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ABSTRACT

The disposition of lidocaine (L) and its mondeethylated metabolite,

monoethylglycine xylidide (MEGX) were studied in the perfused rat I iver

in situ preparation in an attempt to discriminate between two widely used

models of hepatic clearance. In one model (Model 1), the liver is regarded

as a well stirred compartment with the effluent unbound drug concentration

in equilibrium with that in the liver. In the other (Model II), the liver

is regarded as a large number of para I le I identical units with enzyme

distributed evenly throughout the units.

A theoretical analysis of the response of various parameters to

changes in organ blood flow, plasma protein binding and/or blood cell

partitioning and a hepatocellular enzymatic activity term, A' indicate

that the two models behave differently and that maximum discrimination

is achieved by monitoring the influence of blood flow and plasma protein

binding and/or blood cell partition on the availability of a highly cleared

drug under steady state and linear conditions. Under conditions where

q, A = | discrimination between Models 1 and I I was performed by monitoring

the influence of hepatic blood flow on the availability or the effluent

concentration of a highly cleared drug under steady state and linear

cond it ions.

The perfused rat liver in situ preparation was viable for at least

2.5 hours. In single passage perfusion experiments, the extraction of L,
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judged by measurements of the difference in concentration of drug across

the liver and lack of uptake by the liver, was greater than 99.5%.

Steady state was achieved with in 20 minutes and the system was linear at

influent concentrations below 7 mg/L. When operating under steady state

and linear conditions for L, the response of the availability of L and

the resultant effluent concentration of MEGX to a stepwise change in

hepatic blood flow ( ! 0-16 mls/min/liver) were best predicted by Model 1.

The analysis is based on the assumption that the hepatocellular enzymatic

activity remains constant with time and changes in blood flow. To exclude

the last possibility, the influence of hepatic blood flow on the clearance

of a poorly cleared drug antipyrine was studied.

Theoretical ly, according to both Models l and I I, the clearance of

a poorly cleared drug equals the term A' and is independent of perfusion.

Single passage and recirculating experiments indicated that the extraction

ratio of antipyrine ranged between 0.04–0.08. In confirmation of the

prediction, the hepatic clearance of antipyrine in recirculating experi

ments did not vary with changes in blood flow between 8–16 mls/min/liver.

When the metabol ite, MEGX, was infused a lone into the rat liver

preparation under steady state and linear conditions concentrations

(concentrations <0.5 mg/L), the extraction ratio ranged between 0.7–0.9.

This information together with the MEGX effluent concentration following

infusions of L, suggest that at least 30% of L is deethylated to MEGX in

the rat. In some single passage experiments, the availability of MEGX

with blood flow changes between 10–16 mls/min/liver were best predicted by
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Model I. In other experiments, neither Model 1 nor || satisfactorily

predicted the observations. The explanation for this discrepancy remains

unresolved.

The appearance of the metabolite (MEGY) in the perfusate generated

from L with flow changes under linear kinetic conditions for L and MEGX

was again better predicted by Model I. The analysis is based on the

assumption that the fractional conversion of lidocaine to MEGX is

constant and that the models can adequately describe the kinetics of

MEGX.

Several single passage experiments were performed with L and MEGX

separately using input concentrations (4-84 mg/L) which capacity limited

the enzyme system(s). Attempts to satisfactorily fit the observations

based on Models l and I I, assuming a single-enzyme system, were partial ly

successful, although predictions based on Model | tended to give a better

fit of the data. Various explanations for the discrepancy are proposed,

including deterioration of the liver preparation with time or high con

centration of drug, the presence of multiple enzyme system of widely

differing values of Vmax and Km, and end product inhibition. The possibi

lity of MEGX diminishing the clearance of L was investigated by adding

varying concentrations of MEGX (0-13 mg/L) to the perfusate containing a

low concentration of L in three single passage experiments. A concentration

dependent inhibition of L by metabolite MEGX was demonstrated in all cases,

although considerable variation existed between experiments.

All the data with L., MEGX and antipyrine point to an acceptance of a
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model of hepatic drug clearance which conceives of the liver acting

operationally as a well stirred single compartment, with the effluent drug

concentration in equilibrium with that in the liver (Model 1). The implica

tions of this model in pharmacokinetics, therapeutics and drug metabolism

are several fold. For hepatically cleared drugs given oral ly on fixed

dose-fixed interval dosage regimen, the plateau plasma concentration is

independent of hepatic blood flow, and depends only on the rate of drug

administration and the intrinsic hepatocellular activity term A' and the

degree of prote in binding (a) and/or blood cell partitioning (function A)

Thus for such drugs, whether highly or poorly cleared, the sole source of

variation in the plateau concentration in a population receiving the same

rate of administration result from variation in the term A', a or A. Similarly,

according to Model I, the total area under a blood concentration-time

curve following oral administration also depends only A', a and A and is

independent of hepatic blood flow. Estimates of Vmax, Km are frequently

made from peripheral plasma or blood concentration-time data. Estimates

of Vmax are essential Iy independent of the model used, but according to

Model I, there is an overestimation of Km for highly hepatical Iy cleared

drugs. An estimate of the true Km can be made if Vmax and hepatic blood

flow are known.

%22 +
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|. INTRODUCTION

A. History: Clearance - A Concept

The concept of comparing simultaneous blood and urine concentrations of

a given marker as an index of rena I function appears to have been introduced

by Gréhant in 1904 ( . ), who used the ratio of urinary urea to blood urea

concentrations as an index of renal functional capacity. The effect of

changing the volume of urine on the concentration of urea was however, dis

regarded. Ambard and Weil I (2) were the first to include both urea output

and urine volume in an attempt to relate urea excretion quantitatively to

urea content of blood, and so paved the way for the clearance formula.

Although the actual clearance, formula was first suggested by Thomas Addis

in 1917 (3), the term was first used by Möller and co-workers in 1929 (4).

They defined the clearance of any substance as the volume of biological

fluid that is cleared of the drug per unit time. This is not a real

volume. As blood passes through the kidneys, no single ml of blood has

all of its urea removed in one transit through the kidney; rather a

little urea is removed from each of the many ml of blood perfusing the

kidneys. One may add up this urea and express it as though it were derived

by completely clearing a much smaller volume of a l l of its contained urea.

The concept of clearance not only applies to the kidneys but to other

eliminating organs irrespective of the process or mechanism involved. The

concept of hepatic clearance appears to have been first introduced by
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Lewis (5) and related to the ability of the liver to eliminate drugs.

Clearances of bases by the stomach have been reported in dogs when drugs

are given intravenously (6) while the lung as a clearing organ for endo

genous (7,8,9) and exogenous compounds (10) has been well documented.

Strictly speaking, clearance should be defined with respect to the

eliminating organ, the sampling site and the elimination process involved.

For example, the clearance of a drug associated with metabolism by the

liver and measured in blood is its hepatic blood metabolic clearance.

General ly, plasma is the site sampled and reference is always made to

plasma clearance unless stated otherwise. Blood clearance can be calculated

directly if the concentration in blood is measured, or from plasma clearance

when the ratio of the concentration of drug in blood to plasma is known ( ' ' ).

Drugs are eliminated in various ways and by different organs. Total

clearance is a term used to denote the sum of the clearances by each

eliminating organ. Total clearance is usually determined from intravenous

bolus or constant intravenous infusion studies ( 12, 13). Although

clearance can be determined at any instant by a direct measurement of the

drop in concentration across an organ, what usually determined is the time

average value (14) and when the system is linear, the time-average clearance

equals the steady state clearance (14).

B. Clearance Concepts in Pharmacokinetics and Therapeutics

Clearance concepts play an important role in pharmacokinetics and

biopharmaceutics.
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|. As a Determinant of Half-Life

Irrespective of any model, the rate of elimination of a drug by an

organ is the product of its clearance and entering concentration. In

the simplest case, the linear open one compartment model, clearance

(Wei) can be expressed as

Equation I

= 0.695.Vá
ti,

where k is the elimination rate constant, Vd is the volume of distribution

and ti, is the half-life of the drug, that is, the time it takes for the

amount of drug in the body (or plasma concentration) to fall by one-half.

And so, for a given clearance, the larger the volume of distribution, the

longer the half-life of the drug.

In linear multicompartment models, the relationship between clearance

and the half-life associated with the majority of drug elimination is more

complex, but a strong dependence of this half-life on clearance still

exists (15).

2. As a Determinant of the Plateau Concentration

Following a constant intravenous infusion, the steady state concen

tration is control led only the rate of infusion and the total clearance
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of the drug (12). A correction must be made for the availability (F)

when a drug is administered extravascularly. An understanding of +he

factors which influence drug clearance a lows reasonable predictions of steady

state drug concentrations’ under a number of conditions (16, 17, 18, 19),

Knowing the total clearance the equations relating steady state concen

tration to infusion rate have been extended to predictions of plateau

concentrations achieved with fixed dose-fixed time interval dosage

regimens (20). Here the plateau concentration is the time-average

concentration during the dosing interval at the plateau (12). These

equations, or modifications fliereof have been some of the most widely

used in the clinical application of pharmacokinetics (21).

5. As an Assessment of Availability

Clearance can influence and is used to assess the availability of a

drug. Availability is defined as the extent to which an administered

material reaches the point of measurement, usual ly a peripheral venous

site. The route of administration can influence drug availability. The

Intravenous route of administration circumvents the process of absorption

by introducing the drug directly into the blood stream. Most drugs, however,

are given oral ly, and some of them are poorly available. This may be due to

the failure to cross gastrointestinal epithelium (22), degradation in the

lumen of the gastro intestinal tract (23), or complexation with the luminal

contents of the gastrointestinal tract and hence removal with the feces (24,

25). Other compounds (26) may be poorly available because a significant

fraction is removed by hepatic extraction before the drug reaches the

systemic circulation, a phenomenon known as the "first-pass effect" (27).
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For any linear kinetic model availability (F) is related to dose, the

total area under the blood-concentration-time (AUC) and the blood clearance

of the unchanged drug by: (20)

*90 . Mc
F = Dose Equation 2

For drugs given intravenously, F is unity so that the ratio of the

availability between extravascular and intravenous dose gives the absolute

value for the availability of the extravascular dose. Relative availability

is the ratio of the availability of two extravascularly administered dosage

forms. In either case, the most common method of assessing the ratio is

based on Equation 2, and compares the AUC following the different routes of

administration or different dosage forms and correcting for differences in

the dose (20). This method is applicable to single or multiple

situations (12) but in each case it is assumed that total clearance is constant

with concentration and time. Assuming that the ratio of renal to total clearance

remains constant, drug availability has also been conveniently determined by

comparing the ratio of the cumulative amount of drug excreted unchanged in

urine (20) for both single dose and multiple dose studies.

4. As an Assessment of Organ Function

A variety of tests, based on clearance considerations have been devised

to assess the degree of impairment of organ function. Urea and inul in (28)

have been used to assess the glomerular filtration rate. The hepatic

clearance of bromosulphtalein (BSP) (29, 30, 31) indocyanine green (32,33),



º

* * * : * :

! ... ºn º

~ *

-, - … ---

* * * * * * * *º * -f

t * *

* * * * *

- * ,

:



Page 6

galactose (34,35,36) and antipyrine (37) have been used as measure

ments of liver function. The efficiency of hepatic extraction of col loida |

chromic phosphate CrPO4 (38), colloidal gold (39) and thorotrast (4)

have also been used as tests for liver function.

C. The Liver: An Eliminating Organ

1. Anatomy

The liver is the major organ for metabolism of most compounds and

together with the excretory function of the kidney, plays an important

role in the elimination of drugs. Anatomical ly, the liver is a lobular

organ interposing between the gastrointestinal tract and the general

circulation. It is the largest organ in the body, about 3% of the total

body weight (14) and receives a total blood flow of about I ml/min/gm

liver of which 20–30% is supplied by the hepatic artery. The remainder

enters as deoxygenated blood at low pressure and in a steady non

pulsatile stream via the portal vein, which drains blood from the spleen,

pancreas, and gastrointestinal tract (42,43). The normal portal vein

pressure in the rat is 12-14 cm blood and in man is 7–10 mm Hg (44).

The portal venous tree branches out to an extraordinarily high degree

(Figure I ) (45). This highly ramified portal tree in turn pours its

contents into a sinusoidal bed which forms a continuous meshwork of

interconnected blood spaces, interpenetrated by an equally continuous

system of convoluted sheets of liver parenchyma cells, and lined by a

delicate endothelial cell sheet. Any element of blood within the sinu

soidal bed can reach another part of the sinusoidal bed with in the organ
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Figure 1. Blood supply of the liver (45)

The relationship between portal venous and hepatic

arterial supply is shown; both systems supply the

sinusoids which separate sheets of liver parenchyma

cells.
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without leaving this section of the vascular tree.

The hepatic artery arises from the coeliac axis, a branch of the

aorta that arises just beneath the diaphragm. It is not only connected

to the portal vein by cross anastomoses but also supplies a capil lary

plexus which enmeshes the bile ducts in particular and drains into the

portal vein or to a smaller extent into the sinusoids (46).

Wenous blood emerges from the sinusoids to enter the hepatic veins.

These vessels have a very short course outside the liver before entering

the inferior vena cava.

2. Histology

Histological ly, the liver is a continuous mass of parenchyma cells

(about 60% of cell population) tunnel led by vessels and sinusoids. Apart

from the liver parenchyma cells, there are flat "I ittora I" or Kupffer cells

(30%) which line the sinusoids and have a phagocytic action (47). Connective

tissue, substances which occupy space and resist deformation are present in

the liver. This connective tissue is divided into lobular, vascular and

capsular portions. The greater part of the noncapsular collagen of the

liver is found associated with vessels larger than the sinusoids. Reticular

scaffolding of lobular portions of the liver i.e. parenchyma adjacent to

the sinusoids, appear slight. The slightly scaffolded plates of

parenchyma, with their endothelial lining, are suspended in their blood

matrix between the meshes of a network of rather solid portal tracts
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interlaced by a corresponding network of hepatic vein branches.

3. Function of the Liver

The liver plays an important role in a ■ most a | | phases of intermediary

metabolism and assists in the regulation of body fluids. It is the major

organ for drug biotransformation (48). During their passage through the

liver, substances are general ly converted by a multi-enzyme system to

more polar excretable forms. Additional Iy they may be excreted via the

bile, a complex isotonic solution containing pigments (derived from the

breakdown of porphyrins), bile salts, cholesterol and lecithins in the

mice lular form and inorganic electrolytes. Discrete transport mechanisms

are present which control the secretion of a wide range of endogenous and

foreign substances into the bile. The secreted substances can be reabsorbed

through the gastro intestinal tract back into the blood stream and thereby

completing an enterohepatic process (49). There is also a copious

lymphatic drainage to the liver, in the Spaces of Disse and beneath the

liver capsule. However lymph flow is more sluggish than bile flow and

hence is viewed as an insignificant route of drainage (45).

4. Hepatic Clearance and Oral Availability

When given oral ly, some compounds which are highly extracted by the

liver may be transformed to inert or less active metabolites and hence

fail to reach an effective concentration in the blood (50, 5 | ). This

is due to the "first-pass effect". After this initial extraction by the
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liver, the fraction of the dose that is available or the extent of

availability (F) is given by:

F = | -ER Equation 3

For highly cleared drugs, variations in the extraction ratio (ER)

will cause large variations in the availability. (52). Availability can

be estimated by the comparison of the AUC for a single oral to that of

an intravenous dose for the same amount of dose given. A correction

for the doses needs to be made if different doses are used. The basis

of the comparison of the AUC's for the estimation of F is that total

clearance is constant with concentration and time. Gibaldi et a L also

showed a method for the estimation of F under the same assumptions using

only oral data (AUCoral), hepatic blood flow and the dose (27).

D. Factors Affecting the Hepatic Clearance of Drugs

Hepatic clearance is dependent upon the mass of functional cellular

elements available as well as upon circulating factors and regulatory

mechanisms. The interrelationships between these variables are depicted

schematically (53)

Hepatic clearance = Total Hepatic

Blood F | ow X Extract iOn Rat io

Liver Mass X Tissue Perfusion X Extraction Rat jo

Liver Mass X Perfused Fraction X Effective T issue
Perfusion

X Extraction Rafio
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| . Liver Mass

Most hepatic processes involve enzymatic mechanisms. Therefore, an upper

| imit for reaction velocity must exist for each process. These maximal velocity

must exist for each process. These maxima I velocities are proportional to the

functional liver mass, which depends not only on the total cellular amount of

enzymes, but also on the evenness of perfusion and the presence of inhibitory

or accelerating factors (54).

2. Blood Flow

Hepatic clearance can also be influenced by liver blood flow. Liver

blood flow can be estimated by injection of substances such as indo

cyanine green (ICG) (55), bromosulpha lein (BSP), 3 rose bengal,

198Au (56) and ethanol (57). Liver blood flow as reported by Brauer

is 1.0 to 1.5 ml/min/gm liver in man, dog and the rat (58). Fischer

reported the work of eighteen investigators on hepatic blood flow in

dogs to be 34.6 ml/min/Kg of body weight ( I. I ml/min/gm liver) (44).

Greenway and Stark reported similar findings in conscious dogs and for

cats the value is 1.34 ml/min/gm liver and for man, 1.04 ml/min/gm liver (42).

Blood flow to the liver is known to be affected by blood pressure (53, 59)

metabolic and nervous control (42, 44), as well as some pharmacological

agents. Blood flow seems to be affected by posture; as the upright position

decreases hepatic blood flow by 40% as compared to the supine (60).

Pathological conditions are known to cause decreases in hepatic blood flow.

Disease states as cardiac failure (61), liver cirrhosis (62) and
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hepatitis (44) a I result in a decrease in hepatic blood flow. In some

cases, a decrease to one-third of the normal value was reported. However,

liver blood flow can increase, upon the administration of substances as

phenobarbita I (63) and cortisone (44). Thus with in the realm of

physiological interplay, the range of hepatic blood flow varies from

0.5 to 2 ml/min/gm liver.

5. Oxygen

Oxygen is a prerequisite for integral cellular function. Most of the

oxygen supply to the liver comes via the hepatic arterial flow rather than

the portal vein. Hepatic oxygen consumption as measured by the sum of

(hepatic arterial flow X hepatic artery-hepatic vein difference) and

(portal venous flow X portal vein-hepatic vein difference) in the dog is

1.9 ml/min/kg of body weight (2.0 memo le/min/gm liver) (44). The isolated rat

liver preparation has a similar value of 2.2 me!Mole/min/gm liver (45).

Cumming and Mannering (64) found that in both the intact rat and the

isolated rat liver preparation that the rate of hexobarbital metabolism

was constant when the oxygen tension in the arterial blood was maintained

above 45 mm Hg. Below an oxygen tension of 45 mm Hg in the arterial

blood, a decline in the rate of hexobarbital metabolism was observed. The

effect of hypoxia on liver function was also studied in the isolated

perfused pig liver preparation (65). No functional parameter, including

galactose elimination capacity (GEC) as a measure of functional hepatic

mass, showed any significant change when the p02 in the hepatic veins
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exceeded 30 mm Hg. Below this value, parallel decreases in GEC, oxygen

uptake, ATP in liver tissue and ATP/ADP occurred while AMP in liver tissue

and lactate/pyruvate ratio increased.

4. Temperature

Little is known about the sensitivity of the hepatic clearance of

drugs to temperature. A drop in the temperature from 37°C to 20°C

resulted in a decrease in blood flow, bile flow as well as extraction of

radiocol loid chromic phosphate in the isolated rat liver preparation (66).

Temporary cooling produced no permanent changes, and recovery upon re

warming was complete. Other studies (67, 68) which utilized hypothermic

perfusion as a method of liver storage found no irreversible damage when

function was assessed.

5. Plasma Protein Binding

Most drugs are bound to plasma proteins. The degree of binding varies

with the drug, protein involved, and the concentration of both species.

Binding may be influenced by the presence of other drugs (67) and disease

states (70,71,72). Equilibrium between the small drug molecule and macro

molecule is generally established within milliseconds and movement on and

off proteins is easily facilitated. Whether changes in plasma protein

binding will influence the hepatic clearance of a drug depends on its

hepatic extraction (73). Alterations of protein binding are unlikely to
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affect the hepatic clearance of highly extracted compounds such as lidocaine

and propranolol (74, 75). It is only with the poorly cleared compounds that

a dependence of clearance on plasma protein binding is anticipated. An

example is warfarin, whose hepatic extraction ratio is only 0.0005. A linear

relationship exists between its hepatic clearance and the fraction of

unbound drug in plasma (76). The situation is analogous to the rena I

handling of a drug which is glomerularly filtered but neither secreted nor

reabsorbed (77).

E. Measurement of Hepatic Clearance

|. Measurement in vivo

Difficulties arise in measuring hepatic clearance in vivo and

usually it is measured indirectly. Thus, it is taken as the difference

between the total and rena I clearance, assuming a l l extra renal elimination

is via the liver. This assumption is sometimes invalid. The kidney is

known to metabolize drugs (78, 79) and blood is also known to be a

clearing "organ" for some compounds, e.g. acetylsa licy lic acid (80).

Direct measurement of in vivo hepatic clearance requires direct

sampling of the portal vein or the hepatic artery and the hepatic vein,

and a knowledge of hepatic blood flow (26). The direct method gives a

higher estimate of hepatic clearance (compared to the hepatic clearance

estimated by the AUC method) when the drug undergoes enterohepatic

recycling.
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2. Measurement in vitro

A widely used in vitro technique is the | iver perfusion preparation.

Here, the liver remains intact. Fluid or blood, carrying nutrients and

oxygen to sustain the liver in a viable state is mechanically circulated

through the hepatic vascular bed. The techniques of liver perfusion are

( I ) isolated, where the liver is removed from the donor during

perfusion.

(2) in situ, where the liver remains in its natural anatomical

position with the donor. For (I) and (2), the portal vein is

cannu lated as the inflow and the inferior vena cava as the

outflow.

(3) hepatic artery cannulation instead of the portal vein

cannul at ion and

(4) retrograde perfusion in which the inferior vena cava serves

as the inflow while the outflow is via the portal vein (45).

F. The Perfused Liver Preparation

The perfused liver preparation, though employed as an in vitro

technique, fulfills certain criteria for liver functions, and can survive

for a sufficiently long period to a low study of its properties. The
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properties of the perfused liver preparations were explored by the early

work of Brauer and coworkers on bile production (82), portal pressure (82),

temperature (66), and flow-pressure relationships (59) with the use of

radiocol loid chromic phosphate.

The comparison of the functions of the isolated perfused pig liver

to that of the in vivo pig liver (34) was done by more recent work by

Tygstrup and Winkler (35) and other investigators (29). Herz et a L (83)

studied the excretory capacity of the isolated perfused liver to excrete

bromosulfphthalein (BSP) and compared it to the in vivo preparation and

found that there was no significant difference between the two preparations.

Protein synthesis (84) as well as prote in catabolism (85, 86) were

demonstrated in the isolated perfused rat liver (87).

This preparation is widely utilized to study biochemical pathways,

intermediary metabolism and the regulation of endogenous compounds (88,89,90,91).

Drugs studied include nortriptyline (92), phenylbutazone (93), hexobarbi

ta I (94,95), imipramine and desmethyl imipramine (96, 97). Other investigators

have utilized this preparation to study altered metabolism

of a drug with the use of an inhibitor or an enhancer (98, 99, 100).
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| | . THEORET ICAL

A. Models of Hepatic Clearance

If one considers mass balance across the liver (Figure 2), the rate

of drug removal or velocity (v) is given by the difference between the

rate of drug input (blood flow (VB) X influent drug concentration (Ci))

and the rate of drug output (blood flow (VB) X effluent drug concentration

(Co)):

v - WB. (Ci -Co) Equation 4

When the velocity is expressed relative to the rate of input (WB. Ci ),

elimination is now expressed in terms of the extraction ratio (ER) of the

drug, thus

V = (Ci - Co) = ER Equation 5
—"Her —ar

Alternately when the velocity is expressed relative to the influent drug

concentration (Ci), the efficiency of elimination is expressed as the

product of blood flow and the extraction ratio, which is the blood

clearance (Wel) of the drug.

= WCI Equation 6
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Figure 2. Elimination of drugs across the liver as viewed in

A) Mass balance across the liver

B) Mass balance expressed relative to rate of drug entry (Weci)
C) Mass balance expressed relative to input drug concentration (Ci)
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Diagrammatical ly, the liver, an eliminating compartment is connected to

a non-eliminating compartment (the reservoir, or the body compartment) via

the blood stream as depicted in Figure 3. It is assumed that the concentra

+ ion of drug in blood entering the liver (Ci) equals that in the reservoir

(CR) and similarly concentration in blood leaving the organ (Co) and

entering the reservoir are equal. Elimination can occur by metabolism or

b i■ ■ ary excretion in the liver. This model assumes the liver as the only

e I iminating organ.

The introduction of a bolus of drug into the reservoir (site I in

Figure 3) is analogous to intravenous administration of the drug. Here

the drug initially distributes into the reservoir (body) before it reaches

the eliminating organ. When the drug is introduced at a site just prior

to the liver (site 2 in Figure 3), a situation analogous to the oral

administration of a dose is created. The drug undergoes elimination by

the liver before it reaches its site of sampling, usually at a remote

venous site (reservoir). Thus only a fraction of the oral Iy administered

dose reaches the sampling site. This fraction is the extent of

availability (F) as described earlier (page 4).

Pharmacokinetic parameters can be obtained viewing this liver model.

The extraction ratio can be obtained by the assessment of the concentrations

of the drug before and after the eliminating organ. Their difference divided

by the influent concentration gives the fraction of the drug extracted during

its passage through the liver, or the extraction ratio (ER) of the drug.

The clearance of the drug (Wei) can be directly assessed from the

product of hepatic blood flow and the extraction ratio. An alternative

method of estimating clearance involves dividing the intravenously
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Figure 3. Diagrammatic representation of the liver, an eliminating

organ and the reservoir (body), a non-eliminating organ

as a two compartment model with elimination from the

peripheral ( liver) compartment.

The arrows indicate the direct ion of blood flow (VB)

Ci, Co, CL and CR are concentrations of the drug in blood

to the liver away from the liver, in the liver and in the

reservoir respectively.
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administered dose by the area under the blood-concentration-time curve.

The area under the blood-concentration-time curve (AUC) is obtained by

sampling the reservoir at appropriate times. An integration of the concen

tration of drug in the blood with time (o-º) gives the area under the curve.

The extent of availability (F) for an oral ly administered dose is given

by (1-ER), or by a comparison of the area under the curve for an oral ly

administered dose to that for an intravenously administered dose, correcting

for the doses given. A measure of F is also given when the hepatic blood

flow and the area under the curve for the oral ly administered dose is known

(the method of Gibaldi ) (27).

Constant oral administration (site 2 in Figure 5) and constant drug

infusion (site I in Figure 5) give rise to steady state conditions. The

steady state blood concentration (CB, ss) is the concentration of the drug

in the blood (reservoir) when the rate of drug administration equals to the

rate of elimination such that the concentration of drug in the blood

Tema ins Constant.

! - Brauer's Description of Hepatic Clearance

Early work by Brauer et a L showed that an increase in blood flow

*ecreased the hepatic extraction ratio of radiocol loid chromic phos

Phate ( 101). In an attempt to describe the hepatic uptake of this

*Peund, these workers developed a model based on the following
3. *sumptions:

C
X Chromic phosphate is taken up by the Kupffer cells I in ing the

sinusoids.
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(2) chromic phosphate elimination may be described by first order

kinetics.

(3) Clearance is constant and independent of concentration and

previous exposure of the liver to the radiocol loid.

Evidence for linear kinetics was demonstrated by the log-linear

disappearance of chromic phosphate in the perfusate in a recirculating

experiment, that is:

l-K(t. -t.)
CCrPoltz = [ CrPO4]+, se 2 " | Equation 7

where [ ] denotes concentration at various times tz and t!, K is

the rate constant for drug disappearance, and t2, ti denote times

( tº > t ( ). Brauer et a L (102) interpreted K to be a constant incor
porating the rate constant for the basic reaction and the surface to

vo I ume ratio (or the "concentration of active surface") in that parti

cu far segment. However, in making their interpretation, they appeared

to have erroneously extrapolated the above equation to describe the loss

They did this by assuming thatof chromic phosphate across the liver.

f represented the time in the portal vein and t2 the time that the

"*ter-ial would appear in the hepatic vein so (t2-ti) is the mean transit

time for the material in the liver. Even so, their model has many

*recteristics in common with Model 11 to be described subsequently.
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2. Model |
-

A model based on steady state considerations was constructed by

Rowland et a L (14) on the hepatic clearance of drugs. The basic

assumptions are:

( . ) The liver is viewed as a single, well stirred compartment.

(2) Distribution of drug into the eliminating organ is perfusion

rate | imited.

(5) The concentration of drug in the eliminating organ is in

equilibrium with that in the effluent venous blood.

A diagrammatic representation is depicted in Figure 4.

If one considers mass balance, by Fick's Principle, the rate of

drug removal (v) is represented by:

V’ = Vs. (Ci – Co) = Metabolism + Uptake + Biliary Excretion Equation 8

A+ steady state, when uptake is essentia Iy complete, the velocity or rate

‘’’ removal is due to metabolism and bi iary excretion. These processes

S** metabolism and excretion in turn are described by Michael is-Men ten

k i netics,

f

t
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F is ure 4. Diagrammatic representation of Model I -- the Liver is
conceived as a wel I stirred single compartment.

We . Ci is the rate of drug input

We . Co is the rate of drug output

CL is the concentration of drug in the liver
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"** * *L Equation 9
V = We' (C i - Co.) Kmi + CL

where Km, and Vmaxi are the Michael is-Menten constant and the velocity

maximum for the ith enzymatic or excretory process.

Since equilibrium is assumed to exist between the concentration of

drug in the liver (CL ) and that of the effluence (Co), CL/Co can be
represented by a constant R for a particular set of conditions. The

value of R can vary with concentration. Equation 9 can now be represented

by:
n

Vmax) . Co
WB • (Ci - Co) = Equation 10

Kmi + Co

R
i = |

and
n

Vmaxi
-

WB . (Ci - Co.) - = A Equation | 1
O Kmi + Co

|-T R

n

Vmaxi and denotes the

The term A is the summation TKTIE,
= | R
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enzymatic and excretory capacity of the system. Upon rearrangement,

Equation l l can be expressed in terms of the extraction ratio.

Thus

A
- • Equation | 2

from which it may be seen that the extraction ratio is influenced by

hepatic blood flow. The corresponding expression for clearance

becomes

C ! B. " Equation 13

The effect of protein binding has not been included in the general

equations for the extraction ratio and clearance (Equations 12 and 13).

A more complete description of the model would be to include prote in

binding as an additional variable ( 102).

The unbound species is considered as the species that is in

equilibrium with in tissues. Thus the unbound drug concentration in

the liver should equal the unbound drug concentration in the plasma

in the effluent, i.e. CL, unbound = Co, unbound in plasma. Since

it is only the unbound species that is eliminated, a re-examination

of Equation 10 yields
n

e Wmax t .

vs. (C1-Co) ..) * . CL, unbound equation 4Kmi + CL, unbound
i = |
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n

We . (ci - Co) } Vmaxi
- Kmi + Co., unbound in plasma

Co, unbound in plasma i = |

Equation 15

where Co, unbound in plasma = 0." Co, plasma and q is the fraction of

drug unbound in plasma.

If the drug partitions into red blood cells such that A is the ratio

of concentration of drug in blood to that of the plasma (C/C), +hen

a correction must be made, and

Co, unbound in plasma = Co, blood Equation 16o:
*

A

The function A is related to the hematocrit (H), and a , the fraction of

unbound drug in plasma and the ratio of concentration of drug in

blood cell to that in plasma as seen in the following relationship.

Consider mass balance for the amount of drug in blood.

CB . Vs = vs. (I-H). co, unbound + Vs-(1-H).co, bound + *VB' ºblood cells

Equation 17

amount in : amount in + amount in plasma amount in
blood T plasma that that is bound blood ce! I s

is unbound

where WB is the blood volume. Rearranging Equation 17 gives

A - 1 - H + H.9blood cells
Cp

Equation 18
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When °blood cells/ºp is the unity, then A = ||. The degree of

plasma protein binding will alter the ratio C /Cp as theblood cells

unbound moiety, the species that equilibrates between tissue, is altered

with changes in a . By substituting Equation 17 into Equation 15 and

rearranging, the general equation for the extraction ratio for Model I

is expressed as:

A
ER = Equation 19:

A' + WB.
where A" = Wmax/Km . C learance (Wei) is given by:

d. At
e e A
V = VB " —–F– Equation 20

C | B * A " + W.
B

5. Mode | | |

Another simple model (Model || ) was developed by Winkler and co

workers (54) using assumptions made by Goresky et a L (103) for pulse

studies and applying them to steady state conditions. Liver sinusoids are

depicted as a series of cylindrical tubes as shown in Figures 5 and 6. The

basic assumptions of the model are:

(l) The liver is composed of a number of identical and parallel

cylindrical tubes.

(2) The enzyme is uniformly distributed in the sheet of parenchyma

*
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Figure 5. Diagrammatic representation of Model || – Liver sinusoids
as parallel tubes.

WB . Ci is the rate of drug input

WB . Co is the rate of drug output

CL is the concentration of drug in the liver

|
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Figure 6. A unit of the model (Mode | | | | )

Va. Ci is the rate of input into the unit
We' Co is the rate of drug output from the

Cx

CL, X

WB,t
dx

is the concentration of drug in the
point x.

is the concentration of drug in the
point x.

is the length of the unit

is the blood f | ow to the unit.

is a small increment in length from

unit

sinusoid at

hepatocyte at

point x.

*
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cells, while the substrate is distributed in each cross-section

of the sinusoidal vascular and perisinusoidal space.

(3) The total liver enzymatic activity (elimination rate) v, with a

maximum velocity (Vmax) is the sum of the individual enzymatic

activity for each cylinder.

(4) Transverse diffusion is instantaneous.

(5) Transport of substrate between the perfusate in the sinusoid and

the parenchyma cells containing the enzyme does not rate-limit

the eliminating process.

(6) At any point a long the cylinder, the ratio of drug concentration

in the hepatocyte (CLX) to that of the sinusoid (C2) is a constant.L

Consider one of these tubes of length L, having an enzyme system

characterized by a corresponding Vmax and Km. At steady state, over any

distance dx, the rate of metabolism (v.) is given by

dx Vmax+ . Cx e -

vX = o + =-Vs, t . dCx Equation 21

where 9x is the concentration of drug in the tube at any point x, WB,t is

the blood flow a long the tube and R is the ratio of CL,x/0x.
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At low concentrations of the drug where (Km/R) >> C., the rate of

metabolism a long the entire tube, (wt) is given on integration of
eduation 21 ( 1.04)

-(A+/Vs,t)
wit = WB,t • Ci • ( I-e ) Equation 22

where A+ is the enzymatic capacity of the tube (Vmax+/(Km/R)). For k

numbers of identical tubes present in the liver.

