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An increase or a decrease in the apparent partition
coefficient of drug B (PCapp.) when partially com-
plexed with drug A indicates that the ratio [A-B,]/
[A-B,] is greater or less, respectively, than the ra-
tio [Bo]/[Ba], or Ky.2

However, the ratio [A-B,]/[A-B.], the appar-
ent partition coefficient of the complex, reflects
only the equilibrium condition and does not give
any indication of the relative contribution of each
of the several pathways by which this equilibrium
can be attained. In fact, it can be shown alge-
braically that the ratio [A-B,]/[A-B.] is equal to
KiK,K;/K; whether or not the pathway repre-
sented by K, actually exists.

It is evident from the above discussion that, un-
like the partition coefficient of a pure substance
which reflects the ratio of its interfacial transfer
rate constants in both directions, the apparent
partition coefficient of a complex does not necessarily
reflect the rates of transfer of the complex itself from
one phase to the other. Yet, it is this direct transfer
of the complex itself which would most likely bring
about a change in the overall absorption rate of
complexed drugs. Herein lies the limitation of the
use of partitioning data, which are representative
of an equilibrium situation, for correlation with
intestinal transfer data, which represent a rate
phenomenon. The lack of correlation between the
transfer rate constants and partition coefficients of
salicylamide, caffeine, and the salicylamide—caffeine
complex is consistent with this reasoning.

5 This statement can be substantiated mathematically,
taking as an example the case where complexation resujts in
an increase in the apparent partition coefficient (PCepp. >
K3). If PCapp. > K>, then

[Bo] + [A-Bo] _ [Bo]
[Ba] + [A-Ba} 7 [Bal

Cross-multiplying yields

[Bol[Ba] + [A-Bo][Ba] > [Bo][Ba] + [Bol[A-Ba)
[A-Bo][Ba] > [Bol[A-Ba]

Therefore,
_A-Bo] _ [Bo]
[A-Ba] ~ [Ba]
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It appears that factors which determine the rate
of transfer of drug complexes across biologic mem-
branes are likely to be resolved only by a considera-
tion of physicochemical effects at the biologic inter-
face and not on the basis of in vilro apparent parti-
tion coefficient data or transfer experiments using
simple nonbiologic membranes or barriers (10).
It is therefore appropriate to direct further attention
to the equilibria which exist at the surface of biologic
membranes in systems consisting of two interacting
drugs. This will be the subject of the following
paper.
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Thiopental Pharmacokinetics

By K. B. BISCHOFF* and R. L. DEDRICK ’

A mathematical pharmacokinetic model, including flow limitations, lipid solubility,
protein binding, and metabolism, is used to make & priori predictions of the dis-

tribution of thiopental in four body regious. )
of “effective”’ protein fractions and bovine serum albumin data.
represented by a Michaelis-Menten rate equation.

Tissue binding is correlated by means
Metabolism is
Close agreement with existing

experimental data lends confidence in the model as a valuable tool for predictions
in a variety of therapeutic situations.

ANY PRIOR studies of thiopental pharmaco-

kinetics have been made, but there remains
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some question concerning the relative importance
of metabolism and lean and adipose tissue up-
takes. Some years ago, Brodie and co-workers
(1, 2) made quantitative measurements of thio-
pental concentrations in various body regions and
concluded that significant amounts were present
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in adipose tissue. The overall rate of metabolism
in man was about 15%,/hr. and was believed in-
sufficient to account for the observed ultrashort
duration of action. Price et al. (3) arrived at
similar conclusions from mathematical analysis
and an analog computer simulation, except that
they attributed more of the drug redistribution
effects to the lean body mass. Mark and Brand
(4) have reviewed much of this work. A some-
what different viewpoint was taken in a recent
analog computer study by Saidman and Eger
(5) in that a much more important contribution of
metabolism was assumed.

BASIS OF MODEL

The purpose here is to devise a mathematical
pharmacokinetic model incorporating as many as
possible of the variables known to affect drug
distribution. Previous work concerning the dy-
namics of vascular tracers required detailed ex-
amination of blood volume distribution and flow
rates (6, 7). Since the time scale of interest in the
present paper is on the order of a few minutes to
several hours, it is permissible to identify certain
gross “lumped” regions over which relevant values
of perfusion or physical properties may be con-
sidered constant. This, then, leads to the same
general breakdown used by some previous workers:
(a) blood, (b) viscera (highly perfused lean tissue),
(¢) poorly perfused lean tissue, and (d) poorly
perfused adipose tissue.

