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ABSTRACT 

Several pharmacokinetic parameters have been used to 

quantitatively describe distributional processes of drug 

in the body. These parameters include apparent volumes of 

distribution, tissue-to-blood distribution coefficients 

and extraction ratios. 

Several pharmacokinetic parameters have been 

determined based on statistical moment analysis of 

concentration-time data through the determination of 

areas. We apply this area-based method for the 

determination of the initial volume of distribution (VI) 

and extend it to determination of the elimination rate 

constant (KIO). The area under the rate of change of 

concentration-time curve (AURC), whose value equals the 

sum of the coefficients of a multiexponential equation, is 

introduced. In addition, the normalized moment (AURC/AUC) 

is equal to KIO. 

It has been shown here theoretically and 

mathematically that under certain conditions it is 

necessary to correct for the residual blood in the tissue 

when measuring tissue concentrations. The potential error 

in ignoring this residual blood is expressed 

mathematically in terms of several important factors which 
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include the anatomical features of the tissue (volume 

fractions of the blood, interstitial fluid and cellular 

space) as well as the physicochemical properties of the 

drug (extent of binding in the blood and tissues). These 

theoretical considerations are evaluated using 

experimental data on the distribution of phencyclidine in 

the rat. We conclude that correction for the residual 

blood is necessary when the values of tissue distribution 

are very small or large (relative to one) and when the 

volume fraction of the blood in tissue is substantial. 

A model is formulated for the calculation of 

extraction ratio in an isolated perfused liver. This model 

takes into account the kinetics of binding between the 

drug and protein. This model differs from existing models 

in that binding equilibrium is not assumed. The model is 

able to predict several existing observations regarding 

the hepatic uptake of drug in the presence of albumin. 
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CHAPTER 1 

INTRODUCTION 

After intravascular administration or following 

absorption into the systemic circulation, drug molecules 

may be distributed to various regions of the body. Due to 

differences in the physicochemical properties of a drug 

(lipophilicity, molecular size and extent of ionization at 

body fluid pH) as well as the physiological C~ .. g., blood 

flow) and anatomical (~~~, nature of the capillary wall) 

characteristics of each tissue, drugs usually show a 

disparate distributive profile. This nonuniform pattern 

may serve a useful purpose if the drug distributes to a 

particular tissue in which the desired response is 

initiated. On the other hand, it may also cause a 

complication in drug therapy when the maximum distribution 

is to tissues other than the one containing the site of 

action. Hence, it is not only important to know the site 

of action it is equally important to identify the 

distributive profile of a drug. By knowing this uneven 

distributive pattern one can then attempt to increase the 

efficacy and reduce the toxicity of a drug. 
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There are several approaches used to examine the 

distribution and uptake of a drug in an organism. The 

processes may be investigated in an intact organism or in 

an in vitro isolated perfused organ. In the former, a 

simplistic approach is the determination of the apparent 

volumes of distribution. Another, more informative way, is 

to formulate a physiological pharmacokinetic mode! where 

the time course of drug concentrations in each organ or 

tissue is followed. Finally, a study carried out in an 

isolated perfused organ will yield a more detai!ed drug 

uptake profile. 

Volumes of Distribution 

Drug molecu!es may distribute to various major fluid 

compartments of the body. These include the intravascular 

fluid or blood, the extracellular/extravascular fluid and 

the intracellular fluid. Table I-I lists the re!ative size 

of each fluid region. Some drugs may be confined within 

the vasculature (~.g., indocyanine green) [Gibaldi and 

Perrier, 1982], while some substances are restricted to 

the extracellular fluid (~.g., gentamycin). In contrast, 

there are those compounds that may readily traverse 

cellular membranes and distribute throughout total body 

water (~.g., heavy water or antipyrine). However, it is 
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not likely that a drug will exist in an unassociated form 

in any of these fluid regions. The compound will usually 

bind to the proteins or certain macromole~ules found 

within the fluid regions. Hence, it is often difficult 

and, in fact, incorrect to use the real fluid volumes to 

describe drug distribution. This behavior has prompted the 

use of the term "apparent volume of distribution". 

In general, the apparent volume of distribution may 

be defined as the proportionality constant relating drug 

concentration in the blood or plasma to the amount of drug 

in the body. The fact that blood or plasma concentration 

is used as the reference fluid is based on its ease of 

accessibility for sampling. However, the volume term as 

defined above has a major drawback. Although the blood or 

plasma concentration is easily measured the amount of drug 

in the body at any given time is extremely difficult or 

nearly impossible to determine. Moreover, the rate of 

change in concentration and amount may not be proportional 

and this will lead to a time-dependent volume term. Thus, 

other simpler methods have been used to determine the 

apparent volume of distribution of a drug in the intact 

organism. 

Following the intravenous bolus administration of a 

drug, the plasma drug concentration-time profile may be 



described by a sum of exponential terms, assuming linear 

or first-order kinetics in all dispositional processes, 

D 

C(t) = l: AI"e -kl"t 
I = 1 

( 1-1) 

In the formula the AI's are coefficients, kl's are rate 
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constants and t is the time after injection [Rescigno and 

Segre, 1966; van Rossum, 1977]. However, mathematical 

expressions other than a sum of exponential terms have 

been used. These include the Fourier series [Coulam et 

~.!., 1966], 

D 2 It I 2 It I 

C(t) = i Ao + l: (AI cos t + BI sin t) 
1=1 p p 

(1-2) 

where AI and BI are coefficients and P is the period. 

Another descriptive mathematical form is that of a 

polynomial [Cutler, 1978], 

D 

C(t) = Ao + l: AI"tl (1-3) 
I = 1 

However, the exponential form is the one that is commonly 

used. 

Several volume terms have been formulated based on 

this particular mathematical form. Table I-II illustrates 

the definition of each term as well as the respective 

mathematical expression. The volume terms are easily 
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determined after evaluating the coeficients and 

exponential terms used to describe the concentration-time 

profile. As indicated in the table, the volumes can be 

calculated based on the dose administered and the values 

of the coefficients and rate constants in the exponential 

equation. One method that is commonly used in the 

determination of the coefficients and the rate constants 

is nonlinear least-square analysis of the concentration

time data obtained after IV administration of the drug. 

Ordinary least-squares methods minimize the sum of the 

squared differences between the observed and the expected 

values Ct~., SS = ~ (y I - Y I) 2), where y I and Y I are the 

observed and predicted ith values, respectively. However, 

this simple optimization method sometimes ignores the 

terminal data. A large error will then be found in the 

final results. This situation prompted the use of 

weighting schemes in the fitting process. The quantity 

used for optimization in this case is SSw (weighted sum of 

the squares of the deviations between YI and YI; SSw = ~ 
wl(YI - YI)2, where WI is the weight assigned to the ith 

observation). However, it has been shown that the 

weighting of data for nonlinear regression analysis is a 

highly subjective process [Balant and Garrett, 1978]. The 

final estimates lvill depend upon the weighting function as 
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well as the personal judgement of the data analyst as to 

which function gives the optimal results. One existing 

method does not suffer from such limitations. This so 

called "noncompartmental" or "model-independent" approach 

is based on statistical moment analysis of the 

concentration-time data [Yamaoka et al, 1978; Nuesch 

1984]. The time course of plasma concentration (Cp(t)) 

following a single dose of drug is regarded as a 

statistical distribution curve [Himmelblau and Bischoff 

1968]. Given a theoretical relationship between Cp(t) and 

time, the statistical moments can be derived from, 

S r = J: t r . C p ( t) dt (r = 0,1, 2, ... m) (1-4) 

where Sr is the rth statistical moment and t is the post 

administration time. The zeroth (r=O in equation 1-4) and 

the first (r = 1) moments are equivalent to the area under 

the concentration-time curve (AUC) and the area under the 

first moment curve (AUMC), respectively. Instead of using 

the moment generating function, for example the sum of 

exponentials, both AUe and AUMC have been determined 

directly from the experimental data using available 

approximation methods to calculate the areas. Several 
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pharmacokinetic parameters such as clearance, 

bioavailability and volume of distribution at steady state 

have been calculated based on this area determination 

method. However, similar methods for calculation of the 

initial volume of distribution have not been tested •. 

Hence, one of the purposes of this investigation is to 

develop and evaluate a technique for the determination of 

the initial volume of distribution (Vl). 
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Table I-I. Fluid Regions in the Human Body 

% 
Body Volumes a f- Body ----j 

(Liters) Weight b Region 

Extracellular 15.0 
Blood 5.0 7.5 

Plasma 3.0 4.5 
Cell 2.0 3.0 

Other C 10.0 15.0 

Intracellular 25.0 

Total Body Water 40.0 

a. Adapted from Guyton, (1976); values are based on a 
70 kg male. 

b. Body fluid regions expressed as percentage of body 
weight. 

c. Includes interstitial, cerebrospinal, 
intraocular, and gastrointestinal tract fluids 
and other specialized fluids (peritoneal cavity, 
pericardial cavity, all the joint spaces and the 
bursae) . 

22.5 

37.5 

60.0 



Table I-II. Volumes of Distribution Used in 
Pharmacokinetic Models 

Equations 

Volume Terms Parameters 

D 
V 1 or Vel = 

D 
VI3 or Vd 2 = 

[ 
CI 

] Kn .~ 
K\ 

D 
= 

Cl 

D·~ 
[ K:: ] 

Vdss 4 = 

[ ~ CI J 2 
KI 

26 

statistical 
Moment 

D 
= 

Kn ·AUe 

D·AUMC 
= 

AUC2 

The symbols used in the table such as C, D, K, AUe and 
AUMC denote concentration, dose, elimination rate 
constant, area under the concentration-time curve and the 
area under the first moment curve, respectively. 
1. Volume of plasma or central compartment or initial 

volume of distribution. 
2. Vd area or apparent volume of distribution. 
3. Extrapolated volume of distribution. 
4. Volume of distribution at steady state. 
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CHAPTER 2 

THEORY 

Assuming linear (J..!.~ . ..!' •• , dose-independent) kinetic 

processes, and that a mammillary compartmental model with 

central elimination will correctly describe drug 

disposition, the plasma concentration-time curve following 

an I.V. bolus dose may be expressed by the following 

general equation, 

D 

C (t) = ~ C I ' e- k I ' t ( 1-5) 
j = 1 

where C(t) is concentration at time t and Ci and kl's are 

coefficients and first-order rate constants, respectively. 

The rate of change of concentration is given by the 

derivative of equation 1-5, 

dC D 

= ~ kl'CI'e-kl't 
dt j = 1 

(1-6) 

Integrating the above equation from time zero to infinity 

leads to the following expression which represents the 

total area under the rate of change of concentration-time 

curve (AURC), 
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n 

AURC = ~ Ci (1-7 ) 
i = 1 

Since the right-hand side of equation 1-7 may be 

recognized as being equal to the time zero concentration 

following an LV. bolus dose C:!:. .. ! .. ~ .. !.., ~ CI = Co), 

AURC = Co ( 1-8) 

and, therefore, VI may be calculated by (Table I-II), 

Dose 
(1-9) 

AURC 

The value of AURC may be calculated by applying an area 

approximation method (~,,!...~ .• , trapezoidal rule) to a plot of 

rate of change of the concentration (approximated by, 

AC/At) versus the midpoint of the rate interval (t~ld). 

For a model with "n" number of compartments and 

assuming central elimination, the elimination rate 

constant associated with the central compartment (KIO) may 

be derived to be equal to, 
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n n 

1t kl 
; = 1 i = 1 

K 10 = (1-10) 
n n 
~ (C\·1t kJ 

; = 1 ,j = 1 

J = I 

Dividing the numerator and the denominator of the right 

side of equation 1-10 the following equation is obtained. 

n 

i = 1 

n D D 

~ (C\·1t kJ) / 1t kd 
1=1 ';=1 ;=1 

j-j 

After simplification equation 1-11 becomes, 

n 

; = 1 

(1-11) 

KIO = (1-12) 
D 

~ CI/kl 
; " 1 

It can be seen that the numerator on the right side of 

equation 1-12 is equal to the concentration at zero time 

and hence, AURC (equation 1-8), following IV bolus 

administration. It can also be noted that the denominator 



in this case is equal to the total area under the 

concentration time curve. With these equalities equation 

1-11 can then be written as, 

30 

K 10 = 
AURC 

AUC 
(1-13) 

where AUC is the total area under the plasma 

concentration-time curve. 

Equation 1-10 is a general form used to calculate Klo 

from a defined compartmental model and from the values of 

Ci and kl (or kJ) [Gibaldi and Perrier, 1982]. However, as 

noted in equation 1-13, Klo may be determined from area 

calculations alone without resorting to model 

specification (t!...~., the number of compartments of a 

mammillary model) or fitting procedures. 
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CHAPTER 3 

METHODS 

Data Simulations 

The method outlined to calculate Vi and KIO will be 

evaluated tvith simulated data. The results from the 

simulation will illustrate the practicality of the 

proposed technique through the comparison of parameters 

estimated from the proposed technique and the true values. 