At = A/k, WB , t = VB /k, Vmax+ = Vmax/k

The rate of loss from the entire I iver is the sum of the rates

of loss from all the tubes, and, since a || the tubes are identical,

it is k times the rate of loss from one tube. Therefore,

-

º,
Rate of loss from liver = k . We, t . Ci. ( 1 - e

We ci ( -, -(A/Vs)) Equation 23

Thus the extraction ratio at steady state is given by:

-(A/Vs)
ER = ( |-e ) Equation 24

-I
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and clearance under steady state is

- º
-(A/Vs)

We - WB ( ! - e ) Equation 25

n

Vmaxi

The term A has the same meaning as in Model I and is Kmi + Co
| = | R

for multi enzyme systems. At low concentrations of drugs to the liver,
n

A is a constant and ..)
i •

i = |

V m a x

H-Kmi

For a uni-enzyme system when 9L, x >> Km, integration of Equation 21

Yields (104)

"º —#E - # Equation 26
R

A more complete description for Mode | | | would be to include the

effect of protein binding. Again, the unbound species would be the

*Guilibrating as well as the eliminated species. After correction for

P a sma protein binding and blood cel | part it ioning, the general

*Quation for Mode | | | for the extraction ratio is now:

-(#A/W)
ER = ( |-e

-
) Equation 27

*here A" = Wmax/Km. Clearance (Wei) is given by :

-(; A"/WB)
We

-
We ( ! -e ) Equation 28
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As shown previously, the extraction ratios and hence clearances in

+he two models differ (Equations 19, 20, 27 and 28). The variables

+hat can influence hepatic clearance of drugs in both models are:

( . ) hepatic blood flow

(2) plasma protein binding and blood cell partitioning

(3) the enzymatic activity (A') with in the liver cells.

The term A' is also referred to as the intrinsic liver or

metabolic clearance ( 105, 106, 107) and

(4) the drug concentration at the enzyme site.

The term (A') is a variable, but at low concentration of drug in the

! i ver (CL << Km), (A') is reduced to a constant and the kinetics of thep

drug are linear. The influence of hepatic blood flow, plasma protein

b inding and blood cell part it ioning as well as the enzymatic activity (A')

on hepatic drug clearance is better elucidated under these conditions.

Thus discussion is mainly restricted to describe the influence of these

factors on hepatic clearance at low concentrations of drug to the liver.

Their influence on other important pharmacokinetic parameters as the extent

•f availability (F), the areas under the blood-concentration-time curve

CAUC) for single oral and intravenous doses, and the steady state blood

S-S recentration (CB ss’ after constant oral administration and constantp

T "Tº fusion under linear kinetic conditions are also discussed. Influence

$** these factors is made assuming that the liver is the only elimina

* ng organ.

Once again, the fundamental equation for the extraction ratios for
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Models l and I | are

... A
Mode || | ER = +

-

2- A" + WB

o: º

Model || ER = ( I-e )

The influence of hepatic blood flow (Ve), plasma protein binding

and blood cell partitioning (a, A), and the enzymatic activity (A')

of the liver cells on various pharmacokinetic parameters at low con

centration of drug to the liver for Models I and I | is summarized in

the following table.

*
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Table I : Interrelations between A', a , A and We and Various

Pharmacokinet ic Parameters for Mode 1 s ] and ||

Parameter Model || Mode | | | Derivation of

Equation

Ol Ot --* A -(-; A' , /W, .)

ER ++. (1 - e *'''''P' )
- a 75A + WB

->
. . A

-
-(+A1/Vº

-V W. ( ) W. ( I — e ) W. ER
c | B #A + W. B B

A ' ' | B

W -( ‘A’./V.)
F *— A ' ' || B | - ER

O. A 7#A + WB

-(+A!, /W.)
Dose Dose. e X ' ' || ' ' B F • Dose

*oral G. A." e
-(#A■■ Ws) W

5. "I W. ( I - e ) c |B

Dose Dose Dose
AUCly O. Ol -

º
+A

-
-(;A ■ ys) W

WB ( -) Vs ( - e ) c |#A + We
-(-3. A 1 /V(+A1/Vs)

Dose/t (Dose/ t ) •e

*B.ss O. C. -
F. (Dose/t )

* ~ *ora | - A º -(+A' , /V_ ) -
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a. Changing Hepatic Blood Flow

The following analysis of the influence of hepatic blood flow on a

variety of parameters assumes that the substrate concentration in the

i i ver (CL) is much less than the Km of the enzyme system. Then the term

CA') reduces to

Vmaxi
A" = Kmi

Under these conditions the kinetics and the extraction ratio are

independent of drug concentration. The situation becomes more complicated

in those cases where CL approaches or exceeds Km. Under these circumstances

a ! I parameters will be concentration dependent.

! X Model |

The predictions for the influence of blood flow on the extraction

*Tatio, clearance, availability, the area under the blood-concentration

* i me curve for a single oral and intravenous dose, and the steady state

tº lood concentrations following constant oral administration and constant

**-travenous infusion for Model 1 are shown in Figures 7 and 8. The value
C.

Sºf X is set equal to one.

The calculations for the predicted values are made as follows:

A reference point (the value of the extraction ratio at a hepatic blood

**
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flow of 1.0 ml/min/gm liver is established and used to calculate the

value for (a)) as in Equation 19 ( # = ' ). This value of (A) is
in turn used to predict changes in the extraction ration at hepatic

B lood flows of 0.5, 1.5 and 2.0 ml/min/gm liver. As an example, the

reference point has an extraction ratio of 0.9 at blood flow of 1.0

rn 1 /min/gm liver. The value for (A; ) can be obtained using Equation ||9.

0.9 - - -
A + | . 0

0.1. Al- O.9

and A}= 9. O

The extraction ratio at hepatic blood flow of 0.5 ml/min/gm liver

is given by:

9. O
-

ER = –55–H5+ = O. 9474

Similarly, the extraction ratios at hepatic blood flows of 1.5

and 2.0 ml/min/gm liver are 0.857 I and 0.8182 respectively. A curve

is generated by connecting these four points. A family curve is thus

SS nstructed by utilizing different reference points ranging from 0.1

to 0.999. The predicted values for the other parameters as clearance,

*Yailability, area under the blood-concentration-time curve and the

5teady state blood concentration are obtained in the same manner using

* Rpropriate equations in Table 1.

l
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a ) Extraction Ratio

The influence of blood flow on the extraction ratio of a drug

operating under linear kinetic conditions is shown in Figure 7A.

For drugs with very high extraction ratios ( > 0.95) at a blood flow

of 1.0 ml/min/gm liver), the extraction ratio is unresponsive to

changes in blood flow (A">> We and ER = | ) as predicted from Equation 19.

When the extraction ratio is low ( ~ 0.2), the extraction ratio changes

inversely with blood flow (We’A' and ER = # ) as predicted from
Equation 19. For drugs with intermediate extraction ratios (0.2-0.7),

the extraction ratio responds to changes in blood flow in a non-linear

manner as predicted in Equation 19.

b ) Clearance

The influence of blood flow on the clearance of drugs is shown

in Figure 7B. As expected from Equation 20, drugs with high extraction

Tatios (>0.95) have clearances approaching blood flow (ER approaches

**n ity). At low extraction ratios (<0.2), clearance becomes equal to

A v. (Wa->A'), in which case, clearance is insensitive to changes in blood

* ow. It is the intermediate range of the extraction ratio (0.2-0.7)

*hat clearance responds to changes in blood flow in a non-linear

f = shion.
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c) Availability

In the context of this thesis, availability (F) is defined as the

fraction of the drug which survives a single passage through the liver.

According to Model I, availability is given by:

Availability (F) = 1 = ER

º Equation 29
= "B

RTV,
The manner in which availability changes with blood flow for drugs

having different reference extraction ratios is depicted in Figure 7C.

For highly cleared drugs, when the eliminating capacity (term A')

greatly exceeds the value of blood flow (ER = 1), Equation 29

Teduces to

F = —r- Equation 30

in which case availability varies directly with blood flow. At the

other extreme, when ER is low (< 0.2) availability is unaffected by

changes in blood flow (We >>A', F = 1).

* > Area under the Blood-Concentration-Time Curve Following a

Single Oral Dose

For a single oral dose, only a fraction (F) of the dose is

*N* = | lable.

Equation 3 |
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When appropriately substituting for F and We , it is seen that

Equation 31 simplifies to

AUCoral = Pºe Equation 32

from which it is seen that AUCoral should depend only on dose and the

enzymatic activity and not blood flow as shown in Figure 8A (105).

e) Area under the Blood-Concentration-Time Curve Following a Single

| ntravenous Dose

The area under the blood-concentration-time curve following a single

intravenous dose is given by:

Dose Dos
AUCIV = — -

se A " Equation 33
Wol We■ A*-wº

The area under the curve is influenced mostly where clearance

approaches blood flow, i.e. when the extraction of the drug is high.

At low extraction ratios, the influence of blood flow on AUC IV is

Insignificant ( We =A' ). The greater the extraction ratio of the

drug, the greater the influence of blood flow on AUCIV (Figure 8B).

f) Steady State Drug Concentration in Blood Following Constant Ora

Administration

When a drug is given oral ly at a fixed dose-fixed time interval

(of duration t ), the concentration in the blood accumulates until a
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plateau is reached. At the plateau, the rate of entry of drug into

the body (F. Dose/r) is matched by the rate of elimination (Wel.CB,ss POra

where C refers to the time-averaged blood concentration of drugB, ssoral
at the plateau. Hence the value for the steady state concentration is

given by:

F. (Dose/t)C -B, SS
ora | c | Equation 34

Substitution of Equations 28 and 29 into Equation 34 yields

(ºfte/.2 Equation 35°B,ssoral

which shows that the steady state concentration depends only on the

rate of drug administration and the eliminating capacity (A') and is

independent of blood flow (Figure 8C). This situation is analogous

to the lack of influence of blood flow on AUCoral.

g) Steady State Drug Concentration in Blood Following Constant Drug

| nfusion

When a drug is infused directly into the general circulation,

F = I. At steady state, the rate of drug infusion (R*) is matched

by the rate of elimination. The steady state concentration in blood

“e,ssinº is given by:
Ro

-

C - w- Equation 56B, ss Inf cl q
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Figure 7. Influence of hepatic blood flow on pharmacokinetic parameters

A.) ER

B) Wel
C) F

according to Model I.

The numbers (0. I to 0.999) next to each curve on the graph

indicate the extraction ratios at the reference blood flow

of 1.0 ml/min/gm liver. This reference point is used to
o:

generate other points on the curve, X = 1 for a ||

calculation. The calculated values are given in Appendix | | | A.

*-
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Figure 8. Influence of hepatic blood flow on pharmacokinetic parameter

A) AUCoral

B) AUCIV
C) C B, ssoral

D) °B, ss int
according to Model |

The numbers (0. I to 0.999) next to each curve on the graph

indicate the extraction ratios at the reference blood flow

of 1.0 ml/min/gm liver. This reference point is used to

generate other points on the curve.; = | for a | | calculation.

The calculated values are given in Appendix | | | B.
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As expected blood flow exerts its influence on the steady state

concentration the greatest for highly extracted compounds where

clearance approaches blood flow (ER = | ) whereas the steady state

concentration is independent of blood flow for poorly extracted drugs

(Wei = A'). These relations are depicted on Figure 8D.

2) Mode | | |

The predictions for the influence of blood flow on the pharmaco

kinetic parameters (ER, Wel, F AUC and CE, ss ) for Model II are
shown in Figures 9 and 10. For a I calculations, the value of ;
is again set equal to one. The method used in calculations is the

Same as Mode | | . The in it i a calculations for A'■ and ER are based

on substitution into Equation 27 instead of Equation 19 for Model I.

The predicted values for the other parameters as clearance, availability,

the area under the blood-concentration-time curve and the steady blood

concentration are obtained in the same manner using appropriate equations

in Table 1.

a) Extraction Ratio

The influence of blood flow on the extraction ratio of a drug

Sperating under linear kinetic conditions for Model | | is shown in

Figure 9A. For drugs with very high extraction ratios ( > 0.95) the

influence of blood flow on the extraction ratio is relatively insigni
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ficant (A">> Wa and ER = 1) as predicted in Equation 27. When the
extraction ratio is low (< 0.2), blood flow and the extraction ratio

are related exponential Iy (Equation 27).

b) Clearance

The influence of blood flow on the clearance of drugs with different

extraction ratios is shown in Figure 9B. As expected from Equation 28,

drugs with high extraction ratios ( > 0.95) have clearances approaching

blood flow (ER approaches unity). At low extraction ratios (< 0.2)

clearance equals A" (We A"), in which case clearance is insensitive

to changes in blood flow. For drugs in the intermediate range of

extraction ratio (0.2-0.7), clearance responds to changes in blood flow

in a non-linear fashion.

c) Availability

According to Mode | | | , availability (F) is given by:

| -ERF -

º Equation 37
-(A"/WB)

= e

The influence of blood flow on the availability for drugs with

different extraction ratios is shown in Figure 9C. Availability is

Seen to vary exponentially with blood flow as in Equation 37. For

highly extracted drugs, the influence of blood flow on F is more
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dramatic than for poorly extracted compounds. (A' is a larger term

for highly extracted drugs and is related to F exponential ly). For

poorly extracted compounds (sma || A'), F is hardly affected by

changes in blood flow.

d) Area under the Blood-Concentration-Time Curve Following a Single

Oral Dose

The area under the blood-concentration-time curve for a single

oral dose (AUCoral) is given by:

AUC -(A"/Vs)U = F Dose e Do
ora | —w- ——#2* Equation 38

c o
-(+ A'/Vs)

Wa■ - e

The effects of blood flow on AUCoral follow closely the effects of blood

flow on F and Wel. Thus large variations on AUCoral are expected for highly

cleared drugs on changing blood flow. For poorly cleared compounds,

clearance approaches the term A' and availability is hard Iy affected by

blood flow. Thus AUCoral for the poorly cleared compound (Equation 38)

is insensitive to changes in blood flow (Figure 10A).

*) Area under the Blood-Concentration-Time Curve Following a Single

Intravenous Dose

The area under the blood-concentration-time curve for a single

"ntravenous dose is given by:
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AUC
-

Dose Dose Equation 39
|W T W - . -(+A'7's)

c | Vs' - e )

and the influence of blood flow on AUCIV for drugs with different

extraction ratios is depicted in Figure 10B. The AUCIV bears an

inverse relationship to clearance. As expected, for highly cleared

compounds (clearance approaches blood flow), AUCIV bears an inverse

relationship with blood flow. For poorly cleared compounds,

(clearance approaches the term A') AUCIV is insensitive to changes

in blood flow. For drugs with intermediate extraction ratios (0.2-07),

the effect of blood flow on the AUCIV is greater with increasing

extraction ratio of the drug.

f) Steady State Drug Concentration in Blood Following Constant Oral

Administration

The steady state concentration of drug in the blood on repetitive

oral administration is given:

C
- -B, ssoral * F. (Dose/t) Equation 40

c |

A situation similar to the effects of blood flow on AUCoral is seen for

°8,ssors' Large variations in CB, ssoral are expected for highly

cleared drugs on changing blood flow. For poorly cleared compounds,

the steady state blood concentration is insensitive to changes in
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Figure 9. Influence of hepatic blood flow on pharmacokinetic parameters

A.) ER

B) "c
C) F

according to Model ||

The numbers (0. I to 0.999) next to each curve on the graph

indicate the extraction ratios at the reference blood flow

of 1.0 ml/min/gm liver. This reference point is used to
Cº.

generate other points on the curve. W = | for all calculation.

The calculated values are given in Appendix IVA.
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Figure 10. Influence of hepatic blood flow on pharmacokinetic parameters

A) AUCoral

B) AUCIV

° 9B, ssoral
D) CB, ss Inf
according to Mode I I I.

The numbers (0. I to 0.999) next to each curve on the graph

indicate the extraction ratios at the reference blood flow

of 1.0 ml/min/gm liver. The reference point is used to
o:

generate other points on the curve. W = 1 for a I calculations.

The calculated values are given in Appendix IVB.
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blood flow. The influence of blood flow on the steady state blood

concentration following constant oral administration for drugs with

different extraction ratios is shown in Figure IOC.

g) Steady State Drug Concentration in Blood Following Constant Drug

| nfusion

The steady state concentration of drug in blood following

constant intravenous infusion is given by:

°B, ss of = w:T Equation 4 |

Large variations in the steady state concentration with blood flow are

anticipated for highly cleared compounds (clearance approaches blood

flow) in contrast to the poorly cleared compounds (clearance approaches

the term A") where blood flow does not affect the steady state blood

concentration. For drugs with intermediate extraction ratios, the change

in the steady state concentration is non-linear. The influence of flow

on the steady state concentrations for drugs with different extraction

ratios is shown in Figure 10D.

C.
b. Changing A

The following analysis of the influence of protein binding and

blood cell partitioning on the various pharmacokinetic parameters

assumes again that the substrate concentration in the liver (CL) is
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much less than the Km of the enzyme system. The term (A') is a

constant, and under these conditions the kinetics and extraction

ratio are independent of drug concentration. In cases where CL

approaches or exceeds Km, a | | parameters will be concentration

dependent.

| ) Model |

The predictions for the influence of protein binding (measured

as fraction of drug unbound in plasma a) and blood cell partitioning

(measured as the function A ) on the extraction ratio, clearance,

availability, area under the blood-concentration-time curve for a

single oral and intravenous dose, and the steady state blood con

centrations following constant oral and constant intravenous

infusion for Model I are shown in Figure | | . The value of hepatic

blood flow is held constant at 1.0 ml/min/gm liver for a I calculations.

The calculations for the predicted values are as follows:

A reference point (the value of extraction ratio at hepatic

blood flow of 1.0 ml/min/gm liver and when # - | ) is established

and used to calculate the value for (AI) as in Equation ||9. This

value of (A}) is in turn used to predict changes in the extraction

ratio upon changing the ratio # from 0. I to 1.0 with blood f | ow

kept constant at 1.0 ml/min/gm liver. As an example, the reference

point has an extraction ratio of 0.9 at blood flow of 1.0 ml/min and
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= | . The value for (A}) can be obtained as in Equation ||9.

! . A:
0.9 =

| X A: + | . 0

0.9 + 0.9A
- A.

. A■ = 9.0

Ot

The extraction ratio when X = 0. I is given by:

O. X 9.0
-ER = −5:Hº-Hº = 0.4737

Similarly, the extraction ratios when the ratio ; is 0.2, 0.3

and 0.4 are 0.6429, 0.7297 and 0.7826 respectively. A curve is

generated by connecting the values of ER when # ranges from 0. I to

1.0 at 0.1 increments. A family curve is thus constructed using

different reference points. The predicted values for the other

parameters such as clearance, availability, area under the blood

concentration-time curve and the steady state blood concentration

are obtained in the same manner using appropriate equations (Table ).

a) Extraction Ratio

The influence of plasma protein binding and blood cell parti

tioning on the extraction ratio of a drug operating under linear

kinetic conditions is shown in Figure | IA. For drugs with high
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extraction ratios, (> 0.95 at flow of 1.0 ml/min/gm liver), the
C.

extraction ratio is relatively unresponsive to changes in the ratio X
Cº.

(W A'>> WB and ER = 1). At low extraction ratios (<0.2), the
O. C. o:

extraction ratio changes directly with X(WB >>W ^' and ER = **")
B

as predicted from Equation 19. For a drug with intermediate extraction
o:

ratios (0.2-0.7), the extraction ratio responds to changes in X in a

non-linear manner.

b) Clearance

G.
The influence of X on clearances of drugs is the same as its

influence on extraction ratios at constant hepatic blood flow as

anticipated in Equation 20. This is depicted in Figure | | A. (Hepatic

b lood flow is constant at 1.0 ml/min/gm liver).

c) Availability

O.

The manner in which availability changes with the ratio X for drugs

* i th different extraction ratios is depicted in Figure | | B. For highly
O.

S 1 eared drugs A A' greatly exceeds the value of blood flow, and the
0. V

*\vailability bears an inverse relationship with X ( F -*.) . For poorly
O. & A

S leared compounds, the ratio X does not affect F (WBP> gA1,F = 1). For
A

drugs with intermediate extraction ratios, F changes in a non-linear
0.

fashion with X as anticipated in the general equation in Table I.
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d) Area under the Blood-Concentration-Time Curve Following a Single

Oral Dose

For drugs given oral ly, only a fraction (F) of the dose is

available. When appropriately substituting for F and We (Table | )

into Equation 31, the area under the curve for a single oral dose

is given by:

DOAUCoral = +- Equation 42St. A "
A

from which it is seen that AUCoral changes inversely with the rat jo
Cº.

X for a extraction ratios as shown in Figure I IC.

e) Area under the Blood-Concentration-Time Curve Following a Single

Intravenous Dose

The area under the blood-concentration-time curve for a single

intravenous dose is given by:

(-Hº-)# A + VB

O.

and is inversely related to clearance. The influence of the ratio X

on the area under the curve following a single intravenous dose for
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drugs with different extraction ratios is shown in Figure | ID. As

predicted, for highly cleared compounds (ER P 0.95), where clearance
O. Ot

is unaffected by changes in X , AUC yis independent of X . For the

poorly cleared compounds (ERK 0.2), where the clearance changes
Ot O.

directly with X , AUC will change inversely with X. For drugs with

intermediate extraction ratios (0.2-0.7), clearance changes in a
Cº.

non-linear fashion with X .

f) Steady State Drug Concentration in Blood Following Constant Oral

Administration

When a drug is given at a fixed rate of administration (Dose/t),

the concentration of drug in blood at steady state is given by:

°B,ssoral
- (Dose/t) Equation 449. A

A A

o:

* noi changes inversely with X for a | | extraction ratios as shown in

Figure I Ic.

S ) Steady State Drug Concentration in Blood on Constant Drug Infusion

The steady state concentration of drug in blood following constant

intravenous infusion is given by:
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Figure | 1.
|nfluence of the ratio # on pharmacokinetic parameters
A) ER and Wel
B) F

C) AUCoral and CB, ss
ora |

D) AUCIV and °B, ss Inf
according to Model 1.

The numbers (0. I +0 0.999) appearing next to the curves

on the graph indicate the extraction ratios at the

reference point ( # = 1; hepatic blood flow - 1.0 ml/min/qm

liver). This reference point is used to generate other

points on the curve. Hepatic blood flow = 1.0 ml/min/gm liver

for a | | calculations. The calculated values for A, B, C,

and D are given in Appendix WIA-D respectively.
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- Ro - —º- Equation 45
B, ss º -

|nf Vc WB : A
(-; º W ): A + VB

C.
The change in the steady state concentration with A is analogous

O.

to the situation for AUC ■ y with X . The same trend is observed.

This is depicted in Figure | ID.

2) Model ||

C.
The predictions for the influence of A on the extraction ratio,

clearance, availability, and other pharmacokinetic parameter, e.g.

AUC AUC IV, CB, ssoral, and *B,ssint according to Model | | areoral

shown in Figure 12. The method used for the predicted values is the

same as Mode | | . The in it i a calculations for A and ER are based on

substitution into Equation 27 instead of Equation 19 for Model II. The

Predicted values for other pharmacokinetic parameters as V-1, F, AUC

and CB, ss are obtained in the same manner using appropriate equations
CTable 1).

a) Extraction Ratio

The influence of plasma protein binding and blood cell parti
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+ ioning on the extraction ratio of a drug operating under linear

kinetic conditions according to Model || is shown in Figure 12A. At
o:

high eliminating capacity of the liver (drugs with high ER, W A' is
Cl

large compared to WB ), the ratio X does not affect the extraction
O.

ratio of the drug. At low extraction ratios, increasing the ratio X
C.

greatly increases the extraction ratio of the drug (A"X is small

compared to VB).

b) Clearance

Ot

The influence of X on clearance of drugs for drugs with different

extraction ratios is the same as its influence on extraction ratios as

shown in Figure 12A. (Hepatic blood flow is held constant at 1.0 ml/

m in/gm liver).

c > Availability

The availability of a drug according to Model 1 | is given by:

q

- ( X A'/Vs ) Equation 46
F = e

and is related exponential ly to WB for drugs with different extraction

Tatios as shown in Figure 12B. For highly extracted compounds, availability
Ot

changes very drastically upon changing W . This is so because the value
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of A' is large. For poorly cleared compounds, though availability still
o:

changes exponential Iy with X , the value of A' is small, such that
o:

changes with X are sma | 1.

Area under the Blood–Concentration-Time Curve Following A Singled)

Oral Dose.

The AUCoral following a single oral dose is given by:

C. w

- ( WA'/Vs)*ors - fºe - =+ Equation 47
7.

-
-( ; A'/Ve)

WB ( - e )

C.
according to Model II. The influence of A on AUCoral for drugs with

different extraction ratios is shown in Figure 12C. Drugs that are
Ot

highly cleared have clearances approaching blood flow (unaffected by W ).
O.

Thus AUCoral for these compounds will change with X the same way F

changes with #. For highly cleared compounds, large variations in AUCoral

Sºccur (an increase in the ratio # decreases AUCoral exponential y). For

Cl
Poorly cleared compounds, F does not change with X whereas clearance

O. Since AUCoral andincreases exponentially with increase in X .

clearance are inversely related, AUCoral decreases with increase in the
Cl

Tatio A.
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e) Area Under the Blood-Concentration-Time Curve Following a Single

| ntravenous Dose

d
The influence of X on AUC IV for drugs with different extraction

ratios is shown in Figure | 2D. The area under the curve following a

single intravenous dose is given by:

Dose Equation 48AUCIV = º
- C. --a-(# A'/VB),c -WB (

and it is seen that AUCly and clearance are inversely related. For
O.

highly cleared compounds, clearance is not much affected by X .

The AUC IV for the poorly cleared compounds is very much influenced by
C. O.

changes in X (decreases drastical Iy with X as We changes exponential ly
C.

w i +h ■ ).

f ) Steady State Drug Concentration in Blood Following Constant

Oral Administration

The steady state drug concentration in blood following constant

Sral administration is given by:

C - (Dose/t ) – Dose/t
, SS - - e.

B Inf wº VB(1-e -(# A"/WB) )

Equation 49
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o:

and is influenced by F , a situation analogous to the influence of X
Ot

on AUCoral. The influence of X on *B,ssoral for drug with different

extraction ratios is seen in Figure 12C.

g) Steady State Drug Concentration in Blood Following Constant Drug

|nfusion

The steady state concentration of drug in blood following constant

intravenous infusion is given by:

Ro Ro

*B,ssin■ W. --(+A'/WE) Equation 50
WB ( ! - e )

ot

and varies inversely with clearance. The influence of X on CB SS Infp n

for drugs with different extraction ratios is shown in Figure 12D.
o:

The situation is analogous to the influence of X on AUCIV

c. Changing A'

The following analysis of the influence of the eliminating

capacity (term A') assumes that the substrate concentration in the

| i ver (CL) is much less than the Km of the enzyme system, in which

case, the term A' is the sum of the Vmax/Km for a l l enzymes. Under

these conditions, the kinetics and extraction ratio are independent

of drug concentration. In cases where CL approaches or exceeds the
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Figure 12.
o:

Influence of the ratio X on pharmacokinetic parameters

A.) ER and %
B) F

C) AU%ral and °B,ss
Ora |

D) AUC ■ y and *B,ssin■
according to Model ||

The numbers (0. I to 0.999) next to each curve on the graph

indicate the extraction ratios at the reference point

(*- | ; hepatic blood flow = 1.0 ml/min/gm liver). The

reference point is used to generate other points on the curve.

Hepatic blood flow is held constant at 1.0 ml/min/gm liver

for a | | calculations.

The calculated values for A, B, C, and D are given in

Appendix V | IA-D respectively.



-- - - - - --

! --.

- v-º-

* * : --------.

tº . * * :

* , . . . . *

-- * *
- t

--~~~~ r

** r * * ! ( :. "

(, ;

- *- ** : , f :
- ! -- ~, (. )

** *. * * * (

~ : * ~ : * ~o--e.

tº , |\; - tº fºr tº

- -- - - - -

- . . . . . . . . . . . .

… : * * * - ".



tration–Model
i■
“essº”mg/L■ ConstantOrn

StateDrugConce **:

steady |Administraticlearance—Modein(V-12mis/minAreaundertheCurve-Model
II

(AUCn)-mg/L-min
3.“:IIZLOralDose2,

ExtractionRatio–Model
n
(ERn)
3c5-8o --**:*c

th!

>:: :3. o >3|8

a-§H > -

a3ºu

| -

Availability
–Model
II(Fº

c-

AreaundertheCurve—Model
II

(AUCm)mg/L-min
||

Singleeår*

IVBolus

steadystateDrug
concentration–Model
n
(case.)

II-

cº33

-- --T --—l§3****in$tºR,:-

-
:0

º - s'

:

>|2
3. >|2

:-- ºo
--
J

*

3



Page 64

Km, the situation is more complex and a | | parameters will be concen

tration dependent.

| ) Mode || |

The predictions for the influence of the term (A') on the

extraction ratio and clearance of a drug is shown in Figure 15A.

This graph depicts situation when the ratio # is set equal to one.

Hepatic blood flow is taken to be 1.0 ml/min/gm liver and A' is

expressed as multiples of blood flow. When A' greatly exceeds We
i.e. for drugs with high extraction ratios, the extraction ratio

approaches unity and clearance approaches blood flow. At low

values of A', the extraction ratio and clearance varies directly

with A. as shown by the initial slope of the curve. This is the

case for drugs with low extraction ratios.

2) Mode | | |

The predictions for the influence of the term (A') on the

extraction ratio and clearance of a drug is shown in Figure 13B.

This graph depicts a situation when the ratio # is set equal to

one, hepatic blood flow assumes a value of 1.0 ml/min/gm liver and

A' is expressed as multiples of blood flow. At low values of A'

(poorly cleared compounds), the extraction ratio changes directly

with A" and clearance approaches A". The asymptotic value of one
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Figure 13. Influence of the enzymatic capacity (A') on

A.) ER and We according to Model |

B) ER and Wei according to Model
ER Vc) Ratio #1– or *-a■ to EFT c | | |

O.
The value of x = 1; hepatic blood flow = 1.0 ml/min/am

| iver for a | | calculations.
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for the extraction ratio is quickly reached with increases in A'.

in which case clearance approaches blood flow.

B. Discrimination between Models l and ||

Discrimination is most readily performed under steady state and

linear conditions when the term (A') is a constant. The following

analysis examines the sensitivity of various parameters as discrimi

nators.

A comparison of the predicted values of extraction ratio,

clearance, area under the curve and steady state blood concentration

for Model I and l l is shown in Table 2.
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Table 2. A Comparison of the Predicted Pharmacokinetic Parameters

in Terms of Vs , a , X and A' for Models l and ||

+ A. -(# A', /Vs)

ER/ER, #/. - a " " ' 'B' )7#A + VB

| - (* A i■ Wa)
*oral, ■ ºora _6. | | ' ' Boral oral 9. A' - (4 AT/WT)

X ' ' | º A ' ' || ' ' B
Vs - e )

| |

ºw/ºw, +A
e

-(+A1/W8)
(−) Wa■ I - e | )-* A 7; A + VB

C /C -B, ss B, ss Q. A -(-g A' , /WA)
Inf "I (–1–) Vs ..-4 11' 'B' ,

º c* A + ve
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It can be seen from Table 2 that ERI/ERI equals Well"en.
*ors/ºra equals **or, "B,ssora and AUCivi■ aucivil| | |

equals °B,ssinfº/*B, ss Infº Furthermore, ERI/ERI or Well■ vei

is just the reciprocal of Aucy ■ aucy, or °s,ssin■ "B,ssin■
-

The ratio of F1/F || can be shown equal to Col■ Col where (Co) is

the effluent drug concentration from the liver (Co = Ci ' (I-ER)

or C is F. Thus F1/F 11- Col/Col ).

1. By the Alteration of Blood Flow under Linear Kinetic Conditions

A comparison of the ratios for Models l and l l of the anticipated

(1) steady state extraction ratio or clearance

(2) the availability or steady state effluent drug concentration

(3) the total area under the blood-concentration-time curve for a

single oral dose or the steady state drug concentration following

constant oral administration and

(4) the total area under the blood-concentration-time curve following

a single intravenous dose or the steady state drug concentration

in blood following constant intravenous infusion
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upon changes in hepatic blood flow from 0.5 to 2.0 ml/min/gm liver is

graphically displayed in Figure 14A, B, C and D respectively.

It is seen that the change in the ratio of the steady state

extraction ratio (ERI/ERI) or clearance (We Well■ ' is maxima I for

rat jos of ER or We obtained from reference points having ER values

of 0.7–0.9 at 1.0 ml/min/gm liver (Figure 14A). But even then it

is only a 30% change. Since the ratio (AUCivi■ aucy,” Or “B'ss Int /

*B'ssing ) is merely the reciprocal of ERI/ERIT or Wei (/Weill' a

maximum of 30% difference is anticipated upon changes in blood flow

as shown in Figure 14D.

In contrast, the ratio of the anticipated availability (F) or

the steady state effluent drug concentration (Co) changes over a

thousand fold with a fourfold change in blood flow (50% decrease

or 100% increase from the normal value of 1.0 ml/min/gm liver) for

drugs with extremely high extraction ratios (0.999 at 1.0 ml/min/gm

liver (Figure 14B)). This magnitude of change is also found to be the

case for ratio of the area under the curve (AUC /AUC oral 11’ for aoral |

single oral dose or the steady state blood concentrations following

constant oral administration(Cs,ssor, /*B,ssoral tº upon changes in
blood flow. Again for highly extracted compounds (ER = 0.999 at

1.0 ml/min/gm liver) the ratios have the maximum range of a thousand

fold.
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These findings show that the steady state effluent drug concen

tration (Co) or the extent of availability (F), the area under the

blood-concentration-time curve for single oral dose (AUCoral ) and

the steady state blood concentration on constant oral administration

(CB'ss ) would serve as sensitive indices for the discriminationOra |

of the two models upon changes in blood flow. Also the more highly

extracted the compound, the greater the ability to discern between

the models.

2. By the Alteration of Prote in Binding and/or Blood Cell Partitioning

under Linear Ki net ic Cond it ions

A comparison of the ratios for Models l and l l of the anticipated

( . ) ER or Vel (2) F or Co., (3) *ora or CB, ssora and (4) AUC IV
or CB, ... : upon changes in the ratio (X ) from 0. I to 1.0 and at

SS Inf
constant hepatic blood flow at 1.0 ml/min/gm liver is graphical ly

displayed in Figures 15A, B, C and D respectively.

It is seen that the change in the ratio of the steady state

extraction rat jo (ER1/ERI ) or clearance(Wel■ /Well■ ) is maxima I

with reference points having high extraction ratios (0.9) (Figure 15A).

A 2.5 fold difference change in the ratio is obtained at maximum.

Since the ratio (AUCiv] /*ucivil ) or “B'ssin■ , /9B'ss Inf ) is the

reciprocal of ER/ERI Or We / We , changes of similar magnitude are
| | |

anticipated (Figure 15D).
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Figure 14. Ratio of the anticipated values of various pharmacokinetic

parameters with changes in hepatic blood flow. These ratios

are :

A) ER/ER or Well"en
B) Co [/Co or f /F ||

C) *Coral /*UCoral or C B ss SS
B

oral '**ora || |

D) *w/ºw, Or C
The numbers (0. I to 0.999) next to each curve on the graph

/C
B, ss Inf, B, ss Inf

indicate the extraction ratios at the reference point

& - |; hepatic blood flow = 1.0 ml/min/gm liver).

# - I for a I calculations. The ratio of ER, We and F

for Models I and I | are calculated from the predicted values

of these parameters (Appendix | | | A and IWA) and is given in

Appendix VA.

