680 Vol. 25 (1977)

Chem. Ph . Bull. ’ :
[25(64I!)1 eoharm (]1391;7) UDC 615.31’5.011.4.03 : 547.544.03

Generalized Consideration of Administration Route Dependence of
Drug Disposition and Use of Urinary Data for Prediction
of the Dependence

Suoji Awazu,D Takavosar Ocuma,'® Tatsun Ica,
and Manasu HananoD

Faculty of Pharmaceutical Sciences, University of TokyoV
(Received July 3, 1976)

Route dependence of area under blood (or plasma) concentration curve (AUC) of drug,
or first-pass effect was considered based on a generalized perfusion model where drug is
supposed to be disposed in liver and kidney. The results verified the Gibaldi’s equation
based on a three compartment model to describe the route dependence with hepatic blood
flow and hepatic clearance. From this consideration, the equation to described and to
predict the dose dependence of AUC with urinary excretion and only one blood concentra-
tion at a steady state during a constant infusion was proposed and verified experimen-
tally.

And further the correspondence of the generalized perfusion model to a multi-com-
partment mammillary model for AUC was discussed and the equation for the route depen-
dence was proposed in the case in which drug circulates through enterohepatic system and
is disposed in small intestine as well as in liver and kidney.
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Administration route dependence of bioavailability or area under plasma concentration
curve (AUC) of drug, 7.e. first-pass effect, has been studied by many workers.? Gibaldi, et al.?
pointed out pharmacokinetically that even if the absorption of drug from the digestive tract
is complete, the ratio of AUC after oral administration, (AUC),,, to AUC after intravenous
administration, (AUC);,, t.e. (AUC),,/(AUC);, (=f) is essentially less than one, and gave the
equation to describe f with the ratio of hepatic clearance of drug to hepatic blood flow. It
can be seen from the equation that f reaches one assymptotically as the ratio of hepatic clear-
ance to hepatic blood flow becomes smaller and that the difference between (AUC),, and (AUC),,
is hardly observed experimentally when the clearance of drug is small. They® gave further
the equations to predict f only from (AUC),, or (AUC);,. These equations are very useful to
evaluate the absorption of drug from an oral dosage form, since when fis observed significantly
less than one, it is a practically important problem to determine whether the low ratio should
be ascribed to the large hepatic clearance of drug or to the uncomplete absorption. And these
equations have been successfully used for various drugs such as propranolol,® nortriptyline,®
propoxyphene?) and chlormethiazole® in human study.
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Gibaldi’s theoretical consideration is very excellent, however his kinetic model is limited
and based on only a three compartment model which is composed of central, tissue and hepato-
portal compartment. In his original model?:® drug was supposed to be disposed exclusively
from hepato-portal compartment. And afterwards Gibaldi and Feldman® gave the similar
equation to describe the route dependence of the total excreted amount of drug in urine from
the three compartment model where drug is disposed from central compartment into urine
as well as from hepato-portal compartment. Although they did not give the equation for the
route dependence of AUC in this case, it is very easy to understand that the same equation with
blood flow and hepatic clearance as in the former case can be given even when drug is disposed
both from hepato-portal and central compartment. But the method to obtain hepatic
clearance was not given.

Then, in spite of usefulness, it is a problem in the Gibaldi’s theoretical consideration thata
three compartment model is assumed a priori, in other words, why a multi-compartment
model is unnecessary to describe the route dependence since a body is composed of various
organs and tissues. And other problems are why liver is treated as hepato-portal compartment
while kidney is included in central compartment, and how to obtain hepatic clearance of drug
when it is disposed in kidney as well as in liver.

In contrast, Rowland?” pointed out the importance of clearance concept which is model
independent and derived the same equation for the route dependence but he did not consider
the case where drug is disposed in kidney as well asin liver. And recently, Chiou?” derived the
equation which describes the route dependence with hepatic blood flow, AUC and a fraction
of drug metabolised in liver when drug is administered orally and it is disposed in kidney,
pulumonary as well as in liver. Since in this case Chiou used a three compartment model,
a similar question arises whether a three compartment model is enough or why all disposing
organs belong to the same compartment ¢.e. central compartment.

