affected by the total system solute mass and it only de-
pends on the total system volume, the phase volumes and the affinity of the
solute for the two phases in the system. Using this new concept of the appar-
ent volume of distribution, we were able to demonstrate that under certain
conditions compartment volumes in multi-compartment and multi-phasic
pharmacokinetic models represent the actual physiological volumes of body
fluids accessible by drugs. The classical pharmacokinetic models are now fully
explained and can be used to provide accurate estimation of the pharmacoki-
netic parameters for hydrophilic drugs. In contrast, in the absence of tis-
sue-plasma partition coefficients, lipophilic drugs that do not follow a one-
compartment model are unlikely to be adequately described with classical
multi-compartment pharmacokinetic models.

Keywords

Apparent Volume of Distribution, Partition Coefficient, Phase Extraction,
Pharmacokinetic Compartmental Modeling, Physiologically-Based
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1. Introduction

In 1934, Dominguez defined the volume of distribution for the first time as the
volume of body fluid dissolving nonmetabolizable excretable substances at the

same concentration as that in plasma under the assumption that equilibrium is
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maintained during the exponential decrease of excretion [1] [2]. He also stated
that the volume of distribution is proportional to the sum of its rate of utilization
and excretion (now known as Clearance) and inversely proportional to the eli-
mination rate constant from the body. Still, eighty-four years later, hundreds of
articles define the (apparent) volume of distribution of a drug as a mathematical
ratio, a proportionality constant, a fudge factor, a hypothetical, theoretical, ideal,
imaginary or apparent volume that has no direct anatomical or physiologic
meaning, but somehow it relates the amount of drug in the body to the plasma
drug concentration.

It would be interesting to know that Dominguez never used the term apparent
or hypothetical volume of distribution. In his two articles, the calculated vo-
lumes of distribution for creatinine and xylose were within the normal parame-
ters of the total volume of body fluids [1] [3]. However, over the years there was
an increasing number of investigators that were calculating a variable volume of
distribution for many excretable compounds, much higher than the total body
water. The volume of distribution of a substance was usually determined by the
difference of a dose given systemically and the amount excreted in the urine di-
vided by the serum drug concentration. The first article that described the term
apparent volume of distribution appeared four years after the pioneering work
of Dominguez [4]. According to these investigators, the apparent volume of dis-
tribution would differ from the true volume of distribution if the substance of
interest is somehow produced endogenously or subjected to metabolism, is not
uniformly distributed in body fluids or is not solely excreted in the urine. One
could also note that they didn’t think that the apparent volume of distribution of
a substance should have a constant value. More bothersome to them was not the
observed variability but rather the lack of a trend into the variability of the ap-
parent volume of distribution with time.

Can this abstracted concept of the (apparent) volume of distribution of a sub-
stance be recreated and studied in an isolated system? Dominguez’s statements
are a description of the physical significance of a hydrophilic drug’s volume of
distribution and its relationship to other important physiological parameters but
they certainly do not constitute a technical definition of the apparent volume of
distribution of a substance. The origin of a substance’s apparent volume of dis-
tribution lies in the substance distribution between two immiscible solvents that
are in contact in a c/osed system. The affinity of a substance for the two phases is
denoted by the value of the partition or distribution coefficient K, which is cal-
culated from the ratio of the solute concentration in the two phases and is con-
sidered to be a macroscopic thermodynamic parameter that bears a constant
value at constant temperature and pressure [5]. A scientific definition of the ap-
parent volume of distribution will certainly reject or validate and expand its
current use in the field of pharmacokinetics. For once, it will become apparent
that the apparent volume of distribution of a drug in multi-compartment phar-

macokinetic models is related to its actual volume of distribution in the body.
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2. Methods

The apparent volume of distribution was studied in a series of virtual distribu-
tion experiments of a solute in a biphasic system of constant composition, at
constant temperature (Figure 1). The affinity of the solute for phase 2 was set to
be three times that of phase 1 (partition coefficient, K,  =3), in all experiments.

At equilibrium, solute concentration in the two phases, C, and C,, was calcu-

C
lated using K, = Fz and a mass balance equation.

1

3. Results

Adding the solute into pure solvent 1 or solvent 2 results in a solute volume of
distribution equaling the volume of the closed system (Equation (1); Figure 1,
left). When a solute is added to a solvent, initially the system may be seen as a
myriad kinetically different compartments, as the distribution of solute is dic-
tated by its diffusivity in the solvent. This is however irrelevant, as the volume of
distribution of a substance is an equilibrium property of the system and at equi-
librium all these kinetically different phases will merge to form a single true so-

lution.

V,=V, == (1)

As with the partition coefficient, there are as many volumes of distribution
and as many apparent volumes of distribution as the number of phases in a sys-
tem. The volume of distribution of a substance in a phase is the volume of that
phase in the system. On the other hand, the apparent volume of distribution of a
solute associated with the solvents of a two-phase system (Figure 1, middle pan-
el) can be determined at equilibrium using a modified mass balance equation
(Equation (2)).