Comparison will also be made between results from this 

technique and those obtained by nonlinear regression 

analysis. Plasma concentration-time data were simulated 

using three model equations, 

C(t) = 30.0 e- 2 • St + 10.0 e- O • 7t (1-14) 

C(t) = 3.0 e- I • Ot + 1.0 e- O • 2t ( 1-15) 

C(t) = 750.0 e- 10 • ot + 5.0 e- O • 5t (1-16) 

The doses used were 500, 250 and 1000 units for equations 
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1-14, 1-15 and 1-16, respectively. Random error at the 

level of 10% and 15% (t~., ranging from -10% to +10% and 

-15% to +15%) was introduced into the concentration values 

for each of the ten simulated data sets for equations 1-14 

and 1-15. The simulated data sets based on equation 1-16 

contained a 15% level of error. The generation of the 

normally distributed error and the resulting concentration 

values containing the error were obtained using the method 

outlined by Gottfried [1984], 

Z = (-21n(Ud P - sin(27[-Ud (1-17) 

where Z is the normal random variate and Ui and U2 are 

generated and uniformly distributed random numbers 

(ranging from 0 to 1.0). The error (X) is then calculated 

from, 

X = J.l t (1'Z (1-18) 

where J.l is the mean (assumed to be zero) and (1 is the 

standard deviation. The standard deviations were 3.3 and 

5.0 for the 10% and 15% error levels, respectively, for 

all model equations. The resulting values of the error are 

introduced into the simulated plasma concentrations. 
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The rate of change of plasma concentration (dC/dt) 

was calculated and plotted (semi-log axes) as a function 

of the mid-point of the rate interval (dt). The total area 

under the rate curve (AURC) was calculated in the 

following manner. The initial rate values which appeared 

to be log-linear were fit by linear regression. The 

initial area from time zero to the first point was 

determined by applying the linear trapezoidal rule to the 

intercept values on the y-axis (from the regression fit) 

and the first points for equations 1-14 and 1-15. The same 

rule was then applied to all other rate-time points. 

However, for equation 1-16, the first area segment from 

time zero to the first point was determined by the log

trapezoidal rule (because of the very rapid change in 

rate) while the linear-trapezoidal rule was used for all 

other rate-time points. The terminal data which appeared 

to be log-linear were analyzed by regression to obtain the 

terminal slope. The resulting slope constant was divided 

into the last rate value (on the regression line) to 

obtain the terminal area to time infinity. The above three 

areas were summed to obtain the total time zero to 

infinity area (AURC). The values of VI were determined 

from equation 1-9. 

The same simulated plasma concentration-time data 
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sets with error that were analyzed as described above were 

also analyzed by a nonlinear regression algorithm [Metzler 

and Weiner, 1984]. The data were fit to both a bi- and 

tri-exponential equation with weighting of 1/Y2 and a 

statistical test was applied to determine the most 

acceptable equation [Boxenbaum~~. ___ ~! .. , 1974]. The values 

of Vt were determined from, 

Dose 
(1-19) 

D 

where Al is the computer-generated coefficient associated 

with the ith exponential term. Values for KID were 

determined from equation 1-13 as developed in the 

theoretical section. 

Literature Data 

Concentration-time data for different drugs were 

obtained from a variety of journals. Only those data where 

time and the corresponding concentration were given in a 

numerical form are included in the selection. This will 

avoid the uncertainty and inaccuracy in trying to estimate 

concentrations from the graphical data. A total of 14 sets 

of data were obtained in this manner from the literature. 
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Table I-III indicates the sources from Hhich the data were 

obtained. The table also includes the names as well as the 

pharmacologic classification of the drugs. These data were 

then analyzed by the AURC and nonlinear regression methods 

as in the case of the simulated data. 



Table I-III. Drugs for which concentration-time data were obtained 
from the literature. 

Drug 

Ampicillina 
Ampicillin b 

Carbenicillin 
Cefazedone 
Cefazolin 
Cimetidine 
Cloxacillin 
Erdrophonium 
Etomidate 
Flucloxacillin 
Glipizide 
Mecillinam 
Pentobarbital 
Piperacillin 

a. dose = 500 mg 
b. dose = 2.0 g 

Therapeutic 
Use 

antibiotic 
antibiotic 
antibiotic 
antibiotic 
antibiotic 
anti-histamine 
antibiotic 
anticholinesterase 
anesthetic 
antibiotic 
antidiabetic 
antibiotic 
sedative 
antibiotic 

References 

Bergan ~~_~!. (1974) 
Bergan et al. (1974) 
Bergan ~!-__ ~:!. (1974) 
Pabst et_.al. (1979) 
Pabst ~t ale (1979) 
Walkenstein ~~_~!. (1978) 
Bergan e~ .. ~!.. (1974) 
Calvey ~~_al. (1975) 
Van Hamme ~!:._...!!!.' (1978) 
Bergan ~!: __ .!!!.' (1974) 
Schmidt et.~!. (1973) 
Roholt ~~_.~!. (1975) 
Smi th et....!!!. (1973) 
Evan ~~_.!!.!' (1978 ) 

CJ.) 

en 
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CHAPTER 4 

RESULTS 

Simulated Data 

From the simulated concentration-time data the 

corresponding rate of change in concentration with respect 

to time was calculated and subsequently plotted 

graphically. The areas under the concentration-time and 

the corresponding rate-time curves were then calculated by 

the trapezoidal rule and regression technique for each of 

the model equations. These area values were subsequently 

used in the calculation of VI and Klo. Comparison was then 

made between the estimated and true values of VI and Klo 

to evaluate the accuracy and precision of the proposed 

method in the calculation of both parameters. 

Simulated Concentrations and Rates 

Figures 1-1 through 1-3 illustrate semi-log plots of 

the concentration-time data (without error) for each of 

the three model equations used in the analyses. The 

symbols (open circle) indicate the times that were used 

for simulating the concentration values. The corresponding 
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semi-log plots of the rate of change of concentration vs 

time are also illustrated in the figures. The Y-axis on 

the left in each figure is associated with the 

concentration while the axis on the right corresponds to 

the rate. The symbols (open triangle) represent the rates 

obtained from the exact equation (without error). The 

symbols along the y-axis (at time=O) indicate the 

theoretically correct values for Co and the initial 

maximum rate. The three model equations are 

characteristically different in terms of the terminal-half 

life and the early time disposition profile. The 

efficiency of drug distribution out of the vasculature is 

simulated by choosing model equations with different 

initial slope profiles. Distribution is most rapid in the 

case of the third model equation (equation 1-16) with the 

concentrations ranging from about 0.1 to 1000 (arbitrary 

units). The corresponding concentration ranges for 

equations 1-14 and 1-15 are 0.1-50.0 and 0.001-5, 

respectively. As will be pointed out later, these 

characteristic differences in the model equations will add 

credence to the test for accuracy and precision of the 

proposed technique for calculating VI and Klo. 
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Area Under the Rate Curves 

Table I-IV presents a single data set whose 

simulated concentrations (based upon equation 1-14) 

contain a 10% level of random error (data set 4 in Table 

I-V). The percentage errors introduced in this case range 

from -3.23% to 4.89% which is within the intended range of 

± 10%. Randomness in the positive and the negative errors 

may also be seen in the table. The table illustrates the 

calculation of rate of change of concentration and the 

corresponding areas (AURC). In this example the first four 

concentration-time points were used to obtain an estimate 

of the time-zero rate (y-intercept). The extrapolated rate 

at time zero was 68.4 compared to the theoretically 

correct value of 82.0 based upon concentrations without 

error. The last four points were used to estimate the 

terminal rate constant whose value was determined to be 

0.78 hr- 1 compared to the correct value of 0.70 hr- I 

(equation 1-14). For this data set and, based upon the 

AURC method and the fitting of the data, VI was calculated 

to be 12.90 (3.2% error) and 12.64 (1.1% error), 

respectively. The theoretically correct value is 12.50. 

The values for KID were 1.47 and 1.51 hr- 1 based upon the 

AURC method (equation 1-13) and fitting of the data, 

respectively. Both values contrast well with the 
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theoretically correct value of 1.52 hr- 1 • 

Values of Vl and Klo 

Tables I-V and I-VI summarize the results of the 

analysis from ten simulated data sets containing 10% and 

15% levels of error, respectively, based upon equation (1-

14). For data sets with 10% level of error (Table I-V) the 

mean estimated VI (± SD) based upon the AURC and fitting 

methods were 12.39 (± 0.54) and 12.89 (± 0.39), 

respectively. The theoretically correct value is 12.50. 

The absolute mean percent error (± SD) associated with the 

former and the latter methods were 3.53 (±3.00) and 3.53 

(± 2.51), respectively. However, the percent errors 

associated with the AURC method were more randomly 

distributed compared to those associated with fitting of 

the data (where nine out of ten values were over

estimations). This can be seen with reference to Figure 

1-4 (note the expanded axes). There were ten simulated 

data sets at each of two levels of error (10 and 15%) and 

for each of two methods. Each point in the figure 

represents one data set. Identical symbols were used for 

each data set for the two methods. The cross-hatched 

vertical bars represent the standard deviation of the mean 
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of the values from ten data sets. The horizontal line to 

the left of the graph represents the exact value for VI 

and KIO. The Y-axis has been expanded for clarity in 

making qualitative comparisons between the two methods. 

The mean values of KIO (± SD) were 1.52 hr- l (± 0.06) and 

1.49 hr- l (± 0.03) based upon the AURC and fitting 

methods, respectively, which agree well with the exact 

value of 1.52 hr- I • 

For data sets based upon the same equation (equation 

1-14) with 15% level of error (Table I-VI), the mean 

values of VI were 12.71 (± 0.88) and 12.44 (±0.80) based 

upon the AURC and the fitting methods, respectively. The 

tendency for the fitting method to over-estimate VI, as 

observed at the 10% level of error is not seen at this 

level of error (Figure 1-4). The values of KIO based upon 

the AURC and the fitting methods were 1.50 hr- 1 (± 0.09) 

and 1.55 hr- l (± 0.10), respectively (Figure 1-5). The 

corresponding absolute mean percent errors were 4.54 (± 

4.04) and 5.20 (± 3.84). 

The results of the simulations for the second model 

equation (equation 1-15) are presented in Tables I-VII and 

I-VIII as well as Figures 1-6 and 1-7. The correct value 

of VI is 62.5 which compares well with the AURC estimates 

(± SD) of 60.81 (± 1.83) and 61.62 (± 2.20) at the 10% and 
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15% levels of error, respectively. The fitting method gave 

estimates of VI (± SD) of 63.16 (± 1.05) and 63.83 

(± 3.03) at the two levels of error. The absolute mean 

percent error was greater for the AURC estimation of VI. 

Both methods (at two levels of error) resulted in good 

estimates of Klo compared to the theoretically correct 

value of 0.50 hr- I , however, the greater absolute mean 

percent error was associated with the AURC method. 

Only one level of error was introduced into the 

simulated data sets based on equation 1-16. The results 

are shown in Table I-IX and Figures 1-8 and 1-9. The mean 

values of VI were 1.25 (± 0.05) and 1.32 (± 0.05), based 

upon the AURC and the fitting methods, respectively. 

However, the AURC method underestimates VI in all of the 

data sets with values ranging from 1.17 to 1.32 compared 

to the theoretically correct value of 1.325. A similar 

trend I i..~ .. ~!..1 under-estimation, ~.j'as also observed for the 

KID values determined by the AURC method. The exact value 

is 8.88 hr- 1 while the estimated values based upon the 

AURC method ranged from 7.68 to 9.00 hr- I • The mean Klo 

based upon the AURC and the fitting methods were 8.16 hr- I 

(± 0.47) and 8.95 hr- 1 (± 0.19), respectively. The 

absolute mean % error for the AURC method (8.36%) was 

substantially greater than for the fitting method (1.60%). 
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Literature Data 

Literature data were available for the following 

drugs: ampicillin (at two different doses; 0.5 g and 2.0 

g), carbenicillin, cefazedone, cefazolin, cimetidine, 

cloxacillin, edrophonium, etomidate, flucloxacillin, 

glipezide, mecillinam, pentobarbital and piperacillin 

(Table I-X). All of the studies were done in humans. Some 

studies include only male subjects while other studies 

include subjects of both sex. The dose, which is expressed 

as the free base when the drug was given in a salt form, 

in each study is shown in Table I-X. The number of data 

points in each study varies from 7 to 14. The duration of 

blood collection in most cases lasted for about 6 

elimination half-lives, with the exception of the study 

involving pentobarbital where the duration is less than 6 

half-lives. 