To solve these problems, in the present paper the route dependence is examined from the
generalized perfusion model of drug disposition and the Gibaldi’s equation is confirmed as well
as in his three compartment model. The other purpose of the present paper is to report the
equation to predict the route dependence from the urinary excretion rate and plasma con-
centration at steady state which is obtained by constant rate infusion. The merit of this equa-
tion is that urinary concentration which is determined often more easily than plasma concentra-
tion is used and plasma concentration only at steady state which is usually high is needed. In
contrast, the wide range plasma concentration which includes low as well as high is necessary to
obtained AUC which has been usually used to predict the route dependence as stated above.
And this equation is examined experimentally with phenolsulfonphthalein (PSP) data in rat.

Theoretical

An animal body may be depicted schematically as in Fig. 1. According to Rowland, ef
al.,® in this model it is assumed that drug is delivered by blood flow to various organs and
tissues and that the concentrations of drug in emergent blood are in equilibrium with the
organs or tissues (perfusion rate or flow rate limiting model). And further the disposition
process is assumed the first order. Mathematical description of drug in this model is given as
the following equations:

i=n
Vo dlt = _FC, + PG + F.C2 + 5] FCY Eq. (1)
dcho o [}
VuKn 7o FiCy — FuCr® — knViKnCyl Eq. (2)

5) M. Gibaldi and S. Feldman, Fuvop. J. Pharmacol., 19, 323 (1973).
6) M. Rowland, L.Z. Benet, and G.G. Graham, J. Pharmacok. Biopharme., 1, 123 (1973).
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ac,° » o s °
VrKr dt = Frcb - Frcr - krVthCr Eq (3)
o dCP° ° . ‘
Vi —= = FC — FCP (j=1, n) Eq. (4)
AH v KW Cro Eq. (5)
dt
aU .
~—, T RrVrArUrp -Eq.
o =RVEC a. (6)
F=Fu+F+ 3 F Eq. (7)
The terms in Egs. (1) to (7) are defined below. C
is concentration of drug, V is volume of organ, blood pool G
tissue or blood pool, F is blood flow rate, K is parti- F
tion coefficient of drug (given as K=concentration in
organ or tissue/C°), % is first order rate constant of c — Fi
disposition, H is amount of drug disposed in liver, U liver
“is amount of drug excreted in urine and # is time, and | E
the subscripts b, h, 1, j, and O refer to blood, hepatic, , .
: : : : : Cr . Fr
renal, 7-th organ or tissue other than liver and kid- kidney

ney, and emergent, respectively. Needless to say,
these equations can be used for plasma concentra-
tion, replacing the subscript of b by p, and defining Ci " [ron-disposing |__F*
F as plasma flow rate. Drug is assumed to be ad- organ |
ministered by the rate of I which is an arbitrary
function of £ And the term of I is added to the
right side of Eq. (1) or (2) corresponding to intra- Co [nor-disposing |_F
venous or oral administration. e
Accord}ng to Rowland, ef al.9 'to .obtain AUC, Fig. 1. Generalized Perfusion Model
the total disposed amount of drug in liver (H.) and (for details, see text)
the total excreted amount of drug in urine (U..),
Eqgs. (1) to (6) are integrated between /=0 and ¢{=o0, and the following equations are obtained,
putting all C’s are zero at =0 and f=oc0. For non-disposing organ or tissue,

e

F j “Cudt = Fy f:cjc'dt Eq. (8)
Then,

AUC = j:’cbdt = J:Cfdt Eq. (9)
Pﬁtting Eq. (8) to the equation after the integration of Eq. (1), and integrating Egs. (2), (3),
and [ (S“Idt:dose), the following simultaneous equations are given for Smedt, SmCh%lt and

SwC Ldt, corresponding to administration route.
0

For intravenous administration:

Jijdt D

4 J:ch%lt =10 Eq. (10)
J “C.odt 0
1]

where D is dose, and

NII-Electronic Library Service



No. 4 .- 683

Fh+Fr "‘Fh “_Fr
A= —Fn Fu+kViKan 0
_—FI‘ ,. O » Fr+krVrKr
For oral administration:
J:det 0
A J:Ch"dt =| D Eq. (11)
r odt 0
0

The solutions of these equations for Schi’i are given in Table I. From the results of Table 1
the route dependences are given:
(AUC)po — (Um)po — Fh

