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Application of a Three-Compartmental Model to the Analysis of
the Dose-Dependent Kinetics of Bishydroxycoumarin Elimination

By R. NAGASHIMA, G. LEVY*, and R. A. O’'REILLY{

It has been reported that the elimination of bishydroxycoumarin (BHC) in man shows
unusual dose-dependent characteristics. Recent studies with isolated perfused rat
livers have shown that the liver: ﬁlasma distribution ratio of BHC increases at high
doses (resulting in more rapid elimination of the drug) and that drug-metabolizing
activity is apparently inhibited at high BHC levels (resulting in decreased elimina-
tion of the drug). A mathematical model based on a three-compartmental open
system consisting of a plasma compartment, a rapidly accessible drug-metabolizing
compartment, and a more slowly accessible compartment has been developed for a
detailed pharmacokinetic analysis of BHC elimination in man. This analysis shows
that the increase in the plasma half-life of BHC in man with increasing dose is due
primarily to a decrease in the activity of the drug-elimination process and not to dose-
dependent distribution effects. The three-compartmental model presented here has
two unique attributes; the first compartment (following intravenous administration) is
equated to the plasma volume rather than combining plasma and the so-called well
perfused tissues into a single compartment, and an apparent volume of distribution
which remains constant thtoughoutb the (tlex;iminaal elimination phase (8-phase) has
een defined.

THERE ARE NOw several examples of drugs
which are eliminated exponentially from the
plasma (following absorption and initial distribu-

Received May 22, 1968 from the Biopharmaceutics Labora-
tory, Department of Pharmaceutics, School of Pharmacy,
State University of New York at Buffalo, Buffalo, NY 14214

Accepted for publication July 3, 1968.

Supported in part by U. S. Public Health Service grant
HE 8&8—06.

The authors express their appreciation to Dr. M. Gibaldi,
and Mr. Wm. T. Tusko, Department of Pharmaceutics, and
Dr. S§. Ohki, Department of Biophysics, State University of
New Vork at Buffalo, for stimulating discussions and helpful
review of the paper.

* To whom requests for reprints should be directed.

1 Department of Medicine, Santa Clara Valley Medical
Center and Institute for Medical Research of Santa Clara
County, San Jose, CA 95128

Previous paper: Nagashima, R., Levy, G., and Sarcione,
E. )., J. Pharm. Sci., 57, 1881(1968).

tion) but where the apparent first-order rate con-
stant for drug elimination decreases with increas-
ing dose (1). One of the earliest and best docu-
mented examples is the elimination of bishy-
droxycoumarin (BHC) in man (2, 3) and mon-
keys (4). Recent investigations with isolated
perfused rat livers have shown that the distribu-
tion of BHC into the liver (i.e., the site of bio-
transformation) increases with increasing drug
concentration but that BHC apparently in-
hibits its own biotransformation when high
concentrations of the drug are present in the
liver (5). Physical-chemical studies of the
interaction between BHC and plasma proteins
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have shown also that the protein binding of
BHC éncreases with increasing drug concentra-
tions up to a point (6). Accordingly, it ap-
pears that the dose dependency of BHC elimina-
tion in man may be due to both distribution
effects and apparent self-inhibition of biotrans-
formation. Plasma concentration data for BHC
following intravenous administration of this
drug at three different doses, utilizing a very
intensive blood sampling schedule, have been
obtained so that a detailed pharmacokinetic
analysis of BHC elimination in man could be
carried out. For this purpose, a three-com-
partmental open pharmacokinetic model has
been developed. This model has the unique
but realistic feature of representing the actual
plasma volume as the first compartment. As
such, it overcomes the definite limitations of
the single- and two-compartmental models
which are apparent in the analysis of the ex-
perimental data obtained following BHC ad-
ministration.
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THEORETICAL

When a drug is administered intravenously it
is first distributed in the plasma and from there to
other tissues. These other tissues can be classified
conveniently as well perfused and poorly perfused,
respectively (see Reference 8 for a review of the
literature on this subject). The usual two-com-
partmental pharmacokinetic models combine the
plasma and the well perfused tissues into a single
compartment. The basis of the three-compart-
mental model to be presented here is the concept
that drug distribution between plasma and well
perfused tissues is not instantaneous, and that it
is realistic therefore to treat these as two separate
compartments. This is particularly appropriate
in the case of certain highly plasma protein bound
or macromolecular substances. The concept of
the plasma as the first compartment is justified
when values of dose/(P + A + B) are essentially
equal to the actual plasma volume. A pharmaco-
kinetic analysis of this type usually requires very
intensive blood sampling; where technical diffi-
culties make this impossible, the use of simpler
mathematical models becomes appropriate.