The values of VI and Klo estimated from the AURC and 

fitting methods are plotted in Figures 1-10 and 1-11, 

respectively. Figure 1-10, for values of Vt, illustrates 

the qualitative comparison between the estimates from the 

two methods. Identical symbols are used for the VI values 

for each compound. It can be seen that the estimates from 

the two methods are practically similar. The correlations 
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of the values of VI and KIO obtained from the proposed 

method and fitting are shown in Figures 1-12 and 1-13, 

respectively. For the case of VI (Figure 1-12), almost 

all of the points lie very close to the line of identity. 

This indicates the practical equality of Vl values 

obtained by both techniques. A linear regression of the 

data resulted in a slope of 0.90 and a correlation 

coefficient of 0.984. Results from a more detail analysis 

are shown in Table I-X. This table lists the individual 

values of VI and KIO for each drug calculated by both 

techniques. In most cases, except for edrophonium, 

flucloxacillin and piperacillin, the estimates from the 

AURC method are lower than the values obtained from 

fitting. 

A graphical comparison between the values of Klo from 

both techniques is shown in Figures 1-11 and 1-13. Again, 

Figure 1-11 shows the close association between the 

estimates for each compound obtained from the two methods. 

The correlation between the estimates are shown in Figure 

1-13. The data points in the figure seem to be close to 

the line of identity which indicates the similarity 

between the values of the two groups of estimates. The 

linear regression parameters are 1.098 and 0.957 for the 

slope and correlation coefficient, respectively. 
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Individual values of KI0 for each drug are shown in Table 

I-IX. In contrast to the seemingly lower estimates of VI 

by the AURC method, a reverse trend is noted in the case 

of Klo. Only in three cases were the values obtained from 

fitting found to be larger than the AURC estimates. 
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Table I-IV. Example of a single data set of simulated 
plasma concentrations containing error and 
calculation of the area under the rate curve 
(AURC) • 

Conc. 
Time Tald Exact % with 
(hr) (hr) Conc. Error Error a Rate b AURCc 

0.25 24.45 -2.83 23.76 
0.50 0.375 15.64 2.00 15.96 31. 22 18.68 d 
0.75 0.625 10.52 -1.29 10.38 22.30 6.69 
1.00 0.875 7.42 -0.75 7.37 12.03 4.29 
1. 50 1.250 4.21 4.57 4.40 5.95 3.37 
2.00 1.750 2.67 1. 44 2.71 3.38 2.33 
2.50 2.250 1. 80 7.49 1.93 1. 55 1.23 
3.00 2.750 1.24 4.89 1.30 1. 26 0.70 
4.00 3.500 0.61 -0.93 0.60 0.70 0.73 
5.00 4.500 0.030 -3.23 0.29 0.31 0.51 
6.00 5.500 0.15 -1. 77 0.14 0.15 0.23 

0.18 e 

a. Concentration generated from equation 1-14 with 10% 
level of error 

b. Rate = (C,-CI+1)/(T.ld,l+1 - Tald,,); where C, and 
CI+1 are the concentrations (containing error) and 
Tald" and Ta ld,l.1 are the corresponding Tald values. 

c. Area determined by linear trapezoidal rule. 
d. The initial area was determined by applying the linear 

trapezoidal rule to the rate at time zero (from linear 
regression of the first 4 rate-time values) and the 
rate at the first Tald (0.375 hr). 

e. Terminal area determined by dividing the last measured 
rate (at Tald = 5.5 hr) by the slope constant 
determined from linear regression of the last 4 rate
time values. 



Table I-V. Values of VI and KID obtained by the AURC method and by 
fitting simulated plasma concentration-time data with 
10% level of error. 

--"-.---'---"--~.""----'-"'--'---""----'--'--' ..... _._----_ ... _ ... _--_._ ..• -._._ ...•.... _-_ .. _ ... __ ..... - .-.-.•. - . - .. ,-, ._ .. __ ._---

Fitting AURC Fitting AURe 
Data a 

Set VI % Error VI % Error KID % Error KID % Error 

1 13.36 6.86 12.46 -0.30 1.45 -4.93 1. 50 -1-.32 
2 12.91 3.25 l1.23 -10.16 1.48 -2.96 1.65 8.55 
3 12.85 2.78 12.22 -2.22 1.48 -2.63 1.54 1.32 
4 12.64 1.13 12.90 3.20 1. 51 -0.86 1.47 -3.33 
5 12.23 -2.18 12.34 -1.27 1.54 1. 51 1.49 -2.17 
6 13.20 5.60 13.21 5.68 1.47 -3.22 1.46 -4.08 
7 12.68 1.42 12.70 1.59 1. 51 -0.46 1.47 -3.22 
8 13.54 8.32 12.83 2.63 1. 43 -5.99 1.47 -3.22 
9 12.74 1. 94 12.26 -1. 94 1. 51 -0.86 1. 55 1. 78 

10 12.72 1. 77 l1.71 -6.30 1. 51 -0.72 1.60 5.33 

Mean b 12.89 3.53 12.39 3.53 1. 49 2.41 1. 52 3.43 
S.D. 0.39 2.51 0.54 3.00 0.03 1.90 0.06 2.20 

a. Concentration generated from equation (1-14). The exact values for 
VI and KID are 12.50 (arbitrary unit) and 1.52 (hr- J ), respectively. 

b. Absolute mean % error. 

~ 
...;J 



Table I-VI. Values of VI and K10 obtained by the AURC method and by 
fitting simulated plasma concentration-time data with 
15% level of error. 

Fitting AURC Fitting AURC 
Data a 

Set VI % Error VI % Error K10 % Error K10 % Error 

1 10.95 -12.37 12.54 0.35 1. 73 13.82 1. 50 -1. 32 
2 12.72 1.78 12.68 1.41 1.49 -1.97 1.48 -2.70 
3 13.31 6.46 13.17 5.35 1.44 -5.26 1.48 -2.89 
4 12.05 -3.62 11. 62 -7.03 1. 61 5.92 1.62 6.78 
5 13.21 5.66 12.96 3.66 1.49 -1. 97 1. 50 -1. 51 
6 13.14 5.12 12.83 2.62 1.48 -2.63 1. 48 -2.70 
7 11. 54 -7.67 12.47 -0.27 1.67 9.87 1. 53 0.86 
8 13.19 5.50 14.47 15.76 1.46 -3.95 1.32 -13.36 
9 12.16 -2.74 13.17 5.35 1. 57 3.29 1. 46 -4.14 
0 12.17 -2.63 11.24 -10.10 1.57 3.29 1.66 9.14 

Mean b 12.44 5.35 12.71 5.19 1. 55 5.20 1. 50 4.54 
S.D. 0.80 3.09 0.88 4.83 0.10 3.84 0.09 4.04 

a. Concentration generated from equation (1-14). The exact values for 
. VI and K10 are 12.50 (arbitrary unit) and 1.52 (hr- 1 ), respectively. 
b. Absolute mean % error. 
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Table I-VII. Values of VI and K10 obtained by the AURe method and by 
fitting simulated plasma concentration-time data with 
10% and 15% level of error. 

'-'-"'-'-' .-.... ---. 

Fitting AURC Fitting AURC 
Data B 

Set VI % Error VI % Error K10 % Error K10 % Error 

1 64.37 2.99 62.14 -0.57 0.48 -3.40 0.52 3.40 
2 62.53 0.05 61.05 -2.32 0.50 0.60 0.53 6.40 
3 61.69 -1.30 58.00 -7.20 0.51 2.00 0.55 10.60 
4 64.30 2.88 62.93 0.68 0.49 -2.20 0.51 2.60 
5 62.36 -0.22 57.94 -7.29 0.50 0.20 0.56 11.40 
6 63.51 1. 61 62.79 0.46 0.50 -1.00 0.52 3.60 
7 63.76 2.02 61. 26 -1.98 0.49 -1.40 0.53 6.00 
8 62.46 -0.07 59.54 -4.73 0.51 1. 80 0.55 10.00 
9 62.11 -0.62 60.30 -3.52 0.50 0.00 0.53 6.00 

10 64.55 3.28 62.13 -0.59 0.49 -2.40 0.52 4.00 

MeanY 63.16 1. 50 60.81 2.93 0.50 1. 50 0.53 6.40 
S.D. 1.05 1. 26 1. 83 2.67 0.01 1.07 0.02 3.21 

a. Concentration generated from equation (1-15). The exact values for 
VI and K10 are 62.50 (arbitrary unit) and 0.50 (hr- 1 ), respectively. 

b. Absolute mean % error. 
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Table I-VIII. Values of VI and K10 obtained by the AURC method and by 
fitting simulated plasma concentration-time data with 
15% level of error. 

Fitting AURC Fitting AURC 
Data a 

Set VI % Error VI % Error K10 % Error K10 % Error 

1 61.70 -1.29 62.27 -0.37 0.52 4.40 0.54 7.00 
2 68.23 9.17 64.64 3.42 0.46 -7.20 0.51 2.40 
3 65.18 4.29 61. 45 -1.68 0.49 -2.00 0.53 6.20 
4 59.94 -4.10 57.95 -7.28 0.51 2.80 0.55 10.80 
5 60.77 -2.77 62.85 0.55 0.53 5.40 0.52 4.20 
6 61. 71 -1.26 57.59 -7.85 0.50 0.20 0.51 1.80 
7 65.69 5.11 62.80 0.48 0.49 -3.00 0.52 4.40 
8 61.36 -1.82 62.18 -0.51 0.53 5.20 0.54 8.00 
9 66.84 6.95 61. 77 -1.17 0.47 -5.80 0.52 3.80 

10 66.91 7.05 62.70 0.31 0.47 -5.80 0.52 4.40 

Mean b 63.83 4.38 61.62 2.36 0.50 4.18 0.53 5.30 
S.D. 3.03 2.70 2.20 2.90 0.02 2.13 0.01 2.73 

a. Concentration generated from equation (1-15). The exact values for 
VI and K10 are 62.50 (arbitrary unit) and 0.50 (hr- 1 ), respectively. 

b. Absolute mean % error. . 
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Table IX. Values of VI and K10 obtained by the AURC method and by 
fitting simulated plasma concentration-time data with 15 % 
level of error. 

Fitting AURC Fitting AURC 
Data a 

Set VI % Error VI % Error K10 % Error K10 % Error 

1 1. 38 4.15 1. 29 -2.64 8.88 -0.02 7.80 -12.18 
2 1. 23 -6.87 1. 25 -5.66 9.36 5.38 7.86 -11.51 
3 1. 39 4.91 1. 30 -1.89 8.69 -2.16 8.77 -1.26 
4 1.38 4.15 1.32 -0.38 8.83 -0.59 7.87 -11.39 
5 1.25 -5.66 1.19 -10.19 8.95 0.77 7.75 -12.74 
6 1. 32 -0.38 1. 21 -8.68 8.84 -0.47 8.19 -7.79 
7 1. 31 -1.13 1. 23 -7.17 9.05 1. 89 9.00 1.33 
8 1. 33 0.38 1.17 -11.70 8.99 1. 22 8.60 -3.17 
9 1. 32 -0.38 1. 29 -2.64 8.81 -0.81 7.68 -13.53 

10 1. 28 -3.40 1. 23 -7.17 9.12 2.68 8.11 -8.69 

Mean b 1. 32 3.14 1. 25 5.81 8.95 1.60 8.16 8.36 
S.D. 0.05 2.41 0.05 3.81 0.19 1. 57 0.47 4.79 

a. Concentrations generated from equation (1-16). The exact values for 
VI and K10 are 1.325 (L) and 8.882 (hr- 1 ), respectively. 

b. Absolute mean % error. 
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Table I-X. Characteristics of the Studies for which 
Concentration-Time Data were Obtained. 

