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Purpose. The amount of drug absorbed into portal blood after oral
dosing (D, ) has been estimated using Fick’s principle (Q-method),
ie., Dpog = Qn - (AUC,,; — AUC,,.), where Q, is the portal blood
flow rate, and AUC,,, and AUC, ;. are the areas under the concentra-
tion-time curves of portal vein and systemic blood after oral dosing,
respectively. However, this method may underestimate D, ;, when the
drug is subject to systemic intestinal elimination. An alternate equation
(CL-method; D,,, = CL; - AUC,,,) is described using a simple
pharmacokinetic model, to estimate D, in the presence of systemic
intestinal elimination, where CL is systemic clearance.

Methods. The model is composed of central, intestine and liver com-
partments, assuming that drug is eliminated by intestinal and/or hepatic
pathways only. A comparison of both methods for estimating D, .,
was made using computer-simulation or experimental data of phenace-
tin from the literature.

Results. The simulation study demonstrated that the Q-method under-
estimated D, ,, in the presence of significant intrinsic intestinal clear-
ance, compared to the CL-method,. The similar results were observed
using the experimental data of phenacetin.

Conclusions. The CL-method can provide a better estimate of D,
while the Q-method may underestimate D, ,, ;, when there is significant
systemic intestinal elimination of drugs after oral administration. In
addition, useful information for understanding the relationship between
the extent of absorption and the first-pass effect by intestine and/or liver
after oral dosing of drugs can be obtained from the present approach.
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INTRODUCTION

It has been suggested that the amount of drug absorbed
into the portal vein after oral administration of drugs (D)
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ABBREVIATIONS: AUC: area under the concentration time curve;
AUC; . AUC in the central compartment (vena cava) after intravenous
dosing; AUC,,.: AUC in the central compartment (vena cava) after
oral dosing; AUC,,,: AUC in the intestine compartment (portal vein)
after oral dosing; C. . concentration of drug in the central, intestine
and liver compartments, respectively; CL;,: intrinsic intestinal clear-
ance; CL;;, intrinsic hepatic clearance; CL,: systemic clearance; D;
intravenous dose; D, ,: amount of drug (absorbed into enterocytes from
the lumen after oral dosing) dosed into the intestine compartment;
D,..,: amount of drug available prior to reaching the liver compartment
(absorbed into the portal vein) after oral dosing; Egjy: Intestinal and
hepatic extraction ratios, respectively; F: bioavailability; f,: fraction
of drug unbound to blood components; Q: portal blood flow rate;
X.gn: amount of drug in the central, intestine and liver compart-
ments, respectively.
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can be estimated using Fick’s principle, i.e., Dpos = Qy -
(AUC,,, — AUC,,.), where Q,, is the portal blood flow rate,
and AUC,,,; and AUC,, . are the areas under the concentration
time curves (AUC) of portal vein and systemic blood, respec-
tively, after oral dosing (1-3). This equation indicates that at
any particular time period, the amount of newly absorbed drug
into the portal vein is equal to the portal blood volume times
the difference between portal vein and systemic blood concen-
trations. However, if the previously absorbed drug returning to
the mesenteric artery from systemic circulation becomes subject
to further intestinal metabolism prior to reaching the portal
circulation, the difference between the portal vein and systemic
blood concentrations underestimates the true concentration of
newly absorbed drug into the portal vein, resulting in the under-
estimation of Dy , o, when using the Fick’s principle. In addition,
a substrate that is well absorbed, but undergoes extensive first-
pass metabolism within enterocytes could have a concentration
profile in the portal vein similar to an agent that is poorly
absorbed. Thus, the use of Fick’s principle can not distinguish
between these two very different causes of incomplete oral
bioavailability.

A pharmacokinetic model to address presystemic elimina-
tion of drugs by the intestine and liver after oral dosing was
developed by Colburn and Gibaldi (4). In this model, disposition
kinetics of drugs subjected to first-pass intestinal and hepatic
metabolism can be determined by measuring systemic and por-
tal blood levels after intravenous and oral dosing, and measuring
or estimating gastrointestinal blood flow rates. We have adapted
the model of Colburm and Gibaldi, and described a simple
equation to estimate Dy, ;, while eliminating the requirements
to obtain portal blood concentrations of drug following intrave-
nous dosing and to estimate the portal blood flow rate. With a
few assumptions, the amount of drug actually absorbed into
enterocytes from the intestinal lumen can be also assessed, in
order to distinguish limited absorption from first-pass intesti-
nal elimination.