Vd,l'C1=V1'C1+V2'C2 (2)
Vd,l =V +V, 'Kz,l (2a)
V
Kz,] =40 (3)
Vd,z
X
d,l C,
Phase 1
I * Y,
m
Phase 2

Figure 1. Left: Solute added in a closed compartment containing only
solvent 1 or solvent 2. Middle: Solute added in a biphasic closed system
of immiscible solvents 1 and 2. Right: Solute partitions into the two
phases and is allowed to escape out of the open system from phase 1.
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X
V= (5)
d,2 C2
s (4a)
Va’,l xx
Via % (52)
v, Xy

where x,,x,,x.,V,V,,V,,V,, and V,, are the mass of solute in phase 1, solute
mass in phase 2, the total solute mass in the system, the volume of phase 1, the
volume of phase 2, the total volume of the system, and the substance’s apparent
volume of distribution associated with phase 1 and phase 2, respectively.

Clearly, the apparent volume of distribution of a solute in a phase is indepen-
dent of the mass of the solute in the system and it only depends on the distribu-
tion coefficient and the volumes of the two immiscible media that are in contact.
The higher the partition coefficient of a solute for a phase the smaller is the value
of the solute’s apparent volume of distribution for that phase. Secondly, the ap-
parent volume of distribution associated with a solute in a phase can be defined
as the volume of that phase that can form a solution with the total mass of the
solute in the system at a specified phase solute concentration. Adding for exam-
ple, 60 mg of solute into a system composed of 3 L of phase 1 and 39 L of phase 2
with a partition coefficient K, =3, results in V,, =120L, V,,=40L,

C,=0.5mg/L, and C, =1.5mg/L. Accordingly, in order to accommodate 60
mg of the solute in phase 1 without causing any change in the original equili-

|4
brium solute concentration, you will have to add —~- times bigger mass of so-
1

V.
lute (2400 mg) into a system composed of —% times larger phase volumes,
1

that is, 120 L of phase 1 in contact with 1560 L of phase 2. Changing the volume
of the two phases will obviously create a new apparent volume of distribution
V,/, =4800 L. We can easily verify using Equation (4) that with V/, =4800 L
and the total mass of solute added in the system x, =2400mg, C, stays con-
stant at 0.5 mg/L.

The first simulations were conducted to investigate the effect of varying the
mass of solute in the system on the solute’s apparent volume of distribution. As
is shown by the equilibrium line in the distribution isotherms of Figure 2, in-
creasing the mass of solute in the system at constant phase volumes, results in
increased equilibrium solute concentration in both phases but the ratio of the
two concentrations is always equal to the value of the partition coefficient. The
increase in solute concentration in the two phases with increasing solute added
into the system is linear and the inverse slope is equal to the apparent volume of
distribution of the solute in each phase (Equations (4)-(5)). Apparently, the in-
crease in the mass of solute in the system is accompanied by an exact proportio-

nate increase of the mass of the solute in each phase and as a result, the apparent

DOI: 10.4236/jbm.2022.101008

81 Journal of Biosciences and Medicines


https://doi.org/10.4236/jbm.2022.101008

M. Savva

4 q o 140 ~
° .
ooo 120 A ©0000000000COCOCOCOCOOCOCEOOEOPOEEOCEOTO
3 1 °o° .
0 © 100 A
[ .
— [
= o — 80 A
ED 2] 0°°° = 1
—= o® > 60 -
© o°o o0 ® i
1 4 0 ©° ......00 40 4 000000000000 0000000000000
o oo J
oo’
..o"' 20 4
0 T T T T T T 1 1
0 —— 77777
20 40 60 80 100 120 140 160 20 40 60 80 100 120 140 160
Solute (mg) Solute (mg)

Figure 2. Solute concentration (Left) and solute apparent volume of distribution (Right) in phase 1 (solid circles; C,, V,,) and
in phase 2 (empty symbols; C,, V,,). The mass of the solute in the system (Figure 1, middle) was varied from 30 to 150 mg
while the distribution coefficient and the volumes of the two phases were kept constant in all experiments, K,, =3, V;=3L,
V,=39L (V,=42L).

volumes of distribution of the solute associated with the two phases, V,, and
V, ., stay constant. The ratio of the two apparent volumes of distribution equals
the value of the partition coefficient (Figure 2, right, and Equation (3)).

We continued the sensitivity analysis of our model with the effect of system
volume changes on the solute apparent volumes of distribution. At constant par-
tition coefficient and mass of the solute in the system, we have examined three
different scenarios where changes in the total volume of the system were all ab-
sorbed by phase 1, phase 2 or by both phases at equal proportions. At increasing
V, and constant V,, decreased distribution of the solute in phase 1 at constant
mass of solute in the system causes a reduction in C, which in accord with Eq-
uation (4b), brings about a pronounced increase in V,,, (Figure 3, top panels,
solid triangles). The mass of solute in phase 2 increases at a rate slower than the
corresponding increase in the phase volume (Equation (5b)). The concentration
of the solute in phase 2, C,, is therefore decreasing with phase volume increase
and as a result, V,, experiences the same drastic increase as V,, (Figure 3,
top panels, empty triangles). The trend at constant V, and increasing ¥, on
the apparent volume of distribution is similar but the effects are less pronounced
due to a relatively bigger initial ¥, and the preferential partitioning of the so-
lute in phase 2 (Figure 3, top panels, solid and empty squares).