# of 
Ti 8 # of Dose Data 

Drug (hr) Subj.b Sex e (g) Points d 

Ampicillin 0.91 5 F/M 0.500 14 
Ampicillin 0.91 5 F/M 2.000 9 
Carbenicillin 1.30 5 F/M 5.000 13 
Cefazedone 1.64 10 M 0.500 9 
Cefazolin 1. 77 13 M 0.500 9 
Cimetidine 2.09 12 - e 0.300 11 
Cloxacillin 0.65 5 F/M 2.000 9 
Erdrophonium 0.58 5 F/M 0.500' 12 
Etomidate 4.59 8 F/M 0.300~ 14 
Flucloxacillin 0.88 5 M 2.000 8 
Glipizide 34.66 3 M 0.001 11 
Mecillinam 1. 71 9 - e 0.273 7 
Pentobarbital 69.32 5 M 0.456 15 
Piperacillin 1.08 12 M 0.015- 8 

a. Terminal half-life. 
b. Number of subject. 
c. Sex of the subject. 
d. Number of data points. 
e. Not available from the literature. 
f. Ilmole/kg 
g. mg/kg 
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1st 
Sample 
(hr) 

0.100 
0.125 
0.083 
0.083 
0.083 
0.250 
0.125 
0.033 
0.067 
0.250 
0.167 
0.250 
0.080 
0.083 



Table I-XI. Values of VI and K10 Obtained by the AURC Method and by 
Fitting Literature Plasma Concentration-Time Data 

VI (L) K10 (l/hr) 
% % 

Drug FIT AURC Diff.a FIT AURC Diff.a 

Ampicillinb 13.500 12.472 8.239 1.532 1.635 -6.340 
Ampicillinc 17.215 14.006 22.911 1. 377 1.608 -14.401 
Carbenicillin 7.289 6.784 7.452 1.650 1. 747 -5.535 
Cefazedone 5.660 5.537 2.230 1.002 0.993 0.932 
Cefazolin 5.721 5.572 2.673 0.681 0.682 -0.186 
Cimetidine 34.919 28.640 21.924 0.976 1.181 -17.367 
Cloxacillin 5.945 4.375 35.888 1.868 2.404 -22.282 
Erdropbonium 0.018 d 0.020 d -9.691 0.331 0.297 11. 460 
Etomidate 0.383 d 0.380 4 0.641 1.818 1.876 -3.089 
Flucloxacillin 5.178 5.900 -12.226 1. 501 1.277 17.543 
Glipizide 5.781 5.074 13.941 0.253 0.258 -1. 597 
Mecillinam 10.472 9.153 14.410 1..584 1.708 -7.284 
Pentobarbital 36.613 36.195 1.157 0.035 0.036 -1. 246 
Piperacillin 0.047 d 0.098 4 -52.064 2.329 2.444 -4.722 

a. Percentage difference between values obtained from the fitting and 
AURC methods. 

b. Dose = 500 mg 
c. Dose = 2.0 g 
d. L/kg. 
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Figure 1-1. Plasma concentration (open circles, Y-axis 
on the left) and the rate of change of 
plasma concentration (open triangles, Y-axis 
on the right) as a function of time for 
equation 1-14. The data points indicate the 
sampling times used in all simulations (with 
the exception of time zero) 
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Figure 1-2. Plasma concentration (open circles, Y-axis 
on the left) and the rate of change of 
plasma concentration (open triangles, Y-axis 
on the right) as a function of time for 
equation 1-15. The data points indicate the 
sampling times used in all simulations (with 
the exception of time zero) 
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Figure 1-3. Plasma concentration (open circles, ¥-aX1S 
on the left) and the rate of change of 
plasma concentration (open triangles, Y-axis 
on the right) as a function of time for 
equation 1-16. The data points indicate the 
sampling times used in all simulations (with 
the exception of time zero) 
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Figure 1-4. Values of estimated VI based upon the AURC 
method and the fitting of data containing 
error of 10 and 15 percent. The simulated 
data were obtained from equation 1-14. 
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Figure 1-5. Values of estimated K1D based upon the AURC 
method and the fitting of data containing 
error of 10 and 15 percent. The simulated 
data were obtained from equation 1-14. 
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Figure 1-6. Values of estimated VI based upon the AURC 
method and the fitting of data containing 
error of 10 and 15 percent. The simulated 
data were obtained from equation 1-15. 
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Figure 1-7. Values of estimated K10 based upon the AURC 
method and the fitting of data containing 
error of 10 and 15 percent. The simulated 
data were obtained from equation 1-15. 
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Figure 1-8. Values of estimated V1 based upon the AURC 
method and the fitting of data containing 
error of 15 percent. The simulated data were 
obtained from equation 1-16. 
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Figure 1-9. Values of estimated KIO based upon the AURC 
method and the fitting of data containing 
error of 15 percent. The simulated data were 
obtained from equation 1-16. 
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Figure 1-10. Values of estimated VI based upon the AURC 
method and the fitting of data obtained from 
the literature. 
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method and the fitting of data obtained from 
the literature. 

64 



40~----------------------------------~ 

30 

.-
> 

10 

10 20 30 40 

V1 (FIT) 

Figure 1-12. Correlation of Vl estimates based upon the 
AURC method and the fitting of literature 
data. The solid line is the line of 
identity. 
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CHAPTER 5 

DISCUSSION 

The purpose of this section is to discuss the 

application of a method to approximate the initial or 

central volume of distribution (VI) and the elimination 

rate constant (KII) following an intravenous bolus 

injection of a drug. The method assumes that disposition 

may be described by the sum of linear exponential terms 

associated with a mammillary model where elimination 

occurs from the central (or first) compartment. With the 

above restrictions the technique is "noncompartmental", 

or, perhaps more appropriately, may be referred to as an 

area-based analysis. We discuss below that, in fact, 

these assumptions are not necessary. The new area term 

introduced here is the area under the rate of change of 

concentration vs time curve (AURC). The latter concept 

appeared in the literature a number of years ago in a 

publication by Martis and Levy (1973). It has been shown 

here that AURC applies to multiexponential equations. 

Furthermore, the ratio of that area (AURC) to the area 

under the concentration-time curve (AUC or the zeroth 

moment) permits an estimate of the elimination rate 



constant. The latter calculation results in a normalized 

moment as those associated with mean residence time or 

variance of the residence time. 
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Several approximation methods are available for the 

estimation of VI. The latter have been applied to 

infusion data and require determination of initial slopes 

(Cocchetto ~t al., 1984; Piotrovskii, 1986). No comparison 

is made between those methods and this proposed technique. 

However, the findings from the proposed method were 

contrasted with the more standard approach which involves 

the nonlinear regression analysis of the entire 

concentration-time curve. 

In conducting the simulations, three model equations 

(equations 1-14 to 1-16) are chosen and each is described 

by two exponential terms and two levels of random error 

introduced into the concentration data (10 and 15%). Only 

equation 1-16 was evaluated at one level of error (15%). 

Figures 1-1 to 1-3 illustrate the concentration-time and 

rate-time profiles for those model equations. While more 

complex multiexponential equations and a greater range of 

coefficient and exponential values could have been used, 

it is suspected that the analysis presented here is 

represenatative of the general patterns and applicability 

of the proposed method. The latter statement may be 



qualified by the protocol used in the simulations, as 

discussed below. Further experience with the method is 

needed to support that statement. 
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In general, the method outlined provides results 

which agree well with those obtained from the nonlinear 

regression analysis with regard to the absolute values 

for VI and Klo. Both methods provide reasonably accurate 

estimates of those parameters. The degree of error, as 

judged by the absolute mean percent error, tends to be 

greater with the AURe compared to the fitting method. 

However, the relative randomness of the values and the 

standard deviations associated with a given parameter, 

level of error and model equation show no particularly 

consistency with regard to method of analysis. This is 

best seen with reference to Figures 1-2 to 1-4 and Tables 

I-V to I-VII. 

Another test of the proposed method is to apply the 

technique to kinetic data obtained in drug disposition 

studies and published in the literature. As illustrated in 

Figures 1-5 to 1-6 and Table I-IX, the values of Vl and 

K10 from both methods are comparatively close to one 

another for a particular drug. However, there is no way to 

determine which of the methods provides a better estimate 

of the parameter. In this case, no "true" values of VI and 
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KID are known. Hence, conclusions with regard to the 

accuracy of the methods may not be derived. Either method 

may provide estimates which are close to the unknown 

"true" values. However the close proximity of the 

estimates from both methods indicates the practicality of 

the proposed technique. 

The data collected from the literature also reflect 

the significance and reliability of the results obtained 

from simulations based on the proposed method. As noted in 

Table I-VIII, the number of data points in the clinical 

studies range from 7 to 15. In the simulations, to 

illustrate the practicality of the proposed method, a 

total of 11 data points is used. This is within the range 

of the data points used in an actual clinical study. To 

further strengthen the dependability of the results from 

the simulations, the first data point is at 0.25 hr which 

is the latest starting collection time used in actual 

studies. This may be seen in Table I-VIII where the first 

sample collection starts from anywhere between 0.033 to 

0.25 hours. As will be pointed out later in this section 

an early time point is an important factor in accurately 

estimating the parameter values. The earlier the first 

data point the more accurate the estimate will be. More 
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early time points will also contribute to the accuracy of 

the estimates. 

There are several other practical limitations that 

need to be considered. Perhaps the most important is the 

estimation of the initial area segment of the rate of 

change of the concentration-time curve. This initial 

area, unlike the corresponding area of a concentration

time curve, contributes significantly to the total area 

(AURC). For example, the first area listed in Table I-III 

represents about 47% of the total area under the rate 

curve. Thus, early time points would allow better 

estimation of that area and, therefore, a better 

approximation of the total area. This is also true, 

however, when one wants to obtain a good estimate of VI 

by any method. Early time points are important for an 

accurate estimate of the initial coefficient (and 

exponential term) by nonlinear regression analysis which 

in turn contributes to the value of VI. Furthermore, the 

estimate of the initial coefficient is strongly 

influenced by the weighting function used in fitting the 

data. 

In order to examine the importance of this initial 

area segment on the estimates of VI and Kit a model 

equation (equation 1-16) is used. This situation provided 
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a very rapid decline in concentration at early times 

(Figure 1-3). It is this situation which always presents 

the greatest difficulty in estimating VI by any method. 

As noted in Table I-VII, the fitting method gave the 

more accurate estimate of the true volume (mean of 1.32 vs 

the exact value of 1.325; range, 1.23 to 1.39), however, 

the estimates of VI from the AURC technique, while lower 

than the exact value (mean, 1.25; range, 1.17 to 1.32), 

were still reasonable. It is not known if underestimation 

of VI in this type of situation will always be the case or 

if it reflects this particular model equation and for the 

simulated data sets. Similar observations also apply to 

KIO (Figures 1-2 to 1-4 and Table I-VII). 

The intensity of sampling will also potentially limit 

the accuracy of the rate values from which AURC is 

determined. This is the case when any rate is determined 

(e.g., rate of excretion). The shorter the time interval 

between points the more accurate is the estimate of rate. 

Again, this is particularly true at early times and 

especially when the initial rate of decline of 

conentration is rapid, as discussed above for model 

equation 1-16. Time points in the simulations are chosen 

which are believed to be reasonable intervals and that 

would typically be used in an experimental situation to 
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describe disposition. Intensive sampling strategy is 

purposely not attempted in the simulation in order to best 

test the proposed method and to present the worst case 

rather than the best. The sampling scheme is shown in 

Figures 1-1 to 1-3. A more intensive sampling schedule 

would undoubtedly produce more accurate estimates of VI 

and KIO by both the fitting and AURC methods. 

Another potential problem may arise when the 

concentration-time data are irregular and do not decline 

uniformly. This is not an uncommon occurrence and it may 

be a real observation or reflect analytical error. In any 

event, when two consecutive concentrations increase, the 

rate of decline becomes a negative value. This problem 

may be overcome by estimating a concentration using a 

point just before and just after the value which provides 

the negative rate. At this time the errors associated 

with that suggested approach have not been evaluated. 

Finally, the area approximation technique may become 

important, especially if the interval between 

concentration or rate values is large. In that regard, 

area estimation techniques other than the linear 

trapezoidal rule used here may be more appropriate (e.g., 

log trapezoidal rule, spline function, etc.). Several 

investigators have evaluated these area approximation 
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techniques and compared their accuracy (Chiou, 1978; Yeh 

and Kwan, 1978). In illustrating the method, the initial 

area is estimated by regression of the first several data 

points. This does not imply monoexponential decline at 

the early times but simply permits a more consistent 

approximation of the initial area. 

Martis and Levy (1973) first applied the integral of 

the rate of change of the concentration-time curve 

(referred to here as AURC) to obtain an estimate of volume 

in order to pursue analysis of nonlinear disposition data. 

More recently and, in conjuction with statistical moment 

theory and its application, there have been several 

publications which deal implicitly with the use of AURC 

for the estimation of KII (Benet, 1985; Veng-Pedersen and 

Gillespie, 1985). In those instances the corresponding 

residence time was evaluated rather than the specific rate 

constant. Furthermore, the same treatment is developed in 

a textbook (Lassen and Perl, 1979). The normalized 

moment, AURC/AUe, have been defined here as being equal 

to the elimination rate constant. The reciprocal of that 

ratio has been referred to as the "mean sojourn time in 

the plasma" (Lassen and Perl, 1979) the "mean residence 

time for drug in the central compartment" (Benet, 1985) 

and the "mean residence time of drug in the systemic 
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circulation" (Veng-Pedersen and Gillespie, 1985). 

Whichever term is used, although mean residence time in 

the initial or central compartment is preferred, the 

residence time is the reciprocal of Kit which may be 

calculated as, AUC/AURC. The latter, is the inverse of the 

ratio used here. 