The ratio of AUC ,AUCIV and *B,ssin■ forOra | * *B,ssora
Models l and I | are calculated from the predicted values

of these parameters (Appendices || |B and IVB) and is given

in Appendix WB.
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Figure 15. Ratio of the anticipated values of various pharmacokinetic
o:

parameters with changes in the ratio (Y). These are:

A) ER/ER Or 'el ("el,
B) Col/Col) or F1/F
C) AUCoral I/AUCoral or CB, ssoral (CB, ss

| ora | | |

D) Acwºrv, Or °b, ssin■ ,"B,ssin'■
The numbers (0. I to 0.999) next to the curves on the graph

O.

indicate the extraction ratios at the reference point (X = 1;
o:

hepatic blood floow = 1.0 ml/min/am liver). X = 1 for a

calculations. The ratio of ER or Wel, f, AUCoral or CB, ssoral

and AUCoral or CB, ss int for Models and I | are calculated
from the predicted values of these parameters (Appendices VI

A-D and V | | A-D) and is given in Appendix V | | IA-D respectively.
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In contrast, the ratio of the anticipated availability (F) or

the steady state effluent drug concentration (Co) for Models l and
o:

! I changes over a hundred fold when (X) changes from 0. I to 1.0 for

drugs with high ER (> 0.9) (Figure 15B). This magnitude of change is

a so found for the ratio of the area under the blood-concentration

time curve following a single oral dose (AUCoral ) or the steady state

blood concentration following constant oral administration (CB,ss ) for
O. • Pºora |

Models I and I | upon changing X for highly cleared compounds.

These findings show that Co or F, AUC or CB, wouldOra SSora |

serve as sensitive indices for the discrimination between the two models
Cº.

upon changing the ratio X only for drugs with high extraction

ratios (> 0.9).

5. By the Alteration of the EI iminating Capacity (A') under Linear

Kinet ic Cond it ions

Under linear conditions, the term A' is a constant. The ratio

ER/ERI or W_, /W as function of A' which is expressed ascl 1' 'cl II
multiples of blood flow (ml/min/gm liver) is depicted in Figure 13C

(page 65). It is seen that at high values of A', the ratios gradual ly

approach the value of one and hence at that region, A' is a poor

discriminator. At low values of A', (A & 2x Wa) the values of ER/ER,
Or Wel■ Well are quite different from the value of one. Even then, the
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maximum change only 70%. Hence A' is a poor discriminator at its best.

4. By Graphical Discrimination-Fitting Data to Linearized

Equations for Models l and I |

a. Changing Blood Flow under Linear Conditions (Low Concentrations
O.

to the Liver, X Is Held Constant)

A linearized plot is obtained from Equation 19 for Model 1 by

plotting 1/ER vs We. If Model 1 holds, a straight line with y
C.

intercept = 1 and slope 1/( \ A') should be obtained (Figure 16A).

y intercept = |

Figure 16A. Linearized transformation of Equation 19 (Model 1)
C.

(X is constant)



- --
: - ; ; - • * - * * * - e.--, - • *-

-- * • * * -
• * : *... . . ; - * r * : - - -, i. . . . . . -

-

..!

- - . - * * . . . - "

" * ~ * w * ~, . " - es - -, * : -:...hº… . . , ! 3 3 r - " - . •

*
*

º •
- . . . . . º -

- ~ * : * r * * * , , , ... (- , , * . . . . . . . . . . . . . ; , ; ; -- . . . . -

* , … . . . . . . . . . . . . . . . . * * * . . . . . . . * ºr i : - .
* -

- - - * *. . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . ~ + 3 enº -

s
s

i

!

-- ~ *
t -

- - - - - - , , , , ,

. . . . . . . . . . . . . . . . . ~ * : * ~ : . . . . . . . . . . . . . ,

* - . . . . . . … " : , ,



Page 75

A similar linearized form from Equation 27 for Model || is obtained by

plotting |n( I-ER) vs Va. | f Model || holds, a straight line with a

negative slope equal to # A' should be obtained (Figure 16B).

In (1-ER).

slope =-3A

WB

Figure 16B. Linearized transformation of Equation 27 (Model || )

(+ is constant)

b. Changing the Degree of Prote in Binding (Low Concentrations to

the Liver; Blood Flow is Held Constant)

If Model I holds, a plot of 1/ER vs # would be a straight

| ine with slope = Ve/A" and y intercept = 1 (Equation 19)(Figure 17A).
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y intercept = |

+
X

Figure | 7A. Linearized transformation of Equation 19 (Model I)

(Vs is constant )

Whereas if Mode | | | holds, upon transformation of Equation 27

a straight line with negative slope of A"/We is obtained on plotting

In(I-ER) against + as shown in Figure 17B.X

| n ( I-ER)

A

negative slope of Tw.
B

Cl
X

Figure 17B. Linearized transformation of Equation 27 (Model | | )

(We is constant)
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c. Changing the Input Drug Concentration to the Liver Such that the

Velocity of Removal Approaches the Vmax of the System

(Blood Flow is Constant)

At a sufficiently high input concentration to the liver, the

concentration of drug in liver (CL) exceeds the value of Km and
the velocity of elimination approaches the Vmax of the system. If

only one enzyme is involved in drug elimination, or several enzyme

systems can be suitably "lumped" so as to be characterized by a

simple average Km and Vmax, then the data at steady state can be

analyzed to discriminate between Models l and I | . The value of ;
should be constant under the concentration range studied for this

analysis. The input concentration is varied while maintaining a

constant hepatic blood flow.

lf Model I holds, then by rearrangement of Equation 15 and with

proper substitution of Equation 17, it may be seen that a straight

line of slope of VB/Vmax and y intercept of (+ Km/Wmax) should be

obtained when (Co/(Ci-Co)) is plotted against Co (Figure 18A).

Whereas if Model || holds, a straight line will only be obtained when

In(Co/Ci) is plotted against (Ci-Co) (Equation 26). The slope

equals 1/(+km) and the negative y intercept is Vmax/WB' # & after

correcting for prote in binding and blood cell partitioning (Figure 18B).



- - - - -

- * •

-
* -- .

: ; -

- - - -

** * *

º
*

,, . "

-

. . . . . . .

*

* -

º

• * * - -

- * - -
* -

* * *
s

- -

-- .
*-

- -

**
-

- - -

-
- -

* * * -

* *
º

- * *-
,

s -

tº

* * -

- - - nº

• * * *

ºn tº

* - I -

-
" ; , ,

*

* * -

* :

! ", º

*

s -

- * ,

* -- r > * . . . . . . . .” - r :
- º -

• * - - - - , , ! ... -- * , , º i

* - - - - - . . . . . .

-- - - - , v . -

. . . . . . . . . . . . . . …

- * . . . . . --, , , - ; : . - as , : :

| . . . * *, *, * . . . . . . . ; * : *, *, *.■

-- - * **i; : v * : * * *

-
* . -, - .. • -: * * i

- * -- ... + - - - - - -- ". * * * : * f. | " : .

- - - º - * - - - - - -* - r , - . . . . . . ºr --- ■ º , ; , ; ; ; ; ; -

- - :
* * *

- * -" -- * *. . . * * * , :

* - sº - . . . . . . . ~ tº

: ; , ! -- ºr ; , , , is a -

- w -- : * * *... . . . . * : * ~ *

- : , ; - - . . .; : , ; , 2 . . . . . . ; . . . .

! --, - - - - - - s
- - - e * - - -

- -* * - º * * * * * -
-

: ) • - , , , ,

-
º

- | --. * * * * * * * * --- " - .

* - º . . . . . ! • - -ºr -, -, *

- : * ~ *, *-, - … . . . . . . .

- : --- r - -, --- * . . . . - : * +-

• * * : * :-}
!-- " - - - - - - º, -º- ■ )

*** Vº

* * * * * : I -, -,

2 *, * * * *

• * : * - I -

-

- * > . . . . . . ;

+ * *- : *-

. . . * -* , -

* * -

- -

---- -- ~~

- - -



Page 78

Co

C i -Co W
slope =

Vmax

X
y intercept = #ºn /Vimax

Co

Figure 18A. Linearized transformation of Equation 15 (Model I) at

High Input Concentration to the Liver ( ; and 's are

constant)

|

slope = A. Km
CO O.In(#)

Wmax

negative y intercept =. X
Vs": Km

y (Ci-Co)

Figure 18B. Linearized transformation of Equation 26 (Model | | )

at High Input Concentration to the Liver (+ and

We are constant)
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| | | . STATEMENT OF PURPOSE OF INVESTIGATION

The importance of clearance in pharmacokinetics and therapeutics is

we l l established. The importance of the liver as a clearing organ for

drugs and its unique anatomical position with regard to oral ly administered

drugs are also well recognized. Yet how alterations in physiologic para

meters, such as hepatic blood flow, plasma prote in binding and hepato

cellular enzymatic activity, influence the hepatic clearance and oral

availability of drugs is poorly understood. What appears to be lacking

is a meaningful model which interrelates these physiologic variables with

hepatic clearance. Without such a model there is little chance of quanti

tatively predicting the effect of altered physiological states on hepatic

clearance and hence the pharmacokinetics of drugs. And it is only through

an understanding of the quantitative elements of drug disposition that

advances in rational drug therapy are likely to be made.

The purpose of this investigation was several fold. The first

objective was to examine the mathematical properties of two widely con

ceived models of hepatic clearance in order to establish parameters which

could be used to discriminate between them and to predict the influence of

altered physiologic parameters on various pharmacokinetic parameters. The

second and principal objective was to study the effect of blood flow on

the disposition of lidocaine, its monodeethylated metabol ite, monoethyl

glycinexy! idide and antipyrine in the perfused rat liver in situ.

preparation. Lidocaine was chosen as it is very highly cleared by rat
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liver, and theoretical Iy the influence of blood flow on the availability

or the effluent drug concentration of a highly cleared drug was found

to be the best discriminator between the two models of hepatic

clearance. Monoethylglycine xylidide was studied as an example of

a metabolite which was also well cleared. Antipyrine was chosen as an

example of a poorly cleared compound. The final objective was to

integrate the present findings with those in the literature, and

examine the consequences of a model of hepatic clearance in pharmaco

kinetics and therapeutics.
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| W. EXPER MENTAL

A. Materia |

The name and structure of the compounds used are listed in Table 5 below.

Table 3. List of Compounds Used

Names and Structures Purpose Source or
Reference

Lidocaine hydrochloride monohydrate Example of a Astra, Worchester,
(2-diethylamino-2',6'-acetoxylidide) highly cleared Mass. 0 || 606

compound

CH3
C

N-º-CH2-4 * c. lo
n * 2

H O C2H5
CH3

2-diethylamino-3'bromo-aceto- |nterna | Levy, R.
an i ! ide standard for Ph.D. Thesis
(Br-DEA.) | idocaine U.C.S.F. 97 |

assay in blood
and b i ! e

Br

CAHÖº
C2H5H

linternal standard Astra, Worchester,2-ethyl-2-isobutyl-2' ,6"aceto- -
xyl id ide for i docaine Mass. O | 606
(W12 || 74) assay in liver,

blood and b i■ e

913
2C2HN-C-CH-N’’ ” CH

J 2 's ~ 3
H CH2-Cº

*CH
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Cont'd Table 3

Names and Structures

Monoethylglycine xylidide (MEGY)
(2-ethylamino-2;6'-acetoxylidide)

CH, C

Fº -M 2'5I 2 "R
H H

CH3

2-ethylamino-3'-methoxyaceto
an i ! ide

CH 39 ,0Kyºyoº■ ."
H H

Antipyrine
(2,3-dimethyl-1-pheny I-5 pyrazo
| ine-5-one)

$
!

º

Purpose Source or Reference

Metabol ite of Astra, Worchester,
| idocaine, and Mass. 0 || 606
example of a
medium | y cleared
compound

| nterna | Standard Astra, Worchester
for MEGX assay in Mass. 0 || 606
bile, blood and
| i ver

Example of a poorly Merck & Co. Inc.
cleared compound Rahway, New Jersey
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Cont'd Table 5

Names and Structures Purpose Source or Reference

4-bromo-antipyrine |nterna | Standard Gift, Dr. R. Saw chuck,
(bromo-2,3-dimethyl-1-phenyl-3- for antipyrine University of
pyrazoline-5-one) assay Minnesota

©
l

N

ov/\! Gº
N

Br
CH3

A■ I solvents were "Analytical Reagent" grade quality and disti I led prior

to use, with the exception of anhydrous ether.

Other materials, supplies and apparatus which were used are listed in

Appendices 1 and I | .
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B. PROCEDURE

|. Biological

The perfusion medium used in the perfused liver in situ preparation

consists of red blood cells, glucose, dextran, album in and electrolytes

as listed in Table 4.

Table 4. Composition of the Perfusion Medium

Bovine Serum Album in (Tyrode Solution)

Dextran T-40

Red Blood Ce | | S

Glucose

Kreb Ringer Bicarbonate C. S.

1%

3%

20%

300 mg%

| 00%

Composition of Kreb Ringer's Bicarbonate (KRB) Solution

0.9% NaCl (O. 154M)

|. 15% KCI (O. 154M)

| .22% CaCl2 (O. || OM)

2. l I? KH2PO, (O. 154M)

3.82% MgSO4. 7H,0 (O. 154M)

1.3% NaHCO3 (0.154M)

The mixture was gassed vigorously with 5% CO, for 1 hour before use (45).

100 parts

4 parts

3 parts

I part

I part

2| parts
130 parts
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a. Preparation of the Perfusion Medium

The red blood cells used were separated from outdated human whole

blood stored in citrate-phosphate-dextrose. Blood was filtered through

a saffi-fi liter blood administration set into culture tubes (25 X 150 mm)

to half the volume and steri le normal saline solution was added to the

remaining volume of the tube. The tube was capped and inverted gently

2–3 times and centrifuged for 10 minutes at 2000 rpm. The diluted plasma

layer was aspirated off, discarded and any protein aggregates at the

interphase visible were removed by suction. The washing was repeated

twice with normal sa line, followed by washing with lactated Ringer

solution until the top aqueous layer was clear and free of protein

aggregate at the interphase. The lactated Ringer solution of the last

wash was removed by suction, and the red blood cells were filtered through

a fine mesh (white organdy) into a graduated cylinder. The dextran,

weighed out in a beaker, was wetted with a small volume of KRB, and was

dissolved with the aid of a magnetic stirrer. The dissolved dextran

solution was filtered through Whatman #I filter paper and mixed well

with the other ingredients (albumin, glucose and the remaining required

volume of KRB). This solution was buffered to pH = 7.4 either with

carbon dioxide gas or sodium hydroxide solution. Drugs was added

to the solution at this stage and mixed well before admixture of the red

blood cells. After the addition of the red blood cel Is the solution was

st irred gently with a glass rod and was ready for perfusion.
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b. The Apparatus

The liver perfusion apparatus, model led after the design by Dr.

Carl Mondon (Mount Zion Hospital, San Francisco) was built by Dr. G.

Reichel derfer and Mr. N. O. Henry of the School of Pharmacy, University

of California at San Francisco (Figures 19–21). Basical ly, it is a box

(2' wide X 3' long X 2' high), housing a humidifier, a manifold out let

for a gas supply, motor-driven rotating discs, a heating unit with light

source, a temperature indicator, and a thermostatic probe. The top of the

box is composed of three easily removable transparent plexi-glass sheets

placed one next to another. The front door of the perfusion box facilitates

the addition or removal of material. The blood medium, well mixed by

rotating in a 1000 ml round flask in the reservoir (fitted onto the discs),

is pumped using a Perista Itic Finger Pump (Figure 21A) (usual settings:

the rate selection, I., "v" speed control from 50 to 10) through a

Bentley by-pass filter (Figure 21B), then a hol low fiber oxygenator (gas

is kept at I L/min) (Figure 21C) and final Iy through a bubble trap

(Figure 21C) before reaching the liver. The bubble trap consists of a

14 gauge hypodermic need le fitted halfway through the syringe (Figure 21C)

and secured in position with epoxy glue. The top part of the syringe is

fitted with a size 5 rubber stopper through which a 19 gauge needle is

inserted to monitor the pressure with a manometer. A level of blood is

kept in the syringe so that the bubbles formed will merely float on top

of the level and will not appear in the outlet. A■ I the connections
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Figure 19. Schematic representation of the assembly of the perfusion

Apparatus.

R1 and R2 are rotating reservoirs I and 2

P, the Harvard Perista Itic Pumps

S, a four-way stopcock

0, hollow fiber oxygenator

F, blood filter

B, bubble trap

Pr, manometer

02, oxygen 95%, carbon dioxide 5%
The big square represents the perfusion box where the

temperature is maintained at 37°C + 2°C.

The arrows indicate the direction of blood flow.

For one-through (single-passage) experiments (non-recirculating

of medium), the effluent blood from the liver is collected in a

beaker and the medium is not returned to the reservoir. For

recirculating experiments, the effluent blood from the liver is

returned to the reservoir.
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Figure 20. The Liver Perfusion Apparatus.
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Figure 21. Parts of the Perfusion Apparatus

A) Harvard Perista Itic Pump

B) Bentley by-pass filter

C) Oxygenator and bubble trap
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are made with polyethylene tubing (PE 240) and Luer-stub adapters.

The section of tubing passing through the pump comes from the safti

blood administration set. Three-way and four-way stopcocks are

inserted where necessary to facilitate the selection of the medium

from the reservoirs.

c.. Operative Procedure

Male Sprague-Dawley (200-450 gm) rats fed ad I ibitum were used as

liver donors. Nembuta 15 50 mg/Kg was given intraperitoneal Iy to the rat

to induce anesthesia. The rat was weighed and placed on a surgical board

( 10 1/2" x 10 1/2") above the perfusion box. The fur of the animal was

wetted with normal sa I ine and a mid-line incision was made into the skin

from the lower abdomen to the neck region. Another mid-line incision was

made a long the linea alba into the musculature up to the xiphoid process

which was in turn removed. Bleeding was minimized by clamping the major

vessels of the abdominal wa■ I near the xiphoid process before mid

transverse incisions to the right and left of the mid-line were made.

The intestines were displaced to the animal's left with a 4" X 4" gauze

wetted with a normal sa line so that liver, portal vein, right kidney,

the lower inferior vena cava, and the bile duct were visible.

Bile duct cannulation was mostly done with PE 20 tubing and with

PE 10 tubing for small bile ducts. Cannulation of the bile duct was

done by first tie ing the dista I end of the bile duct. Using fine
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scissors, a small incision was then made in the bile duct and the

bevel led side of the tubing was introduced into the region where bile

oozed out. The tubing was pushed into the point where the duct arose

from its branches and secured with a ligature (Deknate | 0-0 silk).

The gastroducdenal vein was tied at its junction with the portal

vein. Two loose ligatures were passed around the portal vein at

intervals of 3–4 mm be low where the vein divided to enter the separate

lobes of the liver. After tie ing the ligatures at the inferior vena

cava at a point just above the right renal vein, and at the dista I end

of the portal vein, the portal vein was cannu lated with a 16 gauge 2 1/2"

catheter placement unit, a double cannula from which the sharpened central

cannula could be withdrawn after insertion into the vein. The remaining

teflon catheter was secured in place by tieing the loose ligatures. The

catheter, f i■ led with the backflow of rat blood was connected to the

outflow from the bubble trap. The pump and timer were activated. The

thorax was opened by a transverse incision just above and a long the line

of insertion of the diaphragm with curved scissors. Two longitudina |

cuts towards the head from the two ends of the transverse incision were

also made. The sternum was cut and the rib cage total Iy removed,

exposing the lungs and the heart. The right atrium was cut with fine

scissors and a 14 gauge 2 1/2" catheter placement unit. Only the teflon

catheter was inserted through the atrium into the inferior vena cava to

collect the hepatic venous blood. Ligatures were made to secure this
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outflow catheter. The outflow was either ( ' ) returned to the reservoir

in recirculating experiments or (2) collected into a separate beaker in

once-through (single passage) experiments where the medium was not

recirculated.

The surgical board, with the rat perfused in situ was then lowered

into the perfusion chamber and maintained at a temperature of 37°C + 2°C.

To minimize drying, a piece of Saran wrap was placed above but not in

contact with the liver.

d. Method and Time of Sampling

| ) Blood

a) Single Passage (Steady State Experiments )

Single passage experiments were conducted using lidocaine and MEGX.

During each steady state condition, a constant influent drug concentra

tion was used. A ml a liquot was taken from the reservoir at zero time

and at the end of each steady state condition (or at the end of the

experiment) and at every time new medium containing the same concen

tration of drug was added to the reservoir. The samples were stored

in screwcapped 2-dram clear glass sample via is until analyzed. The

influent drug concentration (Ci) was taken as the mean of the individual

concentrations. Blood samples ( 1.2 mls) were taken from the outflow
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leaving the liver and stored in screwcapped 3-dram clear glass sample

via is until analyzed. Four samples were taken during the last 10

minutes of each steady state period (usually 30 minutes). The steady

state effluent blood concentration (Co) was taken as the mean of

the concentration of these four samples.

b) Recirculating Experiments

Recirculating experiments were conducted using antipyrine. Samples

(2-4 ml ) taken from the reservoir at zero time and at appropriate times

thereafter, were stored in a 2-dram clear glass screwcapped via I until

analyzed.

2) Bi |e

Bile, collected in toto in 2-dram screwcapped glass via is, was

stored until analyzed.

3) Liver

At the end of the experiment, the liver was quickly removed surgical ly

from the rat carcass and submerged in ice cold methanol. After blotting,

the liver was weighed in a previously tared via I and reduced to fine

pieces by scissoring action before |ON NaOH (8–18 gm) was added and the

total weight recorded. The macerated liver was then frozen (-10°C). Just

prior to analysis, the liver was thawed out and reduced to fine particles
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using a teflon tissue homogenizer (50 ml capacity).

All blood, bile and liver samples were stored in the refrigerator

(0°C) until analyzed, usually one or two days after the experiment.

2. Chemical

a. Lidocaine Assay in Blood, Bile and Liver

An appropriate a liquot was pipetted (blood, bile) or weighed out

( liver) and placed in a screwcapped (teflon-lined) culture tube

( 16 X 150 mm). The sample size was chosen on the basis of the expected

lidocaine content to get comparable peak heights of idocaine with its

internal standard. A■ I samples were adjusted to the same volume ( 6 or

12 ml for blood analysis and 2 gm for liver analysis) by the addition

of blank blood or blank I iver tissue such that the volume ratio of blood

or tissue to the organic phase with in the same set of analysis remained

constant. 200 me I of a 10 mg/L solution of internal standard (Br-DEA for

blood and bile and W12174 for liver, blood and bile) in phosphate buffer

was added to each tube. The assay procedure, similar to that of Beno

witz and Rowl and (108) is as follows:

( ! ) 200 mo | 2N NaOH and 6 ml of anhydrous ether were added to the culture

tube containing lidocaine and the internal standard. The tube was

then capped tightly and shaken in a tilt-type mixer for 10 minutes.
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(2)

(3)

(4)

(5)

(6)

(7)

(8)

(9)

The tube was centrifuged at 2000 rpm for 10 minutes.

The ether layer was transferred via a Pasteur pipette to a nipple

bottomed tube (nipple of 0.5 cm o.d. and 2-3 cm length fused onto

a 16 X 150 mm culture tube) containing 200 mc 0.5N HC1.

The ether-acid mixture was vortexed manual Iy by repetitive inversion

for one minute. Special care was taken to ensure constant mixing.

After centrifugation for 10 minutes at 2000 rpm, the ether layer

was aspirated off and discarded.

A fresh 2 ml ether was added to the tube and vortexed again for

approximately 15 seconds.

After centrifugation for 10 minutes at 2000 rpm, the ether layer

was again aspirated off and discarded. Care was taken at this

step to ensure a || the ether was removed.

To the acid layer was added 200 mo | 2N NaOH and 25 me I disti I led

carbon disulphide (CS2). The tube was then immediately capped

and vortexed for | minute.

After centrifugation at 2000 rpm for 10 minutes, the carbon disulphide

layer appeared as a bubble at the bottom of the nipple.
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(10) About 5 me I of the CS2 layer was sampled carefully with a 10 me !

Hamilton micro liter syringe, making sure that none of the aqueous

layer was included and 5 mo I was injected into a gas chromatograph.

Figure 22 illustrates gas-chromatographic tracings obtained by

taking a blank blood sample (6 ml ) (A) and the same volume of blood

containing lidocaine and Br-DEA, (B) and W12174 as the internal

standard (C), through the extraction procedure. A Varian 1200 model

gas chromatogram equipped with a flame ionization detector was used.

Separation was accomplished using 6' long 1/8" o.d. glass column packed

with 3% OV-17 on 100-120 mesh Gas Chrom Q. Injector port, column and

detector temperatures were 265°, 190° and 270°C respectively. Carrier

gas (nitrogen), air and hydrogen flow were 25, 300 and 25 mls/min

respectively.

Figure 23 represents calibration curves for 0.125 -2.0 meg samples

of lidocaine hydrochloride monohydrate with I mog of Br-DEA as the internal

standard in blood, and with I meg W12714 as internal standard in blood

and the liver. The peak height ratio of lidocaine/Br–DEA and I idocaine/

W! 27 14 are found to be linear with the amount of lidocaine used and

have been used for quantitative purposes.
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Figure 22. Chromatograms obtained when blank blood (A), I meg

| idocaine hydrochloride monohydrate and I mog Br-DEA

in blood (B), and I mog I idocaine hydrochloride

monohydrate and I mog W12714 in blood (C) were taken

through the assay procedure. Attenuation is at 64

0-10and range | amp/mv.
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Figure 23. Ca bration curve for | | docaine

The peak heaight ratio (PHR) of

standard is plotted against the

chloride monohydrate (0.125–2.0

sample.

(O ) represents the calibration

in blood

( o ) represents the calibration

in blood.

( A ) represents the calibration

in liver tissue.

| idocaine to its interna |

amount of lidocaine hydro

mcq) added to biological

curve of lidocaine/Br-DEA

curve for lidocaine/W 27 | 4

curve for I idocaine/W 1271.4
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b. Antipyrine Assay in Blood and Bile

An a liquot of blood (0.5–2.0 ml ) or bile (0.5 ml) was pipetted into

a screwcapped (teflon-lined) culture tube (16 X 150 mm). The volume used

was based on the expected antipyrine concentration present to give

comparable peak heights of antipyrine to its internal standard 4-bromo

antipyrine. All the samples were made up to the same volume with blank

blood such that the volume ratio of blood to the organic phase with in

the same set of analysis remained constant. The assay procedure is

similar to that described by Huffman (109) and other investigators ( ! IO,

| | | ). The procedure is as follows:

(1) 200 me! 2N NaOH and 7 ml disti I led dichloromethane (CH2C12) were

added to the tube containing antipyrine and 4-bromo-antipyrine

(500 me I of 20 mg/L solution of internal standard in phosphate

buffer) and capped.

(2) The top aqueous layer and the interphase were aspirated off.

(3) The remaining CH2Cl2 was transferred via a Pasteur pipet into a

nipple tube containing small clean carborundum boiling chip

and evaporated to dryness under a stream of nitrogen and in a
O

warm water bath (45 C).
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(4) The sides of the nipple tube was rinsed with 0.5 ml of CH2Cl2 and

again evaporated to dryness.

(5) The residue was dissolved in 50 mo I of disti | | ed water and vortexed

for 50 seconds.

(6) 1–3 me I of the aqueous solution was injected into a gas chromatograph.

Figure 24 i■ lustrates gas-chromatographic tracings obtained when a

blank blood sample (A) and the same volume of blood containing anti

pyrine and its internal standard were taken through the assay procedure.

A Varian 1200 model gas chromatograph equipped with a flame ionization

detector was used and separation was accomplished using a 6' long 1/8" o.d.

glass column packed with 3% OV-17 on 100-120 mesh Gas Chrom 0. Injector port,

column, and detector temperatures were 235,230 and 270°C respectively.

Gas flows for nitrogen, air, and hydrogen were 25,300 and 25 m I s/min

respectively.

Figure 25 is a calibration curve for antipyrine (0.625-10.0 meg)

obtained by plotting the peak height ratio of antipyrine to 4-bromo

antipyrine against amount of antipyrine and is found to linear

in the range examined.
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Figure 24. Chromatograms obtained when blank blood (A) and

blood containing 5 mog antipyrine and 10 meg

4-bromo-antipyrine (B) were taken through the

antipyrine assay. Attenuation is at 128 and

0-10range amp/mv.
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Figure 25. Calibration curve for antipyrine

The peak height ratio (PHR) of antipyrine to its internal

standard (4-bromo-antipyrine) is plotted against the amount

of antipyrine (0.625-10.0 meg).

( 0 ) represents the calibration curve of antipyrine in blood.

([] ) represents the calibration curve of antipyrine in plasma.

( A ) represents the calibration curve of antipyrine in water.
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c. MEGX Assay in Blood, Bile and Liver

MEGX in blood, bile and liver were extracted using the same procedure

as reported by Halkin et al. (112). An appropriate a liquot was pipetted

(blood, bile) or weighed out ( liver) and placed in a screwcapped (teflon

lined) culture tube ( 16 X 150 mm). The sample size (0.25-2000 mol for

blood and 2 gm for liver) was chosen on the basis of expected MEGX content

to get comparable peak heights of MEGX and its internal standard. All

samples were adjusted to the same volume (2 ml or 2 qm) by the addition

of blank blood or blank liver tissue to give the same volume ratio with

the organic phase for the same set of analysis. I 00 mc 1 of 5 mg/L

solution of internal standard in phosphate buffer solution was used for

a || samples. The assay procedure is as follows:

(1) To the sample containing MEGX and its internal standard, 200 mc |

2N NaOH and 2 m I dist i ! led penty I acetate were added in a culture

tube (16 X 150 mm) and mixed for 10 minutes in a tilt-type mixer.

(2) After centrifugation at 2000 rpm for 10 minutes, the penty I acetate

was transferred via a Pasteur pipet to a nipple-bottomed tube

containing 200 me! 0.5N H2S04 and then the tube was capped and

vortexed manually for 1 minute to ensure thorough and complete

mixing.

(3) After centrifugation at 2000 rpm for 10 minutes, the penty I acetate

layer was aspirated off.
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(4)

(5)

(6)

(7)

(8)

(9)

( |O)

A fresh I ml penty I acetate was added. The mixture was vortexed

again and centrifuged.

After centrifugation at 2000 rpm for 10 minutes, the penty I acetate

layer was again aspirated off.

200 me | 2N NaOH and 300 me I penty I acetate were added to the

remaining aqueous layer and vortexed for | minute.

After centrifugation, 25 me I of a freshly prepared 2% solution

of pentafluorobenzoyl chloride in chromatographic grade benzene

was added.

The tube was a lowed to stand for 5 minutes, and then gently

capped and a lowed to stand for another 10 minutes.

The tube was vortexed and centrifuged for 10 minutes.

1-3 me I of the penty I acetate layer was injected into a gas

chromatograph equipped with a Scandium Tritide electron

capture detector.

A Varian 1200 series gas chromatograph fitted with a Scandium

Tritide electron capture detector and a 6' long t/8" o.d glass column

packed with 5% OV-17 on Gas Chrom 0 on 100-120 mesh was used. Carrier



* - -

, - - -
-

* - * -
º -s -

º

... . . . * * *

- a

- *

-

* -

- * * ***

* - -

- - - , , ,

. . . . * * ,

** , -* *

-

* , ,

--
-

***

. . . . . . . . . . . .

-
- *

- - - - - * . . . .

... * * --- - - - -

* * * * * ! . . . . . . + * * -

- * : * ~ *, * : * ~ * |

f --~ * : * ~ * ** * -

tº ■

* -

* , ,---

* * *

* - - -

~~ * ~ : * ~ *

! -- ~ -- - - - r.

-...- : * ~ * : * : -, -, -, -, ---
* -

; : - - - - , , , , " : " -:

~ : . . . . - * r * * : * ,

- -

, + º-, --, *

nº ' ' tº

* * *

* -- e. -- - - - - -
-

-, * ----

* : - - - - r ºr

• * * ~ * -- - - - -
- - -

5 * : . . . . . . -: * ~ *

• * * -

* * * ... i - - )

- ... . . . tº r + i + j : * ~ *

- - i-, *, *, *) -- * * (* }

-, --,-i, * *- : * ~

. . . rºw ~tº e - " }

ºw a bºr t ºf 3

-- we --, --, - sº nºt arº (º)

ºt, º an -- *- : . )

- - - - - - ºr-. . . . . ~~~~

* *-- ? --- " " . . . . . . . . . .



Page 105

gas flow (5% methane in argon) was 20 ml/min. Injector port, column

and detector temperatures were 250,245 and 300°C respectively. Typical

chromatograms of blank blood sample (A) and MEGX and its internal

standard in blood (B) taken through the extraction procedure were

shown in Figure 26. A typical calibration curve obtained by adding

known amounts of MEGX (50–750 ng) and 500 ng of its internal standard

taken through the assay procedure is shown in Figure 27. The ratio

of the response of the derivatized MEGX to that of the derivatized

internal standard was found to be proportional to the amount of MEGX

examined.

d. Prote in Determination

The amount of prote in present in a sample was determined by a

modification of the Lowry method ( | | 3). The procedure is as follows:

( . ) 100 me sample was placed into a plastic microfuge tube.

(2) 150 me 1 15% trichloroacetic acid solution was added, the tube was

capped, vortexed well and a lowed to stand for 15 minutes.

(3) The tube was vortexed again and centrifuged.

(4) The tip of the microcentrifuge tube containing the protein

precipitate was cut off and collected in a disposable culture tube
( 12 X 75 mm).
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Figure 26. Chromatograms obtained when 2 ml blank blood (A), and

the same volume of blood containing 750 ng of MEGX and

500 ng internal standard (B) were taken through the

assay. Attenuation is at 4 and range 10-10 amp/mv.
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Figure 27. Calibration curve form MEGX in blood

The peak height ratio (PHR) of derivatized MEGX to its

derivatized internal standard is plotted against the amount

of MEGX (62.5-750 ng)
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(5) The inner walls of the remaining part of the microfuge tube were

washed down with one ml of solution ( 15 parts 2% sodium carbonate

in 0. IN NaOH and 0.3 parts 0.5% cupric sulfate pentahydrate in 1%

potassium sodium tart rate), and the washings (containing any

precipitate) were collected into the culture tube.

(6) The culture tube was in turn vortexed and a lowed to stand for

| 0 minutes.

(7) After standing for an additional 10 minutes, and while vortexing

slightly, 100 mc 1 IN Fol in Reagent was added.

(8) The resulting reaction was a lowed to proceed for one hour, and

the absorbance of the sample was then read at 750 nm on a Cary 15

Spectrophotometer at sensitivity = 4.

(9) The amount of protein was estimated by reference to a calibration

Curve,

The calibration curve was constructed in the following manner:

A 4: 100 dilution of "plasma" from the perfusate (1% albumin, 3% dextran

and 300 mg% glucose in Kreb-Ringer Bicarbonate Solution) is made by

diluting 400 me I of the "plasma" to 10 ml with normal sa I ine. From

this solution, 0.8, 0.6, 0.4, 0.2, 0.1 and 0.05 ml were diluted to
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| ml with normal sa line. A blank was constituted with normal sa line

instead of the protein solution. The samples were treated in the procedure

described earlier. A typical calibration curve is shown in Figure 28

where the optical density is plotted against the prote in content.

e. Analysis of the Biochemistry of the Perfusion Medium

A sample of blood (10 ml ) was taken from the unused perfusion medium

at zero f i me and at various times from the effluent venous b lood from the

rat liver during the experiment. The samples were a lowed to stand for

| hour and centrifuged. The "plasma" layer of the perfusate was pipetted

off and sent to ICN Medical Laboratories, Portland, Oregon for "Serum

Profile" examination. This test enta i Is the quantitation of glucose,

uric acid, creat in ine, blood urea nitrogen (BUN, album in, globulins,

cholesterol, electrolytes (P, Cl, Na, K, Ca) and enzymes (a l ka line

phosphatase, lactic acid dehydrogenase (LDH), serum glutamic oxaloacetic

transaminase (SGOT), and serum glutamic pyruvate transaminase (SGPT).