- - Eq. (12)
AUCk ~ (Ui FatkaVakn a. (12)
(H.)po kV.K: F,
Aew)po . (13
Hoo T Fot VoK (+) Ea. (13)
TasLe I. Solutions of Egs. (10) and (11)
Intravenous administration Oral administration
R
“Codt D Fy+knViKn
0 AUC FyknViKn F.k VK. FhthhKh__ Fk. VK,
AUC)  FirVekn T FotkVK: | FotkuVaKn T Fo+ VK-
r Coodt _Fn(AUC)s D + Fo(AUC)po )
0 Fun+kyViKn Fo+knVoKn
{( FrlnViKn - Fik. V. K: )(Fh-]-thhKh) +Fh}
Fh+thhKh Fr+krVrKr v Fh
X (AUC)po/(Fu+FnViKn)
J e Cc.odt F, r(AUC)iL F, r(AUC)po
Jo ¥ Fr+krVrKr Fr+krVrKr
HDY ko VnKn J:C W2dt EnVoKn J: wodt
v keVoK: [ Codt EeV K j”c;’df
o . [

a) D was substituted by (AUC)po.
b) obtained by the integration of Eq. (5) between £=0 and ¢=oc0
¢) obtained by the integration of Eq. (6) between ¢=0 and {=co

The term of k,k,v, (hepatic clearance) is obtained from the results of Table I. From intra-
venous administration data:

. _ [D=Us)iw _{D—-(U.)w}

fnVaKa = { (AUC)i» }F “/ [F " T AUC) ] Eq. (VM) ‘

From oral administration data:
__ F{D=(U.)p0} |

Vol = ARGt Eq. (15)
Putting Egs. (14) and (15) to Eq. (12), respectively:

(AUC)po _ _ Fro(AUQ)spy— {D—(U)w} _ '_ D—(Uw ‘

(AUC)i =7 Fu(AUC)i =1 Fu(AUC)w Eq. (16)

(AUC>I)O —_ f = Fh+(Um)po/(AUC)po ; .

(AUC)s» =7 Fu+DJ(AUC)po Eq. (17
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At steady state of drug disposition and distribution during the constant rate infusion,
one can obtain the equations similar to Egs. (1) to (4), putting zero to the left sides of Egs. (1)
to (4) and replacing C by C* (steady state concentration) in the right sides. Accordingly the

simultaneous equations for C* similar to Eqs. (10) and (11) are given, replacing S Cdt and D

by C* and I, (constant infusion rate), respectively. And steady state rate of drug disposition
in liver (H,) and steady state rate of drug excret on in urine (U,) are:

Hs = knVuKnCo™ Eq. (18)
Us = b:V:K.C% Eq. (19)

The solutions of C* are obtained from Table I, replacing S C.dt. i.e. AUC, S Cyodt, S Cdtand D

by C%, Cy*, C.*°, and I, respectively. Then, the similar equations to Egs. (14) to (17)
are given for steady state data:

. Ic"'(Us)iv - Ic_(Us>iv
knVnKn = {—*—( Coen }Fh / [Fh “Coe :| Eq. (20)
Ru{l—(Uw}
knVoKn = FoCo Yzt (Us)ao Eq. (21)
AUC)po _ (Co®po A
AUk ~ Cw 7 =T R Ba. (22)
(AUC)po _ Fh'i'(Us)Jw/(Cbs)po Eq. (23)

(AUC)wy  Fa+L/(Co¥)po
Experimental

Male albino rats (Donryu) weighing 250—280 g were used. Bladder cannulation and urethral ligation
were operated for the excretion of drugs in urine. For the biliary excretion bile fistula was operated. Femor-
al artery cannulation was operated for blood sampling. These operations were given under ether anesthesia.
After the rat was transferred into a Bollman cage and awaken, bile, urine and blood samples were taken at
appropriate time intervals (see Fig. 2) through the respective cannulae while PSP in saline was infused at a
constant rate (Natsume model 12H automatic micro-infusion pump) through a cannula inserted in femoral or
portal vein. During the experiment, no food was given but water was taken ad libitum.

One tenth ml of bile sample was diluted with 5 ml of de-ionized water and centrifuged at 0—5° for 10
min at 12000 rpm (Kubota KRP-6 centrifuge). This supernatant and urine sample were adequately diluted
1/40 x NaOH. One tenth ml of plasma was diluted with 3 ml of 1/40 N NaOH. Then, PSP was determined at
558 nm (Hitachi 124 spectrometer). The working curves for PSP determination were made by dissolving a
definite amount of PSP in bile, urine and blood, respectively.