We have noted several assumptions in our method of 

calculation; linear disposition, a mammillary model and 

central elimination. The publications cited above (Benet, 

1985; Veng-Pedersen and Gillespie, 1985) indicate when 

these assumptions are needed and when they are not. In 

fact, the area- based approach used here need not assume 

linear disposition or central elimination. Those 

qualifying assumptions are specified, however, in order to 

be consistent with the need to make those restrictions in 

calculating mean residence time in the body. 

In conclusion, an area-based method that may be 

useful in the determination of the initial or central 

volume of distribution and elimination rate constant in a 

mammillary model is presented. A new area term has been 

defined, the area under the rate of change of 

concentration -time curve (AURC), whose value equals the 

sum of the coefficients of a multiexponential equation and 

from which the initial volume may be determined (i.e., VI 
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= dose/AURC). In addition, the normalized moment (i.e., 

AURC/AUC) is equal to the elimination rate constant, KII. 

Through simulation of several model equations comparisons 

have been made for the estimates of both parameters 

obtained by this method with those that would be obtained 

by the more conventional technique of nonlinear regression 

analysis. In general, both methods provide comparable 

values for those parameters. Further experience with the 

method discussed here will illustrate the potential 

advantages and disadvantages compared to other 

approximation methods and nonlinear regression. 
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CHAPTER 6 

INTRODUCTION 

The distribution of most drugs in a living organism 

is governed by their reversible interaction with protein 

or other constituents in blood and tissues. However, due 

to the complexity of the type and nature of the blood and 

tissue components which may interact or bind with the 

drug, it is extremely difficult or nearly impossible to 

predict accurately the tissue distribution profile of a 

drug without a great deal of information. For example, a 

classical or compartmental pharmacokinetic model, where 

the major information obtained in a typical study is blood 

drug concentration-time data, is essentially limited to 

the prediction of drug distribution in relation to the 

vascular fluid only. One of the model parameters, the 

apparent volume of distribution, indicates the extent of 

drug distribution but it has no anatomical or 

physiological reality for reasons discussed in Chapter 1. 

The term does not give any information about the relative 

uptake or retention of the drug in different tissues or 

organs. Although the model allows the prediction of drug 

concentration in the blood or plasma as a function of 
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time, it is not possible to predict concentration in a 

specific organ based on this model. Hence, in order to be 

able to describe drug distribution in a sufficiently 

detailed manner, more information is required. This goal 

can be achieved by using a more sophisticated approach 

which is referred to as physiological pharmacokinetic 

modeling. In this technique a model is developed which 

consists of several compartments each of which represents 

real or anatomical body regions. These compartments, whose 

volumes are based upon real values (i.e., the actual 

volume of the organ which is based on the measured weight 

of the organ with the assumption that density equals 

unity), are connected by actual blood flows rather than by 

arbitrary transfer rate constants. Based upon conservation 

of mass, differential mass balance equations are written 

for all the compartments to represent rates of drug 

transport. These equations are solved numerically in order 

to describe the time course of drug concentration in each 

compartment or organ. However, as indicated at the outset, 

this technique requires extentive information for the 

formulation of the model. Knowledge of several parameters, 

such as organ volume, organ blood or plasma flow and 

tissue-to-blood distribution ratios or coefficients, are 

necessary to facilitate solution of the model equations. 
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Some of these parameters, such as organ blood flow and 

volume, are readily available from the literature while 

others have to be experimentally determined. The parameter 

which needs to be determined is the distribution 

coefficient, which is dependent upon the compound or drug 

under investigation. 

A typical experiment involves sacrifice of several 

animals at each of numerous times following dosing. 

Usually the entire organ or tissue is homogenized and drug 

concentrations are determined in blood and each organ or 

tissue of interest. These concentrations are then used to 

determine the distribution coefficient [Bischoff and 

Dedrick, 1968; Bischoff and Dedrick, 1970; Benowitz et 

al., 1974a, Benowitz et al., 1974b; Chen and Gross, 1979]. 

One question with regard to measurement of the 

concentration is the influence on measured tissue drug 

concentrations of residual blood and interstitial fluid 

remaining in the organ prior to homogenization. Due to the 

difference in the fluid content in each region of an organ 

the respective drug concentration will not be expected to 

be identical. The measured concentration after 

homogenization may not be representative of the 

concentrations found in the various regions of an organ. 

This potential source of error will influence the temporal 



pattern of tissue drug concentration and the values of 

tissue to blood distribution ratios or coefficients. 

The purpose of the study described here is to 

quantitatively evaluate this error as well as the 

associated factors that will affect the magnitude of the 

error. A theoretical and mathematical model will be 

formulated for the evaluation of errors and this will be 

followed by the experimental validation of the theory. 
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CHAPTER 7 

THEORY 

A non-eliminating organ may be anatomically 

subdivided into three fluid regions: capillary blood 

volume, interstitial fluid and intracellular space 

(Figure 2- 1). The following assumptions are made in the 

derivation of equations: (a) the model is blood flow

limited, (b) plasma protein and tissue binding are linear 

processes (i~, concentration-independent), (c) a well 

mixed state exists in all of the tissue regions, (d) 

distribution equilibrium exists between the compartments 

and blood. 

The total amount of drug in the organ at any time is 

given by, 

ATOT = As + AI + Ac (2-1) 

where, 

ATc T is the total amount of drug in the organ 

As is the total amount of drug in residual blood 

AI is the total amount of drug in the interstitial 

fluid 
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Ac is the total amount of drug in the remainder of 

the organ (,i. e., cells) 

By substituting volume terms and the total concentration 

in each compartment equation 2-1 becomes, 

(2-2) 

where, 

(CT)I is the total concentration in the ith region 

of the compartment and the subscripts B, I and 

C denote blood, interstitial fluid and 

remainder of the organ, respectively. 

VI is the volume of the ith region 

VTOT = VB + VI + Vc (2-3) 

CTOT is the measured concentration of drug in the 

organ after homogenization. 

Dividing equation 2-2 by VTOT yields, 

(2-4) 

where, 

(VF) I is the volume fraction of the ith region in 

the organ. 

Dividing equation 2-4 by (CT)B, 
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CTOT (CT)r 
= (VdB + "(Vdr + 

(CT)B (CT)B 

(Cd C 

----" (Vd C 

(CT) B 

(2-5) 

Since, the total concentration is the ratio of unbound 

concentration (Cu) to the unbound fraction (fu), equation 

2-5 may be expressed as, 

CTOT (Cu)r (fu>O 
= (VF>O + "(Vdr + 

(Cd B (fu) r (Cu>O 

(Cu)c (fu>O 
----- -----" (VF)C 
(fu)c (Cu>O 

(2-6) 

Assuming that, at pseudo steady state, there exists a 

proportionality between unbound concentration in each 

fluid region such that these unbound concentrations may 

be related by the following equations, 

(C u ) J 

= K r / B 

(CU)B 

(Cu)c 
= Kc / I 

(C u) r 

and hence, 

(Cu)c 

(Cu) B 

= KC/I"KI/B = KC/B 

(2-7) 

(2-8) 

(2-9) 

Substituting equations 2-7 to 2-9 into equation 2-6 
gives, 
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CTOT (fu)s (fuln 
= (Vr)B + KI/B' '(VFlI + KC/B" "(VF)C 

(CT)n (fU)I (fu)e 

(2-10) 

To simplify the above expression, the value of KI/B may 

be assumed to have a value of approximately one. This 

assumption implies that the unbound concentrations of 

drug in the aqueous fluids are equal (equation 2-7). This 

seems to be a reasonable approximation. We may also 

define the following drug distribution coefficients 

between different fluid regions and blood, 

CTOT 
R'= (2-11 ) 

(Cd B 

(C T) I (fu )s (C u) I (fU)D 
RI = = <::: (2-12) 

(CT) B (fu) I (Cu) D (fuh 

(CT)e (fu In (C u) e (fu )n 
Re = = = Ke lB' (2-13) 

(Cd D (fu)e (CU)D (fu) e 

where, 

R' is the apparent distribution coefficient 

RI is the distribution coefficient between 

interstitial fluid and blood 

Rc is the distribution coefficient between the 

remainder of the tissue (~.e., cells) and blood 



Based upon the assumption that KIln as well as KC/D and 

Ke/l have values of approximately one and substituting 

the above relationships (i.e., equations 2-11 to 2-13) 

into equation 2-10, 

R' = (VdB + RI·(VdI + Rc·(Vdc (2-14) 

In general, and for each cell type within the tissue or 

organ, 

D 

R' = (VF)B + RI·(VF)x + 1: RI·(VF)I 
I = 1 

Since we rarely have the neoessary experimental 

(2-15) 

information to make practical use of the relationship in 

equation 2-15, the three term expression in equation 2-14 

is likely to represent the most complex functional 

relationship. 

In analogy to the previous development and 

considering only two regions within the tissue, blood and 

blood-free regions, 

(fu)B 
R' = (VF)D + KO/B· ·(VF)O (2-16) 

(fu)o 

where, 

(VF)O is the volume fraction of the "blood-free" 

organ 
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(fu)o is the apparent unbound fraction of drug in 

the "blood-free" organ 

KOID = (Cu)o / (CU)D 

Since, 

( fuh 
Ro I D = (2-17) 

(fu)o 

and letting the product of, KOID and RO/D = R, 

R' = (VF)D + R-(Vr)o (2-18) 

At this point, several distribution coefficients 

have been defined and incorporated into numerous 

equations. These include R', RI, Re and R in equations 2-

11, 2-12, 2-13, and 2-18, respectively. Each coefficient 

is a distinct value related to a specific region of the 

organ. The experimentally determined value for a drug in 

the entire organ is given by R' and applies when no 

correction is made for residual blood or interstitial 

fluid. The coefficient R applies when a correction is 

made for residual blood but not for interstitial fluid. 

Values for R' and R have been used by several 

investigators as measures of tissue-to-blood distribution 

coefficients in physiologically based pharmacokinetic 

models. However, when one considers the model shown in 
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Figure 2-1a to be a more realistic representation of an 

organ than the model shown in Figure 2-1b, neither of 

those distribution coefficients (~.e., R' and R) truely 

reflect the distribution of drug in an organ or tissue. 

Hence, Re, as defined in equation 2-13, is a better 

estimate of a "true" tissue-to-blood distribution 

coefficient than R' or R. 

With the above theoretical considerations and 

definitions, the subsequent sections will illustrate the 

potential errors in R' and R relative to Re. The 

magnitude of the potential error in R' and R for selected 

drugs and organs of the rat will be discussed. The effect 

of a change in the extent of drug binding to blood 

proteins and the influence of residual blood volume on 

their potential error will be analyzed. 
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a. 

CAPILLARY BLOOD 

INTERSTITIAL FLUID 

INTRACELLULAR SPACE 

b. 

CAPILLARY BLOOD 

"BLOOD-FREE" REGION 

Figure 2-1. Schematic representation of different 
regions of an organ. 
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CHAPTER 8 

METHODS 

Theoretical Methods 

To illustrate the magnitude of the potential error 

in the uncorrected distribution coefficients (R' and R) 

relative to Rc based on equation 2-14, values of volume 

fraction of different regions of an organ are required. 

These values were obtained in the following way. 

Volume Fractions in a Rat Organ 

The volume fraction of each of the three regions 

shown in Figure 2-1a were calculated based upon 

literature values [Tsuji ~t al., 1983; Katz ~t al., 1970; 

Triplett et al., 1985] for residual blood and 

interstitial fluid volumes for various organs and tissue 

of the rat (Table II-I). Values for the observed tissue

to-blood distribution coefficients (R') were obtained 

from the literature for the compounds methotrexate 

[Dedrick ~t al., 1973] digoxin [Harrison and Gibaldi, 

1977] and biperiden [Nakashima et al., 1987]. Those 

reports did not indicate if the distribution coefficients 
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were corrected for capillary blood in the organ or 

tissue. Hence, it is assumed that the reported values 

were uncorrected for the capillary blood in the 

respective organ or tissue. Values for the corresponding 

distribution coefficients corrected for residual blood 

(R) were calculated according to equation 2-18. In order 

to calculate values for the distribution coefficient, Rc 

(equation 2-14), it is necessary to estimate RI, the 

distribution coefficient between interstitial fluid and 

blood. Those estimates were obtained in the following 

way. 

Calculation of RI 

The equilibrium association constant (Ka) between 

drug and protein in blood is given by, 

(Co) 0 

Ka = 
(Cu)o-(PU)B 

(2-19) 

Dividing the numerator and denominator of the right side 

of equation 2-19 by total drug concentration, 

(fo )0 
Ka = (2-20) 

(fu)o-(PU)B 
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where, 

(CB)B is the blood concentration of protein bound 

drug 

(PU)B is the blood concentration of unbound protein 

(fn)B is the bound fraction of drug in blood 

(fu)B is the unbound fraction of drug in blood 

Assuming that the blood protein to which the drug binds 

is also present in interstitial fluid and that the 

association binding constant is the same in both blood 

and interstitial·fluid, 

1 
(fu)! = (2-21) 

1 + Ka - (Pu) J 

where, (PU)I is the unbound concentration of protein in 

the interstitial fluid. Substituting equation 2-20 into 

equation 2-21, 

1 
(fuh = 

1 + r-

where, 

(fB >s 

(fu)B 

r is the ratio (Pu)J I (PU)B 

(2-22) 

which is obtained from the following relationnship, 

(Puh (PTOTh 
= (2-23) 

(PU)B 
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where, (PTOT) is the total protein concentration. 