The assays are completed with in a day of arrival.

5. Physical

a. Method of Prote in Binding Determination

The binding of lidocaine and monoethylglycine xylidide to the perfusate

medium was studied in vitro using the DianormR equilibrium dialysis system

This apparatus consists of twenty teflon ce | | s, each made into two
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Figure 28. Calibration curve for protein

Absorbance is read at 750 nm on a Cary 15 Spectrophotometer

at sensitivity = 4. Sodium chloride solution is "reference"

blank so I ution.
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compartments (half cells) of volume I ml each by placing a section

(2" x 2") of visking cellulose tubing of thickness 0.025 mm in between

them. The tubing was prepared as follows:

( ! ) 2" strips were cut and soaked in disti I led water. One side of the

tubing was cut and gently opened so that the materia I was thoroughly

soaked in water on both sides.

(2) After soaking for 30 min, the membranes were transferred to a 30%

ethanol solution and soaked for another 50 minutes.

(3) The ethanol was removed by washing the membranes in running

disti | | ed water for 5 minutes.

(4) This was repeated before soaking the membranes in Kreb Ringer

Bicarbonate solution for 30 minutes before they were final ly

ready for use.

The cells, packed so that the entire system was water tight

were mounted on a motor-driven unit to ensure thorough mixing (25 rpm).

The temperature was maintained at 37°C + 1 °C by immersing the unit

in a constant temperature water bath.

The procedure involved with equilibrium dialysis is as follows:
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(1) One ml solution containing the drug in "plasma" was introduced

into one half cell with a disposable tubercul in syringe, and one

ml of Kreb Ringer Bicarbonate solution was simultaneously injected

into the corresponding half cell. Both solutions were buffered to

pH = 7.4 (with HCl or NaOH).

(2) The cells were tightly sea led and placed into the constant

temperature water bath, and the motor-driven units were activated.

(3) After the attainment of equilibrium, the units were removed.

(4) The content in each half cells was collected and assayed.

The attainment of equilibrium was investigated in a preliminary

study. Equilibrium was taken to be achieved when the ratio of the

concentration of drug in buffer to that in "plasma" remained constant

with time. I 00 mc l l idocaine carbonyl 14C (specific activity 5.48 mg/0.

mC in 10 ml 0. IN HCl) was added to 10 ml of a solution containing 7.05

mg/L | idocaine in "plasma". Six cells were prepared according to the

procedure described above. The solution on the "plasma" side was prepared

in the following manner: Samples were retrieved at different times up to

5 hours. The radioactive counts from 200 me I of "plasma" and buffer were

counted in 10 ml aquasol in a potassium clear glass scintil lation via 1.

The counts per minute were converted to disintegration (per minute (dpm)

(corrected for quenching using AES ratio). Figure 29 shows that the
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Figure 29. Attainment of equilibrium during equilibrium dialysis

Cº. dpm in "plasma" side

(?, dpm in buffer side
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equilibrium was attained as early as two hours. Thus a || subsequent

experiments were done for a period of 3 hours. Also material balance

indicated that there was no binding of lidocaine to the membranes or

ce | | s.

The binding of idocaine to "plasma" proteins was studied using

the radioactive drug. 2 ml | idocaine solution (0.005-36.56 mg/L) was

spiked with 10 me I of radioactive lidocaine (5.48 mg/0. I mC in 10 ml

0. IN HCI) prior to equilibrium dialysis. In the MEGX binding studies

(0.3–45.0 mg/L), the drug was assayed by the gas chromatographic method.

The degree of binding (a) is estimated as the concentration of drug in

the buffer side to that in the "plasma" side at equilibrium.

b. Measurements of Oxygen Tension and pH

Measurement of pC2 and pH were performed using a Radiometer. Blood

samples (2–3 mls) were obtained from the arterial side ( immediately after

exit from the oxygenator) and the venous side ( immediately after exit from

the liver) in an air-free manner via four-way or three-way stopcocks

connected to the apparatus. The samples collected in 3 ml plastic dispo

sable syringes were capped and frozen immediately in ice. Prior to poz

measurements, the instrument was zeroed with "Natural Gas" (without

oxygen content) and then calibrated with air. The sample was thawed out

by leaving the syringe 2-3 minutes at room temperature and warming
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with the hands. Then the sample (1–2 ml) was injected into the oxygen

electrode, and the stabilized reading was taken as the correct p02. The

electrode was then f | ushed with disti | | ed water.

Prior to pH measurements, the pH electrode was calibrated using

standard pH buffers (pH = 6.975). A small volume (0.5 ml) of the thawed

blood sample was injected into the electrode and the stabilized reading

was taken at the pH of the blood. The electrode was washed with gentle

injections of disti I led water between measurements. Recal ibration of

p02 and pH electrodes were performed prior to each measurement.

c. Measurement of Perfusion Pressure

The perfusion pressure was monitored using a Tycoaneroid Sphygmanometer

connected to the apparatus via the bubble trap as shown in Figure 21C.

d. Electron Microscopy

Electron microscopy was only performed on one liver preparation

which was considered to be representative of the others. The work was

kindly performed by Dr. Tunde Felke, Department of Anatomy, University

of Ca i fornia at San Francisco.
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W. RESULTS AND DISCUSSION

A. Analytical

! . Biological

The perfused rat liver preparation is an in vitro preparation

closest to the in vivo situation. It is relatively inexpensive and

the environment of the preparation can easily be manipulated. Direct

sampling of materia I is a so provided in this preparation. However,

the perfusion medium used is artificial and deficient in hormones and

other endogenous substances which may alter the metabolic activities

of the system. The rat liver perfused in situ technique is preferred

over the isolation technique as the time of anoxia during surgery is

reduced to a minumum and the hand ling of the organ is avoided. However

only short term experiments (< 4 hours) can be performed in this in situ

preparation as the liver is in contact with a decaying carcass. In this

in situ preparation, hepatic blood flow measurements (for the entire

liver) rather than perfusion flow rates (blood flow per gm liver) are

made as the weight of the liver is not assessed until the end of the

experiment. However an estimation of liver weight is approximately

given by 3.5% of the body weight. The liver weights are estimated to

be 10-12 gm from rat donors (200-350 gm) and value of 10-12 mis/min

is chosen as the normal blood flow to the liver.



-

- - -

-

-

-

-

-

-- a

- -
* -

* - - -

- -- -

-
-

- -

-

-

-º -- -

-

- -

--

- - "
-

-

- s

-

-

--, º

- -, --

- -

- -

* --

-

--

- :

- :

- º

- a

-
º

- -, º -

- -

- -

- -- -

- * =

- s

•

- - -

-
*

- - a —

-

-

- ,

-º

-

-----

•
- -e.

-

* -

—. -

- - º 3 - — ...-

se viv -

- -- - º - -- - -

- , - - , n. 3 s- --

z s: L , , , , , º

... . . . . . . . ... = 1 o 1 - º , - , rº.

--. -- . ..., - , , , +

- , º E =

- - - c+ --o -

- - --- mº - orº , -

-

-
* -

Y.

---- rº -

º es ricº , - - ... -

- = -

- , - e - - y

º v es - ... r

---o e -- - -

- -r - º * r , , , e



Page | ||7

The once-through technique (non-recirculating of medium) is preferred

to the recirculating experiment when the conditions permit. Accumulation

of metabolites and toxic end products is avoided. Also as the composition

of the perfusion medium is held constant, (delivering adequate oxygen

supply, nutrients and constant drug concentration to the organ), steady

state situations can be studied and different conditions can be set up

consecutively, with the liver serving as its own control. This

drastical ly reduces the number of experiments needed ( || 4). A big draw

back to once-through experiments is that large volumes of perfusate are

required which tend to shorten the duration of the experiment because of

expenses involved.

2. Chemical

a. Lidocaine Assay

The slopes of the standard curve prepared from blood, plasma, water

(in 2N NaOH) and liver (in 2N NaOH) were not significantly different at

a confidence level of 0.95 (Figure 23).

| ) Stability and Reproducibility

A standard curve with lidocaine hydrochloride monohydrate

(0.0625-2 mog) and 1 meg W12714 as the internal standard in blood, taken

through the assay procedure was found to remain constant in its slope
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for day I and upon reinjection of the same samples for days 2 and 3,

indicating that I idocaine was stable in carbon disulfide for at least

three days after the extraction procedure.

The stability of idocaine in liver tissue ( stored in ION NaOH)

was tested by repeating the liver analysis six months after the first

analysis. Six samples of the liver tissue were assayed for lidocaine.

No significant differences were found between the measurements as shown

in Table 5 inferring the stability of lidocaine in strong base. This

supports the findings of Benowitz and Rowland (108). Initially Br–DEA

was used as the internal standard, but subsequently it was found to be

unstable in ION NaOH (used in liver assay). The latter is probably due

to hydrolysis. Instead W12714 was used as it is stable in strong base

and has a shorter retention time than Br–DEA.

Table 5. Stability of Lidocaine in Liver Tissues Stored in ION NaOH

Amount of Lidocaine in Liver Tissue (mcq)

First Analysis Second Analysis
(6 months later)

27. I 28.5
| 5.0 2|. 5
5 | . 4 28.8
39. I 39.5
23.8 25.3
68.9 72.9

Large sample sizes ( 15 ml) were used for analysis of the effluent
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drug concentration and small sample sizes (0.25 ml) were used for some

measurements of influent lidocaine levels. The peak height ratio (PHR)

was tested against different volume ratios of blood/organic solvent.

No significant differences were detected in the PHR using a ten fold

difference in the volume ratio although the percent of lidocaine

extracted varied with the volume of organic solvent used. Apparently

the extraction of the internal standard varied to the same degree.

To assess the reproducibility of the assay, five blood samples with

| mog lidocaine hydrochloride mononhydrate and l mog W12714 as the internal

standard were taken through the assay procedure. The mean was 1.20

with a # coefficient of variation + 14.3%. The reproducibility of the

assays between and with in days was assessed from the slopes of nine

cal ibration curves from nine sets of analyses on different days. The

mean of these nine slopes was found to be 1.30 with a # coefficient of

variation + 6%.

2) Specificity

The specificity of the lidocaine assay was tested for possible inter

ference by MEGX by taking a mixture of 20 mog MEGX, 0.125 meg | idocaine

hydrochloride monohydrate and l mog W 12714 in blood through the assay

procedure. The purpose of this was to demonstrate the possible contribution

to the lidocaine peak due to the presence of a large amount of metabol ite

(MEGY) generated during lidocaine metabolism. The interference by consti
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+uents in blood was a so ascertained by taking blank blood containing l mog

W12714 through the assay procedure. In neither instance was the lidocaine

to internal peak height ratio affected.

3) Sensitivity

The minimum amount of lidocaine detected by the assay procedure

was found to be 50 ng at attenuation 32 at 10-12 amp/mv.

b. Antipyrine Assay

The slopes of the standard curves prepared from blood, plasma and

water were not significantly different at a confidence level of 0.95

(Figure 25).

1) Stability and Reproducibility

A standard curve with antipyrine (0.625-10 mog) and 10 mog 4-bromo

antipyrine as the internal standard in blood taken through the assay

procedure was found to remain constant in its slope for day I and upon

reinjection of the same samples for days 2 and 3, indicating that anti

pyrine is stable for at least three days after the extraction procedure.

The stability of antipyrine in phosphate buffer was demonstrated by the

presence of reproducible slopes when the same stock solution was used as

standards at different times.
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To assess the reproducibility of the assay, four blood samples with

10 meg antipyrine and 10 mog 4-bromo-antipyrine were taken through the

assay procedure. The mean PHR is 2.36 with a # coefficient of variation

+ 2.1%. The reproducibility of the assays between and with in days

was assessed from the slopes of four calibration curves (on four sets of

analyses on four separate days). The mean of these four slopes was found

to be 0.23 with a £ coefficient of variation + 0.84%.

2) Specificity

The interference by constituents in blood was tested by taking blank

blood containing 10 mog 4-bromo-antipyrine through the assay procedure.

It was found that blank blood did not contribute any interfering substances

to the assay.

3) Sensitivity

The minimum amount of antipyrine detected by the assay at attenuation

32 and 10-12 amp/mv was found to be 125 ng.

c. MEGX Assay

The slopes of the standard curve prepared from blood and plasma for

MEGX (50–750) and its internal standard (500 ng) taken through the assay

procedure were found to be linear and did not differ significantly



* -

- , . . . . . . . . . . ; , , , ; ; ' ' ' ' ' ' ' --, - ... . . . . . . .

. . . 'º - . . * * ~ * * * * * * * * * : * – - , - N - , , * -- . • . . . . . . . . . r: - , ,

. . . . . . . . . . . tº . ~ : - ; * > . . .” - - . . … I * * * * ~ * * ..." .* *, * : * > . . . . .

- - ºf h . . . . . . . . * ~ *, *, * * * * * : ; ; ; ; ; ; * ~ * ~ * . . . .

*~, - - - , , ) > - - - - - - - , , , , s - ºr * *, * : * ~ 1.2 - " - - - . . . . . . . .

. . . . . . . - . . . . - . . . . * * * * * * " .. ( : , ; b : * : * : * > . . . . . . m . . . . . . . . .

. . . . . . ~~ : * : * : * ~ * ~ * : * : * > . . . . . . . . . . . . . . . ;

v.4 . . . . . . . .