Results

As shown in Fig. 2 and 3, the steady state urinary excretion rate and blood concentration
of PSP during the constant rate infusion (10 mg/hr=167 pg/min) through femoral vein in the
rat were 83.3 yg/min and 42 pg/ml, respectively. Putting these values and hepatic blood flow
rate (16.0 ml/min: obtained from the authors’ observed value in Donryu rat, 6.05 ml/min/100 g
body weight,” using the mediam body weight of the rats used here) into Eq. (22), f was calcu-
lated as 0.875. And the observed value of f was calculated from the ratio, (U,) »0/(Us):» and was
0.900 (see Fig. 2). The values are fairly consistent with each other. This consistence supports
the generalized consideration in the present report and gives the use of urine data to predict the
route dependence or the first-pass effect.

7) M. Yokota, T. Iga, S. Awazu, and M. Hanano, J. 4ppl. Physiol., 41, 439 (1976).
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Fig. 2. Cumulative Urinary Excretion Cur- 0 610 1 2' 5 i éO
ves of Phenolsulfonphthalein after Portal . ’
and Femoral Vein Infusion in Rat Time (min)
O : portal vein infusion (n=4) Fig. 3. Blood Concentration Time
g iif:;;:ﬁ dvz;‘rloi“fus“’“ (r=5) Course of Phenolsulfonphthalein after
-, —: Lines were drawn by visual approximation. Femoral Vein Infusion in Rat
infusion speed: 10 mg/hr n=3
Although phenolsulfonphthalein is known to be ex- @ : average observed value
creted almost exclusively in urine in man and dog, in T: standard error
rat it was excreted in bile as well as in urine. The ——-: Line was drawn by visual approximation.
excretion ratios to dose in urine and in bile were about infusion speed: 10 mg/hr

47.7% and 34.09%, respectively.

Discussion

As can be seen from Eq. (8) or (9), the term of non drug-disposing organ or tissue is
eliminated by the term of blood pool. Therefore, however many organs and tissues in an animal
body there may be, only blood pool and disposing organs are enough to describe AUC and
total excreted amount of drug in urine (see Eqgs. (10) and (11)). This is the similar conclusion
to that which Rowland?® derived from the simpler case where drug is disposed exclusively
from liver. And Eq. (12) shows that Gibaldi’s equation for the route dependence derived
from three compartment model® is correct even when drug is disposed in kidney as well as in
liver. But in this case to predict the route dependence only from (AUC),, or (AUC) ,, some cor-
rection as Eq. (16) or (17) is necessary since an intrinsic hepatic clearance which is model
independent is given with Eq. (14) or (15).

Correspondence to Compartment Model

Although a perfusion model is instructive from a physiological standpoint, it is essentially
equivalent to a conventional compartment model. The model in Fig. 1 can be rewritten to a
mammillary model,® and similarly to Vaughan and Trainor,” amount of drug (X) in any com-

partment is given in Laplace transform:
for 7.v. administration,

X1 ?
Blx|=]{0 Eq. (24)
0

Xn

for p.0. administration,

8) A. Rescigno and G. Segre, “Drug and Tracer Kinetics,” Blaisdel Publishing Co., London, 1966, p. 91.
9) D.P. Vaughan and A. Trainor, J. Pharmacok. Biopharme., 3, 203 (1975).
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X1 0
B<)() . 05
Xn 0 '

where the determinant of the square matrix of B, 4 is given:

s+Ki —kn —ka —k41 ...... —km
—k s+K: 0. . _0 ...... 0
4= —Pki3 0 s+Ks 0 eeeeee 0 Eq. (26)
—FRus 0 0 S+Kgoeooor 0
—kin 0 0 0 ceeees s+Kn

And x and ¢ are Laplace transforms of X and I (input rate of drug, arbitrary function of ¢),
respectively: &;; is the first order rate constant from compartment i to compartment 3, and

Ki=§:‘: kij+Fki. Subscripts 1, 2, 3, and i denote blood pool, hepatic, renal and other compart-
mentJ, respectively, and subscript, o denotes an out compartment of the mammillary model.
Then, ’

() = (=DM ido[d  Eq. 27)

($2)po = (—1)**1idy../4 Eq. (28)
where 4;.; corresponding to the determinant obtained by suppressing the ¢-th row and the
j-th column from 4. According to Theorem,!®

Gedt

o J . Al:l
) ) Gedt 4. Eq. (29
0 ["F@a, (avcy, Vi TRk > (9

o)

S =

o

Since ¢ (0)=\ I(f)dt=D, then (see Appendix
pp

0

D 4.,
AUC), = 2 x 4u
( Uc)w Vl X 4

D 1
TV ke + kaokys Eq. (30)