C =— 5 4b
: V1+Kz,1'V2 ( )
X
5y = (5b)
|
Kz,l'Vz

As anticipated from Equations (4b) and (5b), increasing the total system vo-
lume at constant phase volume ratio has no effect on the mass of solute parti-
tioned in each of these phases. As a result, both C, and C, decrease with in-

creased V; and V, and consequentially the apparent volumes of distribution
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Figure 3. Solute concentration (Left) and solute apparent volume of distribution (Right) in phase 1 (solid symbols; C,, V) and

in phase 2 (empty symbols; C,, V,,). All simulations were conducted with K, =3. The mass of the solute in the system was

kept constant while the volume of the system (V) was varied from 30 L to 54 L. Solid and empty triangles: Phase 1 was kept con-

stant, ¥, =3 L, while the volume of phase 2 was varied, 27 L<V, <51L. Solid and empty squares: Phase 2 was kept constant,

V, =27 L, while phase 1 was varied, 3L <V, <27 L. Arrows indicate parameter change direction with increasing system volume,

at corresponding constant compartment volume (phase 1 or phase 2). Solid and empty circles: increasing V, at constant phase

K

volume ratio %:9; 3LV <54L, 27L<V,<486L.

1

of both phases, V,, and V,,, increase as well (Figure 3, bottom panels, solid
and empty circles). Evidently, an increase in the volume of the system will al-
ways result in an increase of the solute apparent volume of distribution asso-
ciated with both compartments, but the normalized apparent volume of distri-
bution per phase volume increase is constant.

Our last simulation carried out at constant x, and V| indicated that, V,,
decreases with increasing ¥, and decreasing ¥, whereas V,, increases with
decreasing ¥, and increasing V, (Figure 4). The changes in the values of the
apparent volume of distribution are governed by the different affinity of the so-

lute for the two phases and they are proportional to the phase volume changes.

4. Discussion

4.1. The Apparent Volume of Distribution

This work was initiated as a thought experiment in an attempt to explain phar-

macokinetic compartment volumes. We set out to look for a property, that relates
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Figure 4. Solute concentration (Left) and solute apparent volume of distribution (Right) in phase 1 (solid symbols; C,, V) and

in phase 2 (empty symbols; C,, V,,). All simulations were conducted with the partition coefficient, the mass of the solute and

the volume of the system being kept constant at 3, 60 mg and 42 L, respectively. ¥, was increased at the expense of V,, and vice
versa, at constant volume system. Top: 0<V,<42L, 42L>V,>20L .Bottom: 3L<V <I5L, 39L>V,>227L.

the total mass of a substance in a closed system composed of two immiscible
solvents to its concentration in one of the phases and stays constant regardless of
the total mass of the solute, as in a clinical setting we are routinely measuring
plasma concentration but seeking information about drug distribution in other
body tissues. As this system will always remain separated, we used a modified
mass preservation equation (Equation (2)) where the final equilibrium state is
expressed in terms of the substance equilibrium concentration and volume in
one of the phases, instead of the final mixture concentration and final volume
that we routinely use during solution formation by mixing two or more solu-
tions [5] [6]. Notice that the product V, -C, must also equal the total mass of
substance in the system, x, . We designated the solute’s apparent volume of dis-
tribution as the phase volume that yields the total solute mass in the system
when it is multiplied with the corresponding phase solute concentration and
proceeded to study its properties in virtual distribution experiments.

The apparent volume of distribution is a physical property that only depends
on the type of matter. It is related to a substance distribution into two immisci-
ble solvents of constant volume and can be defined as the volume of a phase that
can contain the total mass of a substance added into the system while maintain-

ing the phase substance concentration constant. Each phase has its own solute
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apparent volume of distribution. One of the areas that the apparent volume of
distribution has direct application is solvent extraction techniques [5]. The effi-
ciency of an extraction method is evaluated by the fraction of the solute that
moves into the extracting phase (Equation (4a)). Using the concept of the ap-
parent volume of distribution the extraction efficiency can be calculated from a
single concentration measurement and the known volume of the assayed phase.
Alternatively, the capacity of a solvent to extract a substance can be evaluated by
addition of increasing amounts of substance in the system. The apparent volume
of distribution can be calculated from the slope of linear regression analysis of
measured phase solute concentrations as a function of solute mass in the system
(Figure 2, left) and can be used to optimize the product load in a solvent system
in order to achieve a certain concentration of the substance in the extracting
phase [5].

In compartmental modeling, each compartment has its own solute’s apparent
volume of distribution only if the compartments constitute different phases.
Compartments that differ kinetically with regards to solute distribution but are
otherwise compositionally similar have the same apparent volume of distribu-
tion. As per our analysis (Figure 1, left), the absence of different phases in such a
system automatically renders the solute apparent volume of distribution to be
equal to the total volume of the kinetically different compartments. The ratio of
the solute concentration in two phases at equilibrium is defined by the affinity of
the solute for each phase and equals the value of the partition coefficient regard-
less of the solute mass and volume of the two phases in the system. As with the
partition coefficient, there are as many solute apparent volumes of distribution
as the number of phases in a system. However, unlike the partition coefficient,
the value of the apparent volume of distribution of a substance is dependent on
the actual phase volumes. The ratio of the solute concentration maybe dictated
exclusively by the value of the partition coefficient but the actual solute concen-
tration in the two phases is also controlled by the real phase volumes, which in
turn, they also control the value of the apparent volume of distribution. At con-
stant phase volumes, phase solute concentrations are directly proportional to the
total mass of the solute in the system. This is why the apparent volume of distri-
bution is such an important property in pharmacokinetic compartment models.
From its magnitude, the dose administered and its plasma concentration, one
can calculate exactly how much drug is in each compartment, at a state of equi-
librium. In addition, an apparent volume of distribution larger than the volume
of all the compartments together that are of unknown composition and un-
known volume, suggests that the drug has a higher affinity toward the peripheral
compartments and not for the assayed central compartment [5].