sº . . . . . .” Nºt… : : - . . . . . . . ; -- ~ + · +--- yº ºr -, -ir, tº i ºr

... -- - - ºr . . . . . . . . . . . . . . . . ~… . . . . . . . . . . . t. ºn rºº tº i < * ■ i ...~ :

~~~rº-º-º: - - - - - - - - + i ºf . . . .” ----, +--- * : * * ~ d > r, 3 + º- tº tº . . . . . .- -

. . . . . . . . .

v-1 v 4: . . . . .

-- " + -, --, -º * r * * * * * * a-F V -
! -- ~. +… - " - … a + r. *** *-i-º-, -, tº - : * tº

. … . . . ~ * * * **** - rvº v-\º-, * -- ºr

-- -

vº - • * º * * * * -

-, * : * ~ : - ; ºr , ; ; *- : * ~ + ---- d … -- ºc tº -- * ~ *.** * ~ : . . . . . . ."

* * * * -
- - - - - --- ( : * : * *- : * * I ----, --, -, -- tº . ~ ( ºr "-" " )



Page 122

(confidence level of 0.95) from one another (slope = 7.0) (Figure 27).

The slope of the standard curve prepared from water (slope = 5.5) using

the same concentration was linear but significantly different from that

obtained from blood and plasma. This can be due to the more favorable

solubility or partition of MEGX into water than blood or plasma during

its initial extraction with the organic layer whereas the partition of

the internal standard into plasma, blood or water and the organic layer

is the same.

| ) Stability and Reproducibility

The stability of the derivatized MEGX and its internal standard was

tested by the preparation of a standard curve with MEGX (50–750 ng) and

500 ng internal standard in blood taken through the assay procedure. The

slope of the calibration curve for day I after the assay procedure was

6.5. Upon reinjection of the same samples, the slopes of the curve for

days 2 and 3 remained linear, but were 7.0 and 9.0 respectively. This

change in slope may be due to the deterioration of the derivatized

internal standard upon standing, or due to its slow partition into the

aqueous layer upon standing, increasing the peak height ratio with time.

The stability of MEGX in phosphate buffer solution was proven because

reproducible slopes were obtained when using MEGX from the same

stock solution at different times as standard.

To assess the reproducibility of the assay, six samples containing
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125 ng MEGx and 500 ng internal standard in blood were taken through the

assay procedure. The mean peak height ratio was found to be 1.70 with a

% coefficient of variation + 8.8%.

Attempts to develop a liver analysis proved unsuccessful because

of interfering substances.

2) Specificity

The gas chromatographic assay for MEGX proved to be specific.

The presence of a large amount ( 10 mog) of lidocaine (the parent compound)

did not change the peak height ratio of the derivatized form of 25 ng

MEGX (the metabolite) and 500 ng internal standard taken through the

assay procedure. Blank blood containing 500 ng internal standard did

not contribute interfering peaks to the quantitation of MEGX.

3) Sensitivity

The minimum amount of the MEGX detected by the assay was found to

be 10 ng at attenuation 32 and 10-12 amp/mv.
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B. Discus ion of the Experimental Procedure

| . Prote in Binding

It was shown from theoretical analysis that binding to perfusate

constituents can profoundly influence the hepatic clearance and

availability of a drug (See Theoretical ). According ly, the binding of

| idocaine and MEGX to perfusate constituents was determined.

The blood to plasma concentration ratio ( A ) and degree of

protein binding of (a) of lidocaine and MEGX in various influent and

effluent "plasma" and blood samples are shown in Tables 6 and 7

respectively. Throughout the respective concentration range studied

(0.0036–36.00 mg lidocaine/L and 0.8-45.0 mg MEGX /L), neither lidocaine

nor MEGX appear to bind significantly to components (plasma or red

blood cells) of the perfusate. The mean of a for lidocaine and

MEGX are 0.94 + 0.4 and 1.00 + 0.06 respectively. The lack of substan

tial binding of lidocaine to album in had been reported ( 15) and it

now appears to be so for MEGX and also for the binding of these amines

to dextran. The value of unity for A for lidocaine and MEGX also

implies the lack of substant ial binding of the same amines to washed

red blood cells. Therefore, changes in protein (a I bumin), dextran

and red blood cel I composition should not influence the hepatic

clearance or availability of these amines.
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Table 6. Binding of Lidocaine to Perfusate Components

TJoca TeºT Counts/2OO mol%
concentration buffer side "plasma" side
(mg/L) before after after
equilibrium equilibrium equilibrium
dialysis dialysis dialysis

blood "plasma" A *** a ****

2.95 3.2 | 0.913 537 60 | 0.89

5. 64 3.88 0.938 583 65 | O. 90

8.58 8.46 | .0|2 538 58 | O. 93

|9. O4 20.68 0.92 | 674 737 0.93

36. 33 35.50 |.023 560 624 0.89

0.005 0.004 | .25 536 603 0.89

0.0|| 3 O. 13 | .0 596 624 0.95

0.0 || O. 0 || 2 0.9 |7 5|| 6 548 0.94

0. 56 O. 154 | . O || 3 52 | 539 O. 97

O. 150 O. 149 | .007 652 677 0.96

2.874 2.972 O. 967 529 5||9 | .02

2.906 2.9| 2 0.998 593 6||7 0.96

8. 744 8.45| |.035 559 564 0.96

Mean X = 0.999 0.938

n = | 3 | 3

S.D. = +0.068 + 0.0385

Level of confidence = 0.95 z = Level of Confidence 0.95
(df = | 2) (df = | 2)

not significant not significant

*assayed by gas chromatographic method
*not corrected for quenching; counting efficiency of samples do not differ

*** A
**** a

CR/C#8 ion free = C unbound, plasma – cpm/200 me I buffer side
C total, plasma cpm 200 mcT"plasma" side
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Table 7. Binding of MEGX to Perfusate Components

Concentration of MEGX (mg/L) Concentration of MEGX (mg/L)

buffer side after "plasma"side Blood "Plasma" A*

equilibrium after equilibrium 0.484 0.44 | O.9 ||

dia lysis dialysis c. ** 0.484 0.449 0.928

| 6.94 | 6.42 | .03 Mean X = 0.9.195

|5. 44 | 6.09 0.96 n = 2

6.76 6.86 0.99 S.D. = + 0.0 |20

7. || 7.47 0.95 Level of Confidence = 0.95

2.84 3.33 0.85 (df = | )

|. 46 | . 49 0.97 not significant

| .58 | . 44 | .09

0.66 0.63 | . O5

0.66 0.64 | . OS

0.77 0.77 |.00

0.83 | 0.752 | . . 0

0. 564 0.369 0.98

0. 554 0.343 |. O3

Mean X = 1.0808

n - | 4

S.D. = + 0.0630

Level of Confidence = 0.95
(df = | 3)

not significant

*AT = CB/Cp
= fraction free = C unbound, plasma = 9buffer side++ -

C total, plasmaC. -°plasma side
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The binding of antipyrine to perfusate components was not examined

as it was reported by Brodie et al. (17) that antipyrine does not bind

significantly to plasma proteins nor blood cells. Thus the values of a

and A are taken as one.

When the values of a and A are known, the ratio "blood cell
Cunbound, plasma

can be calculated from Equation 18. Benowitz et a L (116) estimated

the ratio of plasma water lidocaine to erythrocyte water lidocaine in

the rhesus monkey to be 0.92, knowing Cblood cell/Cp = 3.3,
q = 0.4 and the water content in erythrocytes 70%. Since the blood to

plasma concentration, (A) and the degree of protein binding (q) are both

unity for lidocaine in the perfusate medium, Cblood cell/Cunbound, plasma
is also one (Equation 18). When the water content in erythrocyte is again

taken as 70%, the ratio of plasma water lidocaine to erythrocyte water

lidocaine in the perfusate medium (containing human red blood cells) is thus

0.7. This difference may be due to different membrane characteristics of

the red blood cell in humans as compared to rhesus monkeys such that move

ment of molecules in water crossing membranes is different.

2. Discrimination between Models and I | by Changing Hepatic Blood Flow

of a Highly Cleared Drug at a Concentration to the Liver below the

Km of the System

a. Lidocaine, a Highly Cleared Compound

On theoretical grounds, the term A' is essential Iy constant at
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concentrations of drug to the liver below the Km of the system. The

greatest discrimination between Models I and l l is noted by studying

the changes of perfusion (hepatic blood flow per gm of tissue) on the

availability (#) of a highly cleared compound. Under linear con

ditions, extraction is independent of the influent concentration (Ci), the

effluent concentration (Co) of a highly cleared compound is equal ly as

good a discriminator. The latter parameter is used to discriminate

between the two models with blood flow changes.

Lidocaine is chosen as the model compound because preliminary data

indicated that its extraction ratio by the liver is very high in man ( 1 |8)

in dog ( 120) and in rhesus monkey (I 6, 121). The mean extraction ratio

for lidocaine in the perfused rat liver preparation was found by the

present investigation to be greater than 0.995. This appears to be the

highest extraction ratio ever recorded. In addition, certain aspects of

its metabolism are well defined ( 122, 126), in particular the conversion

to monoethylglycine xylidide (MEGY) (125-127). As an analytical proce

dure existed for this deethylated metabolite ( | 12, 124, 128), the formation

of metabolite with blood flow and l idocaine concentration can also be

examined. The insignificant binding of lidocaine and MEGX to plasma and

red blood cel I constituents (Pages 124-125) rendering the hepatic clearance of

these compounds insensitive to changes in perfusate composition, is another

virtue in the use of idocaine.
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b. Viability, Stability and Steady State

Before any interpretations can be made, the viability and stability

of the preparation must be established. The criterion used for viability

was that the hepatic extraction ratio of the drug remained constant with

time. Figure 30 i■ lustrates the attainment of this criterion when a

constant influent lidocaine concentration (3.55 mg/L) was delivered at a

constant flow rate of 10 ml/min/ I iver. The effluent concentration of the

drug was very low (0.01 15 mg/L) and the extraction ratio very high (0.997)

over the entire period of study. The high extraction persisted from the

first point of sampling (7 minutes) onwards, indicating that the prepara

tion was stable and viable. As the low effluent concentration persisted

from 7 minutes (the first sampling point), steady state conditions must

have been established within 7 minutes. In subsequent experiments, the

attainment of steady state was ensured by maintaining a blood flow for 30

minutes before a change (either blood flow or concentration) was imposed.

The effluent concentration was taken as the mean of four samples taken

with in the last ten minutes of the interva | . The b i■ e concentration

and volume were low and constituted only a negligible route of elimination.

This is shown in Table 8 which summarizes the results of five studies.
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Figure 30. Viability of the preparation as indicated by the constancy

of the effluent drug concentration and hence extraction

ratio with time when influent concentration of | idocaine

(3.53 mg/L) was delivered at a constant blood flow rate

(10 mls/min) to the perfused rat liver in situ preparation.
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Table 8. Lidocaine Elimination by Bile

Tota TWOTume Lidocaine Concentration. Amount of Total Amount% ºf Timination
of b i■ e (ml ) in bile (mg/L) Lidocaine of Lidocaine via by bile

E | imination infused into
via bile (mcg) liver (mcg)

|. 5 | . 469 2.204 556 0.40

3 |. 378 4. || 34 45.46 0.09

2 O. 945 | . 89 2654 O. O7

2 | . I 52 2. 304 684 0. 54

2.5 | . I 08 2.77 872 O. 32

*Total amount of idocaine infused ": WB • Cik.tkk
k=

where WB = b lood f | ow

C i = | influent | idocaine concentration

t = time interval for steady state period

n = total number of steady state periods

The biochemistry of the medium, the oxygen tension, perfusion

pressure as well as electron microscopy were also performed to establish

the viability of the preparation. The biochemical results for three

liver preparations are tabulated in Table 9. The electrolytes remained

relatively constant. The lack of potassium leakage (from liver cells to

the blood) indicated the absence of severe rupture of cel I membrane.

However, the rise in the levels of some enzymes pointed to the occurrence

of cell leakage (129) and indicated that the liver suffered some degene

rative changes during perfusion. No globul in should be present in the

medium. The reading may be an erroneous one.
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Table9.The
Biochemistry
ofthePerfusateMedium Test Glucose(mg%) UricAcid(mg%) Creatinine(mg%) BUN(mg%) LDH

().
U) SGOT

([.
U.) SGPT

(

I.U.) B11irubinTotal(mg%) Alk.Phosphatase
(

I.U.) Cholesterol(mg%) TotalProtein(G%) Albumin(G%) Phosphorus(MEQ/L) Chlorides(MEQ/L) Sodium(MEO/L) Pºtassium(MEQ/L) Cà"Total(MEO/L) Globulin(G%) A/GRatio
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The oxygen tension and pH of arterial and venous blood were measured

at different flow rates in some studies. Table | 0 shows the results of

these measurements.
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Table 10. Oxygen Tension in Arterial and Venous Blood at Various

F low Rates

Study # Blood Flow Arter ia | B | Ood Wenous B | Ood

(m I s/min) Oxygen' tension Oxygen tension pH
(mm Hg) pH (mm Hg)

| | 6 33 | 7.38 | 6 7. 2

| 4 380 7.23 | 4 7.08

| 2 357 7. 4 | 2 7.09

| 0 359 7. 24 | O 6.98

| 6 403 7. || | 6 6.98

2 |2 238 7.42 | 6 6.9 |4

| O 177 7.0025 | 3 6.9 |2

| 2 | 75 7.408 | 3 6.949

| 4 | 70 7.202 | 2 7. I

| 6 257 7.094 | 5 7.052

3 |2 | 75 7. 5 | | . 5 7.08

| O 2O2 7. 8 | | 7.09

| 2 | 7 | 7.32 | 3.5 7. |8

| 4 | 5 | 7. 5 | 6.5 7.067

| 2 | 45 7. 22 | 5 7. O6

| 6 | 23 7. |8 | 7 7.09

4 | 9 365 not measured 32 not measured

| 6 392 " . 28 11

| 3 40 | 7t 20.6 in

| 0 39 | 11 | 6.7 11

| 9 296 If 20.2 rt

At an oxygen pressure of about T00 mm HGT5EEFOXTEFET) 371-5F. The

hemoglobin is combined with oxygen (for 0.45 hematocrit) (130). The
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blood perfusate medium has a lower hematocrit of 0.2 whereas the oxygen

pressure for arterial blood under all flow rates greatly exceeded the

value of 100 mg Hg. It was thus inferred that complete saturation of

the hemoglobin by oxygen did indeed take place. The high arterial

oxygen tension measured in the arterial samples in the preparation

greatly exceeded the value of 45 mm Hg, a value reported by Cumming

and Mannering (64) to be the minimum arterial oxygen tension for

"unhindered" (norma | ) hexobarbita I metabol sm in the isolated rat

liver preparation. Thus the oxygen supply evidenced by the high arterial

oxygen tension was considered adequate to maintain the liver preparation

in a viable state.

The pH of the arterial and venous blood averaged 7.22 + 0.121 and

7.05 + 0.78 respectively from the sixteen measurements. Although the

pH of the perfusate was initial ly adjusted to 7.4, the arterial blood

had a pH of 7.22. This may be due to the presence of 5% carbon dioxide

in the gas supply for oxygenation (95% oxygen and 5% carbon dioxide)

which may dissolve in the blood or be carried by the hemoglobin. The pH

may possibly be maintained at 7.4 if 100% oxygen is used in the gas

supply. Another method would be to titrate the medium with base to a

pH of 7.4 during the experiment. The venous pH is not significantly

different from the arterial pH, yet one can still see a decrease towards

acidity due to the accumulation of acidic end-products of endogenous

metabolism.
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The perfusion pressure was monitored distant to the liver (see

Figures 20 and 21C). Consequently it served only as a semi-quantitative

measure of the actual pressure with in the liver. Nonetheless, the

monitored pressure reflected changes in liver resistance to the pump

action, and at a constant blood flow, the pressure of the system should

be constant. This was demonstrated in one experiment where blood flow

was kept constant at 10 mls/min. The pressure during the entire

experiment remained the same (18–20 mm Hg). On increasing liver blood

flow, perfusion pressure should increase according to Poiseul le's law (59).

If I iver blood flow is returned to the original flow rate, the pressure

should also return to its original value. An increase in pressure in

this instance would indicate a loss of its elasticity and integrity of

cellular structure. Table l l i■ lustrates the flow-pressure relationship,

confirming that there are no hysteres is effects.

Table | | . Flow-Pressure Relationship of the Perfused Rat Liver in situ

Preparation

Blood Flow (m I s/min) Perfusion Pressure (mm Hg)

| O 20-22

12 22-24

| O 20-22

|4 28–30

| O 2|-22

| 6 32-33

| O 2|-22
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Electron microscopy was performed only once. The liver, chosen

randomly, was fixed with osmium tetroxide, microtomed and screened by

an electron microscope. The electron micrographs indicated that the

mitochondria, cristae, ribosomes, endoplasm ic reticulum and the nuclei

were still intact after three hours of perfusion. Lysosome elements

were also abundant. Some glycogen stores were left, and there was no

extensive vacuol ization, a process that accompanied cell damage and loss

of integrity of cellular structure (131). In some instances, microv i ! I i

were destroyed and some endothelial lining damaged. A■ I these findings

indicated that the liver preparation retained most of its identifiable

cellular structures. However the slight vacuolization showed a trend

towards deterioration of the liver preparation ( 132).

c. Linearity

Discrimination between the two models is simplified when operating

under linear kinetic conditions (independent of concentrations). To test

for linearity, the concentration of lidocaine to the liver was varied

from 0.95 to 7 mg/L at intervals of 30 minutes while maintaining a constant

blood flow of 10 mls/min. The stability of the system was checked by

repeating the initial input condition at the end of the experiment. The

data (Table 12) shows no significant trend in either the availability,

(Co/Ci) or the extraction ratio with varying influent drug concentration,

indicating that the system is linear and stable at concentrations below
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7 mg/L and at a hepatic blood flow 10 mls/min. Subsequently, to ensure

linearity, an influent lidocaine concentration at or below 4 mg/L was

always employed.

Table 2. Constant Extraction of Lidocaine with Influent Concentration

blow 7 mg/L

Lidocaine concentrations (mg/L) Availability Extraction Rafio
|nfluent (C i ) Eff I uent (CO) (Co/C |) (Ci-Co)/Ci

7.00 0.043| + 0.00758 0.0062 0.9938

5.73 0.0256 + 0.00292 0.0045 0.9955

3.00 O. O. 52 + 0.0008 | 0.005 | 0.0049

|.95 0.0094 + 0.00 |25 0.0048 0.9952

0.95 O.OO39 + O. O0084 0.004 | 0.9959

6.53 0.0571 + 0.00809 0.0087 0.99 || 3

* * n = 4 + S.D.

d. Experimental Design

Initial ly, experiments were conducted in the following manner. Blood

flow to the liver was varied from 16, 12,8 and 4 m I s/min and then returned

to the original flow rate of 16 mls/min, with each steady state period

being a 30 minutes interval. In some experiments, the order of blood flow

was reversed from 4 to 16 ml s/min and back to 4 m I s/min. The choice of

16 mls/min as the upper limit was based on preliminary data suggesting

that the preparation deteriorated at flow rates above 16 m I s/min. Table 13
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shows the effects of such changes in blood flow on the steady state

extraction of lidocaine at a constant influent concentration of 3.75 mg/L.

Table 13. Influence of Hepatic Blood Flow on the Extraction of Lidocaine

F low rate Lidocaine effluent Extraction ratio (ER)
(m I s/min) concentration (mg/L)

| 6 0.0449 + 0.0045 0.9987

| 2 0.0245 + 0.00 || 42 0.9935

8 0.0|87 + 0.0035 O. 99.50

4 0.09 || 4 + 0.0| 44 0.9756

| 6 0.0264 + 0.0008 O. 9930

n = 4 + S. D.

As theoretical Iy predicted, decreasing blood flow from 16 to 8 mls/min

decreased the effluent drug concentration. Unexpected | y, on further de

creasing the blood flow rate to 4 mls/min, the extraction of the drug fell.

This paradox may be due to partial collapse of the hepatic vascular bed at

low perfusion pressures (59) which result from low blood flow rates to the

liver. Under these conditions, the effective areas of sinusoids in

contact with blood are reduced, leading to a decrease in extraction of

the drug. When the effective areas of the sinusoids are in maxima I

contact with blood, a limiting state of hepatic vasculature called

Poiseul le's region is reached. In this region, the ratio of blood flow

to pressure is a constant and further increases in pressure beyond this

value do not open up new channels of perfusion with in the hepatic

vasculature . (59). Such a state must have been reached at flow rates of
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8, 12 and 16 mls/min for increases in pressure did not increase the

extraction ratio (due to increase in effective perfusion). Rather,

the behavior of the extraction ratio was in agreement with the

predictions.

Because of these potential physiological constraints, subsequent

experiments were conducted with 10 ml s/min as the minimum value such

that the flow changes were from 16, 14, 12, 10 (descending order) and

back to 16 mls/min again (ascending order). This design seemed

to al leviate the deviations due to the collapse of the vasculature

at low pressures ( low flow rates). However another separate problem

arose. Namely, that the viability of the preparation fluctuated from

one steady state to another, causing difficulty in the interpretation

of the data.

To overcome the last problem, the following design was developed.

In this design, a control flow, e.g. 12 m I s/min is chosen to perfuse

the rat liver at a constant influent drug concentration. After 25

minutes of perfusion, the flow is randomly changed to 10, 14 or 16

mls/min for a further 25 minutes before returning the flow back to the

control flow ( 1.2 mls/min). This procedure is repeated for each change

in blood flow. An example is shown in Figure 31. This design provides

the most meaningful interpretation of the data.
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Figure 31. Schematic representation of the design of experiments

used to discriminate between two models of hepatic drug

clearance with a ■ terations in blood flow. Each period

of perfusion is 25 minutes. A control flow rate of 12

m I s/min is chosen and interrupted at random by flow rates

of 10, 14 or 16 ml s/min.
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e. Results and Treatment of Data for the Flow-Change Experiments Conducted

at Constant Influent Lidocaine Concentrations at or be low 4 mg/L

The enzyme activity of the system during the flow-change is considered

the same as the average of that of the control flow periods immediately

before and after the change. The effects of flow changes on hepatic

extraction are then easily interrelated and interpreted even when the

viability of the preparation fluctuates slightly. An example of a typical

experiment is shown in Figure 32 (Study I in Apped ix. IX) where the

control flow rate was 10 ml s/min. The effluent | idocaine concentration at

a particular flow rate is compared to the average effluent lidocaine

concentration during the control flow rate and plotted against blood

flow. Predictions of the effluent drug concentrations for Models l and

| | are made in the following manner:

Hepatic blood flow (to the entire liver) rather than the perfusion

rate is used as in the perfused rat liver in situ preparation as the

weight of the liver is not known until the end of the experiment.

Furthermore the liver weight obtained at the end of the experiment

may be overestimated due to edema or liver enlargement. Most important

of a ||, the predictions with in a liver preparation can be made using

either blood flow or perfusion rate.

The average effluent lidocaine concentration of the control flow

flanking a particular blood flow is used to calculate the extraction
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Figure 32. The predicted and observed lidocaine data for Models |

and I I when blood flow is changed to 12, 14 and 16 mls/min

from the control flow rate of 10 mls/min (Study I - Appendix IX)

The lines represent predicted data for Models l and I | and the

points are experimental.
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ratio and the term A" as in Equation 19 for Model I and Equation 27 for

Model ||. These A' terms are in turn used to predict the extraction

ratio and effluent drug concentration at that particular flow for each

model. From Figure 32 it is seen that the observed data are predicted

more accurately by Model I.

A series of eight additional experiments were performed in the same

manner using 12 mls/min as the control flow and 10, 14 and 16 as the

randomly chosen flow changes. The results of these nine experiments

are tabulated in Appendix IX. The observed and predicted results for

Models I and l l for these nine experiments which were performed on

different rat I ivers with different orders of flow and at different

times were grouped together as shown in Figure 33 for Model I and

Figure 34 for Model ||.

The straight line with slope = | represents the perfect correlation.

The data (predicted versus observed effluent | idocaine concentration) for

Models l and I | are fitted individual Iy to a straight line by regression

analyses and the resultant slopes obtained are then compared to the

straight line with slope = I. Table 14 summarizes the generated

statistics.



- *

- * >

e

º -

* *

a

*
s s

- , ,

* -

: º

-

-

- - -

* * *

s

*

* *

-

-

- -

:

* * :

. . *

- -

º i

- - - , ; -

; : - -
-

- * * : * ~ *

-

" -, -, -- . : , ;

* : * ~ * -

- - - • ‘’

-: -
. .

- - - - • * *

-, - - - - , ; };

; : . . . ; ; ; –

- -, - . . . . . . .

* : * ~. !---- - - -

- . . . . ;

: " -, - . . . .”

* ** . - *

f : . . . . . . . . . . . . .

- *- - - - * -
- - - |

--~ * : *-* * * * * * * * * : * ~ *

* : * * : *, , ; ; tro-º. . .

- - * +--- -| | . . . . . . . . . . * : -itº, tº

* -- 4 - - - • -! . . º- * - e. , -, -

- -, * * # * r − -
- - -

; : 1: ".

. . . . … " * - - -, -o -

* * - - - - - - * * * * * * -- *. . . . . . . . . . . . ;
-

* , - - -: * | * : * : * :

** * * ~ y : 1 + - - - -

. . . . . . . . . . . ~ * : * :

. . . . . . . ~~} : * ~~

* : ... … : : - ºr ; , , --, - .

* * * * * * * - * ~ : *, - * - - -
- º - ºr - f *

* - * : * 1:. . . . . . . re. : . . .

- … . . . . . . . . . . . . ~ :



Page 145

Figure 33. Predicted versus observed effluent l i docaine concentrations

for Model 1 for a series of nine experiments performed at a

low influent lidocaine concentration (4 mg/L) with a literations

of blood flow. The line with slope = | indicates a perfect fit.

The predicted and observed data are given in Appendix IX-A-B-C.
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Figure 34. Predicted versus observed effluent | idocaine concentration for

Model | I for a series of nine experiments performed at low

influent lidocaine concentration (4 mg/L) with a literations

of blood flow. The line with slope = | indicates a perfect

f it. The predicted and observed data are given in

Appendix IX-A-B-C.
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Table 14. Regression Analyses of Data and Comparison of the Slopes
to Slope = |

Statistica || Parameter

n

2
S X

sy2
2

sy • X

slope (m)

intercept (b)

corr. coeff. (r)

2 +
sy. p-x

sy
o p. X

+*

df

level of confidence

Mode | |

25

0.000 || 389

0.000254

0.000047

| . . 6655

0.000 |2

0.8986

0.0000235

0.004848

| .40083

46

95%

not significant

Mode | | |

25

0.00 || 7

0.000254 |

0.0001438

0.28684

O. O || 0 || 8

O. 64 |5

0.00007 || 9

O. OO848

9.96494

46

95%

not significant

– 2, 2
2 (n! 2) s yºx + (n2 − 2)s? yºx2

++ ( m - 1)

(n + m2 = 4)

(n1- )s×1 (n2 − 1) s2%

2
S

y - x
is calculated above from

Models I & I l.

sº
y -

as there is perfect

x2=0

correlation

df = (n + n’ - 4)
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The + statistics for Models I and I | are 1.4008 and 9.9649 respective | y,

with 46 degrees of freedom. This value of t (df = 46) is not significant

for Model I at 95% confidence interval whereas it is for Model | | . Based

on this finding, Model | | is rejected as to having a slope equal to one

and Model I is accepted as having a slope equal to one at 95% level of

confidence. Although a statistical analysis is performed to accept or

reject the data based on the "goodness of fit" to the straight line with

slope = 1 for perfect correlation of observed and prediction results, it

is inappropriate to quote such statistical parameters. This is so because

the data are derived from different populations whose means and variances

may be different (134).

f. Mass Balance with Liver Analysis

From theoretical analysis, discrimination between the two models is

best perceived with the use of a highly extracted compound (extraction

is due to metabolism and not hepatic uptake) with blood flow changes.

Under steady state conditions uptake is essential Iy complete, and the

rate of loss of the drug should be accounted for only by metabolism.

Since steady state conditions were achieved with in 7 minutes as shown

in one study, (Page 129) and it is inconceivable that I idocaine is taken

up by the liver to a great extent. However, to confirm the point that

the removal of lidocaine during its passage through the liver is indeed

by metabolism, liver analysis was performed in seven livers and the results

are given in Table 15.
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Table15.LiverAnalysis
of
LidocaineandthePartition
of
Lidocaine
inLiverWithRespecttothe

EffluentDrugConcentration
inBlood

TotalamountAmountof
Fraction
ofWetweightLidocaineAmount***
Concentration
of
Ryº"of

idocainelidocaine
indoseinof
I

iverconc.inof
|

idocaine
|

idocaine infused”
|

iveratend
|

iveratatendof
effluent
in
i
verin
I

iver

of
experiment”
endof

experimentbloodaftercor-attheend

experiment(gm)
|

astrectionforof
experiment

steadytheamount(C,)
(mcq/gm stateof
|

idocaineliver) conditioninblood (CO)endof (mg/L)experiment
(mcg)

987|28.450.0029
|

3.24
|

0.024328.4
|
2.4688.3 98702|.550.00229.9985O.O

|
202|.5322.54
|

79.5 882O28.8
|

0.0035
|

5.036
|

0.0057228.80
|
.9
||6
334.9 |OO3838.040.0038

|

3.2850.033037.992.86086.7
|

OO6039.500.0039
|

3.670.027839.462.886|O3.8
|

O68525.3|0.0024
|
O.700.043525.242.35954.2

||
73672.880.0062
||..
460.079972.766.5288|.7

*
Totalamountofinfused
=?
VB.kCik.t.
k
where
nisthenumberofsteadystateconditionsandthettheduration

k=
|

forthesteadystateperiod.

**Amountof
lidocaine
inliver(wetweight)
=
amountof
lidocaineassayed
x
Totalweightofliver
*10NNaOH

Weight
(

liver
+10NNaOH)used

***(Amountof
lidocaine
in(wetweight)liver
-1.5x(Co)meg;hepaticbloodvolumeistakenas1.5ml

:

****Part
i+ion
coefficient
for
I

iver
=

conc.ofdruginliver(CL)

conc.ofdrugin
effluentblood(Co)
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From mass balance, the total amount of lidocaine infused equals the

amount of drug in the liver, the total amount eliminated by biliary

– excretion and the total amount metabolized. It was shown earlier that

the biliary route did not contribute significantly to the removal of

| idocaine, and it is shown here that liver uptake of lidocaine is also

insignificant (an average value of 0.35% of dose is present in the

liver). Furthermore, this estimation of 0.35% is an overestimation for

the amount of lidocaine present in the liver as only wet weights of the

liver (containing blood) were assayed and that the liver was not flushed

with blank blood or sa line prior to storage. This finding confirmed

that lidocaine does possess a high extraction ratio (>0.995) and this

high value is total Iy attributed to metabolism.

Knowing the amount of lidocaine in liver (corrected for lidocaine

in blood), one can easily calculate the steady state partition coeffi

cient (RL/B) (Table 15). This is done by dividing the amount of ido

caine per gm of liver tissue by the steady state effluent lidocaine

blood concentration of the last steady state condition for the perfused

rat liver preparation. A mean value of 132.7 t 97.3 was obtained. This

value is very high compared to the value reported by Benowitz et al. (116).

They reported a value of 0.61 for partition coefficient (RL/p), the

amount of lidocaine per gm liver to the effluent plasma concentration

in the rhesus monkey. Even when a correction of the plasma concentration

to blood concentration is made, this value is substantial Iy less than the

RL/B value in the rat liver preparations. A value of one is anticipated
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for RL/B for lidocaine as a and A are both unity for the binding to

the perfusate medium. The experimental value is (RL/B = 132) extremely

high. A possible explanation for this high value is that the amount

of lidocaine in the blood is underestimated by taking the volume of

blood ( 1.5 mls) multiplied to the concentration of drug in the effluent.

The liver may have stopped its eliminating activity when it is immersed

in methanol so that the amount of drug that is actually in the blood

is underestimated hence leading to an overestimation of the amount of

lidocaine per gm of liver tissue.

3. Clearance of a Poorly Cleared Compound with Changes in Blood Flow

Previous studies had shown the effects of blood f low on the

availability of a highly cleared compound as ( lidocaine). Theoretical

considerations have shown that poorly cleared compounds are poor dis

criminators for models of hepatic drug clearance with blood flow changes

(Page 69). Theoretical analysis has also shown that the clearance

for these poorly cleared compounds would approach the eliminating

capacity, term A' of the system and hence be independent of hepatic

blood flow (Pages 59 and 46 ). The clearance of a compound with low

extraction ratio should be tested with changes in hepatic and blood

flow if the model (s) holds true, then hepatic blood flow should exert

no influence on the e learance of such a compound.

The influence of hepatic blood flow on the hepatic clearance of a
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poorly cleared compound was investigated using antipyrine which is

reported to have a low hepatic extraction ratio ( 155). Although the

degree of plasma prote in binding and blood cell part it ioning of a

poorly cleared compound influence its clearance, antipyrine is

essential Iy unbound and evenly distributed in total body water ( 17),

and hence the parameters a and A do not affect its clearance.

Preliminary once-through perfusion studies confirmed that the

extraction ratio of antipyrine is low with a value of 0.08. Indeed

the difference between the influent and effluent drug concentration

was so small that it lay with in the sensitivity of the assay. To

circumvent this problem, the recirculating perfusion method was used.

In the system employed, a bolus of drug was added initial ly

to the reservoir. As the influent blood passed through the liver, drug

was being removed. The effluent blood, containing less drug than the

influent blood (before the latter transited through the liver) returned

to the reservoir. Thus the concentration of drug in the reservoir

decreased with time due to removal of drug by the liver. This situation

resembled a two-compartment model, where the liver was an eliminating

compartment connected to the reservoir, a non-eliminating compartment

(Page 19), the sampling compartment being the reservoir.

Under a constant flow rate of 10 mls/min to the liver, the concen–

tration of antipyrine in the reservoir declined exponent ia || y with
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time (Figures 35 and 36). As predicted upon a change in blood flows,

the clearance and hence the slope of the exponential decline of

concentration with time (Figures 37 and 38). The various parameters for

these four experiments are summarized in Table 16.
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Figure 35. Exponential decay of the concentration of antipyrine in

the reservoir with time under constant blood flow ( ! 0 m. I s/min)

to the liver preparation in a recirculating experiment

(Study I).
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Figure 36. Exponential decay of the concentration of antiyprine in the

reservoir with time under constant blood flow ( ! 0 mls/min)

to the liver preparation in a recirculating experiment

(Study II ).



... : - - , , ; * * * + → ~~ : + --- - - - - * ~ *, * sº I - I - , , nº-º

* - " - ". . . . . . - - - - , . . . . . . . . .” - w - ºxy-------

: * ~ * - " - - - , , , ; * r * - - - - - -vi i r , cº

. . . . . . . . " )



250©-©(N.

.EE

È?E■ =
Qw.■→∞

>|Q£$2
→
-

º=9

■ ae)■ C)5L■ )
©

!L1!■ 11—!GÐ■ Nwae

«

I/ºu)u■ oauose■u■ au■ uKd■ uy
jo

uol■ euqueouo0

Time in minutes



Page 156

Figure 37. The lack of effect of changes in hepatic blood flow on the

exponential decay of the concentration of antipyrine in

the reservoir with time in a recirculating experiment

(Study | | | ).
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Figure 38. The lack of effect of changes in hepatic blood flow on the

exponential decay of the concentration of antipyrine in the

reservoir with time in a recirculating experiment (Study IV).
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The volume of distribution (Vd) of antipyrine in the perfused rat

liver in situ preparation is the total volume that antipyrine distributes

in. This volume relates the concentration of drug at a certa in time to

the amount of drug in the reservoir at that instant. At time zero, the

product of Vd and the concentration at zero time ë■ o give the total

amount (Dose) at zero time. The Vd is in fact the sum of all the volumes

in the compartments. In the liver preparation, it is given by the sum Of

the volume of the reservoir (VR) and the effective volume of the liver

(VL.RL/B) (14) where V, is the volume of the liver and RL/B is theL

partition coefficient of the compound between the liver and effluent
venous blood.

The effective volume of the liver is the volume of the liver that

the drug (wth concentration as sampled from the reservoir) appears to

distribute in. When the value of VL is given, one can easily calculate

the partition coefficient of the drug into the liver and effluent venous

blood. There is considerable variation in the effect i ve liver volume

in the preparation as seen in Table 16. A very likely explanation for

this would be due to error in the measurement of the volume of the reservoir