5=0 ka+ko  katko
D .
knVokiaVi | kaoVikisVa
knVatkaVs © kaVstkaVs
Since kVi=FkynV,, and kgV=Fk4 V5, and they correspond to hepatic and renal blood flow
rate, respectively, and &,V , and &5,V 5 correspond to hepatic and renal clearance, respectively,
therefore, Eq. (30) is the same expression with the expression for (AUC),, in Table I. And
similarly, (see Appendix)
(AU _ (_pydo| __ u
(AUC) di.1s=0 katko

This is the same expression with the Gibaldi’s.
Further Consideration on Perfusion Model

The perfusion model in Fig. 1 might be criticized too simple, since hepatic arterial blood and
venous blood from various organs, such as spleen, stomach, pancreas and duodenum get into
portal vein in parallel. According to Jacquez, et al.,'¥ these organs are divided into three
groups. The first one includes spleen, stomach, pancreas and upper duodenum, and the second
and third are small and large intestine, respectively. And further, drug might be metabolized
during the passage through intestinal membrane, and be excreted in bile and absorbed again.
How should route dependence be described in such a complicated case? When it is assumed
that absorption occurs exclusively through small intestine and is complete even in enterohepatic
circulation process and that biliary excretion obeys first order kinetics, Eq. (2) is rewritten as:

Eq. (3D)

10) Ref. 8, p. 202. ;
11) J.A. Jacquez, R. Bellman, and R. Kalaba, Bull. Math. Biophys., 22, 309 (1960).
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VuKy dgth = FpaCv + FpCsp® + FsCL + FiIC° — FyCr® — by Vi KnCi® Eq. (32)
and .
dCs° o o
Vo Ko = Fg,Cp — FpCop Eaq. (33)
dcs° o o
VsKs dt = Fscb - FsCs - ksVsKsCs + kab‘Xi ECL (34)
o
VK, %— = FCy, — FICP° Eq. (35)
f%)fl— =kp ViKnCr® — b1 X | Eq. (36-2)
%2— =kX — kX, Eq. (36-b)
O . Eq. (36=0)
thFha'l'Fsp‘i‘Fs"'Fl Eq- (37)
kn = ko + ko Eq. (38)

where subscripts, ha, sp, s, and 1 denote hepatic artery, the first group, small intestine and large
intestine, respectively, and subscripts b, ab, and m denote bile excretion, absorption and me-
tabolism process, respectively. And X is amount of drug excreted in enterohepatic circulation
system, and subscripts, 1,2, —, ¢ denote consecutive process of bile excretion, as Dedrick, ef
al.1® have reported that bile excretion process is composed of several consecutive processes.
Other symbols have the same meaning as before.

When these equation are integrated between =0 and #==oo, similarly to Egs. (8) and (9),

AUC = ["Cudt = [ Cuvt = |"crar Eq. (39)
And ’
B VK J:chw = J “Xidt = ks J:ngt = = kabjj)é;dt Eq. (40)
Accordingly, as in Egs. (10) and (11), the following simultaneous equations are given for

S :odet, g: wodt, S:Cﬁdt, and S:C;dt, corresponding to administration route.

For 7.v. administration:

fcb%z D
| rch"dz 0
yary = Eq. (41)
j Cedt 0
(1]
fC;’dt 0
For p.0. administration:
,J“’ \2dt 0
0
j " Crodt 0
47 = Eq. (42)
J Codt 0
0
J:’c;w D

12) R.L. Dedrick, D.S. Zaharko, and R.J. Lutz. J. Pharm. Sci., 62, 882 (1973).
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where
Fy+F; —Fy —F; 0
A = —~(Fo—Fs) Fuo+EaViKn 0 —F;
~F: 0 Fi+k.V.K: 0
—F k —kyViKn 0 Fs+k VK
Accordingly,
4.,

(AUC)py = (— 1)t y

- (%) % {(Fo+ VoK) (Fs+ ke VKoY (Fet- b VoK)
—kahKh<Fr+krVrKr)Fs} Eq. (43‘“‘3.)
= (211_) 3 [Fe{Fn+(ka— k) ViKu} (Fet+ b ViKY

+ ks Vs(Fh + thhKhXFr + kr VrKr)] Eq (43—b)

where 4;.; corresponds to the determinant obtained by suppressing the ¢-th row and the j-th
column from A which is the determinant of matrix A’. And.