The three-compartmental open model may be
depicted by Scheme I.

ldrug (by instantaneous injection)

hll kl.‘
2 1
E‘F' — ah ™ —£3 ]
20
elimination
Scheme I
METHODS Compartment 1 represents the plasma volume

Experimental Details—BHC was administered
intravenously to a normal male subject (age 51
years, body weight 70 kg.) as the disodium salt in a
concentration of 5 mg./ml. of solution. Doses of
150, 286, and 600 mg. BHC were administered in
separate experiments. The drug was injected
slowly over a period of 5 to 30 min., depending on
the size of the dose. The instant when the injection
had been completed was taken as zero time. Blood
samples were collected at the times indicated in the
figures. The concentration of BHC in the plasma
was determined by the method of Axelrod et al.
(7). Additional details have been described in
a previous report (2).

Data Analysis—The plasma concentrations (C,)
of BHC were plotted as a function of time on semi-
logarithmic paper. Using back-extrapolation pro-
cedures, each of the curves was resolved into three
exponential components. The data could therefore
be described by the equation:

Cp = Pexp (—=t) + A exp (—at) + B exp (—8t)
(Eq. 1)

where P, A, and B represent intercepts on the
ordinate at zero time and —=/2.3, —«/2.3, and
—B/2.3 are the slopes of the respective exponential
scgments. By definition, = > « > 4.

Compartment 2 is designated as the rapidly ac-
cessible compartment [i.e., the well perfused tissues
such as the liver, kidneys, and viscera (9)], and
Compartment 3 is designated as the slowly accessible
compartment (¢.e., the poorly perfused tissues such
as muscle, bone, and fat depots). Drug elimina-
tion is assumed to take place in Compartment 2.
The processes designated by arrows and rate con-
stants are conceived to be apparent first-order, the
rate constants being defined with respect to the
amount (rather than concentration) of the drug in
the respective compartment. The classification of
body tissues on the basis of rate of accessibility or
perfusion does not imply that prefusion rate is
necessarily a limiting step in the transfer of the drug
from one real or hypothetical compartment to the
other. It should be noted that the model presented
here applies only to drugs such as bishydroxycou-
marin which are eliminated by biotransformation
and not by renal excretion from Compartment 1.

Evaluation of Rate Constants—As shown in 4p-
pendix I, the fraction of the administered dose of a
drug present in each of the three compartments at
time ¢ is given by:
XI/A’O = Cl exp (—blf) + Cz exp (“'bzl) +

Cs exp (—bat) (Eq.2)

Ci’ exp (=) + G’ exp (—bat) +
Cy’ exp (—bit) (Eq.3)

X2/Xo =
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Xa/Xo = Cl exp ( blt) + Cz exp ( bzt) -+

Cs" exp (—bst) (Eq. 4)
where X, X2, and X; are the amounts of the drug in
Compartments 1, 2, and 3, respectively, X, is the
dose (the initial amount of drug in Compartment 1)
and C’s and b’'s are time-independent constants.
It is important to note that the right sides of the
three equations differ only with respect to the C’s.
In particular, Eq. 2, which represents the fraction
of the dose in the plasma, is equivalent to Eq. 1
which describes plasma concentration of the drug
as a function of time. This is so, since

% _ G
Xo C,°
and, by definition,
Ct=P+4+B
Therefore, the following relationships apply:
h=m C, = P/C,?
bh=a C = A/C°
by =8 C; = B/C,?