In vivo, the apparent volume of distribution of a drug can be defined as the
volume of the assayed phase that can contain a drug dose at the specified meas-
ured drug concentration in the assayed phase. We must keep in mind that al-

though drug concentrations are usually measured in plasma, the apparent vo-
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lume of distribution of a drug doesn’t have to relate only to the assayed plasma
but rather to the whole phase or compartment that the plasma is kinetically part
of, including other extracellular fluids. Therefore, changes in drug dose are re-
flected in changes of drug concentration in the assayed phase (Equation (4b)). It
is on this basis that drug doses can be correlated with measurements of drug
concentration in body fluids to accurately assess the apparent volume of distri-
bution of a drug with respect to the assayed phase. Single ascending dose studies
can be employed to demonstrate presence of linear pharmacokinetics and as we
have shown in Figure 2, they can also be used to determine the drug’s apparent
volume of distribution. The advantage of this method is that 7, is determined
from multiple dose-concentration measurements regardless of compartment
model [5] [7].

4.2. The One-Compartment Model

The one-compartment pharmacokinetic model is an open model that assumes
instantaneous distribution of the drug from the central circulation to all other
tissues in the body. As we have already seen, the apparent volume of distribution
of a substance in a system composed of a single phase must be equal to the
compartment volume (Equation (1)). Then why the apparent volume of distri-
bution of most lipophilic drugs that their disposition follows a one-compartment
model is larger than the volume of total body fluid? Is the one-compartment
model a single phase? Although it lumps all tissues that display similar rates of
drug uptake together in a single compartment, it is wrong to assume that the
compartment is uniform. In fact, the one-compartment pharmacokinetic model
recognizes that plasma drug concentration is most commonly some multiple of
the drug concentration in other tissues. It acknowledges and feels the presence of
other phases via the changes in the pharmacokinetic parameters that are calcu-
lated from concentration measured in the single compartment but it is not de-
signed to see any of those phases that are maybe in contact with the compart-
ment. So, although it calculates correctly the ¥, of a drug from its initial plas-
ma drug concentration after an IV bolus dose, it fails to gather information
about the actual volume of the assayed phase except in few distinct cases. Cur-
rent literature claims that drugs with an apparent volume of distribution about
40 L or 60% of total body weight in healthy adults, have access to the total body
=15L and V. =27L,

fluid. Using Equation (2), an average V. - tracellular
we find that the only way to get a drug apparent volume of distribution equal to

extracellular
the total volume of body fluids is when the drug partitions in extracellular and
intracellular fluids with an equal affinity (K, =1). We can also say with cer-
tainty that drugs with a 3L <V, <15L are hydrophilic compounds that may
diffuse through the capillary endothelium but are otherwise unable to transverse
plasma cell membranes into cells. These drugs do not have to follow a one-com-
partment model if their distribution into the various extracellular fluids is kinet-

ically different but an apparent volume of distribution in that range suggests the
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presence of only a single phase. Drugs with an apparent volume of distribution
about 3 L follow compositionally and kinetically the one-compartment model.
Apparently, these molecules do not have any affinity for any tissue other than
the plasma or their size is prohibitively large to escape into the extravascular en-
vironment via the capillaries.

Lipophilic drugs are known to have apparent volumes of distribution much
larger than the total body fluid leaving little drug in the plasma. Some of them
can be simulated using an open one-compartment pharmacokinetic model. Ap-
parently, distribution of the drug to extracellular fluids (phase a) and other tis-
sues (phase b) is taking place at the same rate, and hence, drug disposition can
be modeled using a single bi-phasic compartment. The second phase is the tis-
sues that have a high affinity for the drug. The product of the tissue-plasma par-
tition coefficient and the tissue phase volume explains why the ¥, of these
drugs can be much higher than total body fluid volume. Therefore, even in the
absence of any information about the high drug affinity tissues, Equation (6) can
still be used to calculate the drug’s ¥, , from measured plasma drug concen-

tration, C .

a

(Vaz-"-Vb'[(b,at):z;Y (6)

a

There is one very important detail about the open one-compartment phar-
macokinetic model that we must always remember. The instantaneous distribu-
tion of the drug to all tissues during drug administration implies instantaneous
redistribution of the drug from the surrounding tissues to the intravascular vo-
lume at periods of no drug administration where only the process of drug elimi-
nation is taking place. Therefore, in the one-compartment open model, there is a
continuous distribution equilibrium of the substance at all times. This statement
has such profound consequences now that we have defined the apparent volume
of distribution. The difficulty in determining the apparent volume of distribu-
tion is to know the amount of drug in the body at the time of concentration
measurement. One of the most common ways to determine the apparent volume
of distribution after an IV bolus injection is at zero time where the drug amount
is equal to the dose. Once the V, of a drug is determined, Equation (4) or Equ-
ation (6) can be used to calculate the amount of drug in the body at a// times be-
cause the open one-compartment pharmacokinetic model assumes a state of
permanent substance distribution/redistribution equilibrium between the vas-
cular, extravascular and intracellular fluids. We don’t need to know the elimina-
tion rate constant nor the clearance to calculate a dose aimed to achieve a certain
plasma drug concentration or to calculate the amount of drug in the body from
measured drug plasma concentrations.