Assuming that albumin is the primary binding protein in 

the interstitial fluid, the value of r may be estimated 

by the ratio of albumin concentration in the interstitial 

fluid to that in blood for a particular organ (Table II

I). Substituting equation 2-22 into equation 2-12 and 

rearranging, 

RI = (fu)B + r·(fB)B (2-24) 

Equation 2-24 may be used to calculate values of Rc 

(equation 2-14). At this point, we are able to calculate 

the values of all of the distribution coefficients that 

have been defined here and, therefore, comparisons can be 

made among values of R', Rand Rc. 

Blood and Intracellular Binding in Uncorrected 

Distribution Coefficients (R') 

To analyze the effect of blood protein and tissue 

binding on the relative errors of R' with respect to R, 

the following equations are used. Dividing equation 2-14 

by Rc, 
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R' 1 RI 
= (VF)B"--- + ---"(VF)I + (VF)C (2-25) 

Re Re Re 

Subsititing for HI and Rc from equations 2-12 and 2-13, 

respectively, equation 2-25 becomes, 

R' (fu)c 
= (VF)B" + 

Re (fu) B 

(fu)c 
-----" (VF)I + (VF)C 
(fU)I 

(2-26) 

Using the expression for (fu)1 from equation 2-22 the 

above equation ean then be written as, 

R' (fu)c (fB)B] 
= (fu) B " + ( V F) I " ( f u ) c [ 1 + r" + (V F ) C 

Rc ( fu ) B ( f u ) B 

(2-27) 

The left side of equation 2-27 was then plotted as a 

function of (fU)B for a particular organ (i.e., at fixed 

may be obtained by using different values of (fu)c. 
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Blood and Intracellular Binding in Uncorrected 

Distribution Coefficients (R) 

The following equations are derived to illustrate 

the error in R relative to Re as a function of binding. 

Equating the right sides of equations 2-14 and 2-18, 

( V F ) B + R· (V F ) 0 = ( V F ) B + R I . (V F ) I + Rc· (V F ) C 

After simplification and dividing equation 2-28 

throughout by Rc and (VF)O, 

R RI (VFh (VF)C 
= + 

Rc Rc (Vdo (Vdo 

(2-28) 

(2-29) 

The ratio RI/Rc in equation 2-29 is equivalent to the 

ratio (fu)c/(fu)I' Using equation 2-22 for the expression 

of (fu)I, equation 2-29 can be rewritten as, 

R 
= (fu)c . 

Rc 

(V p) I 

(Vp) 0 

r· (fB)B J + 
(fU)B 

(2-30) 

For a particular organ, the values of r and the ratios of 

(VF)I/(VF)O and (VF)C/(VF)O are constants. Hence, at a 
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fixed value of (fu)c, the relative error RIRc can be 

studied as a function of- unbound fraction in the blood. 

Drug in Tissue from Blood and Tissue Concentration 

Another potentially significant concern as a result 

of the presence of drug in the residual blood is the 

uncorrected tissue concentration itself. The contribution 

of drug from the blood to the total amount of drug in the 

tissue may greatly influence the error when compared to 

the cases where a correction is made. Considering only 

two regions in a tissue model, the percentage of drug in 

tissue from blood (% (AT)B) can be expressed as, 

(2-31) 

Dividing the denominator and the numerator by (VF)B and 

(CT)B and upon appropriate substitution, equation 2-31 

becomes, 

1 
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The percentage error in the uncorrected concentration (% 

Err) relative to that corrected for blood is defined as, 

% Err = 100 r 1 (V)B-(CdB + (V)O-(CT)O 

----(-----------------------
L( C T ) 0 (V) TOT 

(2-33) 

which can be reduced to, 

1 
% Err = 100 - [ (V F) B • ( - 1) ] (2-34) 

R 

Hence, using equations 2-32 and 2-34, % Err may be 

evaluated as a function of % (AT)B for various organs. 

Experimental Methods 

To validate the proposed theory, experimental 

results were obtained to compare with the theory 

prediction. The experiment involves determining tissue 

distribution of phencyclidine (PCP) as a function of time 

in the presence of monoclonal antibody which was made to 

bind PCP. Rats were given an IV bolus dose of 3H-PCP and 

this was followed by an IV bolus dose of the antibody 30 

minutes later. Blood and tissue PCP concentrations were 



measured from homogenized samples. The residual blood 

volume in each tissue was determined by tagging of red 

blood cells with 51Cr. This will allow the calculation of 

tissue concentration corrected for the residual blood. 

The details of the experimental procedures are given 

below. 

Preparation of 81Chromium-tagged Red Blood Cells 

Capillary blood volumes in various rat tissues or 

organs were estimated by using a red blood cell labelling 

technique. Blood was collected from a rat sacrificed by 

the inhalation of ether. After exposure of the inferior 

vena cava, blood was withdrawn with a 21 gauge needle 

fitted to a heparinized 6 ml syringe. A 4 ml aliquot of 

blood is centrifuged to separate blood cells and plasma. 

The plasma was stored for later use in a final 

reconstitution procedure. To the packed cells, saline 

solution was added up to the original volume of the 

blood. This was followed by incorporation of an aliquot 

of sodium 51-chromate (300 ~Ci). Sodium 51-chromate was 

obtained from New England Nuclear (1 mCi/ml). Incubation 

was carried out on a test tube roller (80 rpm) for 30 

minutes at room temperature. After incubation the sample 
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was centrifuged and the top aqueous layer was removed. 

The packed cells were washed twice with saline. After the 

final wash, the saline was removed and the cells were 

reconstituted with the original plasma. 

Preparation of 3H-Phencyclidine (PCP) Dosing Solution 

3H-Phencyclidine (62 mCi/mg) was obtained from 

Research Triangle Institute, Research Triangle Park, 

North Carolina. An aliquot of a stock solution of PCP 

(120 ~Ci) in toluene:ethanol (9:1) was added to a test 

tube. The solvent was evaporated under nitrogen at room 

temperature. The residue was then dissolved using 

reconstituted blood (3 ml) containing 51Cr tagged red 

blood cells. This is accomplished by gentle agitation of 

the test tube on a test tube roller at 60 rpm for 30 

minutes. The dosing solution was prepared fresh on the 

day of administration. Each dosing solution was 

quantitatively checked for PCP content. 

Experimental Design 

Tissue distribution of phencyclidine (PCP) in the 

presence of PCP-specific monoclonal antibody and the 

necessary correction for the interstitial blood were done 
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in the following ways. Nonfasted rats weighing between 

250-350 g were given an IV bolus dose of ltC-PCP (25 ~Ci) 

through the tail vein. After dosing the rats were put 

into a cage with free access to food and water. Thirty 

minutes after PCP dosing, the rat was given an IV bolus 

dose of antibody through the tail vein at a site away 

from the one for PCP administration. The antibody was 

purified in this lab from mouse ascites fluid [Egen et 

al., 1988]. Blood and tissue samples were collected at 

the following times after PCP dosing: 33, 35, 40, 45, 60, 

75, 120, 180, 240, 360, 420 and 480 minutes. Three 

animals were used for each time interval. The rat was 

sacrificed by immersion of the animal's head into liquid 

nitrogen. As much blood as possible was withdrawn 

(approximately 3-6 ml) from the inferior vena cava. 

Organs were quickily removed and stored frozen in sealed 

plastic bags until analysis. Stomach and intestinal 

contents were removed before storage. The tissues and 

organs that were removed include the brain, spleen, 

lungs, intestine (including small and large intestine), 

stomach, liver, spinal cord and a portion of the thigh 

muscle. 

Another group of rats (n=3) were also used to 

measure the volume fraction of blood in each organ or 
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tissue. This group of rats received only an IV bolus of 

blood containing SlCr-tagged RBC (prepared by the 

procedures described above). No 3H-PCP or antibody was 

administered. A minimum volume of blood (approximately 

1.0 ml) was withdrawn from the sacrificed rats. This 

experimental design allows one group of animals to serve 

as a control for the measurement of volume fraction of 

bloods in tissue from the group of rats which received 

both 3H-PCP and antibody. 

Analysis of 3H-Phencyclidine in Blood and Tissue 

Samples 

An entire organ 'or tissue was homogenized in two 

volumes of ice cold distilled water using a tissue 

homogenizer (Tekmar Ultraturax Tissumizer). The spinal 

cord, muscle and blood were prepared differently. The 

spinal cord was weighed and ice cold distilled water was 

added to make a final weight of 2.1 g before 

homogenization. For the muscle, 0.7 g of the tissue was 

used and 1.4 ml of the ice cold water was added for 

homogenization. Blood (0.4 ml) was diluted with 1.6 ml of 

ice cold distilled water and was used as such without 

homogenization. For the analysis of the ltC-PCP, 2 ml of 
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the homogenate was made basic by the addition of 0.5 ml 

of 10 N NaOH. The drug was then extracted with 5 ml of 

pentane by 30 minutes of moderate shaking. Approximately 

3 drops of methanol was added to neutralize the emulsion 

that may have formed during the extraction procedure. The 

tubes were then centrifuged at 10,000 g for 20 minutes. 

The whole pentane layer was transferred to a 

scintillation vial and 12 ml of Liquiscint scintillation 

cocktail was added. Radioactivity in the samples was 

determined by a Packard Tricarb Scintillation counter 

(Model 460C). DPM values which have been corrected for 

extraction efficiency were used for the calculation of 

3H-PCP concentration. 

Determination of Capillary Blood Volumes in Organs and 

Tissues 

An aliquot of tissue homogenate and undiluted blood 

(100 ~l) was weighed in disposable glass tubes. The 

amount of 51Cr in the samples was quantitated in a Compaq 

Gamma Counter. The CPM obtained for each sample was 

corrected for blank and used in the calculation of 

residual blood volume. 
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Data Analysis 

The concentration of 3H-PCP uncorrected for the drug 

in residual blood in each organ at each time point was 

calculated from the following equation, 

C'PCP = 

where, 

DPM . 7.6x10-3 

WT 
Wa . 

1 
(2-35) 

s 

Cpcp' is the uncorrected PCP concentration in pg/ml 

DPM is the disintegrations per minute obtained 

from the scintillation counter 

S is the specific activity of 3H-PCP (62 mCi/mg) 

W refers to weight in g and the subscript H, T 

and W denote homogenate used in extraction, 

tissue and water used in homogenization, 

respectively 

The following equation is used for the quantitation of 

the blood volume fraction in each tissue. 

CPMT WB 
(Vd B = (2-36) 

CPMB 
Wn . 

where, 
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(VF)B is the volume fraction of blood in a tissue 

or organ 

CPMB 

WB 

is the counts per minute obtained from the 

tissue homogenate using the gammma counter 

is the counts per minute obtained from a 

blood sample using the gamma counter 

is the weight of the blood used for counting 

Corrected tissue PCP concentrations were calculated as, 

CPCP(T) = (2-37) 

where, 

CPCP(T) is the corrected tissue PCP concentration 

CPCP(B) is the blood PCP concentration 

An average concentration was calculated from the three 

concentrations acquired at each time point. A total of 12 

sets of concentration-time data was obtained for each 

tissue. The distribution coefficient for each tissue was 

obtained by the area method [Gallo et al., 1986]. The 

area under the concentration-time curve was obtained by a 

nonlinear regression algorithm using the program RSTRIP. 

103 



Table II-I. Physiological Parameters for Organs of the 
Rat. 

Organ (VF) D (VF) I (Vv) c r a 

Skin 0.019 0.302 0.679 0.61b 
Muscle 0.026 0.120 0.854 0.58 b 
Liver 0.125 0.163 0.712 0.50 
Gut 0.188 0.094 0.718 0.90 b 
Heart 0.200 0.100 0.700 0.50 
Kidney 0.240c 0.200 0.560 0.50 
Lung 0.300 c 0.188 0.513 0.50 

Values in columns 2,3,4 and 5 were obtained from Tsuji 
et al., (1983), unless otherwise indicated. 
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VF denotes volume fraction while the subscripts B, I and C 
represent blood, interstitial fluid and intracellular 
space, respectively. 
a. Ratio of albumin concentration in interstitial fluid to 

that in the blood 
b. from Katz et al., (1970). 
c. from Triplett et al., (1985). 