7, a, and 8, as well as P, 4, and B are obtained di-
rectly from the plasma concentration data.
Let

[l

I

(Step 1)

Ky = ke + ki
K2 = kZl + k20
K; = k31
Then, as shown in Appendix I,
= (R+Q)/2
and (Step III)
=(R—-Q)/2
where

R = Ci(bs — b)) + Colbs — b2) + b1 + b2

B~ b0+ ot — 1) + 0 — s ST
4Gy (by — bi)(bs — b)]V?
Let
Gi=b+bh+Db
G: = bibs + bsbs + bsby (Step 1IV)
Gy = bibebs
Then,
Ki =G — K, — K; (Step V)

Knowing the values for K,, K, and Kj, the in-
dividual rate constants ki, ku, k2, and k3 can be
determined from:

P Gs — Ki(G: — KiK; — KyKy)
» Ki(K; — K3)
ke = K1 — &
} ’ N (Step VI)
ka = (KiK; + KK 4+ K3K; — G —
k1aK3) /R
kzo = K2 - km

Recall that &, = K; It should be noted that ky
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represents the intrinsic drug-metabolizing activity
of the body and excludes factors which affect the
distribution of the drug in the three compartments.
The latter factors are represented by ki, ka, ki,
and k31~

The sequence of calculations by which the rate
constants are determined have been outlined for
the convenience of the reader in terms of 6 separate
steps. In Step I, b and C values are calculated.
These are then used in Step II to calculate R and
Q. This permits determination of K; and K; in
Step III. Determination of G values in Step IV
permits the determination of K, in Step V. All
terms necessary for the determination of %k values
in Step VI are now available. While these calcu-
lations can be carried out manually, the use of
a computer will result in considerable saving of
time.

An Analysis of the Relative Effect of Distribution
and Biotransformation on the Slope of the Terminal
Linear Portion (3-Phase) of a Log Plasma Concen-
tration versus Time Plot—In the course of an
experiment, the curves expressed by Eqgs. 2, 3, and 4
eventually reduce to:

X1/Xo = Csexp (—8t) (Eq. 5)
X2/ Xo = Gy’ exp (—p¢) (Eq. 6)
X3/Xo = 3" exp (—8¢) (Eq. 7)
where B = b; as defined previously. Therefore,

if the fractions of the dose in each of the compart-
ments are plotted semilogarithmically against time,
curves are obtained which become linear in the
terminal portion (8-phase). Let the total amount
of the drug in the body at any given time be Xp
so that

=X1+ X:+ X;
Also let
fl = X]/XB
= XQ/XB
fa = X3/Xp

The fractions fi, f;, and f;, therefore, become con-
stant during the g-phase and may be expressed on
the basis of Eqgs. 5, 6, and 7 as:

f1 =G/N(G+ G + G”)
= Cz’/(Ca + Ca' + Cz”)
fa =G'/(G+ G + G

Substituting for G, G’, and G”
sented in A ppendix I yield:

the equations pre-

fi = (Ko — bs)(Ks — b3)/Z (Eq. 8)
Jo = ka(Ks — b3)/Z (Eq. 9)
fo = kis(Ks — b3)/Z (Eq. 10)
where
= (K — b:)(Ks — bs) + kie(Ks — b3) +
kua(Ks — bs).

The total amount of the drug in the body at a
given time, X p, may be expressed as:

X = Xi/fi (Eq. 11)
and
X = Vn - Cp (Eq. 12)
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where V, is the actual plasma volume and G, is
drug concentration in the plasma. Since during

the §-phase,
Cp = Bexp (—8t) (Eq. 13)

Eqgs. 11, 12, and 13 may be combined to yield:

Xp = %’ B exp (—pi) (Eq. 14).
1
Att = 0, Eq. 14 reduces to:
X =22, B (Eq. 15)
h
which upon substitution into Eq. 14 yields:
X5 = X3g°exp (—B¢) (Eq. 16)

It should be noted that Xz is not the dose X,
but a quantity defined by Eq. 15. Equation 16
shows that the apparent first-order rate constant for
the elimination of drug from the body as a whole
is identical to the apparent rate constant obtained
from plasma concentration data in the terminal
phase of the elimination process. Therefore, the
value 0.693/8 is justifiably called “body half-life”
or “biologic half-life.”” This reasoning leads to
the following expression for drug elimination from
the body during the g-phase:

dXp

4 = “hXs (Eq. 17)

In terms of the three-compartmental model, where
drug elimination takes place only in Compart-
ment 2,

‘%(tﬁ = —ky + X
and, as shown previously,
X = fz - X5
Hence,
df_ts = —kyfr - X (Eq. 18)
Equating Eqs. 17 and 18, yields:
B =1/ ko (Eq. 19)

Equation 19 has important implications in that it
shows that B is a function of the distribution of
the drug in the body (specifically, the fraction f.
of the total amount of the drug which is in the
drug-metabolizing compartment) and of the in-
trinsic drug metabolizing activity as represented
by the rate constant ky. This conclusion has
been verified experimentally in this laboratory
(5).