Equation (6) (or Equation (4)) is another version of the clinically useful load-
ing dose equation that can be used to calculate booster doses in order to quickly
raise the plasma drug concentration to the desired levels within therapeutic

range in the plasma, strictly in the one-compartment model. This equation can-
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not be used in multi-compartment models as in those models, solute distribu-
tion equilibrium is not instantaneous and therefore it is not the dose that is re-
lated to the plasma drug concentration but the amount of drug remaining in the
body at the time where the momentary distribution equilibrium is observed. No-
tice that we have two issues in multi-compartment models: first, the apparent
volume of distribution cannot relate an intravenous bolus injection with plasma
drug concentration at zero time and second, the apparent volume of distribution
can relate the amount of drug in the body with the plasma drug concentration
only at the times of momentary substance distribution equilibrium between
compartments. The only exception to this rule is when the drug is administered
by a slow constant rate—slower than the rate of drug distribution to the tis-
sues—continuous intravenous infusion. In this case, at steady state there is es-
sentially no fluctuation of the drug concentration in the plasma and regardless of
compartment model, Equation (4) can used to calculate loading or booster doses
to achieve desired steady state plasma or central phase drug concentrations. The
apparent volume of distribution at steady state conditions during constant rate
continuous IV drug infusion can be calculated using Equation (7).
ko 'tl/z
“n2-C

l,ave,ss

)

Vd,l

The rate of drug administration &, is in units of mass per time, ¢, is the

systemic half-life of the drug and C, is the steady state plasma drug con-

,ave,ss

centration upon constant rate continuous intravenous infusion of the drug. The

. k.
ratio 0

is the drug clearance which is in turn related to the apparent vo-

l,ave,ss

lume of distribution via the half-life.

4.3. Multi-Compartment Models

It is generally believed that the compartment volumes of multi-compartment
pharmacokinetic models bear no physiological significance. As we have seen, in
the open one-compartment model the apparent volume of distribution is equal
to the amount of drug in the system over the drug concentration in the plasma at
all times because the system is at continuous substance distribution equilibrium.
Since in multi-compartment mammillary pharmacokinetic models the plasma
drug concentration is equal to the amount of drug in the central compartment
over the volume of the central compartment, the drug’s apparent volume of dis-
tribution associated with the central compartment must be related to the actual
volume of the central compartment (Equation (4a)). Therefore, the compart-
ment volume assessed by regression analysis methods of measured plasma drug
concentration with time must be the physiologically drug-accessible volume of
the central compartment.

In the simplest multi-compartment model, the two-compartment model, the
volume of the central compartment J; can be determined by Equation (8) but

the notion that V,, isequal to V| is fundamentally wrong. As distribution of
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drug in the peripheral compartment is not instantaneous, at zero time all the
drug is in the central compartment and the extrapolated to time zero plasma
drug concentration (C,,) must be related to the real volume of the central
compartment.

_ Dose,,

Vi
Cl,()

=V, (8)

The accurate assessment of the volume of the central compartment ¥, from
experimental measurements of drug concentration using regression techniques
is of paramount importance not only because it is the actual physiological vo-
lume of the central compartment of the model but because it is the value that is
also used to calculate V,, after computing the volume and the drug concentra-
tion of the peripheral compartment as a function of time. One of the problems of
the model are the conditions of substance distributional equilibrium at which
V, is currently being determined. Equation (9) indicates that ¥, can be calcu-
lated from ¥, and the intercompartmental drug transfer rate constants or from
the mass of the solute in the two compartments when solute distribution rates
between the two compartments are equal. The left-hand side of Equation (9) as
derived from Equation (10) is stating that at equilibrium there is an equal mass

transfer rate of solute between the two compartments in the system.

ky _x _ W 9)
kp, x, ¥,
ki x; —ky -x, =0 (10)

The caveat of the method is that drug distribution equilibrium is decided from
Fick’s law based on conditions of equal drug concentration in the two compart-
ments. Under these conditions the ratio of the intercompartmental transfer rate
constant equals the volume ratio of the two phases. In other words, the method
is accurate only for drugs that have a tissue-plasma partition coefficient ap-
proximately equal to one with the kinetically different compartments of the
model being compositionally very similar.

In our recent article, we have calculated 7, of sisomicin after multiple in-
termittent intravenous infusions in a two-compartment model using Equation (4)
[7]. As the concept of the steady-state plasma drug concentration is unrelated to
the apparent volume of distribution, the apparent volume of distribution of a
drug can be very carefully assessed after administration of single or multiple
doses from drug concentrations that are measured exactly at the time at which
the distribution rates of drug into the two compartments are equal. We must
recognize that in the more realistic open two-compartment model (Figure 1,
right) distributional equilibrium is not a lasting one. We would like to call this
special event, where the non-steady state rates of drug distribution in the two
compartments are balanced, a momentary equilibrium. This is true for all routes
of drug administration except for the constant rate continuous intravenous infu-

sion where intercompartmental drug distribution reaches a long-lasting equili-
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brium when the plasma drug concentration reaches steady state conditions. The
time of momentary distributional equilibrium (7, ) was determined as a function
of time and dose number from Equation (10). It was estimated that solute dis-
tribution between the two compartments reaches equilibrium at the same time
the peripheral compartment peak concentration is observed, 27.7-to-18.3 mi-
nutes after infusion has stopped, depending on the infusion number [7]. Keep in
mind that with repetitive drug administration the x, on Equation (4), being
the amount of drug in the system and not the drug dose, is not a constant quan-
tity. The drug was administered every 180 minutes with a brief infusion of 30
minutes. The value of the V,, is calculated from the amount of drug in the
body and the concentration in the central compartment (C, ) at ¢,,, as a func-
tion of dose number, to be equal to 12.16 L (Table 1).