CHAPTER 9 

RESULTS 

Theoretical 

Regional Volume Fractions of Rat Organs and the Values of 

Rand Rc 
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The values of volume fractions for various regions of 

a rat organ or tissue are shown in Table II-I. The organs 

and tissues listed in the table are those for which values 

of volume for each region of the organ or tissue are 

available in the literature. A total of seven tissues are 

listed. Each organ or tissue is assumed to consist of 

three regions; capillary blood, interstitial fluid region 

and the cellular space. The organs or tissues are listed 

in an ascending order of the volume fraction of blood. The 

table also includes the values of the total protein 

concentration ratios between interstitial fluid and blood 

(r). The ratios range from 0.5 to 0.9. This finding 

indicates that in all tissue the total protein 

concentration in the blood is always higher than that in 

the respective interstitial fluid. This parameter is 

required in the calculation of RI. 



Comparison of values of R' and R with respect to Re 

The errors in R' and R relative to Re in rat organs 

for the drugs methotrexate and digoxin are shown in Table 

II-II. For methotrexate, the values of R' were found for 

tissues such as skin, muscle, liver and kidney. The only 

value of R' listed for digoxin is the heart. The data for 

these two drugs are listed in the same table due to the 

similarity in the values for unbound fraction (0.75) in 

the blood. The table shows the values of Rand Rc which 

are calculated based on the literature values of R'. The 

values of R' vary from 0.15 to 3.0. These values are 

relatively small and hence indicate limited uptake or 

retention of the drugs in the tissues. The values of R 

range from 0.14 to 3.63 which correspond to the smallest 

and largest R' values, respectively. In all cases, except 

muscle, the values of R are larger than the corresponding 

R' values. This indicates that R' tends to underestimate 

the values of R. However, an exception is found in muscle 

where the R' value is less than one. A R' value of less 

than one points to the fact that the total drug 

concentration in a tissue is mainly a result of the drug 

found in the capillaries. Therefore, the R' value is an 
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overestimate of R in this case. A similar trend is 

observed when comparison is made between the values of Rc 

with R' and R. The values of Rc is the largest among the 

three values for each tissue except the muscle. These 

results are shown grpahically in Figure 2-2. The 

differences between R' and R relative to Rc are shown in 

two columns of Table II-II. For R', the ratio of R'/Rc 

ranges from 0.65 (35 % difference) to 7.5 (650 % 

difference). The ratio of R/Rc ranges from 0.79 (21 % 

difference) to 7.0 (600 % difference). A graphic 

representation of these differences is shown in Figure 2-3 

The figure shows several important findings. The X-axis of 

the figure indicates the values of volume fraction of 

capillary blood in each tissue in an ascending order and 

there is no discernible trend in the percentage 

differences with respect to those values. This is in 

contrast to the "intuitive" expectation which would 

predicts a direct relationship between the percentage 

error in R' relative to Rc as a function of (Vr)B. 

The corresponding results for biperiden are shown in 

Table II-III. Values of R' are found for tissues such as 

skin, muscle, gut, heart, kidney and lung. The highest 

value of R' is found in the lung (60.90) while the 

smallest is in the muscle (3.05). Again, for a particular 



organ, the value of Rc is higher than R which in turn is 

higher than R'. Hence, the uncorrected distribution 

coefficient R' tends to underestimate Rand Rc. This may 

be seen graphically in Figure 2-4. The ratio, R'/Rc, 

ranges from 0.52 (48 % difference) to 0.88 (12 % 

difference). The corresponding range for the ratio, R/Rc, 

is from 0.73 (27 % difference) to 0.90 (10 % difference). 

These results are shown graphically in Figure 2-5. There 

is no direct relationship between the percentage 

difference and the volume fraction of capillary blood in 

the tissue. This observation is consistent with the 

findings for methotrexate and digoxin noted above. 

Blood and Intracellular Binding in R' and R 
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The influence of the extent of blood protein binding 

on the percentage difference between R' and R with respect 

to Rc is shown in Figures 2-6 and 2-7, respectively. The 

results shown in Figure 2-6 were obtained based on 

equation 2-25 using the parameters from rat liver. Three 

simulations were carried out in this case. In each case 

the tissue parameters as well as the tissue binding 

parameter «fu)c) were kept constant while the unbound 

fraction in blood varied. In.all cases, the plot of 
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percentage difference with respect to (fu)B shows a 

hyperbolic profile. For example, when (fu)c equals 0.1, 

the percentage difference decreases nonlinearly from about 

200 to zero as (fu)B increases to a value of 0.1. For the 

values of (fu)B between 0.1 to 1.0, the values of the 

percentage difference are negative. It is noted that 

larger differences occur at smaller (fu)B values. At a 

particular value of (fu)B, a higher value of percentage 

difference is associated with a larger (fu)c value. A 

similar trend is observed for the case of R with respect 

to Rc as shown in Figure 2-7. 

Amount of Drug in Tissue from Blood and Tissue Drug 

Concentrations 

Figure 2-8 illustrates the relationship between 

percentage error in the tissue concentration uncorrected 

for the capillary blood and the tissue-to-blood 

distribution coefficients. A hyperbolic profile is noted. 

All the plots intersect at a point of zero error in 

concentration which corresponds to a value of one on the 

X-axis. This observation is intuitively expected since, at 

a distribution coefficient equal to one, identical 

concentrations are found in the blood and the "blood-free" 



portion of the tissue. For values of distribution 

coefficient greater than one, the plots in the figure 

indicate the occurence of negative error in the 

uncorrected tissue concentration. As the values of 

distribution coefficient increase the percentage error 

tends towards an asymptotic value which is dependent upon 

the blood volume fraction in the tissue. On the other 

hand, positive errors are observed in the case of 

distribution coefficients which are less than one. A 

steeper slope is also found in this part of the plots. 

This phenomenon indicates that a slight change in the 

values of the distribution coefficient will bring about a 

substantial change in the percentage error. 
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The relationship between the percentage error in the 

uncorrected concentration and the amount of drug in tissue 

from blood is shown in Figure 2-9. This seemingly trivial 

and straight forward issue turns out to be a surprisingly 

interesting observation. Simulations were done for tissues 

such as muscle, stomach, heart, kidney, liver and lung. 

Each plot was obtained from equations 2-30 and 2-32. In 

each case the values of the tissue parameters, i.e., blood 

and cellular volume fractions, were kept constant while R 

varied. The line y=o intersects each plot in the figure 

when the value of R is unity. This implies that the 
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concentration of drug in the blood is identical to the 

concentration in the cellular space and hence no error 

occurs in the measured concentrations. The point of 

intersection for each plot corresponds to a value on the 

X-axis representing the percentage of drug in the tissue 

that came from capillary blood when R equals one. As 

expected, this value (% (AT)B at R=1) bears a direct 

relationship with the volume fraction of blood in tissue. 

For values of R greater than one, %-ERR (percentage error 

in the uncorrected concentration) increases in a parabolic 

fashion as the percentage of the amount of drug in the 

tissue from blood increases. However, a reverse trend is 

observed in the case where the values of R are less than 

one. A larger error in concentration is associated with a 

smaller value of % (AT)B. This is because the drug 

concentration in the blood is lower than that in the 

cellular space when R is less than one and hence the blood 

may be considerd to act as a "dilution factor". The 

smaller the amount of drug in the blood the larger the 

"dilution factor". The results from cases where R is 

greater and less than one indicate that the maximum error 

in concentration will likely occur when the blood and 

cellular drug concentrations differ widely. 



Experimental 

The following sections present the experimental 

results. 

Blood Volume Fraction in Rat Tissues 
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Values of tissue blood volume determined 

experimentally from control rats C!_.~~., rats which did not 

receive 3H-PCP or the PCP-specific antibody) are shown in 

Table II-IV. The highest value of volume fraction of blood 

(0.26) is found in the spleen, where as muscle has the 

lowest value (0.018). 

Values of volume fraction of blood in rat tissues 

determined experimentally from both groups of rats 

(control and experimental rats) are shown in Table II-V. 

Along with these measurements are included literature 

values. In the first set of experiments where rats 

received a bolus dose of antibody following PCP 

administration, the highest blood content is found in the 

spleen ((VF)B = 0.22) and muscle has the lowest value 

(0.017). In the second experiment where no antibody or PCP 

was administered to the rats, the spleen and the muscle 

had the highest (0.26) and lowest (0.018) values, 

respectively. The corresponding values from the two 

experiments are comparatively close to one another. 
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However, a different rank order is observed in the 

literature data. Lung has the highest blood content «Vr)B 

= 0.303) while the lowest value is found in the intestine 

(0.030). Despite the differences in the rank order of the 

magnitudes of blood content in the tissues, the literature 

data compared favorably with the results of the 

experiments done here. These results are shown graphically 

in Figure 2-10. 

Uncorrected and Corrected Tissue PCP Concentrations 

The concentration-time data for rat tissues under 

investigation are shown in Tables II-VI through II-XV. For 

each tissue, the uncorrected concentration at a particular 

time point is a mean of three measurements. The standard 

deviation associated with the corresponding mean is shown 

in the column next to the concentration. Corrections were 

made on the three measurements at each time interval based 

on the respective blood volume fraction determined in each 

measurement. The mean and the standard deviation for the 

corrected concentrations were subsequently calculated. The 

percentage error in concentration for each time point is 

then determined as the percentage difference between the 

mean of the uncorrected and the respective corrected 
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concentrations and is shown in the last column in each 

table. The absolute mean and the standard deviation of the 

percentage errror were also calculated. The absolute mean 

percentage error varies from 22.06% to 0.78% corresponding 

to spleen and muscle, respectively. These high and low end 

percentage errors in concentration also coincide with the 

high and low values of blood volume fraction in rat 

tissues. This may be seen more clearly in Figure 2-11. 

Except for the intestine, the plot indicates a direct 

relationship between the percentage error in concentration 

and the volume fraction of blood in tissues. This may not 

be an unexpected observation. The percentage error shown 

here was calculated with respect to the concentration 

corrected for blood without considering the interstitial 

fluid. Errors determined with respect to values corrected 

both for the residual blood and interstitial fluid would 

not have shown this direct relationship with volume 

fractions of blood in tissues. 

Area Under the Concentration-Time Curves and 

Distribution Coefficients 

Based on the uncorrected as well as corrected PCP 

concentrations in various tissues, the respective area 
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under the curve (AUC) from time zero to infinity was 

calculated. The distribution coefficient for each tissue 

was then calculated as the ratio of the tissue to blood 

AUC. These results are shown in Table II-XVI. In all 

cases, the AUCs for tissues were higher than the blood 

AUC. This indicates uptake and/or retention of PCP in 

various tissues. The distribution coefficients corrected 

for the residual blood in tissue range from 162.3 (kidney) 

to 1.9 (muscle). Hence, maximum uptake occurs in the 

kidney. The table also indicates that the uncorrected 

distribution coefficients are consistently lower than the 

respective corrected values. The differences between the 

former and the latter are expressed as the percentage 

errors as shown in the last column of Table II-XVI. The 

percentage error ranges from 30.95% (spinal cord) to 2.05% 

(intestine). 

Distribution Coefficients from AUC and Single Point 

Methods 

Values for the distribution coefficients (both R' and 

R) determined by the area (Gallo ~t al., 1986) and single 

point methods are shown in Table II-XVII. Considering the 

values of R, it can be seen that the estimates from the 

single point method compare well with those from the area 



method. The rank order of the magnitude of the values in 

the case of the single point method corresponds very well 

with the area method with the exception of the R values 

from the spinal cord and stomach where there is a flip

flop in the order. In certain cases the value obtained by 

the single point method which is corrected for residual 

blood comes closer to the corrected R by the area method 

when compared to the area estimate without correction. 

This may be seen in the case of the kidney (Table 11-

XVII); R values of 162.3 and 145.6 (a difference of 10 %) 

were obtained by the area and single point methods, 

respectively. The corresponding R' value from the area 

method is 137.5 which differs from 162.3 by 15.3 %. 

116 
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Table II-II. Relative Error in R' and R Compared to Rc 
in Rat Organs for Methotrexate and Digoxin. 

Relative Error 
Organ R' a Rb Rcc Ref. 

R'/ Rc R / Rc 

Skin 1.00 1.00 1.04 0.96 0.96 d 
Muscle 0.15 0.14 0.02 7.50 7.00 d 
Liver 3.00 3.29 3.84 0.78 0.86 d 
Heart 1.60 1. 75 1.88 0.85 0.93 e 
Kidney 3.00 3.63 4.62 0.65 0.79 d 

The symbols R', Rand Rc refer to the distribution 
coefficients uncorrected for neither residual blood or 
interstitial fluid, corrected for residual blood and 
corrected for both residual blood and interstitial fluid 
a. R' values for methotrexate and digoxin obtained from 

the literature. 
b. Calculated from equation 2-18. 
c. Calculated from equation 2-14 using (fu)B = 0.75. 
d. Methotrexate (Dedrick ~t al., 1973). 
e. Digoxin (Harrison and Gibaldi, 1977). 
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Table II-III. Relative Error in R' and R Compared to Re in 
Rat Organs for Biperiden. 