THEORY

The model is composed of three compartments, i.e., cen-
tral, intestine and liver compartments (Fig. 1). Assumptions for
this model include; 1) linear, route-independent pharmacoki-
netic behavior, 2) only intestinal and/or hepatic elimination, 3)
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Fig. 1. The model consists of three compartments, i.e., central, intestine
and liver compartments.
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only unbound drug is available for clearance, 4) instant complete
mixing of drug within compartments, 5) blood flow of the
hepatic artery is ignored, and 6) no lymphatic absorption. Equa-
tions were derived based on administration of dose into the
central or intestine compartments to simulate intravenous or
oral administration, respectively. The rates of change of drug
amounts in central (X.), intestine (X;), and liver (X;) can be
expressed by the following equations. Please refer to abbrevia-
tions for symbols.

dX/dt = Qu-Cy — Q- Ce )
dXg/dt = Q,-C, — CLi;f,-Cy — Qu-C, @)
dXh/dt = Qh'Cg - CLi,h'fu'Ch - Qh'Ch (3)

where C,, C,, and C,, are drug concentrations in central, intestine
and liver compartments, respectively, and Q, and f, are blood
flow rate and the fraction of drug unbound to blood components,
respectively. After integrating equations 1, 2, and 3 from 0 to
o for intravenous dosing, systemic clearance (CL,) can be
expressed as a function of Qy, f,, CL;g, and CL; (intrinsic
intestinal and hepatic clearances, respectively).

CL; = D JAUG,c = Qv'E; + (1 = Ep)-Qu'E,  (4)
Eg = fu.CLi,g/(Qh + fu'CLi,g) (5)
Ey = f,-CLip/(Qn + f,-CLip) ©6)

where D, , is an intravenous dose, and E; and E,, are intestinal
and hepatic extraction ratios, respectively. AUC; , . is AUC in
the central compartment after intravenous dosing and can be
expressed as in equation 7.

AUC;,. = D;y+(Qn + 1y CLig) - (Qy + £~ CLip)/
(Qu-(Qu-fy-CLjp, + £,-CL; g~ (Qn + f,-CLiN (D)

It can be assumed that AUC; . physiologically corresponds to
AUC measured in the vena cava after intravenous dosing of
drugs. After integrating equations 1, 2, and 3 from 0 to « for
oral dosing, CL;;, can be derived as in equation 8.
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CLin = Qh-(AUC,,, — AUG, o J/(f,- AUC,00)  (8)

From equations 4 and 8, CL;; can be further defined as in
equation 9.

CLi,g = Qh . (CLS : AUCp.o,g - Qh . (AUCpAo‘g
- AUCpAo'c))/(fu : (Qh - CLS) . AUCp.o,g) (9)

where AUC,,,. and AUC,,, are AUC in the central and intes-
tine compartments after oral dosing, respectively. It can be
assumed that AUC, , . and AUC, , ; physiologically correspond
to AUC measured in the vena cava and the portal vein after
oral dosing of drugs, respectively. AUC,,, can be expressed
as in equation 10.

AUCp.o,g = Dp.o “(Qp + 1 CLxh)/(Qh Ay CLi,h

+ fu-CLig (Qn + £,-CL;n)) (10)

where D, , is the amount of the drug dosed into the intestinal
compartment and can be viewed as the amount of the drug
absorbed into enterocytes from the lumen after oral administra-
tion. From equations 4, 7, and 10, the amount of the drug
available prior to reaching the liver compartment after oral
dosing of the drug (D, ) can be derived as a function of CL,
and AUC,, ., which is equal to the amount of drug available
after first-pass intestinal elimination, as shown in equation 11.

Dpoe = CLi-AUC ., = (1 — E;):Dy, (11)

It can be assumed that D,,,, , physiologically corresponds to the
amount of the drug absorbed into the portal vein after oral
dosing. According to equation 11, D, , , can be estimated experi-
mentally by measuring systemic drug concentrations after intra-
venous dosing and portal vein drug concentrations after oral
dosing. From equations 5, 9, and 11, D,, can be further esti-
mated as in equation 12.

Dy, = CLs-AUC,, /(1 — Ep) (12)

SIMULATIONS AND DATA ANALYSIS

The simulations for estimating D, , ; using Fick’s principle
(Q-method) or the equation derived above (CL-method: CL; -

Table 1. Simulation for Estimating % of the Orally Dosed Drug Which Is Available Prior to the Liver Compartment (% D, ) Using
the Q-Method or the CL-Method

% Dp.oyg

No Dose Qu CL, CL;, AUC,, . CL, AUC, ., AUC, . F Q-method CL-method
1 100 10 0 0.1 1010 0.099 1010 1000 99.0 100 100
2 100 10 0 1 110 0.909 110 100 . 90.9 100 100
3 100 10 0 10 20 5.000 20 10 50.0 100 100
4 100 10 1 0.1 100 0.999 90.99 90.09 90.1 9.0 90.9
5 100 10 1 1 58 1.736 52.38 47.62 82.1 47.6 90.9
6 100 10 1 10 18 5.455 16.67 8.33 46.3 834 90.9
7 100 10 100 0.1 11 9.100 1.00 0.99 9.0 0.1 9.1
8 100 10 100 1 11 9.174 0.99 0.90 8.2 0.9 9.1
9 100 10 100 10 10 9.545 0.95 0.48 4.8 4.7 9.1

Note: Q-method: %D, ,, = 100-Q,(AUC,,, — AUC,,)/Dose; CL-method: %Dy = 100-CL,AUC,, /Dose;

F: bioavailability (%, 100-AUC, ,/AUC, ).
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Table 2. Comparison of the Q-Method and the CL-Method for Estimating %D, , of Phenacetin After Oral Dosing in Rats
(Data from Literature (5))

AUC(pg-min/mL)?