The volumes of the central and peripheral compartments as calculated by the
original authors of the work were 5.17 L and 6.61 L [8]. These volumes represent
the physiological volumes of extracellular fluid compartments that receive the
drug at different kinetic rate. As with other aminoglycosides, total exclusion of
the drug from intracellular fluids is most plausible considering the highly polar
and hydrophilic nature of sisomicin. Also, the cationic nature of these molecules
at physiological pH could be the reason for a delayed diffusion through the ca-
pillary of the endothelial cells, hence the kinetically different but compositionally
similar peripheral compartment of extracellular fluid. Alternatively, the peri-
pheral compartment could be an interstitial fluid phase of slightly higher drug
affinity, where steric hindrance and binding to the negatively charged compo-
nents of the extracellular matrix retards drug movement. In any event, our anal-
ysis suggests that classical pharmacokinetic modeling is able to provide an accu-
rate description of the drug concentration with time for hydrophilic drugs that
have access only to intravascular and interstitial fluids. The explicit solutions to
the two-compartment model as a function of real time provide estimates of drug
concentration upon repeated dosing but their clinical relevance still remains to
be seen as the kinetically different compartments may not persist after the first
dose [7].

Ideally, solute transfer at the interface between two immiscible phases reaches
steady state when C, =K, -C,. We can combine this thermodynamic relation-
ship denoting equal chemical potential of solute in each phase with the steady
state Equation (10) where the mass transfer rate of the solute between the two

phases does not change with time.

LS £

=K, -— (11)
¢
Combining Equation (2) with Equation (11) yields the familiar Riggs equa-
tion.

klZ
Vaa =V 1+ (12)

k21
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Table 1. Sisomicin’s apparent volume of distribution associated with the central com-
partment was calculated from the mass of solute in the central and peripheral compart-
ment at times of distributional equilibrium after repetitive intermittent intravenous infu-
sions in a mammillary two-compartment model [7].

n Xi g (mg) X540, (mg) C., (mg/L) v, @
1 16.71 20.39 3.05 12.16
2 23.37 28.51 4.27 12.16
3 25.82 31.50 4.72 12.16
4 26.71 32.59 4.88 12.16
5 27.03 32.98 4.94 12.16
6 27.15 33.12 4.96 12.16

Equation (12) can be used to assess a substance apparent volume of distribu-
tion associated with the phase of the central compartment but only if the central
compartment is a single phase. This was the case of Prazosin where although the
drug appeared to be distributed in the whole total body water, the volume of the
central compartment was roughly equal to the extracellular fluid volume. Using
Equation (12), the apparent volume of Prazosin as determined from single IV
bolus injection clinical data using a two-compartment open model was found to
be 32.9 £ 6.9 L [9]. Using Equation (12), the V,, of Sisomicin was calculated to
be equal to 11.78 L. The equilibrium time of intercompartmental drug distribu-
tion 7, is calculated from Equation (10) whereas the compartment volumes
were estimated by regression analysis of measured plasma drug concentration
with time, hence the small difference between the two calculated values of the
apparent volume of distribution (Table 1).

Equation (11) contains two unknowns, the partition coefficient, K,, and V.

[

In order to calculate the volume of peripheral compartment(s) the “tis-
sue-plasma” partition coefficient(s) must be determined with a different experi-
ment unless if it is verified experimentally that the peripheral compartment is a
single organ and a single phase. In that case, the apparent volume of distribution
V,, determined from a measured plasma drug concentration and the amount
of drug in the body at ¢, using Equation (13), can be used to compute the or-
gan-plasma partition coefficient from J, and the corresponding organ volume
using Equation (2). One would expect the magnitude of %, to be much higher
than £k,, for lipophilic drugs but as the mass transfer rates are affected by the
actual compartment volumes the presence of another phase in the system cannot
be ascertained merely by the difference in the relative magnitude of these two
constants. On the other hand, an apparent volume of distribution greater than
the total body water is a definite indication of the presence of another phase in
the system.

An extensive literature search for lipophilic drug multi-compartment phar-
macokinetic model data simulation indicated that most research articles, espe-

cially from population PK models, do not report the apparent volume of distri-
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bution. Furthermore, if the estimated volumes of the central and peripheral
compartments are incorrect the intercompartmental clearances that these soft-
wares calculate will also be inaccurate. The central compartment of lipophilic
drugs is consistently reported to have a much higher than the extracellular fluid
volume and frequently higher than total body water. It is possible that for these
drugs the central compartment of a multi-compartment mammillary model
contains two (or more) kinetically indistinguishable phases instead of a single
phase. The plasma is part of phase a that is in contact with phase 5 in the central
compartment and therefore measured plasma drug concentrations are affected
by the drug distribution in phase b within the central compartment. The appar-
ent volume of distribution of the drug in phase a is equal to the volume of phase
a and the sums of the products of the volume of phase 4 and all other phases
with the corresponding partition coefficients (Equation (13)). Without the tis-
sue-plasma partition coefficient, it will not be possible to determine neither the
actual volume of the central compartment from the plasma drug concentration
at time zero nor their apparent volume of distribution for these drugs. However,
measured plasma drug concentrations do reflect the drug that is present in both
phases of the central compartment and thus, the drug’s apparent volume of dis-
tribution can still be determined with Equation (4) as long as the total amount of
drug in the body and the plasma drug concentration are calculated and deter-
mined, respectively, at times of momentary distribution equilibrium, 7, (Equa-
tion (14)). It is important to say, that the amount of drug in the peripheral com-
partment can be calculated without knowing the volume of the peripheral com-
partment(s) [7] [9].