(VR). This volume is given by the mls of perfusate used in the experiment.

It is very conceivable that some volume is lost before the blood circuit

is completed in the recirculating experiment such that there is an over

estimation of the volume of perfusate used, leading to an underestimation

of the effective volume of the liver. Furthermore RL/B should have a value
of one since antipyrine distributes in total body water ( 17).



* -

-- " . . . . . " -

,-4 . . - - - -

- * - e. * +

,- “ *, *
-

- , , , --,
- * .

* - tº . . . . . . .

- - -- * *:

* . . . . * - a

* - - - - , , ; ; , -

- - - - - - - - A -- *
s

~ *- :
- º - . . . ; -

- i.e. -, --, + . . . . . -

- . . . . . .* ºv

-, * ~ * : . . . . . . . .

* , . * * º

• * * * * * * * r: º

: " . . . . " - , ºr : - - -

- - - ~ : - ; c.--> *

- * * : - -, * * * * , a ge

* * * - - º !

1 * * , , ,

+ r + ºv

- - * -

" * * :

º - * ~ *

: * ~ * ~ :

. . . . . . . .

v. i - - - - a
-

- • *.

s - + - … --
-

- I - , , , ; ; ;

- - - - , , ~ *

- - • * * * *
- * *

* . . ; * * , - . I

* * + - º

- -v-, - a .

* * * * * * : * ~ * :

* * r - , , -: , ... * *

. . . . ;

-, * *

- - !

-tza- -,

. . . . .

* -
- *

-- **

* - " -

+ . * *

-
* -

**

- , --

+ . .

-

º -

-- - - - - 1

- * * * * - -

*- s

-: - - -

* -- * * -º

* . . . . .

- - - -

º, ' - v

. . . ~ * : * :

- * ,

* * * - ,

* , ---, --, -

+ 3 -

* * ~ *** * * ! V v. 1

rº-, " " ----- ºr-, -,

ºv : * * **, ''

* -

D

DS

de

th

8:

Or



Page 160

4. Discrimination Between Mode Is I and I | by Chand ind the Influent

Li docaine Concentrat iOn De | | Vered at Constant B | OOd F | Ow to the

Liver When Operating Under Non-linear Conditions

To examine the possibility of capacity limiting the hepatic micro

soma I enzyme system, varying concentrations of lidocaine (3-84 ma/L)

were de livered at a constant blood flow rate of 10 m I s/m in to the rat

| iver. The stepwise increase (or decrease) in influent concentration

was carried out at 50 minutes intervals. During the last steady state

period prior to the termination of the experiment the influent | ido

caine concentration was returned to the original value ( influent

concentration of the first steady state period) to check for the

viability of the preparation. Two studies were carried out in this

manner (Table | 7). In Study l, lidocaine influent concentration was

increased stepwise from 5 to 36 mo/L and then returned to the original

influent concentration at around 3.6 mg/L. In Study ||, | idocaine

influent concentration was decreased stepwise from 84 to 4 mg/L and

returned to the influent concentration of the second steady state

period. The reversal in order (stepwise influent concentration

decrease) for Study I as compared to Study I (stepwise influent

concentration increase) was to demonstrate that previous exposure of

the liver to high concentrations did not give rise to a "wash out."

effect when followed by perfusion with blank blood (containing no drug)

or blood containing less drug.
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Table |7. Effect of Influent Lidocaine Concentration on its Hepatic
Extraction Under Constant Blood Flow ( 10 mls/min) - Studies
and ||

Study # Lidocaine concentration Velocity of removal Extraction
(mg/L) (mcq/min) Ratio

|nfluent Eff |uent V = WB (Ci - Co.)

| 2.9228 0.0043 + 0.0009 29. 185 0.9985

3.6357 0.0 || 6 + 0.00 || 0 36.24 | 0.9968

8.477 | O. 1629 + 0.0|39 8|. | 34 0.9808

|9. O355 2.8770 + 0.0466 | 6 |. 585 O.8489

36. 33 || 2 9.0 | 72 + 1 .5097 273. 4 O.75 ||8

3.5976 O. 2738 + O. || 25 33.238 0.9239

84.255 20. 58 + O. 7027 638.75 0.758 |

| | 38.625 9. 3007 it 0.3867 293.243 0.8086

| 9. 1239 3.6608 + 0.3867 | 54.63 | 0.8086

9. 1 || 2 | |. 4217 t 0.2733 76.904 0.8440

4.4279 0.2|22 + 0.0566 42. 57 O. 952 |

39.904 7.375 | + 0.94 || 2 325.289 O.8 || 52

n = 4 + S.D.
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These two studies demonstrated saturation kinetics for lidocaine

with decreasing extraction ratio on increasing the influent concentration.

The data is presented in a linearized form as in Equation I I for Model |

and Equation 26 for Model ||. Regression analyses of Co/(Ci-Co) versus

Co for Model 1 and n(Co/Ci) versus (Ci-Co) for Mode | | | were performed.

No attempt to show the plots was made because of scal ing difficulties.

Line fitting was performed by the least square method. The assumption

used in the i near i zed transformations to arrive at values of Vmax and

Km was that the system behaved as a one enzyme system.

The data was also fitted by NONLIN ( 136) for Model I (Studies |

and I | ) as in Equation 10 (the velocity of removal (v) against the

effluent lidocaine concentration (Co)) and for Model I | as in Equation 26

(velocity of removal (v) against In (Co/Ci). The underlying assumption was

only a one-enzyme existed for lidocaine metabolism.

The results of the regression analyses on the linear transformations

and curve fitting by NONLIN for Mode Is I and I I were summarized in

Table |8.



- *-

a -

- --

* * * * ~ *

- - - - -

* : *- : * ~ *

-: * * * * * * * * º

r, : - - - , , * - -

* rº - - - *

| * -- * : * ,

º , * * : *.

+ , , , ... + . . . . …-- - -

! ----, + : - . . ." ; : +

- - : * ~ : . .

ºn - - - - - , ; ; , , ,

* - - - - - - - -

! -

- -- --- -

- - - - -
- - -

. . . . x

- - - -

. - • * * * * -

! * * * * *-

* → -,
º

- * * * * * : , ,

** - -

- * . . . . . -

s

* : . . . ;

; : it--, -i- - -, -,

- * -º

4 r

: " "

-º- ----

.* * * *

-

º -

*
• *

• **

-

* * * * '(-r)

* : * *
- - º

-* ...- * : * --- :

- * * v- nº

in ºf | - ■ º."º - - - -

r **

+ ºr

• * ~ *, *, , vº . .”

. a

- - º

+ 3 +

+---> -

+ - ... ."

: , * * *

- * * e -

! . . .

* * -



Page 163

Table | 8.

on Studies I and | | for Mode Is I and I |

Regression Analyses and Curve Fitting by NONLIN Performed

Regression analyses of linearized transformations (n =

Study # Model fitted Wmax Km A "* r}}
(mcq/min) (mg/L) (m I s/min)

| | 285.78 0.8705 328. 3 0.96.33

| | | 96 |. 54 | 4. 5365 67. O7 0.773|

| | | 330.2 6. 96 53.38 0.7522

| | | | | 295.3 56.32 22.998 0.64 || 6

NONLIN Curve Fitting ( n = 6)

Study # Model fitted Wmax Km A "* R2+ Cor:#4 S4++
(mcg/min) (mg/L) (mls/min)

| | 398.6 4.65 85.72 0.939 O. 984 6.255

| | | 838. I | 3.0 64.45 O. 966 0.965 3.973

| | | | 20.95 | . 48 8 |. 72 0.662 0.752 7.387

| | | | 406. 5 | 2.44 32.68 O. 683 0.642 || 0.85

* calculated by Wmax/Km

** correlation coefficient

2
2 observed” - Yolev

i■ observed* R2

++ cor = correlation between observed and predicted results

+++S = s” (sum of squares deviations)
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From linear regression analyses of the data from the two studies,

very poor correlation was obtained for Model 11 whereas an improved

correlation was obtained for Model I as indicated by the correlation

coefficient, r (r = 0.9635, 0.7331 for Model 1 and 0.7522 and 0.64 16

for Mode | | | ). This meant that when the observed data was transformed

and plotted according to Models I and II in a linearized form, the

transformed data fitted to a straight line better for Model I than for

Mode | | | .

For the NONLIN curve fitting procedure, the same function (velocity

of removal) as the y variable was fitted against the effluent drug

concentration (Co) for Model 1 and |n(Co/Ci) for Mode | | | . In the

first instance, a curve similar to a plot of the velocity versus

substrate concentration was obtained (Co reflects the substrate

concentration CL according to Model 1). In the second instance, a

straight line was obtained as predicted by Equation 26 for Model ||.

The sum of squares deviations (S) is less for Model I than in Mode | | |

for the two studies. The correlation between observed and predicted

results (cor) was extremely good for Model 1 and poor for Model | 1.

Also the parameter (R*) which is the ratio of the sum of squares due

to regression to the total sum of squares indicated a good fit for

Model I and a poor one for Model ||. In the non-linear case, this

parameter (R2) is analogous to the multiple correlation coefficient

in the linear regression case, the latter being an indicator of how

close the regression plane f its the data ( 136).
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The two fitting procedures a | | pointed towards poor correlation

for Model || and a much improved correlation for Model 1 under non-linear

conditions (high concentration at the enzyme site ×Km).

Different A' values were obtained for the different fitting

procedures for the two studies fitted to the two models. A large

discrepancy existed between the values of A' (calculated from Vmax and

Km) from the two studies fitted to the models using different

fitting procedures. The manner in which the properties of the

generated statistics differ for the straight line curve fitting

procedure and the NONLIN curve fitting procedure is unknown.

However one common observation was made. The values of A' are

lower than the anticipated values for Models I and l l (predicted values

of A' for lidocaine with ER 0.995 at a blood flow of 10 m I s/min/ I iver

are 1990 and 52.98 mls/min for Models l and I respectively). This

observation led to the suspicion that one or a combination of the

following was occurring.

(l) The liver preparation was deteriorating. In Study I, the

extraction of lidocaine during the last period of perfusion

did not return to the original extraction (higher extraction)

of lidocaine. In this case, the Km will not be affected

wheareas the Vmax would decrease as the functional liver mass

decreases. This may lead to a smaller A'.
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(2)

(3)

(4)

The high concentration of lidocaine is toxic to liver tissues.

In this case, once again, the functional liver mass is decreased

due to high concentrations of lidocaine which is toxic to the

liver tissues, and this would effectively reduce Wmax whereas

the Km would not be affected.

The kinetics of lidocaine is not a simple one enzyme system

nor a multiple system with very close Vmax's and Km's (the

individual Vmax and Km are not significantly different from

the mean Vmax and Km). For multiple enzyme systems with

widely different Vmax's and Km's under conditions where the

concentration at the liver is high, some metabolic pathways

may become capacity limited while the others may still operate

linearly ( 157). In this case, it is hard to dissect the

influence of one metabolic pathway on another and obtain

discrete values for Wmax and Km.

There is end product inhibition. At high I idocaine influent

concentrations, high concentrations of metabol ite(s) are

generated, and these may competitively or non-competitively

Inhibit lidocaine metabolism. In the case where the inhibition

is competitive (can be overcome by substrate), the Km is not

affected while the Vmax is decreased to Vmax/( | 1|| whereI[ I I
is the concentration of the inhibitor and KI is the
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dissociation constant for the enzyme-inhibitor complex. In the

case where the inhibition is non-competitive (cannot be overcome by

substrate), the Vmax is not affected whereas the Km estimated is

given by Km (1 + [+º]) ( | 38).
I

It is probable that for the lidocaine experiments at high influent

concentrations to the liver, some degree of inhibition does occur, plus

there is saturation of the enzyme sites by the substrate lidocaine.

The preparation itself may deteriorate with time, and a | I these lead to

a much lower estimate of the parameters Wmax and Km and hence the term

A' compared to the values predicted by the models.

Indeed in the two studies, concentration of MEGX was as high as

30 mg/L. The MEGX appearing in the perfusate ranged from 0.25–30 mg/L

and constituted 0.08–55% of the influent lidocaine concentration

(3-84 mg/L). The percent of MEGX generated from I idocaine is actually

higher as MEGX is further metabolized. It was a so found that the

higher the concentration of idocaine used, the higher the concentration

of MEGX in the perfusate. This increased percentage of effluent MEGX

may be due to:

(1) Saturation of a metabolic pathway other than MEGX at high

| idocaine doses such that the percentage of lidocaine

metabolized to MEGX is increased.
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(2) The metabolism of the generated MEGX is inhibited by high

concentration of | idocaine.

(3) The MEGX metabolic pathway is capacity limited by the high

concentration of MEGX generated with high concentrations of

| idocaine.

Table 19. Generation of MEGX with High Concentration of Lidocaine
Studies I and ||

Study # Thf Tuent Tidocaine Eff Tuent concentration of Fraction of MEGX in
concentration MEGX eff uent in terms of

(mg/L) (mg/L) influent | idocaine”

(9'Lidocaine) ( CoMEGX)

| 2.9228 not detectab |e
-

3.6357 0.2545 + 0.0284 0.0795

8. 477 | | . 3369 + 0.08 || 0 O. 79 |

| 9.0355 6.5024 + 0.2 || 49 0.3879

36. 33|2 | 2. 1943 + 0.2962 0.38|2

3.5976 0.9589 + 0.2|30 O. 3027

| | 84.255 29.6437 + . .0785 O. 3996

38.625 | 4.7645 + 2.05 ||8 0.4342

|9. 259 9.2279 + 1 .35|2 O. 5480

9. || 2 | 3.9699 + 0.3835 0.4948

4.4279 0.7947 it O. 1663 0.2O38

39.904 | 3.3937 it [ . 7 || 47 0.38 |2

n = 4 + S. D.
* corrected for molecular weight
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The presence of a high concentration of metabolite is known to

inhibit the metabolism of the parent compound in some instances ( 159, 140).

The possibility of end product inhibition was explored. Three studies

were conducted using a low influent concentration of lidocaine (below

the Km of the system) delivered at a constant blood flow of 10 mls/min

to the liver. The MEGX concentration appearing in the effluent from the

low influent lidocaine concentration should be a negligible though

detectable quantity. Varying influent concentrations (0–13 mg/L) of

MEGX were added in a stepwise manner at 25 minute intervals to the per

fusate. The results are tabulated in Table 20.

In a l l instances, there was some evidence of inhibition of lidocaine

metabolism by MEGX although the results were highly variable. In two

studies (Studies I and I | ), the inhibition is very marked and was almost

complete at high influent MEGX concentrations (I 1 mg/L) while in the

third study (Study | | | ) the degree of inhibition was slight despite the

presence of a high influent concentration of MEGX (13 mg/L). As can

be seen from the previous two studies (Page 161, Table 17) where high

| idocaine concentrations (3–84 mg/L) were delivered to the liver, the

lowest extraction ratio observed was 0.75 (Table 17) while high effluent

concentrations MEGX (12-14 mg/L) were generated. It should be borne in

mind that this effluent MEGX concentration represents the minimum con

centration at the enzymatic site since the MEGX formed is further meta

bol ized within the liver. Thus it is unlikely that MEGX at influent

concentration below I 1 mg/L (the MEGX concentration at the enzyme site
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is lower than than the influent MEGX concentration as the compound has to

reach the enzyme site from the perfusate) can total I y inhibit the meta

bol ism of idocaine. However further studies are needed to substantiate

the above finding.





Page 17 |

Table 20. Inhibition of Metabolism of Lidocaine by MEGX - Studies 1 , || and | | |

Study # Influent concentration Eff uent concentration ER, Lidocaine
(mg/L) (mg/L

Lidocaine MEGX Lidocaine MEGX

| 2.993.7 O O.0055 + 0.00 | 3 0.0272 + 0.0025 0.9982

2.99.37 0.7573 0.0282 + 0.009. O. 1066 ± 0.0152 0.9906

2.99.37 2.4237 O. 42 + 0.0254 0.6293 t 0.0582 0.96.19

2.993.7 5.3427 0.6593 + 0.0273 2.0582 + 0.0772 0.7798

2.9937 | 1.2906 2.7140 * 0.1 | 16 6.6486 + 0.4502 0.0934

2.9937 O 0.006 | * .001 || 0.0726 t 0.0328 0.9980

| | 3.4 | O 0.0318 + 0.0120 0.0713 + 0.0125 0.9907

3.4 | 0.6843 O. 1037 t 0.0102 O. 1908 t 0.098 O. 96.96

3.4 | 2.4 || 47 0.3729 + 0.0738 0.9279 it 0.1038 0.8906

3.4 | 5.4878 O. 9266 + O. 1012 2.4249 t O. 1909 0.7283

3.4 | | | .236 ■ 2.8868 + 0.397 5.7 |86 t 0.55 15 0.1554

3.4 | O O. 1338 + 0.0285 0.2007 t 0.0546 0.9608

| | | 3.275 | O 0.0044 + 0.0003 O. 1654 t 0.0222 0.9987

3.275 | 6.456 0.0214 + 0.0045 3.7255 t 0.2017 0.9935

3.275 | 12.0170 0.0398 + 0.0038 6. I 180 t 0.70 || 7 0.9878

3.275 | | 2. 176 0.0738 + 0.0154 9.5000 t 2. 1436 0.9775

3.275 | | 3.362 0.074 # 0.0035 | 3. 148 it 0.89.16 0.9774

3.275 | O 0.0029 + O.OO38 O. 1840 t O. I 368 0.999 |

n = 4 + S. D. n = 4 + S.D.
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5. Further Discrimination between Models I and I I, by the Formation of the

Metabolite (MEGY) from the Parent Compound (Lidocaine) with Flow

Changes under Linear Conditions

Before any attempt to correlate the generation of MEGX from | ido

caine with flow changes was made, the behaviour of MEGX itself was

explored.

a. Linearity of MEGX Extraction Under Constant Blood Flow

The results of six preparations where changing concentrations of

MEGX were de livered at constant blood flow of 10 m I s/min are tabulated in

Appendix X. Steady state conditions were observed with in 15 minutes

or less (first point of sampling). The extraction ratio of MEGX varied

between 0.32–0.91 from high to low concentrations (20.9-0.46 ma/L) in

different liver preparations. From experiments | | | , IV and W, it is

estimated that the system is linear when the influent concentration of

MEGX is below 1.5 mg/L. To ensure linearity, a | | subsequent experiments

designed to be operating linearly were operated at an influent MEGX

concentration of 0.5 mg/L.

b. Effect of Flow Changes on the Extraction of MEGX Under Linear

Kinetic Cond it ions

The behaviour of the extraction ratio with respect to flow changes

under linear kinetic conditions (0.5 mg/L) was investigated by the method

used previously for lidocaine (Page 142). The control flow rate was taken
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as 10 ml s/min and increases to 12, 14 or 16 ml s/min were chosen

randomly. The results of these experiments are tabulated in

Appendix XI.

The observed changes in the effluent concentration of MEGX and the

extraction ratio were not in ful I agreement with the predicted changes

for the two models. For two studies (Studies | | | and IV), the

extraction of MEGX with increasing blood flow was reduced as anti

cipated. For the remainder four studies, there was complete reversal.

The extraction ratio was observed to increase with increasing blood

flow. The observed and predicted data (calculation same as I idocaine

Page 142 ) for the effluent MEGX concentration were compared as shown in

Figures 39 and 40 for Models l and I | . The predicted values were

much higher than the observed data for both models. The data were

fitted to a straight line for each model individual ly and the slopes

of the lines were compared to the line with slope = I which represents

the best correlation between observed and predicted data (same method

as I idocaine (Page 147 ). The generated statistics are tabulated in

Table 2 | .
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Figure 39. A plot of the predicted and observed effluent MEGX concentrations

with blood flow changes at constant low influent MEGX concentrations

for Mode | | .

The line with slope = | represents the best correlation between

observed and predicted data. The observed and predicted data

for effluent MEGX concentrations for the six experiments are

given in Appendix XI-A-B.
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Figure 40. A plot of the predicted versus observed effluent MEGX concentrations

with blood flow changes at constant low influent MEGX concentrations

for Mode | | | .

The line with slope = | represents the best correlation between

observed and predicted data for MEGX effluent concentrations for

the six experiments are given in Appendix XI-A-B.
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Table 21. Statistical Parameters from Regression Analyses and the

Comparison of Slopes on the Predicted and Observed

Effluent MEGX Concentrations for Models l and ||.

Regression Analyses on Predicted and Observed Effluent MEGX Concentration

Stat istical Parameter Mode | | Mode | | |

n |8 |8

(Observed data) X 0.696.33 0.696.33

s.” 0.00 || 862 0.00 || 862

(Predicted data) Y 0. |0.56944 O. I 3894

s,” 0.0024.249 0.003|862

slope m O. 5722852 0.52932

intercept b 0.009 || 46 0.0039 || 29

Correlation coefficient r 0.8 |82 O. 86.747

Comparison of Slopes

n |8 |8

2
sy × 0.002 || 64 0.002093

2
sy X. p 0.00 || 082 0.00 || 046

+ | . 30.58 |. 46 ||

(df) 32 32

Confidence level 95% 95%

significant significant
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The t statistic with 32 degrees of freedom is seen to be

statistical Iy significant at 95% confidence level for both models.

The reason why Model I failed to predict MECX clearance while it

adequately predicted lidocaine clearance is unknown. One may

speculate this poor correlation between observed and predicted

data may be due to changes in biliary excretion with blood flow

changes. However preliminary data indicated that MEGX was eliminated

only to a very small degree into the bile, and hence this cannot

be used to explain the poor prediction of Model I for MEGX. No

explanation can be afforded at this point and further investigation

is needed. Model | I failed to predict MEGX clearance as well as

| idocaine clearance and was within anticipations.

c. Generation of MEGX from Lidocaine at a Constant Low

Concentration of Lidocaine to the Liver with Changes in Blood Flow

An attempt was made to correlate the appearance of the metabolite

generated at constant influent concentration of the parent compound

with changes in blood flow for Models I and I | . The MEGX concentration

in the perfusate was assayed in the nine experiments where lidocaine

at low concentrations were de livered at different flow rates to the

liver (Page 144 and Appendix IX-A-B-C). The results for MEGX from

these nine experiments were tabulated in Appendix XI 1-A-B-C.

Predictions of the metabolite appearing in the effluent with a constant

influent concentration of the parent compound delivered at various
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flow rates were calculated for Mode Is I and ||. Predictions for Model |

were calculated as follows:

| t is is assumed that the fraction (f) of i docaine metabol ized

to MEGX is constant when operating under linear kinetic conditions

and that Model I can adequate ly describe the clearance of MEGX.

Now the rate of elimination of li docaine is given by:

O

VB. (Cip
-

Cop)
-

A'p. Cop Equation 5 |

Assuming the kinetics of MEGX are also linear, its metabolism at the

site of formation is independent of its concentration at the site so

+hat

We. CoM = f'. Vs. (Cip
-

Cop)
-

A'M • CoM Equation 52

rate of appearance rate of formation rate of elimination

of MEGX in eff |uent of MEGX from of MEGX

blood | i docaine

where subscripts P and M represent the parent compound l i docaine
n

and the metabolite MEGX and A' is given by ; Vmaxi under I inearKm

conditions. | = |
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Equation 52 can be transformed into

W
B - A'M
-

Equation 53

Co f. (cip — Co p " Cow/f)

An assessment of f can be done in the following manner. The

extraction ratio of MEGX under linear conditions was found to be

0.9 when MEGX was given alone (Appendix X). The MEGX generated from

| idocaine metabolism was further eliminated before its appearance in

the effluent perfusate. Thus what appeared is on ly 0. I times what

was formed from I idocaine. On this basis the MEGX generated from

lidocaine (Appendix X | | ) under linear kinetic conditions is estimated

to be approximately 30-40%. The assumption used is that lidocaine

does not interfere with the metabolism of MEGX and vice versa.

A direct assessment of the value of f can be made as shown in

Equation 54 when the effluent concentrations of lidocaine and MEGX

at two different known flow rates ( ) and 2) are known. The

viability of the preparation is again assumed to be constant.

W W (Ci – Co - Co., /f) Equation 54
Bl / B2 'p D2 M2 q

Co | / Co (Cip
-

Cop - Coºl /f)

Subscripts I and 2 denote conditions at flow rates I and 2.
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Since the effluent concentration of i docaine (Co.) and MEGX

(CoM) are very small, and f is a substantial term, Cop and Co■ f
should be negligible compared to the constant influent lidocaine

concentration (Ci ) then A", is essent ial Iy a
f(C i - C - C f)

p °p o/
constant.

Thus WB
-

"B, Equation 55

CoM Cov,

The effluent concentration of the metabolite there fore increases with

increasing blood flow for Model I. The prediction for the effluent

MEGX concentration for Model I are tabulated in Appendix XI I-A-B-C.

Under I inear kinetic conditions, where A' is essential ly constant

predictions for Model | I were made as follows:

n

Vmax.
(AT = ——). Then at any point x along the tube, the rate of

Km.
| = | i

change of lidocaine concentration at point x (similar to Equation 2 I)

is given by:

f -dCº,
- - Cx A+, P Equation 56



ae
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where subscript t represents the tube, and subscript P represents

| idocaine and L represents the length of the tube. The same

assumptions that the fraction of lidocaine metabolized to MEGX is

constant when operating under linear kinetic conditions and that

Mode | | | adequately describes the clearance of MEGX are again made.

The rate of change of MEGX concentration at point x is now given by

the difference of its format ion and elimination:

dCXM (f-A't.p. C XE – A'+P Cº ) Equation 57

dx We +."
p

where subscript M denotes the metabolite MEGX.

Taking Laplace transforms of Equation 56

C = Cip Equation 58

and then substitution of Equation 58 into the Laplace transform of

Equation 57

C -
f'Cie A't P Equation 59

A +,M'L' ('s ºf ) (s =
.L

-VB,t "a,"VB,+
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The anti-Laplace transform of the concentration of MEGX at point x

a long the tube is given by:

- (—t,f : x ) -( • X )
W L W L

f'Cip. A■ B,t B, t
°, + —t-Lit ( e - e )M ! - A 7^+,” "...p

A' (A — A'
-( - f.P. X ) T.P. f.º.) . . )

W L W L
f : A' . Ci e B, t B,t

- f, P P [ ] – e J
A - A(*!," *...)

Equation 60

When x=L and integrating a | I the tubes, the effluent MEGX concentration

(Cow) is given by:

– (A" W. ) A' - A -
-

/ We ("Erºi)
f A' Ci e WB

Co = P P ( I — e )
M A " — A'

Al-A'. ,
f A' C (TP, CM. )

- P °E ( I — e WB ) Equation 6 |
7 - A "

-^. A.

When the eliminating capacity of the metabol ite (A) greatly

exceeds the eliminating capacity of the parent compound (*!)
(the rate limiting step is the formation of the metabolite from
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the parent compound) the term in the exponent becomes a negative

number. In such cases, the value of one minus the exponential

term becomes a constant and is not much affected by changes in

blood flow. Also the greater the difference between A. and A.
the less influence is the flow term in the exponent ial. On this

basis, a prediction of the effluent metabolite concentration at

different flow rates can be made as follows:

Co Co
Equation 62

Co., Co

where the subscripts I and 2 denote conditions at flow rates I and 2.

In the case for MEGX (ER is 0.9), ^. is 23 mls/min at a blood

flow of 10 mls/min and this value is much less than the eliminating

capacity for lidocaine (ER 0.999, A. is 69 mls/min at blood flow of

10 mls/min). Thus the above method cannot be applied to predict the

eff luent metabolite concentration at different flow rates. Instead

the following method is used.

A rearrangement of Equation 61 and substitution of g-A-A. and

k-t-A, give the simplified equation
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) Equation 63

Using different values of g to give values of ( I – e-(g/VB) )/g at

one flow rate, and at different flow values, a series of graphs is

constructed (Figure 41). If the ratio (COM/CoP) the effluent

concentrations of the metabolite and the parent compound is known

and this value is equal to () - a -twº, ( Equation 63), the
g

value of g or g/k ascertained by the intersection of this value

(on the y axis) and the curve at that flow rate. A prediction of

the CoM at a different flow rate can be made in the same manner.

Coe

Knowing the ratio at one flow rate, the intersection of this value

(on the y axis) and the curve at that flow will give the value of g

or g/k on the x axis. Using this newly found value of g or g/k, the

intersection of this and the curve for the next flow rate will give

the ratio of (CoM/Cop) at that particular flow rate (value given on

the y axis). This method predicts the ratio of the effluent

concentrations of the metabolite and the parent compound instead of

predicting the effluent concentration of the metabolite alone. The

reason why this is adopted is that no other solution is found. The

predicted and observed ratio of the effluent concentrations for MEGX

and lidocaine for Model || are tabulated in Appendix XI A-B-C.
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-(g/Vs)
Figure 41. A plot of ( I-e )/g against g for blood flows at 10, 12,

| 4 and 16 mls/min. The numbers next to the curves indicate the

plot at that particular flow rate.
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The predicted and observed results for Model I (effluent MEGX

concentration) and Mode | | | (ratio of effluent MEGX and l i docaine

concentrations) were plotted individual Iy and the correlation of

the observed and predicted data was shown in Figures 42 and 43 for

Models l and || respectively.

The data were fitted to a straight line for each model and the

slope of the line was compared to the line with slope = |

(perfect correlation). The statistics generated are tabulated in

Table 22.

Table 22. Statistical Parameters from Regression Analyses and the

Comparison of Slopes on the Predicted and Observed Data

for Mode | | (Eff |uent MEGX Concentration) and Mode | | |

(Ratio of the Eff |uent MEGX and Lidocaine Concentrations)

Regression Analyses on Predicted and Observed Data for Models l and ||

Statistical Parameter Mode || | Mode | | |

n 25 25

(Observed data) X O. 1556 | 2.57

s ºf 0.006242 93.528

(Predicted data) Y O.2 |95 |9.929

s,” O. O639 32 | 305.7

slope m | . 40 || 679 |.8 | 896

intercept b 0.0299 5.4634

corre lation coefficient r 0.765 0.4886



• *- :

|-*-■×-
-

-----



Page 187

Cont'd Table 22

Comparison of Slopes from the Predicted Versus Observed Data Plots for

Models l and I | to the Line with Slope of One.

Statistical Parameter Mode || | Mode | ||

n 25 25

s? 0.02| 264 |O 39.6
y - x

s2 O.O |O 632 5||9.8
y - x• D

+ | .0662 | .2O3

(df) 46 46

Confidence level 95% 95%

not significant not significant

The t statistic for Mode Is I and I | are | .0662 and | .203

respectively with 46 degress of freedom. These values of t are not

significant for Models I and I | at 95% confidence interval. Thus

the slopes of the fitted lines equal one at 95% confidence interval.

The intercept of the line for Mode | | | is -5.4634 and deviates

much from the intercept of zero for the line with slope = I (best

correlation). If the fitted straight line for Mode I I I is forced

through zero, a slope which is significantly different from one is

suspected. Furthermore the correlation between predicted and

observed data is very poor. Contrastingly, the intercept of the line

for Mode | | is -0.0299 and does not deviate much from the intercept
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Figure 42. Predicted MEGX effluent concentrations versus the observed data

for Model I for the same nine experiments performed with low

influent | idocaine concentration with a | terations in blood flow.

The line with slope = | represents a perfect correlation.

The results are tabulated in Appendix X| |A-B-C
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Figure 43. Predicted ratio of the effluent MEGX and l i docaine concentrations

versus the observed ratio for Mode | | | for the same nine

experiments performed with low influent lidocaine concentration

with alterations in blood flow. The line with slope = |

represents a perfect correlation.

The results are tabulated in Appendix XI I-A-B-C
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of zero from the line with slope = I (best correlation). Even if the

fitted straight line for Model 1 is forced through zero, a slope which

may not be significant ly different from one is suspected. The corre

lation between predicted and observed data is still poor, but a much

better correlation is seen for Mode I I compared to Model | 1 (0.4886

for Mode | | | and 0.765 for Mode | | ). On this basis, Mode l l is the

better model to predict the appearance of the concentration of the

metabol ite in the effluent blood when a constant low influent

concentration of the parent compound (below Km) is delivered at

varying blood flows to the liver.

As shown above, Mode | | is the better model to predict the

appearance of metabolite(s) in the perfusate. Its predictive

properties on dosage regimens as chronic drug administration where

the potent ial of metabolite accumulation is more likely is as follows:

Under constant oral administration of a drug, the steady

state concentration of the parent compound depends only on the

rate of administration (Dose/t) and the term A' and is independent

of blood flow to the eliminating organ (Table 1). Under steady

state conditions, the rate of formation of the metabolite from the

parent compound equals its rate of elimination. If f is the

fraction of the parent compound that is converted to the metabolite,

then
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f. rate of removal of parent compound = rate of elimination of metabolite

Equation 64

Under I i near kinetic conditions, A' and f are constants and when % = |

for the metabolite and the parent compound, substitution of

C = (Dose/t)/A', (Equation 34) into Equation 64 givesB. ssporal E VEG q G

A." A" Cf. W... f Dose/I = V2 – M - B, ss Equation 65
B A" W − B We + A' M, oral

P + 'B P B " TM

and the steady state concentration of the metabolite is estimated by:

A " + W.
C = —fx (Dose/t) . M B Equation 66
PºssM.oral A' + W. A

2 P " VE M

At high hepatic extraction of the parent compound as well as the

metabol ite, i.e., A. and A. greatly exceed blood flow, then the
steady state metabolite concentration is given by the constant

f : (Dose/r)/A; and is independent of blood flow.

When a drug is given by constant infusion (rate = R”) its

steady state blood concentration is inversely related to its

clearance when operating under linear kinetic conditions

(C = R* ). Again if f is the fraction of drug that is
B.3s int V.I.

converted to the metabolite, the rate of formation of the metabolite
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is f times the rate-in (R*) of the parent compound. Thus the steady

state metabolite concentration is given by:

A' , W
*B.ss = f : R* _ f. R* . . "M t 'B Equation 67

2 - f"Inf WB ERM WE ^\,

f : A' A'. -- W

- o - M B -
B, sse

A * We A." , n f
M

The manner in which the steady state metabolite concentration following

constant drug in fusion of the parent compound changes with blood flow

will depend on how ^{ is related to Vs. In cases where AM is much

greater than blood flow, then the steady state levels of the metabol ite

increases with decreasing flow. In cases where AM is much less than flow,

then the steady state metabolite concentration is constant (“R”/A)
and independent of blood flow.

6. Fitting of Data from the Literature into the Models

The only data that are available in the literature which examine

the relationship between the extraction ratio and blood flow are that

of Brauer ( 10 | ) and Wh itsett ( | 4 || ). Their data are fitted into the

two models.
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Brauer's data were obtained from the isolated rat liver preparation

in which chromic phosphate was perfused into the rat liver ( 101). The

extraction ratio of the compound by the liver was assessed under steady

state condition by directly measuring CrP0,-P3? in hepatic venous

and portal venous specimens obtained at the same time. Upon a change

in perfusion flow rate, a new steady state extraction ratio was

achieved 8–10 minutes after the change. The extraction efficiency

for CrFOA was determined after equilibration of each preparation at

two or three different perfusion rates for each preparation. Viability

of the preparation was checked by the final clearance curve at the

original perfusion rate to confirm the healthy survival of the tissue.

A series of experiments was performed where flow rate varied from

0.5 to 6 mls/min/gm liver and 29 data points were generated. This set

of data is very comprehensive as a wide range of flow rates was examined.

The effect of hepatic blood flow on the hepatic removal rate

of oxyphenbutazone as reported by Wh itsett and coworkers (141)

was studied in the intact dog. Blood flow was control led by proper

cannulation, shunting (redirection of blood) and pumping, and measured

by flow probes. Simultaneous b lood samples were drawn from a

peripheral artery and the hepatic vein to determine hepatic drug

extraction (oxyphenbutazone is not excreted by the kidneys nor the

bile to a great extent). Hepatic blood flow was altered between 0.46

to 2 ml/min/gm liver. Arterial and venous blood concentrations of

oxyphenbutazone and hepatic blood flow were each determined at least
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ten times. However there was no ment ion of the estab I ish ment of

steady state conditions.

The NON LIN computer program ( 136) was used to fit the data from

Brauer and Whitsett. The results of computer fitting are shown in

Figures 44 and 45 for data from Brauer and Whitsett respectively

and fabulated in Tab Ie 2.5.

Table 23. Computer fitting by NONLIN of data from Brauer and

Wh itset:+.

Study Model fitted R2% Cor.3% S***

Brauer | 0.987 0.944 0.067363 with 28 dif.

| | 0.985 0.942 O.072 || 5 with 28 d f .

Wh its eff | 0.992 0.994 0.052366 with 3 dif

| | 0.975 0.989 O.0901045 with 3 df

zobserved” -X. dev”

Eobserved”

** Cor = the correlation between observed and predicted values

***S = s?

In both cases, the data fitted both models very well. From the

statistics generated, no significant difference (at 95% confidence

interval) was found in the statistical parameters.
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Figure 44. NONLIN computer curve fitting of the data from Brauer for

Models l and | | .

The lines represent computer generated lines.
The dots are experimental points.