Values of the regional flow and volume parameters
representing the normal adult male were taken from
Mapleson’s detailed data for several body regions
(8). Such detail might be of use in future studies,
but sufficient thiopental distribution data are not
presently available to justify such a complex
pharmacokinetic study at this time. Figure 1
illustrates the four body regions and representative
numerical parameters.

A useful mathematical model must explicitly
include resistances to mass transfer by membrane
permeability and constraints caused by flow limita-
tion. Since thiopental is highly lipid soluble, the
authors assume, as have earlier workers, that mem-
brane transport is very rapid and the controlling
resistance is flow limitation for all regions. A
more detailed analysis is required for other solutes

which might have lower lipid solubility. For

thiopental, then, only the total tissue volumes,
quantities of associated equilibrium blood, and
blood flows are required, as shown in Fig. 1.

A possible complication that cannot be accom-
modated by simple compartmental models has
recently been discussed by Rackow, Perl, and
co-workers (9, 10), in which direct molecular dif-
fusion occurs between two adjacent tissue regions.
This would be most likely to occur between adjacent
layers of well perfused lean and poorly perfused
adipose tissue where the solute is highly lipid
soluble. The initial adipose uptake then could be
more a result of direct diffusion from the lean tissue
than from its own low perfusion. Perl et al. (10)
considered this effect for fat-soluble gases and
showed that certain discrepancies in the data could
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thereby be explained. For the longer time intervals
of interest here, however, and for more slowly
diffusing thiopental, it is felt that this effect can
be neglected.

Another complication, until recently neglected
in the pharmacology and anesthesiology literature,
is the phenomenon of protein binding. A good
general discussion has been presented by Gillette
(11), who illustrated the significance of binding of
several drugs. An extensive consideration of bind-
ing as it affects pharmacokinetics analyses is found
in a series of papers by Kriiger-Thiemer (a few of
the most recent are 12-14). For cases such as
sulfa drugs, only entire body blood and tissue break-
downs were used, and it was clearly shown how
binding can alter the features of the mathematical
model. For example, the use of an overall distribu-
tion coefficient relating blood and tissue concen-
trations is not possible, since these ratios are a
function of the concentration level when nonlinear
binding occurs. Also, since the free (unbound)
concentration is presumed to be the proper basis for
pharmacological action, the extent of binding must
be accounted for in order to produce meaningful
predictions. The present work includes binding
effects; the details will be discussed later.

MATHEMATICAL MODEL

Transient mass balances can be written for each
of the body regions considered, assuming flow-
limiting conditions. For the blood compartment:

dCs dxp
fsVs 3t + 1 —-f)Vs 7
accumulation of accumulation of
unbound drug bound drug

= —~ QslfsCs + (1 — fa)xsl
outflow of unbound
and bound drug

4+ QvlfveCv + (1 — fvs)xve]
4+ QulfusCr + (1 — fip)xip)
+ QalfaBCa + (1 — fag)xasn]
inflow from other regions of
unbound and bound drug
+ Mg(t)

ingestion term (Eq. 1)

The physical meaning of each term is indicated
below it for clarity, and the particular symbols
are defined under Notation.

A similar mass balance for the viscera gives:

(o Vs + frrPvn) X 4+ (1 = fyn)Vvm E32

accumulation of un- accumulation of bound

bound drug in drug in equilibrium
equilibrium blood blood
and tissue

d
+ (L = fyn) Ve
accumulation of bound
drug in tissue
= Qv[fsCe + (1 — fa)xs — fveCv —
(1 = fvs)xve]
net inflow of unbound and bound drug

+ rv(Cv)

rate of metabolism of drug (Eq. 2)
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The metabolism rate term is written in the simple
Michaelis-Menten form for the calculations:

_ kvCv
Kuv + Cv

Since the metabolism mainly occurs in the micro-
somes of the liver (11), the rate of reaction, ry,
appears in the balance for the visceral region.
Similar terms could be added to the other balances
if required.