Vd,la = Vla +Vlb -Kb,a +222V:’ .Ki,la (13)
xs,eq
Vita :C— (14)

la,eq

Being able to explain multi-compartment pharmacokinetic models comes
with an additional advantage, that is, comparison simulations of drug concen-
tration among various compartment models. We have shown that the apparent
volume of distribution of a drug associated with the central phase in a two-com-
partment model is the same as the drug’s apparent volume of distribution with
respect to plasma. Its value as determined from the two-compartment model can
be used to carry out simulations of drug concentration with time in the one-com-
partment model. Simulations of this kind can assess if dosage calculations of a
two-compartment model drug can be approximated with the straightforward
analytical solutions of the one-compartment model which can easily be employed
in a clinical setting. That was the case with Prazosin where although the drug fol-
lows a two-compartment model, intermittent infusion dosage calculations can be
safely handled using the much simpler one-compartment model [9]. Similarly,
administering repetitive Sisomicin intravenous doses that were calculated with

analytical solutions of the one-compartment model, yet with pharmacokinetic
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parameters estimated from a two-compartment model resulted in an average
steady-state plasma concentration only 26% higher than the one calculated from
equations of the two-compartment model [7].

Before proceeding a word about Riggs work is appropriate [10]. In his excel-
lent chapter “Kinetics of transfer between compartments” he defines a term,

( Vah'st)&1 = gB"’q , which he calls the volume of distribution in compartment B

A,eq

with reference to its concentration in compartment A at equilibrium, and then

he uses the partition coefficient to produce Equation (12). The term (V dist) »
A

is not equivalent to the volume of distribution of solute in compartment B and it
is not the apparent volume of distribution with respect to compartment B. As a

reminder, the apparent volume of distribution with respect to compartment B is

Vig= Goatc = Qo s (Equation (5)). Riggs does not explain the physical

C K,,-C,

B.eq

-eq

meaning of this term, and he does not calculate the volume of compartment B or
the value of the partition coefficient. He doesn’t have to because his work is all
about the actual volume of distribution of creatinine in the body from its con-
centration in the plasma and not the apparent volume of distribution as we have
defined it here. From our analysis herein and elsewhere, the term (¥ dist) 5, 18
the volume of the central compartment that is needed to dissolve the amount of
solute that is present in the peripheral compartment when the two compart-
ments/phases are in conduct and at equilibrium [5]. Because the concept of the
apparent volume of distribution was never defined, and because calculations of
the volume of distribution are always carried out using the micro rate constants,
the middle part of (15) gradually became simply V', +V,, as the partition coeffi-
cient of the two reference regions of identical solubility in the two compartments
is always equal to one [11] [12].

(Vdist)=V, +(Vdist)BA =V, +Vy Ry, =V, ~(1+kﬁJ (15)
BA

For Riggs, Equation (12) was perfect to calculate the actual volume of distri-
bution of creatinine as its size is about the volume of total body water. However,
investigators that are studying other lipophilic multi-compartment model drugs
that exhibited an estimated apparent volume of distribution much larger than
the total body fluids, without considering the possibility of having different
phases within compartments and without knowing the concept of the apparent
volume of distribution as we have defined it herein, they have trouble explaining
the calculated compartment volumes and their physical significance.

There are a number of other methods to estimate the apparent volume of dis-
tribution with respect to the plasma or the central compartment such as, the
), the area (V,
and the steady-state volume of distribution (¥, ) [13]. The problems of esti-

extrapolation method (7, ) or clearance method (V7 ﬂ)

sextrap ,area

mating the volume of distribution by the extrapolation method were already

discussed extensively by Riggs. Also, Gibaldi and coworkers have already shown
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that the ¥V

d,area

there appears to be two equations that can be used to calculate its value. The first

is identical to the V, , [14]. As far as the V,  is concerned

one is the Riggs equation that we have just discussed for the two-compartment
model. The second equation was derived by Wagner for the intravenous bolus
injection route of administration where the volume of distribution can be de-
termined from the exponents and coefficients of the explicit solution to drug
concentration of the central compartment in multi-compartment pharmacoki-
netic models [10] [15]. In particular, Wagner has shown that these equations
yield ¥, values very similar to those determined by Riggs equation [15] [16].
Wagner has used a very different approach than Riggs but essentially the two
forms are the same equation (Appendix).