The derivations presented here lead to a concept
of an apparent volume of distribution which has
considerable practical advantages. Since, during
the B-phase of drug elimination, f; is a time-in-
dependent constant, the following definition may be
introduced :

=Y
i

The amount of drug in the body at any time during
the B-phase, can therefore be calculated from the

Va* (Eq. 20)
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expression:
Xz = Vi* - Bexp (—8t) (Eq. 21)

which is based on Eq. 14. This volume of distribu-
tion is totally different from that defined by Riggs
(10) and adopted by Wagner and Northam (11),
and Riegelman et al. (12). Their volume of dis-
tribution multiplied by plasma concentration
equals the amount of drug in the body only at the
one instant when the amount of the drug im the
‘“peripheral”’ compartment reaches its maximum
and cannot be used to determine the amount of drug
in the body from drug concentrations in the plasma
at any other time (15).

To calculate V4* from Eq. 20, V, may be ob-
tained from the body weight [plasma volume is
about 4.3%, of body weight (13)], and f; is calculated
from Eq. 8 which consists of terms the determina-
tion of which is described in the first part of this
paper. The use of a digital computer for these
calculations is desirable since any rounding-off
of values during the large number of individual
calculations can lead to large errors in the final re-
sults. In the present study, the original data
introduced into the computer program were ex-
pressed in two or three significant figures, and the
computer carried out all subsequent calculations to a
maximum of nine significant figures. The final
answers printed out by the computer were then
rounded off to three figures.

Determination of the Apparent Volumes of the
Rapidly and Slowly Accessible Hypothetical Com-
partments—Defining

Vi* =V, + V2 + Vs

where V,; and V; are the apparent volumes of
Compartment 2 and Compartment 3 with respect
to a specific drug, and

CoV, C, Ve CpVs
x _ L¥p _ Ly = L
GVt = 202 = 22 = S (Eq.22)
then
Vo _ 12
A f
and
Vy = L
2 Vp fl
Similarly,
- fa
o=V, %

The values of V; and V; can therefore be determined
from V,and Eqgs. 8 to 10.

RESULTS AND DISCUSSION

Primary Analysis of the BHC Plasma Concentra-
tion Data—The plasma concentrations of BHC
following intravenous administration of 150, 286,
and 600 mg. are listed in Table I and plotted in
Fig. 1. Secondary concentration maxima were
noted 20 to 24 hr. following injection of the two
higher doses. The reason for the occurrence of
these maxima, which reflect apparently a redistribu-
tion of the drug, is not clear at present. The
pharmacokinetic analysis of the data was limited
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TABLE I—CONCENTRATIONS OF BISHYDROXYCOUMARIN (BHC) IN THE PLASMA FOLLOWING INTRAVENOUS
ADMINISTRATION OF DIFFERENT Dosks oF BHC 1o A NorMAL HUMAN SUBJECT®

Dose, mg.
150 286 600

Time, hr. Concen., mg./1. Time, hr. Concn., mg/l. Time, hr. Conen., mg./1.
0.17 36.2 0.17 60.5 0.17 120
0.33 34.0 0.51 49.8 0.33 111
0.50 27.0 1 37.2 0.50 104
0.67 23.2 2.83 27.8 0.67 96
1 20.8 5 22.2 1 93
1.5 17.8 7.25 18.1 1.5 86
2 16.5 11 14.1 2 86
3 13.9 13 12.6 3 74
4 12.0 21 8.4 5 70
6 8.7 24.3 8.3 7.5 65
7.7 7.7 36 5.6 18 44
18 3.2 48 2.6 21 39
23.3 2.4 27 34
32 38
42 29
48 27
68.5 17
92 9
121 4

¢ Male, 70 kg. body weight, 51 years old.

therefore to the first 20 to 24-hr. portion of the
curves and these data are presented in a more ex-
panded form in Fig. 2. The results of the resolu-
tion of these data into three exponential compo-
nents are shown in Figs. 2 and 3. The values of
the intercepts P, A, and B, and of r, «, and 8 for
the three segments are listed in Table II. It is
evident that r and « are dose independent while
B8 decreases with increasing dose. The values for
dose/(P + A + B) listed in Table II, and partic-

B%: PLASMA CONCENTRATION, mg./I.