The remaining mass balances have a similar
form.
For lean tissue:

rv(Cv) = (Eq. 3)

(feeVis + frrVir) ddi;‘ +

(1 — fLe)Vis da:lIZB + 1 = fir)Ver a4 -

QulfsCs + (1 — fB)xp — fLeCr — (1 — fre)xLB]
(Eq. 4)

dxrr

For adipose tissue:

(faBVas + farVar) dd—(iA + (1 — fan)Vas dxap

dt
(1 — far)Var d_z;ﬂ=
QA[fBCB + (1 - fB)xB b fAB CA - (1 —_ fAB)xAB]

(Eq. 5)

Explicit relations between the various bound and
free concentrations are required to solve Egs. 1-5.
For blood plasma protein binding, the results of
Goldbaum and Smith (15) are used. They cor-
related their bovine serum albumin data with the
commonly used (see Reference 11) two-term rela-
tion,

BlK1CB
1 + KiCs

ByK,Cp
1 4+ K,Cp

xB = (Eq. 6)

Goldbaum and Smith (15) also presented data on
rabbit tissue binding of a number of barbiturates.
In the absence of more information, it is assurned
that the relationship for binding by plasma pro-
teins could also be used for tissue protein binding.
“Effective tissue protein fractions’” are assigned
to produce the measured tissue drug concentrations.
This assumption is justified on the basis that con-
sistent “‘effective tissue protein fractions” are
found to result for all the barbiturates studied.
Further justification of this method with other
classes of compounds would be useful.

With this assumed basis, all of the binding rela-
tions take on similar functional forms, each with the
appropriate free concentration inserted. For ex-
ample, the viscera binding relations become:

B.KiCv B:K»Cv

WIS WEEW ST RG T T Kby
(Eq. 7)
and the lean tissue values,
Xpr = T = xp = BiKiCr B K,Cr
1+ K,Ct 1 4 K,Cp
(Eq. 8)

Adipose tissue must be handled somewhat dif”
ferently. The equilibrium blood plasma binding
has the usual form,
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% _ BlKl CA + Bsz CA
2T TFKC T T4+ KGa

but the tissue ‘‘binding” here is primarily the lipid
solubility for which a simple Henry’s law formula is
used,

(Eq. 9}

xat = BaCa (Eq. 10)

A final simplification assumes that the fractions of
protein in all the various blood regious are the same,

fB = fve = fup = fan (Eq. 11)

These considerations lead to simplifications in
Eqs. 1-5 which can now be solved if the input or
ingestion function is specified. An approximation
to a normalized impulse function similar to that
of Bellman et al. (16) is used,

g() = 30MAL)?2 (1 — A)? (Eq. 12)

where A is the reciprocal injection duration. This
function simulates a smooth injection and is con-
venient for computation.

RESULTS AND DISCUSSION

Numerical values for the parameters in the above
mass balance equations are provided by the data of
Mapleson (8) (see Fig. 1) and Goldbaum and
Smith (15), except for the metabolism term. In a
comprehensive review paper, Mark (17) presents
values for the overall rates of metabolism of bar-
biturates, which for thiopental is about 159%/hr.
The parameters kv and K,.v in Eq. 3 are empirically
adjusted to provide values of By = 26.5 umole/min.
and K,v = 4 (umole/l.), which gave the desired
rate. The recent data of Mark et al. (18) can be
correlated by a Michaelis-Menten Kkinetic form to

Q
2.200
5.615
Q
2.520 M
4.080
6.200
Q
0.524 !
1.275
39.200
Qa
1
0.160 0.260
12.200

Fig. 1—Body regions and flows. Key: B, blood pool
not in equiltbrium with tissues; V, viscera; L, lean
tissue; A, adipose tissue.
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TABLE [—PARAMETER VALUES

Parameter Numerical Value
Flow distribution, QO = 5.615, Oy = 4.080, 01, =
1./min. 1.275, Qa = 0.260

Ve = 2.20, Vyp = 2.52, Vyr =
6.20, Viz = 0.524, Viyr =
30.20, Vas = 0.160, Var =

Body region size, 1.

12.200
“Effective” frac-  fs = 0.985, fyvr = 0.963, fur =
tion water 0.980, far = 0.20
Binding sites, B, = 18,400, B, = 305,000
umole/1.