In physiologically-based pharmacokinetic modeling (PBPK) predictions of the

apparent volume of distribution are carried out using the familiar equation,

Vd,ss = Vp + 27:1 V;,i ! Kt (16)

ip
The V, ., V,, V, and K, , are the apparent volume of distribution, the
volume of plasma, the volume of tissue and the tissue-plasma partition coeffi-
cient, respectively. The term steady state (apparent) volume of distribution must
be used with caution. The conditions necessary to determine a drug’s apparent
volume of distribution in multi-compartment models are equal mass transfer
rates between compartments and not steady-state plasma drug concentration.
The only mode of administration that ensures a near zero fluctuation in steady
state plasma drug concentration and hence long lasting equal intercompartmen-
tal mass transfer rates, is the constant rate continuous intravenous infusion [17].
Clearly, in PBPK modeling every tissue compartment constitutes a different
phase in contact with the central circulation but the partition coefficient is mul-
tiplied by the tissue volume instead of the tissue phase volume. The accuracy of
the model could be improved using the extracellular fluid instead of the plasma
volume and by adjusting the tissue volume without the interstitial fluid that is
exchanged with the central phase. Although the apparent volume of distribution
is not used in PBPK modeling, the tissue-plasma partition coefficients are the
key parameters for predicting the time course of plasma drug concentration in
PBPK simulations. There are various methods to continuously monitor in vivo
plasma and tissue drug concentrations but the partition coefficient must be de-
termined at the time of momentary distribution equilibrium (¢,,), and not when
the ratio of the drug concentration in the two tissues stays constant (¥, vs V)
[7].

One of the advantages of the apparent volume of distribution is that it can be
used to determine the partition coefficient in any biphasic system e.g., suspen-
sions, emulsions, liposomes, cultured cells, tissue homogenates or whole tissue by
measuring the drug concentration only in one of the phases in a series of in vitro
equilibrium titration experiments [5]. The experimentally determined values of
K

.1, canbe used in PBPK modeling to provide a more accurate simulation of in

vivo drug concentration in the tissues using the arterial drug concentration and
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the tissue blood flow. The drug’s in vitro apparent volume of distribution with

. . Vd‘l
respect to the tissue, is Vd’t =—

71

and the in vitro phase drug concentration

X

can be calculated from C, =

dt

5. Conclusion

The classical pharmacokinetic compartment models were never explained be-
cause the apparent volume of distribution was never understood and never de-
fined scientifically. The difference between the two terms, volume of distribution
as opposed to the apparent volume of distribution, has now become clear. In the
one-compartment model, the apparent volume of distribution is always equal to
the product of drug clearance with the elimination rate constant. It can be used
to compute the drug amount in the body from measured plasma drug concen-
tration, at all times. In the multi-compartment models, the apparent volume of
distribution is directly related to the drug’s actual volume of distribution in the
body and it can relate the drug amount in the body to the measured plasma drug
concentration only at times of drug distribution equilibrium between compart-
ments. Its value is still reflective of the extent of drug distribution in the body.
Apparent volumes of distribution less than total extracellular fluid volume, sug-
gest presence of single phase whereas apparent volumes of distribution larger
than total body water imply presence of multiple drug partition phases in single
or multi-compartment kinetic models. According to our analysis, the classical
pharmacokinetic compartmental modeling can provide accurate and full de-
scription of disposition kinetics of hydrophilic drugs but it cannot provide an es-
timate of the apparent volume of distribution for lipophilic drugs that do not
follow one-compartment model and their estimated central compartment vo-
lume is larger than the total body fluid volume. The simulations in Figure 3,
bottom panel, suggested that potential differences in the apparent volume of
distribution of healthy individuals can be minimized after normalizing the val-
ues by the total body weight. Individual populations with disease states and con-
ditions that can cause abnormal body fluid distribution and volume must be
handled separately as their apparent volume of distribution is different from the
average healthy population. It becomes more and more evident, that for accurate
pharmacokinetic parameter estimation, data simulation should be conducted by
combined nonlinear mixed-effect and structural models. The field of pharmaco-
kinetics has hitherto two kinds of incompatible models: the classical pharmaco-
kinetic modeling that can only study kinetically different compartments and the
PBPK modeling where every compartment is a different phase and is unable to
simulate compositionally similar, kinetically different, compartments. These two
models cannot be unified into one, but the classical pharmacokinetic compart-
ment model can be treated as a multiphasic compartment model to provide ac-

curate estimates of the apparent volume of distribution of a drug from the vo-
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lume of kinetically different compartments, instead of plasma, as the central
phase, and the volumes of different phase compartments that are in contact with

the central phase.
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Appendix

Equation for Intravenous bolus injection in a two-compartment mammillary
model,

. A
Zi:l 12
Vd,ss = D : .

iv T
(Z”ﬂﬁ]

For a two-compartment mammillary model,

C,(1)=C(t)=4 - +4,-¢""

Thus,
Vd,m:Div' 2 =D, - 2"2172 -
[Alﬁz] (Ao ai+d-4)
A4 Pravs
But, A1=Div (k21_j'1); _Ly (ﬂz—kn))
Vo (h-4) Vo (A —4)
Thus,
D. .D"V{ﬂ;.(kﬂ_ﬂq)”lz'(ﬂz—knﬂ
R ( (L—4)
b D? )
(A (kg = A) A (A ey,
1/12.(,12_&) ( ( ) ( ))

V(=) (A (k= 2)+ 4 (A —hy))
) (’12 ky =4 ‘]‘21)2
V(B A) (A e = A 2= 2 ey
k(=4
H(l (8 A+ A A (=)
K- 4)
Wl (A +A) = Ay
k3,

Let, 4,-4, =k, ky and 4 +4, =k, +k,+k,

:>Vm=Vl-[1+kﬁj
’ k
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