<y

el

120

TIME, hr.
Fig. 1—Concentration of bishydroxycoumarin in the
plasma as a function of tyme after intravenous adminis-
tration of 150 mg., A; 286 mg., ®; and 600 mg., W,
respectively, to a normal human subject. The arrows
indicate secondary concentration maxima observed 1
day afler drug administralion.

ularly the value for the lowest dose, are in good
agreement with the plasma volume, i.e., about 3 1.
for a 70-kg. man (13). It is to be expected that
the long injection times for the two higher doses
will have had a pronounced distorting effect on
P and a somewhat smaller effect on A. Since =
is equivalent to a #i/, of about 20 min. while the
time required for the injection of the 600-mg. dose
was 30 min., a negative time shift was carried out
in the case of the 286-mg. and 600-mg. data, using
the =, «, and 8 values listed in Table II but setting
dose/(P + A + B) = 3.21. The corrected P, A4,
and B values obtained by this procedure are listed
in Table III. The zero time shift required for
these corrections was — 19 min. in each instance.

Determination of Pharmacokinetic Constants
Based on a Three-Compartmental Open System—
Using the mathematical procedures described in
the Theoretical section, the apparent first-order
rate constants ks, Ria, k21, k13, and k; were computed
from the values for =, a, and 8 (Table II) and from
the corrected values for P, 4, and B (Table III)
by means of an IBM 7044 digital computer. The
results of these computations are listed in Table
IV. Essentially similar values for all rate con-
stants except for ky were obtained at the three
doses, but kg decreased with increasing dose. The
distribution of BHC in the three compartments as
a function of dose is listed in Table V which shows
the fraction of the total amount of the drug in each
of the three compartments. It can be noted that
f2, the fraction of the total amount of drug present
in the compartment in which the drug is metab-
olized, shows no consistent change with dose.
This leads to the significant conclusion, based on
the relationship represented by Eq. 19, that the
dose dependence in the elimination of BHC as
reflected by a decrease in 8 with increasing dose is
due to a decrease in the intrinsic drug-metabolizing
activity and not to distribution effects.

Finally, a comparison of the product of f; and
kx as obtained from the lengthy and complex cal-
culations described in the Theoretical section with
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Fig. 2—The data from Fig. 1 presented on an expanded

scale over 24 hr. after drug administration. The slope

of the linear segment of each curve is designated as

—B/2.3 and the intercept on the ordinate at zero time
15 designated as B.  Symbols as in Fig. 1.
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Fig. 3—Plots of residuals obtained by subtracting from
the 1initial plasma concentrations of bishydroxy-
coumarin shown in Fig. 2, the respective theoretical
concentration values represented by the stippled lines
(solid symbols), and by subtracting from the initial
data points represented by the solid symbols in this
figure the theoretical values represented by the stippled
hines (open symbois). The slope of the line fitted to
the solid symbols is designated as —a/2.3 and the
intercept at zero time is designated as A. The slope
of the line fitted to the open symbols is designated as
— /2.3 and the intercept at zero time is P,

TABLE II—PHARMACOKINETIC PARAMETERS OBTAINED BY RESOLVING THE BHC PLAsMA CONCENTRATION
Dara 1NTO THREE COMPONENTS

Dose, mg.
286

Parameter® 150 600 Units
r 22 22 34
A 10 22 19 mg./1.
B 14.5 24.5 83
Dose/(P + A + B) 3.2 4.2 4.4 IR
T 3.5 2.3 3.5
[ 0.46 0.41 0.41 hr.—1
B 0.085 0.051 0.036
®Cp = Pexp(—nt) + A exp(—atf) + B exp(—pt) where Cp is the plasma concentration of BHC at time {. The other

symbols are defined in the text and in Figs. 2and 3. ° Based on 2 data points only,

B values obtained by simply fitting a straight line to
the terminal log plasma concentration values pro-
vides a direct check on the mathematical deriva-
tions and the accuracy of the calculations. The
fa+ ko values caleulated from the data in Tables IV
and V are 0.085, 0.052, and 0.036 hr.—! for the 150-,
286-, and 600-mg. doses, respectively. These agree
perfectly with the 8 values listed in Table I1.