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Figure 45. NONLIN computer curve fitting of the data from Wh itsett for

Models l and ||.

The lines represent computer generated lines.

The dots are experimental points.
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While the sum weighted squares deviations of the fitted equations

should be minimal, the scatter of the observed data points about the

theoretical curve should be randomly distributed for proper selection

of a model. In this instance, the sums of square deviations are not

significantly different and this criterion does not serve as a means

to distinguish between the models. Thus the scatter of the observed

data points about the theoretical curve was examined.

The nature of scatter of experimental points about fitted curves

was investigated by the examination and analysis of residuals ( 142).

An unweight residual is defined by the following equation:

(unweighted residual ) = (observed value) – (calculated value)

A weighted residual is given by

(weighted residual) = (unweighted residual ) x (weight)}

where the weight is frequently defined as 1/(observation)”.

The sum of the squared weighted residuals is the quantity

minimized in a least-square analysis. An appropriate method to

examine scatter is to plot (weighted residual) against (calculated

value). A residual plot was constructed (Figure 46) from the data

obtained from Brauer and Wh its ett fitted to Models l and ||.
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Figure 46. Plot of weighted residual against predicted value of the

data from Brauer and Wh its ett for Mode Is I and | |.

b represents data from Brauer

w represents data from Whitsett.
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In both instances, there exist a fairly random distribution

of weighted residuals. Therefore the models are considered

"consistent" ( 142). Although a model is "consistent", it still

may be "non-unique" or "ill-conditioned' This condition exists when

the amount of information contained in the data is inadequate to

define the model chosen. Thus the two models fit the data equal ly

we l l ; the models are equal Iy probable and it is impossible on the

basis of least-squares fit a lone to choose between them ( 142).
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VI. CONCLUSION

The attempt to discriminate between the two models of hepatic

drug clearance has elucidated that Mode l l (where the liver is a well

st irred compartment with the concentration of drug in the liver in

equilibrium with the effluent drug concentration) is the better fit.

The studies were carried out with changes in the availability or the

effluent drug concentration with hepatic blood flow of a highly

cleared compound ( Iidocaine) with only negligible binding to protein

and blood cells and at low concentrations of | idocaine to the liver

( under linear kinetic conditions). The data corresponded closely to

the predictions of Model I. Li nearized transformation of data obtained

from a high influent concentration of lidocaine (above Km) and at

constant blood flow gave a better fit for Model I than for Model | | .

All the data with lidocaine and MEGX point to an acceptance of Model |

to describe hepatic drug clearance.

Physiological ly, Mode | | | appears to be the more appropriate

model to describe hepatic clearance of drugs. One can easily

conce ive of the passage of blood, carrying drug, and being channel led

into sinusoids and metabolized by liver hepatocytes during the

trans it through the liver as if the liver sinusoids are a series of

identical para I le I tubes with a sheet of cells lining the tubes and

enzymes distributed even ly with in the cells. Thus it is reasonable
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to think that the concentration of drug in blood varies from point

to point along the flow path. Consequently, the material balance

for a reaction component must be made for a differential element

of volume or flow, a situation analogous to a steady state plug

flow reactor in engineering ( 143). However this flow is orderly

with no mixing with any element ahead and after it. There may be

lateral mixing, but no mixing or diffusion a long the path. This

pattern of circulation may be applied to most organs, but not to

the liver. As stated earlier ( Introduction Chapter), the hepatic

vasculature is a highly ramified network with cross anastomoses

shunts and indirect paths in addition to "bulk flow". Any

element of blood with in the sinusoidal bed can reach another part

of the sinusoidal bed with in the organ without leaving this section

of the vascular tree. The portal vein, hepatic artery and the

sinusoids are interconnected by direct and obscure pathways. In

this respect, the liver can be viewed operational ly as a wel I stirred

tank (Model I) with a uniform compositon throughout at any instant

of time, a situation analogous to a mixed reactor ( or backmix reactor,

or the ideal stirred tank reactor, or the constant flow stirred tank

reactor) in engineering ( 143) so that the exit stream from this

reactor has the same composition as the fluid with in the reactor.

The assumption of the model by Kety ( 144) for the exchange of inert

gas at the lungs and tissues is similarly based, in that the effluent

concentration is in equilibrium with that with in the tissues. This

theory has been applied to the quantitation of hepatic blood flow
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by substances such as Xenon–l 33 ( 145, 146).

Furthermore for Model I I, the rate of elimination cannot be

explained based on the assumptions of Model || alone and the concept

of mani folding has been added to explain some of the deviations from

the model ( 104). In the case of the perfect manifold, a single plate

of cells with the inflow divided into streams perpendicular to the

p late ( in contrast to the assumptions of Mode I I I of a plug flow

through a tube with a sheet of cells lining the tube and enzymes

evenly distributed with in the cells) is present and results in

an elimination corresponding to that of a homogenous phase ( 104),

a situation resembling Model I.

Thus Mode l l is not on ly ph isological ly sound, but the

predictions also correlate well with the data obtained for lidocaine,

MEGX and antipyrine. Operational Iy it should be accepted as a model

to predict drug clearances as well as other pharmacokinetic parameters.

A. Implications of Mode l l in Pharmacokinetics and Therapeutics Under

Li near Ki net ic Cond it ions

According to Mode | | , hepatic drug extraction and hence

clearance are influenced by hepatic blood flow, plasma prote in

binding, blood cell partitioning and the eliminating capacity

of the system (Equations 19 and 20). Other pharmacokinetic
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parameters such as availability, area under the curve and the

steady state blood concentration of the drug for certain dosage

regimens as functions of flow, binding and eliminating capacity

are tabulated in Table I.

| . Hepatic Blood Flow

Hepatic blood flow is known to be affected by a number of

factors including posture (60), disease state (e.g. congestive

heart failure (61 , || 2, 147)) vasoactive substances ( 148, 149,

| 50, 151) stress ( 151, 152) and hormones (42). The influence of

changes in hepatic blood flow on pharmacokinetic parameters is

examined in the light of Model I.

Model | predicts a reduction of extraction ratio with increasing

blood flow (Equation 19). Consistent with this hypothes is is Brauer's

data on col loidal chromic phosphate extraction in the isolated

perfused rat liver preparation over a wide range of hepatic blood

flow ( 101). Wh itsett's data for oxyphenbutazone extraction by the

intact dog liver with changes in hepatic blood flow ( 14.1) correlated

well with predictions from Model I (Page 194). According to the

predictions of Model I, the extraction ratio for highly cleared

compounds is independent of blood flow (extraction ratio approaches

one) as in the case of i docaine ( 148). For very poorly extracted

compounds, the extraction ratio changes inversely with blood flow
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(Page 39). For drugs with intermediate extraction ratios, the

extraction ratio varies non linearly with blood flow ( 14.1) as shown in

Equation 19.

The effect of hepatic blood flow on clearance of compounds

has frequently been reported. For high Iy extracted compounds

(extraction ratio approaching one), clearance is determined by

blood flow. In cases where blood flow to the liver is reduced,

clearance is correspondingly decreased. Reduction in clearance

of highly extracted compounds such as lidocaine (61, 147, 148),

indocyanine green ( 153) and proprano lo l ( 154) have been reported

in cases of reduced hepatic blood flow. Increases in clearance of

these highly extracted compounds associated with an increase in

hepatic blood flow have also been reported (65, 155). For poorly

cleared compounds, clearance according to Model I is independent

of blood flow (clearance approaches the term A'). The clearance

of antipyrine, a poorly extracted compound is not affected by an

increase (40%) in hepatic blood flow (63). Drugs with intermediate

extraction ratios will have clearances which change nonlinearly

with blood flow ( Equation 20).

The relationship of blood flow and availability was shown

previously in Table I. The manner in which availability changes

with hepatic blood flow depends on the extraction ratio of the

drug. For a highly extracted compound, increasing the blood flow
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will cause a proport ionate increase in the availability (A' great ly

exceeds blood flow). For a drug that is poorly extracted,

availability is virtually independent of blood flow ( flow great ly

exceeds the term A'). For drugs with intermediate extraction ratios,

availability is predicted to change non linearly with blood flow.

Unfortunate ly, there is not any experimental evidence in existence

to support this concept.

The area under the blood-concentration-time curve is not only

inversely related to the clearance of a drug, a comparison of the

areas under the curve obtained from a single oral and a single

intravenous dose also gives a measure of the availability of the

single oral dose when the clearance of the drug is constant. There

is no ment ion however, of the effect of blood flow on the area under

the curve when the drug is given oral Iy or intravenously which in

turn can affect the quantitation of availability. Environmental

factors as posture and intake of food are some inconspicuous causes

altering hepatic blood flow and hence influence clearance. Such

factors may not be control led, and may alter the values for

availability in the area comparisons.

According to Mode I I, the area under the blood-concentration

time curve following a single oral dose is not altered by hepatic

blood flow but strictly depends on the dose and the term A' or hepatic

eliminating capacity of the system (Table 1) irrespective of the
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extraction ratio of the drug. Thus a discrepancy occurring in the

areas would be due solely to the difference in hepatocellular activity

(Term A') of the individuals rather than differences in hepatic blood

flow. The same theoretical analysis for the area under the curve was

also given by Perrier and Gibaldi ( 105). The area under the curve

for an oral dose remains unchanged irrespective of the blood flow to the

| iver and the extraction ratio of the drug. One can view that the

rate of absorption, the availability and clearance of the drug are

altered to the same degree so that the effects of flow on availability

and clearance are cance | | ed. Thus the shape of the area under the

curve may change, but the value of the area should remain unchanged.

Whereas if the drug is given intravenously, the intravenous

area under the curve is inversely related to the clearance (Table ).

The manner in which blood flow influences the intravenous area under

the curve is related to its influence on clearance, For highly

cleared compounds, where clearance approaches the limiting value of

blood flow, the intravenous area under the curve changes inversely

with blood flow whereas for poorly cleared compounds, the

area under the curve is not altered. For drugs with intermediate

extraction ratios, the area under the curve following an intravenous

dose will change nonlinearly with blood flow.
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This aspect of changes in area with hepatic blood flow following

an intravenous dose for high ly cleared compounds deserves attention.

If quantitation of the availability of such highly cleared compounds

is done by the method of a comparison of the oral area under the

Curve to the intravenous area under the curve and the latter is much

influenced by blood flow, then availability measurements may be quite

different even when it is repeated in the same individual where the

blood flows under the cond itons are different. A control of posture

and intake of food should be stipulated to nul lify the effect of flow

differences which may give rise to differences in the measurements

of availability. Unfortunately there is no evidence to support

this concept.

The steady state blood concentration of a drug following constant

infusion is inversely porportional to its clearance under steady

state conditions (Table I) and a situation analogous to the area

under the curve for an intravenous dose with blood flow is seen

here for the steady state blood concentration on constant infusion

with flow changes. Again, it is in cases for drugs with high

extraction ratios that blood flow exerts its greatest influence on

the steady state blood concentrations following constant infusion.

This was seen in the studies by Stenson and coworkers (61)

correlating the cardiac index to arterial steady state lidocaine

concentration on constant infusion that a linear relationship

existed between the arterial lidocaine concentration and estimated
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hepatic blood flow (a linear relationship exists between cardiac

indices and extracted hepatic blood flow). For poorly cleared

compounds, where blood flow does not affect clearance, the steady

state concentration upon infusion is not altered by flow changes.

For drugs with intermediate extraction ratios, the steady state

concentration upon constant drug in fusion changes nonlinearly with

flow as given in Table I.

According to Model I, the steady state concentration of a

compound following constant oral administration is given by the rate

of drug administration divided by the hepatocellular activity of the

system (A') and is not influenced by blood flow for drugs of

different extraction ratios (Table ). This situation is analogous

to the area under the curve for a single oral dose described earlier

(Page 206 ). Again, the sole source of variation in the plateau

concentration in a population of subjects receiving the same rate

of administration is not in the differences in blood f | Ow in the

subjects but in the intrinsic hepatocellular activity of the

system (A'). Nortripty line, desmethy I imipramine ( 156) and propranolol

are examples of drugs which exhibit large interpatient variations

in the steady state plasma or blood concentration. These drugs

also happen to be highly cleared by the liver and exhibit a

"first-pass" effect. This had led to the notion that large

interpatient variations in the plateau levels are more likely to

occur with drugs that display a large first pass effect. According
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to Model I, it is not so important whether a drug is highly cleared

or not, but rather whether there are large variations in the value

of A'.

2. Prote in Binding and Blood Cell Partition ing

The binding of a drug to plasma proteins and blood cells

influences its disposition (distribution and elimination) and

response as the free drug is considered the moiety that equilibrates

between f issues and gets eliminated as well as the species

eli citing pharmacologic effects and toxicities. A drug that is

bound to plasma proteins and/or blood cells can be displaced from

its binding sites competitively by another species present in high

enough concentrations and with similar or stronger affinity constants,

or non-competitively by modification of the binding characteristic

favoring dissociation of the binding complex. In cases where the

concentration of the drug greatly exceeds the number of binding sites

available, then the fraction unbound increases precipitous |y with

Concentration.

The model predicts that plasma protein binding and blood cel I

part it ioning affect the extraction ratio in the manner shown in

Equation 19. Many drugs that are highly bound are also highly

cleared. Examples are bromos uphthale in BSP( 62), lidocaine ( 147)

and proprano lo I (75). For such compounds, although the drug can

be rapidly removed from the site, dissociation from plasma proteins
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and blood cells is even more rapid so that binding does not rate

| imit elimination, and a l l drug, whether bound or unbound, is

available for elimination as the drug moves through the sinusoids.

Mathematical ly, this condition exists when A' great Iy exceeds blood

flow. For the poorly cleared compounds, increasing the fraction

free should direct ly increase the extraction ratio and clearance

( flow great Iy exceeds a and ER approaches ; A). Indeed the

work of Levy et a L (76) showed that for the highly protein bound

and poorly cleared drug, warfarin, (< * !?), its plasma clearance

was directly proportional to the fraction unbound. A similar

conclusion was obtained by examining the clearance of warfarin with

albumin concentration in the perfused rat liver in situ preparation

( 157). For drugs with intermediate extraction ratios, the degree

of protein binding and blood cell partitioning influences the

extraction ratio and clearance non linearly as shown in Equations 19

and 20.

Other pharmacokinetic parameters are also examined with respect

to the influence of plasma prote in binding and blood cell partitioning.

The relationship of the availability of a compound with o and X

is shown in Table I. For drugs with high extraction ratios, the degree

of protein binding bears an inverse relationship with . (; A' great ly

exceeds blood flow). For a poorly extracted drug, availability is

unaffected by the degree of binding or partitioning ( flow great ly

exceeds # A'), and for drugs with intermediate extraction ratios,
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availabiity changes non linearly with the degree of plasma protein

binding and blood cell partition ing as shown in Table I.

The area under the blood-concentration-time curve for a single

oral dose as predicted by Model 1 is given in Table 1. It is seen

that the area under the blood-concentration-time curve for a single

oral dose varies inversely with ; for drugs irrespective of the

extract ion ratio. When the area under the curve is based on the

concentration of drug unbound in the plasma, (AUC unbound, plasma oral)

it is found to be constant (Dose/A") with #. On the other hand,

when the area under the blood-concentration time curve a single

intravenous dose with o and A is examined (Table I), the binding

parameters (c. and X) do not influence the area under the blood

concentration time curve for highly extracted compounds (; A' greatly

exceeds flow) whereas for the poorly extracted compounds, the area

under the curve varies inversely with ; (flow exceeds ; A ' ). For

drugs with intermediate extraction ratios, the area changes

nonlinearly with o and X as in Table I. When the area under the

curve is based on the concentration of the drug unbound in the

plasma (AUC unbound, plasmaly), it is found to be equal to

CA1
A

Dose/( 0. A " + We]. The availability of a drug via a certain route
X

of administration as measured by a comparison of the area under the

b lood-concentration-time the curve to that of the in travenous area
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under the blood-concentration-time can also be calculated by comparing

the area under the curve based on the unbound drug concentration in

plasma to that of the intravenous dose. In this respect, the problem

that may arise when prote in binding and blood cell partitioning are

changing from study to study is a leviated.

Model I predicts that the steady state blood concentration on

constant oral administration is inversely related to the hepato—

cellular activity (A') and # , as in Table I, irrespective of the

extraction ratio of the drug. When the steady state concentration

is expressed as the unbound concentration in plasma, it is found to

be constant and independent of a and X and equals Dose/A'. Similar

theoretical analysis was arrived at by Rowland (73). When the

drug is given by constant infusion, the plateau blood concentration

is given as in Table I. The manner in which a and A influence the

steady state blood concentration will depend on the extraction ratio

of the drug (relation of # A to flow). For drugs that are highly

cleared, where clearance approaches blood flow, the steady state

concentration is independent of the binding parameters. In contrast,

for drugs with low extraction ratios, the steady state blood

concentration upon constant infusion varies inversely with flow
great Iy exceeds # A'). In this instance, the steady state

concentration when expressed as the unbound plasma concentration

would be a constant (Dose/A') and independent of o and A.

This was again incorporated in Row land's analysis (73). For drugs with
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intermediate extraction ratios, the steady state blood concentration

changes non linearly with o and A as shown in Tab le 1.

While it is important to examine the influence of protein

binding and blood cell partitioning on the various pharmacokinetic

parameters as previously mentioned, it is more important to examine

the unbound drug levels and see the influence of the binding para

meters on the unbound concentration. As stated previously (Page 209),

it is the unbound species that equilibrates with in tissue, exerts

pharmacological responses and exhibits toxicities.

5. Hepatoce I lular Activity or E Limi nati nd Capacity of the System

(Term A' )

Much discussion has been devoted to the influence of b lood flow

and plasma protein binding and blood cell partitioning. Equal ly

important is the hepatocellular activity (term A') which is comprised

of the enzymatic constants Vmax and Km (A" = Wmax/Km). Phenobarb ital

and I indane are well known inducers which effectively reduce the

half-life of poorly extracted compounds such as antipyrine ( 158, 148).

Phenobarb ital was known to induce microsomal enzymes and effectively

increase the Vmax values for the metabolism of diphenyl hydantoin

( 159, 160). Furthermore, A" can be modified by the presence of

inhibitory substances (metabolites) as shown previously (Page 65).
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According to Model 1, theoretical analysis has shown that the

extraction ratio of a drug depends on the relationship of hepato—

cell ular activity (A') of the system to the blood flow as in

Equation 19. When the value of A' is low with respect to blood

flow, the extraction ratio of the drug is low, and vice versa (when

A" exceeds flow, extraction ratio is high and approaches the value

of one), and for values of A' comparable to b lood flow, the extraction

ratio of the drug has intermediate values.

The effect of the term A' on other pharmacokinetic parameters

is tabulated in Table I. The influence of A' on the availability

of a compound depends again on the value of A" with respect to

blood flow. Should A' be much greater than flow (highly cleared

compound), then the availability is inversely related to A'.

Contrastingly should A' be much less than flow, then availability

is essential ly complete (equals one) and independent of A'. If

A' and blood flow have comparable values, then the availability

will be an intermed iate value.

As shown previously (Pages 210 and 21 |) the area under the

curve based on unbound drug in the plasma for a single oral dose as

well as the steady state unbound plasma concentration following

constant oral administration of a drug are all inversely related

to the term A". Variations in A' will be inversely translated into

these parameters. The area under the blood-concentration-time curve
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following a single intravenous dose and the steady state concentration

of the drug in blood following constant infusion are indirectly

related to A' through their inverse relationship with clearance and

extraction ratio (Table 1). When the extraction ratio of the compound

is high, then clearance approaches blood flow and slight alterations

in A' do not affect clearance. Whereas in situations where clearance

of a compound approaches A" (poorly cleared compound), then altering

A" will change the pharmacokinetic parameters (area and steady state

concentration) in a reciprocal manner. Drugs having intermediate

extraction ratios will change in a non linear fashion with A' as in

Table 1.

4. Generation of Metabol ite

The formation of metabolites from the parent compound plays an

important role in pharmacology and toxicology. There are cases when

the metabol ites generated are active or more active than the parent

compound (161) or that they are toxic and exhibit toxic side effects

that are undesirable (162). The potential for an unpredicted increase

in activity or toxicity is augmented when the metabolites are

generated in high amounts and the levels are not monitored. Further

more, complications such as end product inhibition may occur. An

example is oxyphenbutazone, an active metabolite of phenylbutazone

which is capable of inhibiting the metabolism of its parent compound

( 139). Another example is the inhibition of metabolism of

dipheny Ihydantoin by its major metabolite 5-(p-hydroxy-phenyl)-5-
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pheny Ihydantoin ( 163, 164).

Model | predicts the formation of metabolites which may or may

not be intermediates for further metabolism. The potential for drug

toxicity and unpredicted pharmacologic effect is greatest when drugs

are given on a chronic basis.

The prediction according to Model 1 on the steady state

metabolite concentration in blood upon constant oral administration

is shown in Equation 66. Under conditions where the binding

parameters are linear and in the case where the elimination of the

metabolite is rate limiting (A"w is much less than flow and A'p
great Iy exceeds flow), the steady state metabolite concentration

increases with b lood flow. In cases where the rate of formation

of the metabolite is rate limiting (A'e is much less than flow and

A'M great Iy exceeds flow), then the steady state metabol ite

concentration decreases with blood flow. In cases where the

eliminating capacity for the parent compound as well as the meta

bo lite are large (A'e and A'M great Iy exceed blood flow), then the

metabolite concentration is constant and is independent of blood flow.

According to the predictions by Model I, the steady state

metabolite concentration in blood following constant in fusion is

given by Equation 67. Under conditions where binding parameters are

| in ear, and in the case where the eliminating capacity of the metabo
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lite is great compared to blood flow, the steady state metabol ite

concentration decreases with increas in g flow and vice versa. Indeed

Hal kin and co-workers ( I 2) quantitated the metabolite MECX following

constant in fusion of the parent drug lidocaine in patients with and

without heart failure and found an increase in the levels of the

metabolite with decreased hepatic blood flow. This finding is

coincidental with the predictions of Model I that the metabolite

itself must also be highly cleared. Although the data available is

| imited, it appeared from the kinetics of MEGX that it is also high ly

cleared in man. In cases where the eliminating capacity of the

metabolite is low ( flow exceeds A"M) the steady state metabol ite

concentration is not expected to change with blood flow according

to predictions by Model I.

Mode I I also affords a method for the estimation of f, the

fraction of the parent compound that is converted to the metabol ite

under linear kinet ic conditions. Following constant in fusion ( rate,

R*) and when the metabolite is very slowly cleared, the tractional
A M

conversion from the parent compound can be estimated by -F- times

the steady state concentration of the metabolite at that infusion

rate. In cases where the metabolite is highly cleared (A,” a

p lot of the steady state metabolite concent ration versus the

reciprocal of blood flow for a given rate of in fusion (Equation 67)

gives a slope equal to f. rate of in fusion. Thus f can be easily

estimated.
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5. Estimation of in vivo Vmax and Km

The in vitro method of incubating enzyme(s) in its purified

form or enzyme system(s) with substrate in the presence or absence

of cofactors has provided a method for the estimation of the

in vitro enzymatic parameters (Vmax and Km) governing the reaction

(165). The Vmax and Km of the system can be estimated by the

convent ional Li neweaver–Burk or Eadie-Hofstee type plots where the

slopes and the intercepts of these plots give the values of Vmax

and Km (166). While it is relatively simple to interpret data from

the in vitro situation (the substrate concentration is given by the

initial concentration of substrate and the velocity of reaction is

given after the cessation of reaction), the estimation of enzymatic

parameters from in vivo situations has been a complicated task.

Obviously an accurate assessment of the velocity of the reaction for

an in vivo system can be assessed from steady state studies but the

substrate concentration is not easily determined. As shown by

Winkler and coworkers, the effects of using different "substrate"

concentrations ( liver hepatocyte concentration, influent concentration

the average of the influent and effluent concentration and the geometric

mean of the influent and effluent concentration) in the estimation of

Km and Vmax of galactose furnished different Km values but arrived

at the same value for Vmax in the isolated perfused pig liver

preparation under steady state conditions (54). The values of Vmax

are identical for the different "substrate" concentrations used in
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their study. This is in accordance with the fact that at very high

substrate concentrations, the mean concentration in the liver does

not differ from the input or output concentrations, while the error

rises when the perfusate concent ration becomes smaller. The Km

values found using different expressions for "substrate" concentrations

are considerably different as compared to the Km obtained for the

real substrate (hepatocyte) concentration, e.g., for the arterial

( input) concentration as substrate, an overestimation of three fold

is found (54).

Lundquist and Wolthers ( 167) estimated the in vivo. Km and

Vmax for the metabol ism of ethanol in man to be 2.05 mM and

79.6 mo■ wole / min (equivalent to 9.227 gm/hr) which correlated

very favourably when compared to the in vitro estimates Km and

Vmax obtained using liver alcohol dehydrogenase, the enzyme

which is generally believed to be responsible for the first

stage of the metabolism of ethanol. Makar and Mannering ( 168)

were also able to demonstrate a close correl at ion of the in vivo

and in vitro estimates of Km and Vmax in the rat and monkey using

ethanol as the substrate. As can be seen in these two studies, a

good correlation between in vivo and in vitro estimates exists even

when the plasma concentration of ethanol is used in the estimation.

This so because ethanol, being a very small molecule, distributes

essential Iy in total body water such that the blood, plasma and

| iver concentration are considered the same. Substitution of the
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plasma concentration for the substrate concentration ( liver

concentration) still provides the true estimates of Km and Vmax.

Model | provides a method for the estimation of the in vivo

enzymatic parameters as the effluent concentration of the compound

in blood is in equilibrium with that in the liver. In this model,

the velocity of drug removal can be expressed in terms of the

effluent drug concentration (Co).

velocity of removal (v) = "º Co Equation 68
A Km + Co
C.

where o is the plasma protein binding parameter and X is the blood

part it ioning parameter. Li neweaver–Burk type plots of the velocity

or removal quantitated by blood flow times the concentration

difference (We . (Ci-Co)) against the effluent drug concentration

in blood will furnish estimations for Vmax and the apparent Km

(apparent Km equals the true Km times #). | n instances where

# = l, i.e., the drug distributes evenly in a | | tissues, then Km

can be assessed direct ly. In cases where #1, and when the

b inding parameters (o and X) are known, Km can still be estimated.

This method, however suffers from a limitation for drugs that

are high Iy cleared, i.e. drugs which have clearance values

approach ing hepatic blood flow. The true clearance values of these

high Iy extracted compounds may great Iy exceed the value of blood

flow, but the measured quantity for clearance is the limiting value
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of blood flow. In this region, then clearance ceases to be a

measure of Km and Vmax. An example of such an error is given by

the method of van Ginneken and coworkers ( 169). Their method of

back extrapolation of the linear portion of the curve to estimate

Km and Vmax suffers the same limitation for a compound that is

cleared very rapidly (or drugs with high extraction ratios). When

the log concentration versus time profile is linear (concentration

of substrate is low compared to Km), the slope of this straight

portion does not reflect the true clearance parameters (Vmax and

Km) but rather measures blood flow divided by the volume of

distribution (WB/Va) for a drug with high extraction ratio as the

clearance is limited by blood flow when true value great Iy exceeds

the latter. An analysis of their data for ethanol showed that the

elimination rate constant (k) can be calculated by the hepatic blood

flow ( 1.5 L/min) divided by the volume of distribution (36.7L) to be

2. 429 hr - | as compared to their reported estimated value of 2.35

hr'. When their estimated Km value (4.5652 m) is compared to that

obtained from Lundquist and Wolthers ( 167) an overestimation of

2.25 times is seen. The Vmax is still estimated by their method at

CL-> Km where clearance is no longer blood flow limited, rather it

is capacity limited, and should reflect the true clearance parameters.

The effect of blood flow on the estimation is also stressed by

Dedrick and Forrester ( | 70).
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For poorly cleared compounds, Model 1 as well as the method

provided by van Ginneken et a L (169) are adequate to estimate the

parameters of Km and Vmax.

Another possible source of error that may arise in the

estimation of the enzymatic parameters is when the arterial concen–

tration is used instead of the venous concentration in the

estimation of Km and Vmax. This can be demonstrated in the following

example in a situation where a drug is introduced by constant infusion

at a rate (R*) and when steady state conditions are reached, the rate

in = rate out .

R* = W (CA - Cv) = Vmax Cv Equation 69
B Km + CV

CA and Ov are the steady state concentrations of drug in the arterial

and venous b lood respectively. For simplicity sake, the concentration

of drug in the liver is set equal to the venous concentration, i.e.,

# = | . The venous blood concentration at steady state is given by:

Cv = -R--— Equation 70• Km
(Vmax– R*) true

o= - . CA
V

B
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| f instead, the arterial side is sampled, then the steady state

arterial concentration is given by:

- “L--- (Vmax -R” +We. Krn )
A (Vmax - RO) True

WB

-
Ro Km

(Vmax-TR") app Equation 7 |

One can see that instead of the true Km, the apparent Km is measured.

Wmax TR* + WB KmKm - true

app Vs Equation 72

Or

- o-
-

"true
-

"app ºrex, Equation 73
B

All the above is based on drug elimination describable by a simple

Michae lis-Menten kinetics with on Iy an uni-enzyme system characterized

by its Vmax and Km. Cases where multi-enzyme systems with alternate

routes of metabolism or extrahepatic elimination present are not

considered in the analysis. Cases where the biotransformation

process is subjected to substrate inhibition and complete product

inhibition ( 17 l) are also not considered in the above analysis.
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B. Qualifying Remarks

So far a model for hepatic drug clearance is examined and

accepted to have predictive properties. This model is adequate

to describe the kinetics of a drug in the body when the drug is

total Iy hepatical Iy cleared, or when the majority of elimination

occurs in the liver. However, a drug can also be eliminated to a

good extent extrahepatical ly, usually via the renal route of

elimination. In such instances, the model (though still holds

true) may not be adequate to reflect total body clearance of the

drug (total body clearance is the sum of the individual clearances).

Changes of blood flow, prote in binding or the eliminating capacity

of the enzyme system may or may not affect extrahepatic clearance

to the same degree as the hepatic clearance. It is difficult to

dissect what portion of changes is associated with hepatic clearance

or extrahepatic clearance when a change in the total body clearance

is observed. Furthermore, gut wa■ I metabolism in the gastro

intest inal tract is not considered in the model . An error can

easily arise when the sum of the clearances due to gut wa■ I meta

bolism and that due to hepatic elimination is taken as the hepatic

clearance of the drug. These factors should be taken into consi–

deration when one is applying the model to predict drug clearance

or other pharmacokinetic parameters. The best predictions are