Binding equilib- K,
rium constant,
1. /umole

Lipid solubility
constant

0.060, K; = 0.000625

By =100

produce parameter values of the same order of
magnitude as those required to obtain the 15%,/hr.
rate. This lends some confidence to the metabolism
rate expression, but the need for more quantitative
chemical kinetics work remains clear. The lipid
solubility constant lies between the value for peanut
oil-water from Mark et al. (19) and the value from
Price et al. (3), corrected for protein binding.

Analytical solutions of the differential equations
are not feasible because of the nonlinearities caused
by the binding terms; the equations have therefore
been solved numerically using a digital computer.
As a critical test of the pharmacokinetics model, an
a priori prediction of the experimental results of
Brodie et al. (1, 2) on thiopental distribution in dogs
was attempted. A priori here implies that nu-
merical values of all the parameters in the model
(except metabolism) were taken from sources
other than Brodie ¢f al.: human flow distribution
and body region size from Mapleson (8); bovine
serum albumin and rabbit tissue binding from
Goldbaum and Smith (15); lipid solubility from
Mark et al. (19) and Price ¢ al. (3). The nu-
merical values used in the computations are shown
in Table I.

In the cited experiments of Brodie et al. (1, 2)
25 mg./kg. thiopental was injected iv. with a
5-min. injection time. Thus, the final two param-
eters in the model are M = 6630 umoles (for a
70-kg. man) and A = 0.20 min, ™,
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Fig. 2—Comparison of predicted and experimental
values for blood. Key: W@, injection duration; @, dog;
A, human.
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Fig. 3—Comparison of predicted and experimental
values for viscera (liver). Key: W, injection duration;
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Fig. 4—Comparison of predicted and experimenicl
values for adipose tissue. Key: W, injection duration;
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Fig. 5—Comparison of predicted and experimental
values for lean tissue. Key: W, injection duration;
®, dog.

The results of the numerical computations are
presented in the graphs. Figure 2 compares the
a priori predicted and measured values in blood
for dogs and for man. The total concentration,
bound plus unbound, is plotted. Several features
of the graph are worthy of note. First, the pre-
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dicted values from the mathematical model agree
well with the experimental data. Second, the
physical distribution patterns for dog and man are
very similar when plotted in a consistent manner.
Third, rapid fall in blood thiopental levels is ob-
served for the first half-hour as distribution equi-
librium is approached. And finally, the slope of
the line at long times principally represents metabo-
lism at the rate of 15%/hr.

Figure 3 compares the computed and experimental
(dog) values for the highly perfused or viscera com-
partment. Again, excellent agreement is obtained.
The uptake in adipose tissue is illustrated in Fig. 4,
which shows the rapid and continuing solution of
the drug in the lipid at the perfusion rate of 2 (ml./
min.)/100 g. used (see Table I). The curve for the
final compartment, poorly perfused lean tissue, is
shown in Fig. 5. The overall predicted trends are
correct, but there are some discrepancies between
the calculated curve and the experimental data.
At short time intervals, the difference can probably
be explained by the fact that human flow distribu-
tion and perfusion rates are used but that experi-
mental data were obtained on dogs. Since lean
tissue of dogs is somewhat more highly perfused
than that of humans [value used—3 (ml./min.)/
100 g], the measured initial uptake is higher than
predicted. Calculations made with a higher lean
perfusion rate shift the predicted curves in the
correct direction. Since the intent was to see how
good an e priori prediction could be made, however,
these “curve fitting” attempts were not pursued in
any detail. The long time portion of the curve also
deviates from the data, but slight changes in the
lipid solubility produce better agreement; again,
a better “‘curve fit”’ has not been attempted.

Figure 6 shows the computed behavior over a
period of several hours. It is seen that the three
nonlipid compartments rapidly approach distribu-
tion equilibrium, but that the adipose uptake rises
continuously to a maximum at about 3—4 hr. This
also corresponds with the observations of Brodie
et al. (2).

A final very interesting result is exhibited by the
plot of computed free concentrations in each of the
compartments shown in Fig. 7. The blood and
viscera free concentrations fall very rapidly and,
more important, are essentially equal over the entire
time period. This is a good illustration of the con-
cept that blood concentrations are an excellent
measure of the viscera concentrations and thus

100
. 80 |

—

whOOY O

TISSUE CONCN., mg./kg

TIME, hr.