TasLE III—THE VALUES FOR P, A, AND B WHEN
CORRECTED FOR VARIABLE DURATION OF THE
INTRAVENOUS INJECTION®

Dose, mg..
150 286 600
P 22 40 81
A 10 23 22
B 14.5 25 84
Zero time shift, min, -0 —~19 —19

@ Expressed as mg./l. The corrections are based on an
initial value for dose/(P + A 4+ B) of 3.21.

APPENDIX I

The transfer and elimination processes in the
three-compartmental open system presented in
the Theoretical section may be described as fol-
lows:

Ej% = —KX) 1+ EaXs + kaXs
dT)fg = —KeXs 4+ kX)

aX.

_‘Fa = —KX; + kX,

In these expressions, X is the amount of drug in
the designated compartment, the numerical sub-
scripts for X define the compartment, the respective
k’s are defined in the model presented in the The-
oretical section, and

Ky = ks + ks (Eq. 1a)
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TasLE IV-—APPARENT FIRsT-ORDER RATE CoON-

STANTS CHARACTERIZING THE THREE-COMPART-

MENTAL OPEN SYSTEM FOR THE DISTRIBUTION AND
ELmnATION oF BHC®

Rate .
Constants, Dose, mg.

hr. -t 150 286 600
k2o 0.295 0.235 0.11
ke 1.56 0.91 1.44
ke 1.67 1.13 1.93
Fa 0.22 0.26 0.14
ky 0.30 0.23 0.32

@ See Scheme I in the Theoretical section.

TABLE V—DISTRIBUTION PATTERN OoF BHC IN THE
TBERMINAL ELIMINATION PHASE (8-PHASE)

——Dose, mg.
Compartment® 150 286 600

1, plasma (f;) 0.35 0.31 0.455
2, rapidly accessible, drug

ellminating (f:) 0.29 0.22 0.33
3, slowly accessible (f3) 0.36 0.47 0.215

@ fi, f2, and f3 are the fractions of the total amount of drug
in the body present in Compartments 1, 2; and 3, respec-
tively, and were calculated from Egs. 8, 9, and 10.

Ky = by + ku (Eq. 2a)
K; = ka (Eq. 3a)

In order to solve the above simultaneous differential
equations by using Laplace transforms, it is con-
venient to set up the following determinant:!

s+ K, — kn — ka
A= —klz S+Kz 0 =
— ki 0 s+ K;

(s + b)(s + B2)(s + b)) (Eq. 4a)

where —b;, —b;, and —b; are the real roots of the
equation, A = 0. With the initial condition that
X1 = Xy = dose when ¢ = 0, the fractions of the dose
in each of the three compartments are:

Xl/Xo = Cl exp (—blt) + C2 exp (—bzt) +

C; exp (—bst)
Xz/Xo =/’ exp (—blt) + C’ exp (—bzt) +

G’ exp (—bat)
Xi/Xo = C\" exp (—bit) + C:" exp (—b:f) +

Cs" exp (—bat)

where the C values (with various superscripts and
subscripts) are constants. These may be evaluated
on the basis of the following relationships:

N
G = [ A s = —b;
y —_4_1’3]
CJ I: A 5 = —bj
v _ (o)
" = I: a’ :l s = —b

where the subscript j represents either subscript

1 The reader may find it helpful to refer to Reference 14 for
examples of similar détivations based on other models,
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1, 2, or 3, Ay, is the determinant obtained from
A by suppressing the first row and the sth column,?
and A’ is d A/ds of the right hand of Eq. 4¢.2

= Ky — bi)(Ks — by) |

G =& )6 =)’
G = Ko = b)(Ks — bs)
by — ba)bs — b)
Ci = (K2 — bs)(Ks — bs)
8T (b = ba) B — Ba)
G’ = ki(Ks — b) .
! (b2 — b1)(bs — &)’
o o (K= b)
: (1 — ba)(bs — b))’
cr = Bu(Ks = b)
P (b= ba)(b: — ba)
cr - K —=b)
VT =) =ty
Cr =)
P — o)l b))’
Cr = k(K — bs)
3

(b = ba)(bs — ba)

The next step is to develop equations from which
the values for kw, ki3, ku, ki, and k; may be de-
termined from the known values for b, bs, bs, Ci,
C:, and C;. Rearrangement and expansion of
the equation for C, yields:

Ci(bs — bi)(bs — b)) = KKz — bu(Ke + K3) + b2
(Eq. 5a)

Similarly for C,:
Co(bn — b)(bs — be) = KoKz — bo(Ky + K3) + by?