obtained when the model is applied to drugs that are total ly

hepatical Iy cleared.
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Appendix I. Material and Supplies

Nembutal" (Sodium Penotbarbita | )
Injectable 50 mg/ml

Pentafluorobenzoyl chloride

Sodium Chloride Solution 0.9%
(Normal Sa || ine)

Lactated Ringers Solution, U.S. P.

Polyethylene tubing
PE 240

Dextran T 40

Bovine Serum Album in 25%
(Tyrode's Solution)

Intramedicº Luer-Stub Adapters
Gauge 15

Three-way and Four-way Stopcocks

Detrose Injectable U.S.P.
50%

Aquasol

Fol in Reagent

Out Dated Human Whole Blood

Saft i Blood Administration Set
Code 889-84

Whatman #| Filter Paper

Abbott Labs.
Chicago, I linois

Pierce Chemica || Co.
Rockfield, l l l inois

Traveno | Lab. Inc.
Deerfield, l l l inois

Travenol Lab. Inc.
Deerfield, I | | inois

Clay Adams Co.
Parsippany, New Jersey

Pharmacia Fine Chemica |s no.
Piscataway, New Jersey

Sigma Chemical Co.
St. Louis, Missouri

Clay Adams Co.
Parsippany, New Jersey

Clay Adams
Parsippany, New Jersey

Traveno | Labs. Inc.
Deerfield, l l l inois

New England Nuclear Corp.
Boston, Massachusetts

Har I eco
Philadelphia, Pennsylvania

| rw in Memoria | Blood Bank
San Francisco, California

Cutter Labs.
Berkeley, California

W & R Ba | Ston Ltd.
England
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Appendix I.

Hollow Fiber Oxygenator

Bentley Partial Bypass

Rats, Sprague-Dawley

Cathlon | V Cathater Placement Unit
| 4 Gauge, 2 1/2"

Cathlon | V Catheter Placement Unit
16 Gauge 2 1/2"

Surgical Silk 0–0

Microfuge tubes

Carbogen (95% oxygen, 5% carbon Dioxide)

Material and Supplies Cont'd

Edwards Labs.
Santa Ana, California

Coast Medical Corp.
Walnut Creek, California

Simmonson
San Francisco, California

Jelco Lab.
Raritan, New Jersey

Jelco Lab.
Raritan, New Jersey

Dakneta |
San Jose, California

Beckman Instruments |nc.
Palo Alto, California

Ohio Medica | Products
Madison, Wiscons in



:



Page 227

Appendix II. Equipment

War i-Whir | Mixer

"Tilt-Type" Mixer

Beckman Research pH Meter
Mode || || 0 || 9

Tri Carb SC inti | |ation Counter

Cary 15

Microfuge Centrifuge

Oxygen Electrodes

Tyco Aneroid Sphygmanometer

Perista Itic Pump
Mode | | 202

Gas Chromatograph
War jan Series | 200

Centrifuge
HN-S Centrifuge

Magnest ir
Pyro-magnest ir

Dianorm

Perfusion Apparatus

Wan-Lab.
Scientific Supplies Co.
U.S.A.

Linson Instruments
Stol kholm, Sweden

Beckman Instruments Inc.
Palo Alto, California

Nuclear Chicago

Beckman Instruments Inc.
Palo Alto, California

Beckman Instruments |nc.
Palo Alto, California

Radi Ometer
Copenhagen

American Hospital Supplies
South San Francisco, California

Harvard Apparatus Co.
Mill is, Massachusetts

Varian
Palo Alto, California

International Equipment Co.
Needham Heights, Massachusetts

Lab-Line Instruments |nc.
Melrose Park, l l l inois

Scient if ic and Medica || |nstrumentation
CH-Essl inger Switzerland

Home Built by Mr. Norman O. Henry
University of California
School of Pharmacy
San Francisco, California
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Appendix
|||
A.
Predictedvaluesofsteadystateextractionratio,clearanceand
availabilitywithchanges
inblood

flow
-
Model
|*

Reference(A)."HepaticBloodFlow(ml/min/gmliver)
+3tPoint”(ml/min)0.5
|
.0
|
.52.0

gmliver)
ER"cFlER,"cFER,"cFlER'en
F

(ml/min)(ml/min)(m!/min)(ml/min)

0.
I
O.||||O.|8
||8O.O9090.8|82O.|OOOO.
|
O.9000O.O690O.10350.93|O0.0526O.1052O.9474 0.20.250.3333O.166650.6667O.20000.2O.8000O.429O.2

||
4350.857
|
O.
||||

0.2222O.8889
0.5O.428570.46
||5O.230750.5385O.3OOOO.3
0.70000.22200.3330.778O.7650.3530.8235 0.4O.666670.57

||4
0.2870.42860.40000.4O.60000.3077O.46|550.6923O.25000.500.7500 O.5|.OO0.6667O.33.3350.3333O.50000.5O.5000O.4000O.600.60000.33330.66660.6667 0.6|.50O.7500O.375O.2500O.6000O.6

0.4000O.5000O.750.50000.42860.85720.57|4 0.72.33330.82350.4||75O.1765O.7000().7
0.3OOOO.60870.9|3050.39
||3O.5385|.O77O.46
||5

0.84.00O.8889O.44445O.
||||

O.8000O.8
0.20000.7273|.09.0950.27270.6667.333340.3333 0.99.OOO.9474O.4737O.O526O.9000O.9O.|OOO0.857
||

.28565O.429O.8|82|.6364O.|8
||8

0.95
|

9.00O.9744O.48720.0256O.95000.95O.OBOOO.9286|.3902O.O732O.9048|.80960.0952 O.9999.000.99500.4975O.OO60O.9500O.99O.O|OO0.985|
|.477650.0|490.9802
|.96040.0
|
98 O.995|99.OO0.997.5O.498750.0025O.995OO.995O.OO5OO.9925
|

.488750.0075O.9900
|
.98O.O|OO O.999999.OO0.99950.499.9750.00050.9990O.9990.00|O0.9985
|.

497750.00
||5

0.9980
|

.996O.OO20
%#istakenas
I

fora||
calculations

**ERatbloodflow
=1.0ml/min/gmliver.Thisvalueisusedto
calculatetheterm(A'■ )whichinturnisused topredictchangeswithbloodflowsat0.5,1.5and2.0ml/min/gmliver. ***Hepatocellularactivitycalculatedfromreferencepoint.
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Appendix
I||B.
PredictedvaluesoftheAUCfollowing
a
singleoraland
intravenousdoseandthesteadystateblood

concentrationfollowingconstantoral
administration
andconstantintravenousinfusion
ofthedrug withchanges

inbloodflow
-
Model1*

Reference(A')***HepaticBloodFlow(ml/min/gmliver) Point**0.5
|
.0|.52.0

AUCoral*w,*oral*w,*oralAuery*oral*w,

(ml/min/gmandandandandandandandand
|

iver)*B,ssoral*B,saint*B,ssoraºb,ssin■*B,ssoral,*B,ssin■ ,*■ ,scoral**Int
O.
|
0.||||9.OO
|||.
OO
|

9.00
||
O.O9.OO
|

9.6629.00
|

9.506 0.20.254.006.00
|

4.005.0004.004.6654.004.500 0.5O.428572.33334.3342.33333.3332.3333.0032.3332.83.3 0.40.66667
|.503.500|.502.500|.502.67
|

.502.00 0.5|.00|.OO3.000|.OO2.000
|.
OO
|

.667
|
.00
|

.500 0.6|.50O.666672.667O.66667
|

.667O.66667|.333O.6667
|.
67 O.72.3330.42862.429O.4286|.4290.4268
|

.0950.42860.929 0.84.000.252.2500.25|.2500.25O.9|7O.25
O
.750 O.9

9.00O.
|||||
2.||||O.
|||||.I||0.
IIIII

0.7780.
||

0.6|| 0.95
|

9.000.05262.0530.0526|.0530.0526O.7|90.05260.533 O.9999.OOO.O||0||02.O|OO.O||0||0|.O|O
0.010100.6770.0
||0|
0.5
||0 O.995
|

99.O

0.005032.0050.00503
|.
OO50.005030.6720.005030.505 O.999999.

O
0.00
||
002.OO
|

O.OO|OO|.OO
|
0.OO|OOO.668O.OO
||0
0.50
| 3t#istakenas

I

fora||
calculations.

**ERatbloodflow
=1.0ml/min/gmver,thisvalueisusedto
calculatedtheterm(A'■ )whichinturnisused topredictchangeswithbloodflowsat0.5,1.5and2.0ml/min/gmliver. SingleoralandIVdose

I

mog;rateof
constantdrugadministration
fororalandintravenousinfusion
-I

mcg/min unitsfor1)AUC(mg/L)-min
20CE,ss-mg/L ***Hepatocellularactivity(A",

)

calculatedfromreferencepoint
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Appendix
I
WA.Predictedvaluesofthesteadystateextractionratio,clearanceand
availability

withchanges
inbloodflow
-
Model
||*

Refer-Hepato encecellularHepaticBloodFlowat
(m■ s/min/gmliver) pointActivity ++(A'

,,) T-o
0.5 —lr-
|.0.•
–1.5

--I-2.0—

ºº::
ERIVcfERI"cilfERI'enF||ERI"el,f|| encepoint(ml/min)(ml/min)

(m.1/min)(m|/min) (ml/min/
gmliver)

O.O.O536O.9000.0950.8|OO().|OOO().O.OOOO().O678O.|0|70.93220.05
||3O.10260.9487

O.2O.223
|

0.36OOO.|8
0.6400O.2000().2O.8000().1380O.20730.86
||8O.10560.2||2O.894.4 O.3O.35667O.5|OOO.255O.49000.3OOOO.3O.7000O.2||6O.3||74O.7884O.16330.3266

O.8367 0.40.5||0830.6400O.32O.3600O.4000O.4
0.60000.28860.43200.7||4O.22.54O.4508O.77.46 0.5O.693
|
O.75000.375O.2500O.5000O.5
0.50000.37000.5550.63000.29290.5858O.707
|

O.6O.9||
629O.84000.42O.16000.60000.60.40000.457
||

0.685650.5429O.36750.7350.6325 O.7|.
20397O.9|OOO.4550.0900O.7000O.7O.3000O.55
|9
0.82785
O.448
||
O.4523O.9046O.5477 O.8|.

60944O.96000.48O.O400O.80000.80.2OOOO.65800.987O.3420O.5528|.|0560.4472 O.92.30259O.99000.4950.0|OOO.9000().9O.OOO0.7843
|.17720.2|520.6838
|.3676O.3|62 O.952.99573

O.9975O.49875O.OO25O.95000.050.0500O.8043
|

.296.45O.3570.7764.5523O.2236 O.994.605|7
0.99990.49950.000O.99000.99O.OIOO0.9536
|.43040.0464O.9000
|
.80O.OOO O.9955.29832

O.99998O.49.9988O.OOOO250.9950O.995O.005OO.OTO8|.45640.02920.9293
l

.858580.0707
O.9996.907760.99999
O.49.9995O.OOOOO!
O.9900O.999().OO|OO.9000|.485O.O.O■ )O.Q684
|.9368O.O3
||6

C. *Xistakenas
I
fora||
calculations

**ERatbloodflow=1.0ml/min/gmliver.Thisvalueisusedto
calculatetheterm(A'
|)

whichinturnisusedto

predictchangeswithbloodflowsat0.5,1.5and2.0ml/min/gmliver
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AppendixIVB.PredictedvaluesoftheAUCfollowing
a
singleoralandintravenousdoseandthesteady

statebloodconcentrationfollowingconstantoral
administration
andconstantintravenous infusion

ofthedrugwithchanges
inbloodflow
-
Model

||*

Reference”Hepatocellular

HepaticBloodFlow

(ml/min/gmliver)

--IPointActivity
(A
||)

–9.2.~!:
!.52.2.0

calculatedAUCAUCAUCAUCAUCAUC■ yAUC
|
|W fromreferenceoralIlIVora||
|
IVora
|||||
ora
|1|||

pointandandandandandandandand

C

****oraln°B,ssinfº*B,ssoral"B,ssini°3,ssoraºssinfºb,ssoral
B,ssInf

O.0.10548,526510.5269.000
|

O.OOO9.16679.855
g
.24769.747 0.2O.223
|

3.55565.5564.005.0004.
|
674.8244.23484.735 O.3O.35667
|.
92
||6
3.9222.3333.3332.48303.
I5|
2.56
|9
3.062 0.4O.5||

083|.253.25|.502.500
|

.64332.3||0|.7|832.2|8 O.5
0.693
|

0.66672.667|.002.OOO
|.
35
|

|.802
|

.207
||.
56
|

0.6O.9
|629O.38
|

2.38
|
O.6667
|

.6670.79
||8|.4580.9606
|.
56
|

O.7|.
20397O.19782.980.4286
|

.4290.54
3|.
208O.6055|.O5 0.8|.60994

O.O.8342.083O.25
|

.2500.3465
|.O||3O.40450.904 0.92.3059O.02O22.083O.

lll||.|||O.|8280.849O.23120.73
|

0.952.995730.00502.0050.0526
|.O53O.|0470.82
|
O.440.644 O.994.605|7O.OOO22.000O.O

||0||0|.0||0O.O3240.6990.0556O.556 O.9955.29832
O.OOOO52.000050.00503|.0050.02008
O.6870.038050.538 0.9996.9078O.OOOOO22.0000020.00|00
|

.00
|
to.OO673O.673O.O
|

6320.5
||6

3:

#istakenas
I

fora||
calculations

**ERatbloodflow
=1.0ml/min/gmliver.Thisvalueisusedto
calculatetheterm(A'
||)

whichinturnis
usedtopredictchangeswithbloodflowat0.5,1.5and2.0ml/min/gmliver. SingleoralandIVdose-mcg;Rateof

constantdrugadministration
fororalandintravenousinfusion
—I

meg/min. Unitsfor1)AUC=(mg/L)-min2)CB,ss-mg/L
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AppendixVA.Ratioof
predictedsteadystateextractionratios,clearancesand
availability
formodels

I

and
ll

withchanges
inbloodflow”

Hepaticbloodflow(ml/min/gmliver)

r—9.2—,

T
!
.0
—

r—1.5

—ºT

—h

ER/ERtºF1/Fly"ER/ERI)F1/F||ERI/ERIF1/FER/ERIfi/fi O.9568
|.O||0|
|.0000
|.

OOOO|.0
|
77O.99.87|.02530.9987 0.9257
|.
O4|7
|.

OOOO|.OOOO
|

.O.340O.99.46|.052
|
O.9938 O.9049
|.

O990
|.

OOOO|.0000
|

.049
|
O.9868|.0808O.98.43 0.8929
|.

1906
|.

OOOO|.OOOO
|

.0662O.97.32|.O9
|

0.9682 0.8889
|.3332
|.

OOOO
|.

OOOO
|

.08||O.9524|.3790.9428 0.8929
|.5625
|.

OOOO
|.

OOOO
|

.09390.92
||0|.
663O.9035 O.9045
|
.96||
|.

OOOO
|.

OOOO|.0290.873
||.
9060.8426 O.92.592.7775
|

.0000
|.

OOOO
|.
O530.7974
|.

20600.7453 0.9590
5.2600
|

.0000
|

.0000
|

.092
|
O.66.33|.965O.5749 O.9768|0.240
|.

OOOO|.0000
|.O7230.5393
|.
68
|

0.4259 O.995
|

50.00
|.

OOOO|.OOOO
|.

O3300.3209|.089
|
O.1980 O.9975
|

OO.O|.OOOO|.OOOO
|.

O224().2565|.O6530.4||4 O.9995500.
O|.OOOO|.0000
|.

O086O.500|.O306O.O632

O.

*Xistakenas
I
forall
calculations

-U

Q)

oo(Q

34%ERI/ER
-"clI/"c.

UN

***F1/F
=
Col/Col

No
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AppendixWB.Ratioof
predictedareasunderthebloodconcentrationtimecurveandthesteadystateconcentration

followingconstantoral
administration
andconstantinfusionforModels
I
and
ll

withchanges inbloodflow”

HepaticBloodFlow(ml/min/amliver)

0.52.0

-,—a*-—tr–—hr–--- AUCoral**
Aucy,”*oral,AUCiv]^UCoralAUCiv]AUCoralAUCiv] -- --

A
AuCoralAUCIV*oralAUCivilAUCoralAUCIVIIAUCoral

i■
TRUCTWT

|.0557
|.
045
|
|.OOOO
|

.0000O.98
||9O.9826O.9733O.9735
|.

250
|.
O80
|
|.OOOO
|

.0000O.9622O.9670O.9733O.9504
|.2||42|.|050|.OOOO|.00000.9394O.965
|
O.9||08O.9324 |.3333
|.|
200|.OOOO1.0000O.9|28O.938
|

0.8730O.90
||7

|.5OOO
|..
249|.OOOO
|.

OOOO0.88|OO.925
|
O.8284O.8787
|.

7498|.|20
||.

OOOO
|.

OOOOO.8420O.9||430.7747O.8575
2.
|

688
|.
O5
||.

OOOO
|.

OOOO0.79
||8O.90650.7078O.8407 2.9976
|.

0802
|.

OOOO|.OOOOO.72|5O.90520.56760.8296 5.5000
|.

0450
|.

OOOO|.00000.6078O.9||64O.4805O.8358
|
O.520|.0238|.OOOO|.00000.50240.9526O.3653O.856
|

50.505|.0050
|.OOOO|.OOOOO.3||8
0.9685O.|8|7O.9||73 |OO.50
|.

0024|.OOOO|.OOOO0.25020.978
|
O.32
|

0.9387 500.50|.O005|.OOOO
|.

OOOOO.4870.99
||5
0.06|3O.9703

3:#istakenas
I

forall
calculations

*AUC/AUC
=C

oraloral||
*ssoran",ºoral, “Acw/Acw,

=CC

|

Bºssin■
B,ssInfº

;
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AppendixWIA.Predictedsteadystateextractionratioforagivenfraction
ofdrugunbound
inplasma

andat
constantbloodflow
(
1.0ml/min/gmliver)
-
Mode
||*

Reference(A'■ )" Point**

O.
|||

0.25
O.42857 0.66667 |.00

|
.50 2.33333 4.00 9.00

9
99.00 99999.OO

0.
I

0.0||| 0.0244 0.04|| O.O625 0.0909 O.304 O.892 0.2857 O.4737 0.9083 O.990
|

0.2 0.02|7
0.0476 O.O789 O.||76 O.

|

667 O.23O8 O.3|82 0.4444 0.6429 O.95
||9

0.9950

O.

ER
predicted
atX=

O.3 O.O.323 O.O698 O.
||
39 O.
|

667 O.2308 O.3||30 O.4||8
0.5455 O.7297 O.9674 O.9967

0.4 O.0425 O.O909 0.463 O.2|Cº 0.2857 O.3750 0.4828 O.6|54 0.7826 0.97.54 0.0975
0.5 0.0526 0.

|||
O.1765 O.2500 0.3333 0.4286 0.5385 O.6667 0.8

||
82 O.9802 0.0980

0.6 0.0625 O.304 0.2045 O.2857 O.3750 0.4737 0.5833 O.7059 O.84.38 O.9834 0.9983
0.7 0.0722 O.489 O.2308 0.3|82 0.4||8 0.5

||
22 O.62O3 O.7368 O.86.30 0.9858 O.9986

0.8 O.O.8
||6 O.
|

667 0.2553 0.3478 0.4444 O.5455 O.65|2 O.76
||9

O.878O O.9875 0.9988
0.9 0.0909 O.|837 O.2783 0.3750 0.4737 0.5745 O.6774 O.78.26 0.890 0.9889 O.9989

|.0 O.1000 0.2000 0.3000 0.4000 O.5000 0.6000 O.7000 0.8000 O.9000 O.9900 O.9990

+ **ERatblood
f|ow

1.0ml/min/gmliverat#

*(A'■ )calculatedfromreferencepointWeiis
obtained
by
multiplyingcalculatedvaluesofERby

bloodflow
(
1.0ml/min/gmliver)



-**
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AppendixWIB,Predictedavailability
foragivenfraction
ofdrugunbound
inplasmaandat
constant

bloodflow
(
1.0ml/min/gmliver)
-
Model

o:

Reference(A'■ )"F1predicted
atx=

Point#

0.
I

0.2O.30.40.50.60.70.80.9
|
.0

0.O.||||
0.9889O.97.830.9677O.9575O.9474O.of750.9278O.Q
|
84O.909
||
O.9000 0.2O.25O.9762O.9524O.Q392O.909

||

0.8889O.86960.85||0.83330.8
■

650.8000 O.3

0.428570.95890.92||0.886
||

0.85570.82350.79550.76920.74470.72
||7
0.7000 0.4O.66670.93750.88240.83330.78950.75000.7

||
430.68|80.65220.62500.6000 O.5|

.00O.909
|

0.8333O.7692O.7||430.6667O.62500.58820.55560.52630.5000 0.6
|

.5000.8696O.7692O.68970.6250.57
||4O.52630.4878O.4545O.42550.4000

O.7
2.33330.8
||
080.68
||8
0.58820.5
|
720.46
||5O.4||67().37970.3488O.3226O.3000 0.84.000.7430.55560.45450.3846().33330.294
|

O.26320.238
||

0.2
|
740.2000 0.99.000.52630.357

||

0.27030.2
|
74().1818O.1562O.370().1220O.1099O.OOO O.9999.000.09

||7
0.048
||

0.03260.02460.0|Q8O.0|660.0
||
420.0
||
250.0||||0.0|00

O.999999.OO0.00990.00500.00350.00250.0020O.OO
||7
0.00
||4
0.00
||2
0.00||0.00
||0

O.

*ERatbloodflow
=1.0ml/min/gmliverandatx=|

“(A'■ )calculatedfromreferencepoint
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AppendixWIC.Predictedareaunderthe

blood-concentration-time
curveforsingleoraldosefora

givenfraction
ofdrugunbound
inplasmaandat
constantbloodflow
(
1.0ml/min/gm
|

iver)
-
Mode
||*

7
}{3}{C.

*:::::::(A'■ )AUCoral
|

(mg/L)predicted
at5-.

º
0.
I

0.20.50.40.50.60.70.8O.9|.0

0.
I
O.
|||

9.0004.53.0002.250|.8|.5|.2857|.250
|

.000O.9000 0.20.254.0002.00
|

.3333|.000O.80000.66670.57
||
430.50000.44440.4000 0.5

0.428572.3333
1.16670.77780.58330.46670.38890.33330.29170.25950.2333 0.4O.6667|.5500.7500.5000.37500.30000.25000.21428

O.1875
-
0.1667O.1500 0.5
|
.00
|

.000O.5000.33330.25000.2OOOO.1667O.14286O.12500.
|||
O.1000 0.6
|

.500.66670.33330.2222O.1667O.1333O.
IIII

0.095240.083330.0740.06667 0.72.33330.428570.2429O.4286O.O7
||4
0.0857
||

0.07
||
43O.O622O.053570.047620.04268 0.84.000.250O.12500.083330.06250.05000.04

||
670.0357
||

0.031250.027770.0250 0.99.00O.||||
0.055560.037040.027770.022220.01852O.O
|

5870.0|38.9O.O
||
2340.0|||| O.9999.OO0.0

||0|O
0.005050.003570.002520.002020.00
|
680.00|440.00260.00||20.00
||0

0.999999.OO0.00|OO0.000500.000330.000250.00020
().OOO
||7
O.OOO
||4
0.000
||2
0.000||0.000
||0

*Steadystatebloodconcentration
ofdrugfollowingconstantoral
administration©Bssora
in

mg/L)
-

AUCoral
*

|C.

**ERatbloodflow
=1.0ml/min/gmliveratX=| 3:3:3:(A

)

calculatedfromreferencepoint Singleoraldose
=|
mog;rateof
administration
forconstantoral
administration
=
Imcq/min
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Appendix
WID.
Predictedvaluesoftheareaunderthe

blood-concentration-time
curvefollowing
a

singleintravenousdoseforagivenfraction
ofdrugunbound
inplasmaandat

constantbloodflow
(
1.0ml/min/gm)
-
Mode
||*

Cl

Reference(A')"AUCIV
(

(mg/L)-min)predicted
atX=

Point**

0.
I

0.20.40.50.6O.7
--

0.
|
O.
|||

90.0946.08323.529|Q.0|||6.OOO
||

3.850
|

2.255
.
OO
|

.000 0.20.2542.0
||72
|.008
||

.00
|
9.OO
|

7.6696.7
|6
5.999
.
444.OOO O.3

0.4285724.33
||||

2.6
||4
6.8355.6664.8904.3333.9|7.593.333 0.40.6667
|

6.0008.5034.75
|
4.OOO3.5003.432.875.667.500 0.5
|
.00
||.
OO
|

6.0003.5003.0002.6672.4282.250
.|||.000 0.6
|
.507.6694.3332.6672.3332.||
||.
952
|

.833.74
|

.667 O.7
2.33335.2853.432.O7
||

.857|.7||4|.6||2.536

.
476
.
429 0.84.003.5002.250|.625
|.
BOO|.4|7|.357
.3||3.278.250 O.99.OO2.
|||
|.555|.278|.222
|.|
85|.59
.I
30
.
23
.|||| 0.9999.00

|.0||.05
|

|.025|.O20|..O|7|.0||4...O|3.0||...O||0 O.999999.00
|.O||0|.
OO5|.OO3|.OO2|.OO2
|.
OO
|

.00
|.
OO
|

.OO
|

*Steadystatedrugconcentration
inblood(CBssinmg/L)followingconstantinfusion
ofdrug
=

AUCIVnf **ERatbloodflow
=1.0ml/min/gmliveratA

***(A'
,)

calculatedfromreferencepoint
singleintravenousdose
=|
mog;rateof
infusion

|

mog/min
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Appendix
V||A.
Predictedsteadystateextractionratioforagivenfraction
ofdrugunbound
in

plasmaandat
constantbloodflow
(
1.0ml/min/gmliver)
-
Model
||*

Reference(Ap".Point**

ERIpredicted
at+-

0.
I

0.20.30.40.50.60.70.80.9
|
.0

0.
I
O.105360.0|050.0209O.O3||0.04
||3
0.05
||3
0.06
||3
0.07||0.0808O.O905O.OOO 0.20.223
|

0.022
|

0.04360.06480.0854O.1056O.253O.4460.6350.8||9
0.2000 0.5

0.356670.03500.0689O.|0|5O.330O.633O.19270.22090.24820.2746O.3000 0.40.5
!

0830.04980.097
|
O.42|O.
|

8480.2254O.26400.30060.33550.36860.4000 0.50.659
||
O.O67OO.294O.|877O.242|0.2929O.3402O.38440.42570.464
||

0.5000 0.60.9|629O.O874O.674O.24030.3069O.36750.4229O.4734O.5|960.56
||6O.6000 O.7
|

.2O397O.||340.2]400.3O32O.3822O.4523O.5|440.56950.61830.66
||6O.7000 0.8
|

.60944O.4870.2752O.38300.47470.55280.6|930.67590.724
||

0.765
|

0.8000 0.92.30259
O.20570.3690O.4988O.6|090.68380.7488O.80050.84
||5
0.874
||

0.9000 0.994.605
||7
0.3690O.6|090.74880.84|5
0.90000.9369O.96020.97490.98420.9900 0.9996.90776

O.4988O.7488O.874
|

0.9369O.96840.98420.992
|

O.9960O.998OO.9990
+Weis
obtained
by
multiplying
thecalculatedvaluesofERIbybloodflow
(
1.0ml/min/gmliver) **ERatb|ood

f|ow

1.0ml/min/gmliverandat

***(A'
|)

calculatedfromreferencepoint

+ A
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Appendix
V||B.
Predictedavailability
forgivenfraction
ofdrugunbound
inplasmaandat
constant

bloodflow
(!.0
ml/min/gmliver)
-
Model||

C.

Reference(A1)*
f|
|

predicted
atA= Point

*

0.
I

0.20.30.40.50.6O.70.80.9
|.0

0.O.|0536O.98.95O.979
||

0.96890.9587O.9487O.93870.92890.9|92O.9095O.9000 0.2O.223
|

0.97.790.9564O.9352O.9|460.8944O.87470.85540.83650.8
||8||
O.8000 O.3

0.356670.96500.93||0.89850.86700.8367O.80730.779
||

0.75
|8O.7254O.7000 0.4O.5||

083O.95020.90290.85790.8
||
520.77460.73600.69940.66450.03
||7
0.6000 0.50.639
|
O.9330O.87060.8
||
23O.75790.707
||

0.65980.6
■
56O.57430.5359O.5000 0.6O.9||

6290.9|26O.83260.75970.693
||

0.63250.577
|

0.5266O.4804O.4384O.4000 O.7O.
I

20397O.8866O.7860O.69680.6|780.54770.48560.4305O.38
||7
0.3384O.3000 O.8|.

609440.85
||3O.72480.6
||
700.52530.44720.38070.324
||

0.27590.23490.2000 0.92.30359O.7943O.63|O0.50|20.389
||

0.3|620.25
||2O.1995O.1585O.1259O.|OOO 0.994.605|70.63

||00.589
||

0.25
||2O.5850.OOOO.O65
|

O.O3Q8O.O.25
|

O.O
||
58O.O|OO O.9996.907760.50|2O.25

||2O.2590.063
||

0.03
||6O.O159O.OO790.004O0.0020O.OO
||0

O.

*ERatbloodflow
=1.0ml/min/gmliverandatX=| **(A'||)

calculatedfromreferencepoint
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Appendix
V||C.
Predictedareaunderthe
blood-concentration
timecurveforsingleoraldosefora

givenfraction
ofdrugunbound
inplasmaat
constantbloodflow
(
1.0ml/min/gmliver)

-
Mode
|||* º*3:3:-*--

º(A1)*oral,
(

(mg/L)-min)predicted
atA

0.
I

0.20.50.40.50.60.70.80.9
|
.0

0.O.05269.4.2384.68473.||542.32|
3|
.8493|.53
||3|.3065
|.I
576
|

.0040.9000 0.20.223
|
4.42492.1936.44321.07|OO.84700.698
||

0.596
||

0.5||60.44980.4000 0.3O
.356672.767
||

.351
4
0.88520.65190.5124O.4|980.35270.30290.26420.2555 0.40.5|083
|

.90800.92990.60370.44||0.34370.27880.2327O.19810.I7|30.1500 0.5O.639
||

.39250.67280.43280.313|0.24|4O.1939O.16010.1349O.||550.1000 0.60.9|629.
|

.04420.49740.3
||6||
0.2258O.72]O.13650.I||2
0.09.25O.O780.0667 0.7
|

.2O397O.78|80.36750.2298O.1616O.12||0.09440.07560.06|
7
0.05||0.0429 0.8
|

.609440.57250.26340.16||O.1070.08090.06150.04800.038||0.03070.0250 0.92.302590.38650.17100.10050.06370.040620.03350.02490.01880.01440.01|| 0.994.605|70.
||7||0

0.06370.03350.001880.00
|||

O.OO6740.004
||4

0.002570.00|0|0.00|0| 0.9996.907.76
0.|0050.03350.01.440.006740.003260.00|6
||

0.000800.000400.000200.00010 Steadystatebloodconcentration
ofdrug“B,ssora
inmg/L)followingconstantoral
administration

||

-

*oral,
**ERatbloodflow
=1.0ml/min/gmliverat +++(A}}calculatedfromreferencepoint

Singleoraldose
=

C.+=|

|

mog;rateof
administration
forconstantoral
administration
=1

meg/min

;
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Appendix
V||D.
Predictedareaunderthe

blood-concentration-time
curvefollowing
a
single

intravenousdoseforagivenfraction
ofdrugunbound
inplasmaandat
constant bloodflow
(
1.0ml/min/gmliver)
-
Model
||*

Reference(Ap".Point##
0.
I
O.|0536 0.20.223
|

0.30.35667 0.40.5
||

083 0.50.639
|

0.6O.9||
629 O.7
|

.2O397 0.8
|

.60944 0.92.30259 0.994.605
||7 O

.9996.90776

0.
I

95.238 45.25 28.57 20.08
|

4.95
||
.44 8.82 6.725 4.86

|

2.7
|

2.0
|

0.2 47.847 22.94
|
4.5
| |

0.30 7.75 5.97 4.67 3.63 2.7
|
|.
64
|.
34

0.3 32.54 |5.45 9.85 7.04 5.33 4.
|6 3.30 2.6

|

2.0
|
|.
54

!..4

(

(mg/L)-min)
0.40.5 24.2|

3|9.493
||.7|9.47

7.526.2 5.4
|

4.44 4.
|3
3.4
|

3.262.72 2.622.
lI

2.
lI|.
8] |.64
|
.46
|.
19
|.|| |.O7
|
.03

predicted
at

0.6
|
6.3||3

7.98 5.9 3.79 2.94 2.57
|.
94
|.
62
|
.34
|.
O7
|.
02

# 0.7
|

4.065 6.92 4.53 3.33 2.60 2.12 |.76 |.48
|
.25
|

.04
|.0|

0.8
|

2.5 6.12 4.05 2.98 2.35
|
.93
|.
62
|.
38
|.19 |.03

|

.004

0.9
||
.05 5.50 3.64 2.7

|
2.6 |

.78
|
.5|
|.5 |..4 |

.02
|

.002

|
.0
|

0.00 5.OO 3.33 2.50 2.00
|

.67
|
.43
|

.25
|... |

.0
| |

.00|

*
Steadystatedrugconcentration
inblood(CB,ssinº
inmg/L)followingconstantinfusionfordrug -

*wº
**ERatbood
f
|ow= ***(A)

calculatedfromreferencepoint
Singleintravenousdose
=

1.0ml/min/gmliverandat

|

mog;rateof
infusion
=

|

meg/min

;
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Appendix
V||
IA.Ratioof
predictedsteadystateextractionratiosandclearanceswithchanges
in

(g)andat
constantbloodflow
(
1.0mls/min/gmliver)*

intheratio

X
Cl

O.
I
O.2O.30.40.50.60.70.8O.9|.0

|.057
|

|.0383|.038
|
|.029
||.

O253|..O|96|.0
[
55
|

.0099
|

.0044|.OOOO
|.
|04
||.
O9
||7|.O772
|.

O644
|.
O52
||.

O407
|

.0297
|.O|Q6
|.

OO99|.OOOO
|.I
743|.145
||..
272|.000
|.

O808|.06
||2|.
O448
|.

O286|..O||35
|.

OOOO |.255|.2||||.|73
||.I
59
||.
|09
||.

O822|.0585|.0367|.0
|
74I.OOOO

|.3567
|.

2883
|

.2296
|.
|80
|
|.379|.023|.O7
||3
|.0439.0207|.OOOO
|.
492|.3787|.29
||3|.22
||9|.1665
[.
.

20
||

.082
|.

O498
||

.023
|

.000
|

.672|.4869|.3582
|

.2632|.906
|.I
539
|.

O892
|.

O532|.O239|.OOOO |.92
||3|.6||48|.4243
|

.2964

..
206
|.
398
|.
090
||

.0502|.0229|.0000
2.3029|.7423|.4629|.28||
|.

1965
|..

269|.O78
||.

0434
|.O|83|.OOOO 2.46

||5|
.5582|.29
||9|.I59
|

|.089
||

.0496|.0267
|..O|29
|

.0048|.0000 |.985|.3288
...

403
|.

0647
|.

OBO6
|.0||43
|.

OO66|.OO28|.OOO9|.OOO

El-all ERIVc■||
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Appendix
V|||B.Ratioofthepredictedavailability
andeffluentdrugconcentrations
forModels
I

and
ll

withchanges
intheratio(Y)andat
constantbloodflow
(
1.0ml/min/gmliver)*

O.

0.
I

0.2O.30.4O.50.60.70.8O.9|.0 O.9994O.9992O.O.988O.9987
|

.00930.9987O.9988O.999
|

0.9996|.000 O.99830.9958O.99.47O.994OO.9939O.99.42O.99500.99620.9978|.000 O.99370.98930.98620.9847O.9842().9854O.9875O.9906O.99.49|.000 O.98680.97730.97
||3O.9685O.96820.97050.97480.98
||5O.98.99
|.

OOO 0.97440.9572O.9468O.94.25O.9429O.9473O.95555O.96740.982
||

.OOO 0.9529O.9239O.90790.90
||7
0.00340.9
|
200.0263O.946
|
O.97O6|.OOO O.9||45O.867.4O.844
|

0.83720.84260.858
|
O.882OO.9||380.9533
|

.000 O.839
|

0.76660.73660.73220.74530.7725O.8||2|
O.863OO.9255|.OOO 0.66260.56590.53930.55870.57500.62|80.6867O.76960.8729
|

.000 O.453O.1236O.298O.552O.1980O.263
|
O.3568O.49800.7025
|.
000 0.01980.O|990.02620.03960.0633O.1076O.772O.3000O.5000
|

.000



-

-- -

-

- - -

-

*

-

-

- -

*

*

- -

*-

* * *

- -



;

Appendix
VI
I
IC.Ratioof
predictedareasunderthe

blood-concentration-time
curvefollowing
a

singleoraldoseandthesteadystatebloodconcentration
ofdruginblood followingconstantoral

administrationwithchanges
intheratio(#)andat

constantbloodflow
(
1.0ml/min/gmliver)* AUCoral/AUC

O.250

7 .984 .966 .945 .92
|

.892 .856 .8
||0

.745
.
637

.
348

.|
79

|.0 |.000 |.000
|.000 |.000 |.000 |.000

|.000
|

.000
|

.000
|

.000
|

.000
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Appendix
V|||D,Ratioof
PredictedAreas

doseandthesteadystatebloodconceentrations
ofdruginbloodfollowingconstant

underthe

blood-concentration-time
curvefollowing
a
single

intravenousinfusionwithchanges
intheratio
;andat

constantbloodflow
(
1.0mls/ min/gmliver)*

o: -

ºv/*w,
at#= 0.0.20.50.40.50.60.70.80.9|.0 0.94590.963

|

0.96.290.9||80.97530.98080.98470.99040.9956|.000 0.92860.9|590.92340.93950.95050.96090.97||0.98090.9902|.000 0.85|6O.87320.89|2
0.90900.92520.94240.957
|

0.97.220.9865|.0000 O.79680.82560.85250.87800.9|050.92400.94470.96440.9830
|.0000 0.7370.7763

O.8||330.84730.87870.90.750.93350.95790.9796
|

.0000 0.6702O.72530.77700.8|86O.85740.89260.9|990.95220.9775
|

.0000 0.59930.67260.73620.79|9
0.82970.88|70.9|800.94.990.9768
|

.0000 O.52040.6|920.70200.77|20.82920.8774O.9|69O
.9508O.9778|.0000 0.4352O.57380.68330.7807O.83580.8876O.9.2790.95880.98

||6|
.0000 O.4063O.64200.77450.86280.9

||8|
O.953
|

0.974
|

0.98730.995
||

.0000 0.50370.75280.874
|

0.94000.97000.98620.993
|

0.99700.9990
|

.0000

34
Acry*B,ssin■ AUCIy*B,ssintº
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AppendixIXA.
A|

terations
ofblood
f|owatlowinfluent
|

idocaineconcentration
totheliver

(Studies
I,IIand
I||)

StudyBloodflowAverageeffluentlidocaine

Extraction

Predictions

(m.
I

s/min)concentration(mo/L)RatioMode
||||

Mode
|||

A■CoACol

|
|O
0.00575
+
0.000370.998.7(m
I

s/min)(mg/L)(m.1s/min)(mg/L)
Ci=4.378
|2

0.0084.25
+
0.0007
|
O.99307774.
4O.OO67566.6090.0
|
70|

(mg/L)
|O
0.0055
+
0.000540.9987 -|6

0.0|62
|+

0.00|520.99635506.50.0|26963.44O.O6709

|OO.O.O'B75
+
0.0006
|
O.9976
|4

0.01962
+
0.00
||
09O.99553464.5O.O|
76258.50.06709
|OO.O|
483+

0.003860.9966

||

C!=
4.309
|2
0.0
|
26+0.002
||6O.99|7

|4O.O305
+
0.00325
O.99272||6
|.9
0.0277262.39O.O4999

(mg/L)
|2
0.0352
+

0.009930.99
||8

|O
0.029
|+
0.003
||5O.9932
|

230.
9
0.0347255.680.0
|

646
|2O.O480
+O.14670.9889
|6O.O733
+
0.004.54
O.98.30
|

244.50.0546955.8
|
0.
|3||6| |2

0.0343
+

0.002590.9920
|2O.347+O.O|8||9O.9692

||||4
0.0403
+

0.006070.9908|869.20.032460.6550.0576
|

Cj=
4.368
|2
0.0278
+

0.00294
O.9936 (ma/L)
|0O.O|34+
0.00055
O.99692256.6O.O
|

93562.9030.008
||3

--|20.0|86+
0.0007.4
O.9957

|6O.O.93|
+

0.00470
O.9787244
|.7

O.0285563.8470.08||
| |2

0.0245
+
0.003
||2
0.9944

n=4+
S.D.
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AppendixIXB.

A|

terations
ofb|ood
f|Owatlowinfluent
|

idocaineconcentration
tothe

(StudyIV,W&VI)

|i
ver

Blood
f|Ow

Extraction

StudyAverageeffluent
|

idocainePredictions

(m|S/min)concentration(mG/L)RatioMode
|

Mode
||||

ACoA"
Co.,(m/s/min)(mg/L)(mik/min)(mg/L)

|W
|2O.OO49
+O.OO|O30.9989

Ci=4,387
|4
0.0078
+

0.00038
O.998253.59.60.0||4273.2690.02343 (mg/L)
|2O.O|47+O.OO230O.9966 -|6O.9||70+O.OOO540.996
|

3257.70.02
||
6567.29
|
O.O654
|

|2
0.0|7.5+

0.00209
O.9960
|0
0.02||+0.002750.995
|

3556.90.0|23768.350.0654
| |2O.O|20+

0.00083
O.9973

V |2
0.0049
+

0.000420.9989
Ci=
4.626
|4
0.005
|+

0.000540.99898089.3O.OO79978.88560.0
|

736
(mg/L)
|2
0.0088
+

0.00204
O.998
|

|6O.O|08+O.OOO820.99775482.50.0
|

34673.54||60.04666
|2
0.0||4+O.OO338
O.997.5 |OO.O|90+O.OOO7O.9959

4||
76.2O.O||0570.24
||
320.004
||2 |2O.O||5|+

0.00070.9967

V| |2
0.00
|

89+0.000
|9
0.99954

Ci=4.O76
|O
0.00
|

62+0.000
||3
0.9996
|
93
|9
0.002||88.630.00058 (mg/L)
|2
0.005
||
7+O.OOO24O.99922 -|4

0.00353+0.000
||4O.999
||8|
4876O.OO38385.42O.OO9
||3

|2
0.0034
+O.OOO
||4O.999|7
|6O.OO74
+O.OOO42O.998
||8|O7
||3O.OO608
8|.530.02495
|2O.OO572+O.OOO390.9986

n=4+
S.D.
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AppendixIXC.Alteration
ofbloodflowatlowinfluentlidocaineconcentration
totheliver

(Study
V||,V|||,&IX)

StudyBlood
f|owAverageeffluentlidocaineExtractionPredictions

(ms/min)concentration(md/L)RatioModel
,

Model

AColA||Col

V|||2O.O.208
+O.OO5030.9954(m

I

s/min)(mg/L)(m
I

s/min)(mg/L)
Ci=4.563.10O.O.364
+O.OO
|
930.99203266.7O.O
|

39367.320.00544 (mg/L)
|2O.O|26+0.00
||
650.9972
|4
0.0||5+0.000|7
0.907.53984.6O.O.59860.7
|

0.03
||
93
|2
0.0
||
48+
0.000670.9968
|6
0.0369
+O.OO
||
480.99
||9
2278.
o
0.03
||8|
63.020.08886
|2
0.0330
+
0.00249
O.9928

W||||2
0.0280
+

0.00689
O.993.7

Ci
=4.451
|O
0.0207
+

0.0029
|

0.0955274|.40.0|6||865.22O.OO654 (mg/L)
|2
0.0
||
08+0.00
|
26O.9976 -|4

0.0
|
55+0.00|080.99654004.20.0|55
|

69.75O.O3053
|2O.O|58+O.OO||40.9965
|6O.O.299
+O.OO
|
280.09332438.30.0290263.820.08244
|2
0.0278
+

0.00356
O.9938

|X
|2
0.0
|
72+0.00
|
390.9964 Ci-4.728
|O
0.02
||2+
0.00537
O.99553.945.O.O||9569.500.00449 (mg/L)
|2
0.0||5+0.00532
O.9976

|4O.O|85+
0.00083
O.996
|

48860.0|35
|

72.4

0.02734
|2O.OO||7+O.OOO7O.Q975
|6O.200+O.O.2676O.97462043.0.036736|.720.0998
|2O.O435
+O.OO5990.9908

n=4+S.D.
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AppendixXA.Extraction
ofMEGXwithAlteringConcentrationsunderConstantBloodFlow

(10mI
s/min)
-
Studies
I,
ll

and
|||

MEGX
|nf|
UentMEGXEffuentExtractionRatio concentrationConcentrationMEGX (mg/L)(mg/L)

Study
||.
9745.8336
+O.1893O.4790

20.8667
|

4.5735
+
0.7369O.3||77 ||.|3736.0966

+O.||56O.4526

Study||2.3080.4033
+
0.22560.8
||
07

3.3223O.97
||3+O.||720.7076 4.977
||

.8006
+O.32800.6382
|

.884.3O.3947
+O.O40020.7.905

Study
|||

0.62740.0643
+O.O
||
3620.8974

|

.3299O.782+0.0
|

7350.8660
2.20640.2852
+0.0|4760.8707 3.2305
|

.2632
+
0.053220.6000 4.9356|.9428

+
0.2077O.6063 O.62740.2
|
O7+
O.O.33640.664
|

6.49092.85.24
+
0.254
|
0.5606

n=4+S.D.
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AppendixXB.

Extraction
ofMEGXwithAlteringConcentrationsunderConstantBlood Flow
(10
mls/min)
—

StudiesIV,V,andWI

MEGX
|nf|
Uent Concentration

MEGXEff|Uent Concentration

ExtractionRafio MFGX

(mg/L)(md/L)

StudyIV0.62
||6
0.0647
it().()||
00460.8950

0.75240.0766
+
0.008
||
240.8982 |.35320.2072

+
0.010270.8468

|.790
|

0.229
|+
0.0|9240.8720 2.76380.532
|+
0.01855O.807.5

O.75420.42|+
0.009|50.8||||

Study
V|.8||2O.2327
+

0.022670.87|5

|.|0020.09968+0.00204
O.9094 O.77650.09800+

O.O|24
|

0.8738 0.45980.06236+0.007590.86
||4 |.8||2

0.2322
+0.0
|

6680.87
|8

Study
V|
3.08040.9
||
43+
0.002950.7032

|.85040.3397
+

0.020540.8
||
64
|

.40850.2262
+

0.0|2330.8394
O.67
||40.667+

0.0|0030.8544 2.29030.0942
+
0.005
||8
0.8597 3.
|3||8|.
2005
+O.O|350O.6||67 9.2

||84.2405
+
0.24650.5400

n=4+
S.D.
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AppnedixX1A.Alteration
ofBloodFlowatLow
Concentrations
ofMEGXtotheLiver

Studies
I,lland
|||

StudyInfluentMEGXBloodTFTowTEffTuentMFGXExtraction
-

Pred
i
C+ions

Concentration
(m
I

s/min)Concentration
Ratlo
º

Mode
||||

Mode
||
||

(mg/L)(mg/L)A|CoA:Coll

(m
I

s/min)(mg/L)tºls/min)(mg/l)

|
0.554
|O
0.03
||7#
0.0035O.9427

|2
0.0274
+
0.00480.9505
|2|.280.49925.750.O648
|O
0.0527
it
0.0304O.90.48
|4
0.0304
+
0.00787
O.945
||0|.250.069724.|0|50.099
| |0

0.0468
+
0.00962
O.9||55
|6
0.0434
+
0.00
|
640.92
||6|OO.360.080324.012O.235
|0
0.0536
+O.OO
|
820.9032

||

0.449
|O
0.08||+0.004820.8|92

|2
0.0487
it
0.005380.89|45|.5|0.0848|8.|7
0.0988
|0
0.0649
+
0.009380.8553
|4
0.05
||7+
0.003
||5
0.884764.340.084620.060.|07
| |O

0.0559
+

0.004030.8754
|6
0.0537
+

0.004780.880372.39O.O872
2|.O90.202
|O
0.053
|+
0.005690.88
||6

|||

0.526|O0.|32
|+
0.0|3260.749
|

|4O.O69+
0.008
|

0.796939.02O.1056
|

4.82O.1825
|O
0.0824
+
0.005280.8435
|6O.O923
+

O.OO7080.824752.8O.235
|

8.28O.1678
|O
0.0867
+
0.008480.8353
|2
0.0889
+
0.009060.83||56.330.0923
|

8.93O.O86 |O0.07
||8+
0.004780.8636

n=4+
S.D.
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Appendix
X|B.
Alteration
ofBloodFlowatLow
Concentrations
ofMEGXtotheLiver

StudiesIV,VandWI

StudyTnfluentMEGXBloodFTowEff|uentMEGXPredictions

Extracton

Concentration
(m
I

s/min)Concentration
Rat
I

Mode
||||

Mode
||||

(mg/L)(mg/L)aTOA;CoA}Col

(m/s/min)(ma/L)(m.1s/min)(mg/L)

|W0.55
||0
0.048
||+

0.002290.9|28

|4
0.059
|+
0.003080.892990.8
0.074
|

23.04O.062 |OO.O6
||9+
O.OO470.8878
|2
0.0655
+
0.002850.88|377.880.07362|.74O.O900 |O0.0634

+

0.004220.885
| |6O.O65+

0.008
||4O.807468.05O.1049
|

7.83O.|8
| |O

0.0777
+

0.002630.8592
|4
0.0789
+

0.007590.8570

VO.627|OO.35
|+
0.007||0.7845

|4O.05
||4O.OO42|0.832427.590.2||
|

3.240.2435
|00.985+
0.0072
|

0.6834
|2O.200+
0.004750.808626.54O.952
|

2.960.2129
|00.446+

0.0|2030.7694
|6O.
I

382+

0.009750.77963|.330.2|2
|4-
|9370.2582 |OO.1587

+

0.009080.7469

V|
0.526
|O
0.05||+0.003070.9028

|2
0.04O2
+

0.002450.923585.990.064422.6
||6
0.0799
|O
0.0585
+
0.007250.8887
|4
0.036
|+

0.002380.93|
3
78.850.08872|.84O.||05
|O
0.0599
+O.OO3680.8886
|6O.O395
+O.OO
|
79O.924867.58O.|00720.460.464
|OO.O760
+O.O.04530.8554

n=4+S.D.



|-------
-,-,,

-·

©
:.

|-·|×

v1.

|-

·····

··
••

•|-·

*

·

...

?|-··

|-|-·•
•

·····

■

----

* --

**

|-**

••

••
•••

••••
•r.
i

*·--*
*·····



Appendix
x1IA.
Appearance
ofMEGXinEffIuentPerfusatefromLidocaine(Low

Concentrations)
with

BloodFlowChanges
-
Studies
I,IIand
I|| SFUdyTBT553TFTSWTEFFTUEnfConcentrations(mg/L)CoMECX

“
CoMEcy
*

Predictions (m!s/min)LidocaineMEGX- +

°Lidocaine"Lidocaine*MEGX,"MEGXI

(L)C
ma/

"Lidocainer

|
|O
0.00575
+
0.000370.03680
+

0.007257.33060.0084

ci-4.3787mg/L3
0.0084.25
+
0.0007
||

0.0377
it

0.00356
5.2540.00990.04
||33.18

-|0
0.0055
+

0.000540.03
||9+
0.006766.64330.0084

|6
0.0|62|
+

0.00|520.0778
+
0.00858
5.5973O.O.2040.06050.795
|OO.O||
0375
+
0.0006
|

0.0436
+

0.007204.8
||
340.009
| |4O.O|

962+
0.00
||
090.0780
+
0.005954.55360.02040.0704O.9086 |OO.O.483+

0.003860.0570
+

0.00450
4.40250.0|49

|||2
0.0|26+O.OO2
||6O.168
|*

0.00359|5.5080.0443

Ci=4.3086mg/L
4
0.0305
+
0.00325
0.1378
+
0.00828
5.
|3||
0.0363O.18064.5428

|2
0.0352
+
0.00993
O.||4||5+0.03||5||4.5654O.O373
|O
0.029
|+
0.003
||50.1298
+
0.0|0665.06580.0342O.
|4||3|5.332
|2
0.0480
+O.O
|467O.1975
+

0.023664.6750.052
| |6

0.0733
+
0.00454
0.1939
+
0.009353.0
|
660.05||0.2345
|.

3628
|2
0.0343
+
0.00259
0.542+
0.00966
5.10570.0407

||||20.347+
0.0||
8||9
0.5485
+
0.15694.62460.426

Ci=4.368ma/L
|4
0.0403
+
0.00607
O.1703
+
0.00695
4.79920.04430.43245.2242 -g|2

0.0278
+

0.00294
0.1926
+
0.025467.8682O.O50

|0
0.0|54
+

0.00055
0.
I

597+
0.0662
|

3.53520.04
||60.24930.2096
|2
0.0|86
+
0.00074
0.O7
|+
0.0|556.53950.0278
|6
0.093
|+
0.004700.2152
+

0.025132.62520.0560O.379
|.

3628
|2
0.0243
+
0.003
||2
0.0996
+
0.005044.6550O.0259

n=4+
S.D.
n=4+
S.D.

*correctedformolecularweights

;





Appendix
XIIB.
Appearance
ofMEGXin
EffluentPerfusateFromLidocaine(Low
Concentrations)
with

BloodFlowChanges
–

StudiesIV,VandWI

StudyBToodFTowEffuentConcentrationsCoMEGXTºCoMEGx
*

Predictions (m|S/min)(mg/L)--
LidocaineMEGXCoLidocaine
°
LidocaineCoMEGX,Co"

O

|W
|2
0.0049
+
0.00|O3O.224+

0.0044628.6||60.0320(mg/L)Lidocaine,
Ci-4.3868mg/LI40.0078
+

0.00038
O.336+
0.00605
|

9.6|680.0348O.17528.77

|2
0.0|47+0.00230
O.1779
+O.O
|

930
|

3.86
||6
0.0464
|6
O.O70+
0.00054
O.|843
+O.O
||
307
|

2.4
|
730.048
|

0.26442.7257
|2O.O75+
0.002090.2|86
+
0.027
|6|
4.30760.057
| |O

0.02||+0.00275O.2|46+O.O.3025
||

.6494O.O.B60O.56969.5048
|2O.O|20+O.OOO83O.580+0.0||0|5.08||O.04
||2

W|2
0.0049
+
0.000420.0367
+
0.003648.57880.0090

Ci-4.6245mg/L140.005
||+
0.000340.04
||2+
0.002869.25300.0|020.06374.0885

|2O.OO88
+

0.002040.0724
+0.0
||
3349.42350.0179
|6O.O||08+
0.000820.0993
+

0.0|562|0.43|
3
0.0246O.1047|.8
||7| |2

0.0||4+0.00338
O.O845
+0.O|208.49000.0209
|O
0.0|90
+
0.0007O.O79+
0.0052
|

6.50460.02670.073
|

26.
||2|| |20.0

||5||+O.OOO70.0908
+

0.003976.88750.0225
W||2
0.00
|
89+0.000190.0707
+O.O
|
63742.8464O.O
|
99

Ci
=4.0756mg/L100.00
|
62+0.000
||3

0.05578+0.0|22039.43850.0|570.0685
>|70

|2
0.003
||
7+0.000
||3
0.0937
+
0.043533.856
|

0.0263
|4O.OO333+0.000
||4
0.08O3
+
0.0236
|

27.87|40.0226O.
|0|9||.O|63
|2
0.0034
+
0.000
||4O.O.809
+O.O
||
50527.25380.0227
|6
0.0074
+

0.000420.2258
+
0.0680934.9|920.06350.304
|
6.7006
|2

0.0057240.00038
O.3752
+

0.0760875.3|8O.1054º

CC

n=4+
S.D.
n=4+
S.D.(D

§ ->

*correctedformolecularweights
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AppendixXIIc.
Appearance
ofMEGXin
EffluentPerfusatefromLidocaine(low
Concentrations)
with

BloodFlowChanges
-
Studies
V|1,V|||
andIX

Study#EToodFIow.EffTuentConcentrations(mo/L)Co.,L.J.3%
*
Co3:

Predictions (m.
I

s/min)LidocaineMEGXLidocainetºrneCoMGX|Co EGX%

■ ºMEGX1

°Lidocaine■

W|||2
0.0208
+

0.00503
O.4||O3+0.0536
|

22.594
|
O.1030

Ci-4.5628mg/L|O0.0364
+
0.00
|9
0.2|58
+

0.0335||
7.14390.05420.24375.45|4

-|2
0.0|26
+
0.00|63O.744+
0.03
■

23
|

5.85380.0438
|4
0.0||5+0.000|70.2557
+
0.029825.46770.06420.5042
|

2.7
|
98
|2O.O.148+O.O.O.2670.6899
+

0.0609753.3927
O.
|

732
|6
0.0369
+
0.00
||
480.3946
+

0.02055
|

2.2486O.O.99
||

.30657.94.99
|2
0.0330
+
0.00249
|

.2699
+
0.550344.O77
|
O.3||88

V||||2
0.0280
+

0.00689
O.|8||5+0.02
||
057.42460.0467

L

Ci
=4.4513mg/L
|0
0.0207
it
0.0029
||
0.
I
59
|+
0.0|3808.80350.04090.|5238.046

|2
0.0|08
+
0.00|260.0948
+
0.03|69
|

0.054
|

0.0244
|4
0.0|55
+

0.00|08
0.1428
+
0.0|04
|

|0.5525
O.O3670.
||4||5
4.6564
|2
0.0|58
+
0.00||40.477
+
0.0|8
||0|
O.70730.0380
|6
0.0299
+
0.00
|
280.766+

0.0|5846.765
|

0.0397O.1987
|.8||7| |2

0.0278
+

0.00356
0.503+
0.0|096.9260.0387

|X
|2
0.0|72
+
0.00
||
390.2964
+
0.029|2
|

9.7382O.O627

Ci-4.7279mg/L|O0.02
||2+
0.00537
0.1994
+
0.0|98
|
O.77330.04220.
|9|960.192
|

|2
0.0||5+0.00532
0.642+
0.04|67
|
6.3544O.O398
|4
0.0185
+

0.000830.2|86
+0.30|
|

3.6822O.O530O.|8735.6785
|2
0.0||7+0.00070.567+
0.01600
|
5.3405O.O380
|6O.1200
+
0.026760.3667
+

0.048733.50020.08880.26034.5428
|2
0.0435
+

0.000590.2336
+

0.00942
6.5090.0566

n=4+
S.D.
n=4+
S.D.

;

*correctedformolecularweights
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