Fig.
Key:

6—Long time behavior—total concentration.
, viscera; - — —-—, adipose; — - —
fean; — —, blood.

]
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w

2

1

0

1 2 3 4 5 6 /
TIME, hr.
Fig. 7—Long time behavior—free concentration. Key:
, viscera; — —~ — —, adipose; — - —, lean; — —,
blood.

should provide a basis for correlating pharmaco-
logical action. Notice, however, that this is true
only for the free concentrations (i.e., corrected for
binding), since Fig. 6 indicates that the total con-
centrations in the blood and viscera are not equal.

CONCLUSION

The a priori predictions of thiopental distribution
resulting from the pharmacokinetic model, including
protein binding and lipid solubility, agree closely
with published experimental data. Such per-
formance provides confidence in the model as a
valuable tool for predictions in a variety of thera-
peutic situations if it is properly applied and
sufficient data are available. One application
reported elsewhere (20, 21) considers the physio-
logical solute distributions associated with the
extracorporeal treatment of blood with an artificial
kidney.

NOTATION
Ba = lipid solubility in adipose tissue (di-
mensionless)
B,, B, = protein binding sites (umole/1.)
C = free concentration (umole/l.)
f = fraction water (dimensionless)
g(t) = injection description function (min.™!)
kv = metabolism rate constant or maximum
rate (umole/min.)
K.v = Michaelis-Menten constant (umole/l.)
1, K2 = protein binding equilibrium constants
(1. /umole)
M = amount of drug injected (umole)
Q = flow rate (1./min.)
ry = metabolism rate (umole/min.)
t = time (min.)
x = bound concentration (umole/kg.)
14 = volume of compartment (1.)
A = reciprocal injection of time (min.™1)
Subscripts
A = adipose
B = blood
L = lean
V = viscera
AB = adipose equilibrium blood
LB = lean equilibrium blood
VB = viscera equilibrium blood
AT = adipose tissue
LT = lean tissue
VT = viscera tissue
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Effect of Chlordan Pretreatment on the Metabolism
and Lethality of Cyclophosphamide

By ROBERT L. DIXON

Cyclophosphamide is converted to a cytostatic agent by enzymes present in the hepa-

tic microsomes.

Prior treatment of young rats with the insecticide, chlordan, re-

sulted in an increased cyclophosphamide toxicity. Chlordan pretreatment also in-

creased the i1 vitre metabolism of cyclophosphamide and hexobarbital, increased the

excretion of the alkylating metabolite of cyclophosphamide i» vive, and decreased

the sleeping times of animals treated with hexobarbital in vive. It is most probable

that increased amounts of cytostatic metabolite occurred as a result of chlordan in-
duced microsomal drug-metabolizing enzyme stimulation.

YCLOPHOSPHAMIDE! [N, N-bis(8-chloroethyl)-
N’, O-propylene phosphoric acid ester
diamine monohydrate, NSC 26271] is a potent
antineoplastic agent of the nitrogen mustard
class and has been used in the treatment of
patients with many types of neoplastic diseases.
Cyclophosphamide is especially valuable in the
treatment of patients with malignancies arising
from the hematopoietic tissues. The compound
can be administered by all routes (1).
In contrast to the nitrogen mustards ordinarily
used in cancer chemotherapy, cyclophosphamide
is inert when placed in direct contact with bac-
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teria, leukocytes, and most tumor cells in culture.
In vivo activation occurs in the liver and perhaps
in other sites (2). The subcellular site of
enzymic activation in the liver is the microsomes.
These hepatic microsomal drug-metabolizing
systems require oxygen and NADPH (TPNH)
and are capable of altering a number of drugs (3).
The microsomal enzyme that activates cyclo-
phosphamide is influenced by a number of various
drugs (3). For instance, SKF-525a (8-diethyl-
amino-ethyldiphenylpropylacetate), an inhibitor
of microsomal drug metabolism, will decrease
serum levels of metabolite capable of alkylation
after cyclophosphamide (4), while pretreatment
of animals with phenobarbital increases the con-
centration of this metabolic agent three to four-
fold by enzyme induction (5).

The fact that the concentration of metabolite
capable of alkylation after cyclophosphamide
treatment can be increased by enzyme induction