%D,

Dose CL} F pot
(mg/kg) AUC,,. AUC,,, AUC,,. (mL/min-kg) (%) Q-method® CL-method
20 1741 843 729 11.5 419 22.3 48.5

“AUGC; ., AUC, 5, and AUC,, . are AUC of plasma in inferior vena cava after intravenous dosing (20 mg/kg), in portal vein and inferior vena

cava after oral dosing (20 mg/kg), respectively.
bsystemic plasma clearance.

Portal blood flow rate in rats (Q,) is assumed 39.2 mL/min-kg (6) and a blood/plasma partition ratio of phenacetin is assumed one (7).

AUC,,; (eq. 11)) were performed by varying CL;; and CL;}
at the same intravenous and oral doses and a constant Q,, (Table
1). It was assumed that drug was completely absorbed after
oral dosing and there was no protein binding. The comparison
of both methods for estimating D, , ; with kinetic data of phenac-
etin from the literature (5) was shown in Table 2.

RESULTS AND DISCUSSION

Both methods provided correct assessments of % Dy,
when CL;, was negligible, as shown in the simulation (rows 1
to 3 of Table 1). However, when a significant CL;; term was
introduced in the model (rows 4 to 9), the Q-method consistently
underestimated % D, , ¢, compared to the CL-method. In addi-
tion, when CL,; ; was similar to or greater than CL;j,, only the CL-
method provided realistic estimates of % D, ;. The Q-method
provided estimates of % D, , that were less than the oral bio-
availability (F), (rows 4, 5,7, 8, and 9), a clearly impossible out-
come. A similar situation appears to be applicable to the kinetics
of phenacetin after oral dosing in rats, which is known to be
metabolized in both intestine and liver (5). Comparison of both
methods for the analysis of phenacetin data demonstrated that %
D, estimated using the Q-method (22.3%) was lower than F
(41.9%), assuming a blood/plasma ratio of unity (similar to the
ratio of 1.2 observed for paracetamol (7)), while the CL-method
produced % D, (48.5%) greater than F (Table 2).

These discrepancies when using the Q-method can be due
to the fact that previously absorbed drug molecules coming
from the systemic circulation are also subject to further systemic
intestinal elimination before appearing in the portal vein (8).
Therefore, AUC, . overestimates the true AUC of the pre-
viously absorbed drug returning to the portal vein from the
systemic circulation in the presence of intestinal metabolism,
resulting in the underestimated D, using the Q-method. A
notable discrepancy in % D,,, between the Q-method and
the CL-method may indicate that intestinal metabolism is an
important systemic elimination pathway of the drug.

The CL-method does not require measuring the partition
ratio of the drug between blood and plasma for estimation of
D, .z because CL, and AUC,, , measured from plasma data can
be used. For drugs which may have effects on the portal vein
blood flow rate (9), the CL-method should offer a more reliable
estimate of D, than the Q-method which needs an accurate
estimate of the blood flow rate. The present model can also allow
for the estimation of other important pharmacokinetic parameters
suchas CL;, (eq. 8), CL; 4 (eq. 9), and amount of the dose actually
absorbed into intestinal enterocytes from the lumen after oral dos-

ing (D, €q. 12), with further measurement of the portal blood
flow rate and blood/plasma ratio. Thus, this model can help to
distinguish the extent of absorption per se from first-pass intesti-
nal elimination by comparing D, ,and D, ,.

The present model assumes that the intestinal extraction
of drug after oral dosing is the same as after intravenous admin-
istration, by considering the intestine as a well-stirred compart-
ment with no diffusional barrier. However, the extent of the
intestinal extraction can be different, depending on the routes
of administration of drugs (8, 10). This can be due to physico-
chemical properties of drugs such as lipophilicity, tissue parti-
tion coefficients, etc., and/or physiological differences between
serosal and mucosal membranes (11, 12). This route-dependent
extent of the extraction by the intestine may have effects on
CL;; and CL;, estimation, using the present model; however,
D, calculated by the CL-method should not be affected.

The role of hepatic artery blood flow, used in the model of
Colburn and Gibaldi (4), was not incorporated into the present
model. Due to this simplification, the CL-method could overesti-
mate the extent of the true D, by up to 20-30% in various
laboratory animals, depending on the ratio of blood flow rates
between hepatic artery and portal vein (6). In fact, the estimates
of D, by the CL-method were only 1-17% higher than those
calculated with equation 11, i.e., (1-E;) - D, ,, using the simula-
tion data by Colburn and Gibaldi (4). Thus, the exclusion of the
blood flow rate of hepatic artery from our model should not be a
major limitation in assessing the extent of oral absorption of
drugs.

In conclusion, the CL-method can provide a better estimate
of D, than the Q-method, when the drug is subject to signifi-
cant systemic intestinal elimination after oral administration. In
addition, useful information for understanding the relationship
between the extent of absorption and the first-pass effect by the
intestine and/or liver after oral dosing of drugs can be obtained.
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