(Eq. 6a)

Defining
R=K; +K; (Eq. 7a)
g = K:Ks (Eq. 8a)

and solving for R and ¢ from the simultaneous Egs.
5a and 6a, yields:

R = G(bs — b)) + G(bs — b)) + b + b, (Eq. 9a)

g = bafCi(bs — &) + Co(bs — b)) + b1) +
Co(by — ba)(bs — b)) (Eq. 10a)

From Eqs. 7a and 8a, and on the basis of K, >
K; (see Appendix II),

K, = (R+ VR — 49)/2 (Eq. 1la)
Ks; = (R — VR — 49)/2 (Eq. 120)

Substituting Eqgs. 92 and 10a for R and g in Egs.
11a and 12a, and simplifying, gives the following

2 For example,

— k2 0

el s + Ks

= — ku(s + Kj).
i Specifically,

A" = (s + b} (s + b3) + (s + bi)(s + bs) +
(s + b) (s + by,
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TABLE VI—CONSTANTS DESCRIBING THE DISTRIBU-
TION AND ELIMINATION OoF BHC AssuMING THAT
K3 > K, (SEE Appendix II)

Dose, mg.

Constants® 150 288 600
ko 0.152 0.0845 0.118
Rz 0.457 0.416 0.215
kn 0.145 0.140 0.209
ks 1.32 0.751 1.37
kn 1.97 1.37 2.04
h 0.26 0.25 0.41
fe 0.56 0.60 0.31
f 0.18 0.14 0.28

€ Units of £ = hr,~1; f bas no units.

equations for Kz and Kj:
=R+ Q)2

K = (R —0Q)/2

where Q = V/R? — 4g. These are the equations
for K3 and K; presented in the Theoretical sec-
tion.

Expanding both sides of Eq. 4¢ and identifica-
tion of equivalent terms yields:

ht+bhtb=K+K+K (Eq. 13a)

biba + babs + by = KiK; + KyKy + K
kuka — kiska (Eq 14a)
bibebs = KiKeKs — kikuKs — kiskaK: (Eq. 15a)

K, can now be evaluated from Eq. 13a, since K,
and K; are already known. The values for kEyky
and kigks are obtained from the two simultaneous
equations 14a and 15¢. Since k; = K; and has
already been determined from Eq. 12a, k3 can be
determined from the value of kikn. The value
of ks, obtained from Eq. la, is used to solve for
ky from kyoksy. Finally, ks is obtained from Eq.
2a, since ks and K are now known.

APPENDIX II

The data treatment leading to Eqgs. 11¢ and 12¢
assumes that K; > K; (i.e., kw + ka > ku). The
opposite assumption (K; > K,) resulted in k3 > ks,
which is inconsistent with the proposed model.
However, this latter possibility (which means that
drug metabolism occurs in the slowly accessible com-
partment) cannot be excluded solely on the basis of
the plasma concentration data although it is un-
likely on the basis of physiologic considerations. A
similar uncertainty occurs in the use of two-com-
partment models although this has apparently been
disregarded so far in the pharmacokinetic literature.

1895

When the experimental data were analyzed on the
basis of the assumption that K; > K, ks did not
change consistently with dose but %y, decreased with
increasing dose (Table VI). It is interesting that
the ky, values are quite similar to the & values, and
kis values to ks values, in the model assuming drug
metabolism in the rapidly accessible compartment
(Table V). This is not the case where K5 > K,
(Table VI). Preliminary evidence based on the
relationship between the plasma concentration and
pharmacologic activity of BHC in man is consistent
with the assumption that K, > K;. However, a
definitive conclusion concerning the two possibilities
will require determinations of BHC biotransforma-
tion rates at various drug concentrations in human
liver preparations.
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Coumarin anticoagulants

Pharmacokinetics—bishydroxycoumarin elim-
ination

Dos-dependence—bishydroxycoumarin elimi-
nation

Plasma concentration—bishydroxycoumarin

Kinetic equations—three-compartmental
model