° o —_ 1+3 Al:8
(L C dt)w = (-1 p Eq. (46)
Then
- F
odt) = -—1T ___ (AUC) Eq. (47
([, cod), = g, W00 4. 1)
And similarly,
- F,
[e) —_ b
(J . & d’)po = FrkvE (00w Ea. (48)

Therefore, the relations between (AUC) and rC 2dt in Table I apply even when both of %z, and
k, cannot be neglected.
And

(AUC)po _ (=D)**4,.,
(AUCw (=14,

= Fth(Fr+krVrKy)
Fs {Fh "|‘(kh— kb)VhKh} (Fr + krVrKr) +ks VsKs(Fh +thhKh)(Fr+krVrKr)

Eq. (49)

In order to find out any practical meaning from Eqs. (43) and (49), they look too complicated,
but when £,=0,

D

(AUCke = —p =)V _FAVEK Eq. (50)
Fh-i-(kh——-kb)VnKh Fr+k.V.K:
(AUC)po _ Fy Eq. (51)

(AUC)s - Fu+(kn—Fo)VieKn

Eqgs. (47) and (50) show that data treatment according to Eq. (14) gives (k, —£&,) VK, which is
intric hepatic clearance by metabolism. And it can be seen from Eq. (51) that route depend-
ence depends only on metabolism. As the steady state data are essentially equivalent to AUC
data as stated in THEORETICAL in this report, Eq. (20) gives also (ky,—%,)V K. Accord-
ingly, it is concluded that when %2,=0, enterohepatic circulation does not have any effect on
route dependence and that AUC method and steady state method reported here can predict
route dependence, whether enterohepatic circulation of drug occurs or not.
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On the contrary, when k,=0, but 2,0, from Eqgs. (43-b) and (49),

(AUC)po _ F.F,

(AUC)W (Fa+knVoKn)(Fs+ks Vs Ks)

Eq. (52)

This is the equation for route dependence or first-pass effect in the case where drug is disposed
in small intestine as well as in liver and kidney. And when &, and k,=0, Eq. (49) reduces to

Eq. (12).

From these discussions, it is clear as far as dfug is not metabolized in intestinal membrane,
that the Gibaldi’s equation to describe route dependence with hepatic blood flow and hepatic

clearance is a general rule, even when enterohepatic circulation occurs.

Appendix
Derivation of Egs. (30) and (31)

Since in the model of Fig. 1, it is supposed that &,y and ks, are finite and other &;,’s are zero,

2‘ kl’i ""k21 —kgl —k41 ...... ‘—knl
—kis kot koo 0 0 ceenen 0
Al8=0 = —k13 0 k31+k30 0 ceeees 0
— k14 0 0 Bag cveee 0
—kin 0 0 0 eeene En1
Adding #-th, (n—1)-th, (n—2)-th,-----, and 2nd row to 1-st row in 4.,/
0 kzo kSO O ceeeen 0
- k12 kzl + kzo 0 O ceeeen 0
A|sm0 = — ki3 0 ka1 + B3 [ 0
—Fkyy 0 0 Bag vveeer 0
—kin 0 0 0 eeeee )
0 kzo kso
= _'k12 k21 +k20 O k41 ------ k'ﬂl
—kis 0 ka1 +kao

= {kook1a(ks1 +ks0) + ksokrs(Bor + ko) kay veeeee kw1

(a-1)

(a-2)

And eliminating the 1-st row and the 1-st column from the determinant of Eq. (a-1), a diagonal

determinant is obtained and its value is shown simply as,
dy:1|sa0 = (Ror+kao) (a1 +Eao)kay +oeeer km

And similarly,
ds.1]s=0 = —ka(kar+kso)kay e kn
Putting Eqs. (a-2) and (a-3) into Eq. (29).
D 4., D (ka1 + kao)(ksy + k3o) (
AUQC)y = — x =1L ==
( oo V1 X 4 |5 Vi X kookao(kar + kso) + kaokis(ksr + kao)
=D 1
TV kaokis k3oki3
koartkeo  kasitkao
And from Egs. (a-3) and (a-4),
Az: 1 — — k21
di.1 |s=0 ko1 +Eao
Then,
(AUC)po _ (=1 4 _ _ kx
(AUC)w 4.1 |s=0 ko1 + ko

Egs. (é—5) and (a-6) are the same with Eqgs. (30) and (31), respectively.

(a-3)

(a-4)

(a-5)
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