Relative Error 
Organ R' • Rb Rcc 

R'/ Rc R / Rc 

Skin 4.00 4.06 5.57 0.72 0.73 
Muscle 3.05 3.11 3.45 0.88 0.90 
Gut 11.00 13.32 14.94 0.74 0.89 
Heart 7.00 8.50 9.64 0.73 0.88 
Kidney 11.00 14.26 19.02 0.58 0.75 
Lung 60.90 86.57 117.93 0.52 0.73 

The symbols R', Rand Rc refer to the distribution 
coefficients uncorrected for neither residual blood or 
interstitial fluid, corrected for residual blood and 
corrected for both residual blood and interstitial fluid 
a. R' values for biperidin obtained from Nagashima et al., 

1987 
b. Calculated from equation 2-18. 
c. Calculated from equation 2-14 using (fu)B = 0.11. 
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Table II-IV. Volume Fraction of Blood in Various Rat 
Organs and Tissues a 

(VF)B b 

Organs Rat 1 Rat 2 Rat 3 Mean S.D. 

Spleen 0.253 0.271 0.244 0.256 0.014 
Lung 0.228 0.153 0.218 0.200 0.041 
Liver 0.200 0.140 0.170 0.170 0.030 
Kidney 0.173 0.182 0.146 0.167 0.019 
Stomach 0.035 0.024 0.036 0.032 0.007 
Intestine 0.028 0.029 0.032 0.030 0.002 
Brain 0.036 0.023 0.028 0.029 0.007 
Spinal Cord 0.026 0.025 0.028 0.026 0.002 
Muscle 0.028 0.017 0.007 0.018 0.014 

a. Determined from three rats that received an intravenous 
bolus injection of rat blood containing S1Cr-tagged 
RBC. 

b. Volume fraction of blood in tissue 
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Table II-V. Values of Volume Fraction of Blood in Rat 
Organs and Tissues obtained from the 
Literature and Based on Experimental Data 

(VF)B a 

Organ Literature b Group Ie (SD) d Group 2 e (SD) 

Spleen 0.200 0.220 (0.104) 0.256 (0.014) 
Lung 0.303 0.190 (0.099) 0.200 (0.041) 
Kidney 0.240 0.101 (0.022) 0.167 (0.019) 
Liver 0.252 0.093 (0.042) 0.170 (0.042) 
Spinal Cord NA' 0.057 (0.116) 0.026 (0.002) 
Brain 0.019 0.036 (0.021) 0.029 (0.007) 
Intestine 0.030 0.034 (0.074) 0.030 (0.002) 
Stomach 0.031 0.024 (0.011) 0.032 (0.007) 
Muscle 0.185 0.017 (0.014) 0.017 (0.011) 

a. Volume fraction of blood in rat organs or tissues. 
b. Data taken from Tiplett et al., (1985). Values are for 

male Sprague Dawley rats. 
c. Data obtained from experiments where rats (Fischer 344) 

received a bolus dose of 3H-Phencyclidine as well as 
phencyclidine specific monoclonal antibody (n=36). 

d. Standard deviation 
e. Data obtained from experiments where rats did not 

receive phencyclidine or antibody (Table II-IV). 
f. Not available from literature 



Table II-VI. PCP Blood Concentration-~ime Data 

Time 
(min) 

33.00 
35.00 
40.00 
45.00 
60.00 
75.00 

120.00 
180.00 
240.00 
360.00 
420.00 
480.00 

Concentration 
(ng/g) 

80.70 
84.26 
82.63 
59.71 

101.25 
42.27 
35.02 
18.52 
11. 59 
9.99 

14.60 
21.00 
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Table II-VII. Comparison of Uncorrected and Corrected 
PCP Concentrations for the Brain 

. _ .. _---_ ... . .. 

Time (Conc)u a S.D.b (Conc)c C S.D. % Error d 

(min) (ng/g) (n=3) (ng/g) (n=3) 

33.00 293.05 136.83 301. 91 139.17 -2.94 
35.00 257.40 33.27 261. 28 33.87 -1. 49 
40.00 301.08 12g.10 308.28 123.45 -2.34 
45.00 127.72 29.26 130.33 29.33 -2.01 
60.00 170.56 33.59 172.29 35.10 -1.00 
75.00 179.34 16.04 185.05 16.23 -3.09 

120.00 124.94 8.45 128.59 8.82 -2.84 
180.00 71.05 11.44 72.88 11.84 -2.51 
240.00 56.04 10.69 57.66 10.99 -2.81 
360.00 57.33 35.94 63.24 29.91 -9.34 
420.00 31.86 2.20 32.34 2.08 -1. 49 
480.00 34.40 4.42 34.91 4.28 -1. 45 

Mean e = 2.77 
S.D. = 2.00 

a. PCP concentration uncorrected for residual blood 
b. Standard deviation with n=3 
c. PCP concentration corrected for residual blood 
d. Percentage error = 100 x «Conc)u-(Conc)c)/(Conc)c 
e. Absolute mean of the percentage error 



Table II-XV. Comparison of Uncorrected and Corrected 
PCP Concentrations for the Stomach 

Time (Conc)u a S.D. b (Conc)cc S.D. % Error d 

(min) (ng/g) (n=3) (ng/g) (n=3) 

33.00 176.71 123.14 178.84 124.22 -1.19 
35.00 174.35 40.76 175.41 40.44 -0.61 
40.00 199.50 107.40 201.88 108.84 -1.18 
45.00 164.10 69.38 166.14 69.48 -1. 23 
60.00 226.52 94.59 230.24 93.12 -1.62 
75.00 136.41 28.06 NDe NDe NDe 

120.00 86.39 11.92 87.98 12.78 -1.80 
180.00 104.93 50.52 107.31 52.45 -2.21 
240.00 51.85 25.39 52.68 25.78 -1.58 
360.00 34.17 11.78 34.80 11.98 -1.83 
420.00 42.03 14.88 42.76 15.34 -1.71 
480.00 25.94 9.74 26.08 10.27 -0.53 

Mean E = 1. 41 
S.D. = 0.51 

a. PCP concentration uncorrected for residual blood 
b. Standard deviation with n=3 
c. PCP concentration corrected for residual blood 
d. Percentage error = 100 x «CONC)u-(CONC)c)/(CONC)c 
e. Not determined 
f. Absolute mean of the percentage error 
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Table II-XIV. Comparison of Uncorrected and Corrected 
PCP Concentrations for the Spinal Cord 

Time (Conc)u a S.D. b (Conc)cc S.D. % Error d 

(min) (ng/g) (n=3) (ng/g) (n=3) 

33.00 456.15 372.43 463.16 381. 92 -1. 51 
35.00 256.83 76.05 259.32 76.58 -0.96 
40.00 263.90 214.01 268.94 220.74 -1.88 
45.00 208.13 23.48 214.91 24.21 -3.15 
60.00 223.04 71.71 242.81 47.56 -8.14 
75.00 192.56 71.48 193.84 70.89 -0.66 

120.00 119.47 14.16 123.00 16.12 -2.87 
180.00 94.52 16.77 121.62 27.75 -22.29 
240.00 101. 06 33.87 102.64 33.55 -1.54 
360.00 583.40 918.60 597.50 930.93 -2.36 
420.00 49.57 13.85 50.69 14.89 -2.22 
480.00 44.14 10.85 44.59 10.48 -1.01 

Mean e = 4.05 
S.D. = 5.57 

a. PCP concentration uncorrected for residual blood 
b. Standard deviation with n=3 
c. PCP concentration corrected for residual blood 
d. Percentage error = 100 x (Conc)u-(Conc)c)/(Conc)c 
e. Absolute mean of the percentage error 
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Table II-XIII. Comparison of Uncorrected and Corrected 
PCP Concentrations for the Spleen 

Time (Conc)u a S.D. b (Conc)cc S.D. % Error d 

(min) (ng/g) (n=3) (ng/g) (n=3) 

33.00 1302.73 556.76 1569.51 601. 90 -17.00 
35.00 1651.41 661. 55 1982.39 718 ~'52 -16.70 
40.00 1200.93 794.43 1457.89 1135.26 -17.63 
45.00 1076.14 256.12 1351. 69 328.20 -20.39 
60.00 902.92 126.89 1066.40 196.75 -15.33 
75.00 946.58 154.51 1139.00 172.34 -16.89 

120.00 450.76 116.46 663.02 264.39 -32.01 
180.00 197.53 83.70 269.51 . 122.64 -26.71 
240.00 319.67 247.98 380.42 221. 78 -15.97 
360.00 714.01 1017.99 1115.13 1613.19 -35.97 
420.00 91. 66 25.25 134.28 60.52 -31.74 
480.00 74.69 26.04 91.54 53.57 -18.40 

Mean e = 22.06 
S.D. = 6.81 

a. PCP concentration uncorrected for residual blood 
b. Standard deviation with n=3 
c. PCP concentration corrected for residual blood 
d. Percentage error = 100 x (Conc)u-(Conc)c)/(Conc)c 
e. Absolute mean of the percentage error 
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Table II-XII. Comparison of Uncorrected and Corrected 
PCP Concentrations for the Muscle 

Time (Conc)u a S.D. b (Conc)cc S.D. % Error d 

(min) (ng/g) (n=3) (ng/g) (n=3) 

33.00 105.67 92.11 105.93 92.74 -0.24 
40.00 134.99 87.99 ND ND NDe 
45.00 82.14 16.03 82.78 17.13 -0.78 
60.00 94.46 16.58 94.52 16.14 -0.07 
75.00 100.93 6.06 101. 79 7.29 -0.85 

120.00 44.78 15.12 44.94 15.13 -0.35 
180.00 24.80 12.69 24.87 12.82 -0.27 
240.00 20.11 11. 97 20.17 11.99 -0.30 
360.00 253.56 411.33 261. 38 424.64 -2.99 
420.00 14.07 4.81 14.15 5.11 -0.53 
480.00 10.22 2.41 10.08 2.11 1.45 

Mean E = 0.78 
S.D. = 0.79 

a. PCP concentration uncorrected for residual blood 
b. Standard deviation with n=3 
c. PCP concentration corrected for residual blood 
d. Percentage error = 100 x «Conc)u-(Conc)c)/(Conc)c 
e. Not determined 
f. Absolute mean of the percentage error 
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Table II-XI. Comparison of Uncorrected and Corrected 
PCP Concentrations for the Lung 

Time (Conc)u a S.D. b (Conc)cc S.D. " Error d 

(min) (ng/g) (n=3) (ng/g) (n=3) 

33.00 735.31 285.67 908.26 369.95 -19.04 
35.00 939.48 380.35 1149.27 481.09 -18.25 
40.00 620.66 58.70 725.17 224.53 -14.41 
45.00 471.55 68.53 549.63 115.02 -14.20 
60.00 523.53 47.96 809.48 309.35 -35.32 
75.00 248.60 239.14 293.27 288.37 -15.23 

120.00 328.66 57.65 421.83 66.82 -22.09 
180.00 162.12 41.58 192.57 52.57 -15.81 
240.00 133.42 39.37 163.24 44.66 -18.27 
360.00 137.63 70.31 162.67 79.97 -15.39 
420.00 95.60 22.96 112.42 30.37 -14.96 
480.00 75.61 19.11 84.94 32.94 -10.99 

Mean e = 17.83 
S.D. = 5.68 

a. PCP concentration uncorrected for residual blood 
b. standard deviation with n=3 
c. PCP concentration corrected for residual blood 
d. Percentage error = 100 x «Conc)u-(Conc)c)/(Conc)c 
e. Absolute mean of the percentage error 
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Table II-X. Comparison of Uncorrected and Corrected 
PCP Concentrations for the Liver 

Time (Conc)u a S.D.b (Conc)cc S.D. % Error d 

(min) (ng/g) (n=3) (ng/g) (n=3) 

33.00 408.65 157.56 434.33 168.07 -5.91 
35.00 492.16 454.79 529.07 493.16 -6.98 
40.00 713.21 358.42 762.81 393.80 -6.50 
45.00 481. 82 79.37 524.81 91.06 -8.19 
60.00 425.78 52.77 477.58 33.58 -10.85 
75.00 462.92 81.36 551. 28 164.01 -16.03 

120.00 243.58 35.41 268.44 46.25 -9.26 
180.00 114.01 41.68 123.00 46.74 -7.31 
240.00 98.74 32.30 105.44 34.20 -6.36 
360.00 70.02 21.53 75.51 23.14 -7.27 
420.00 63.26 5.78 68.45 7.28 -7.58 
480.00 51.19 8.11 55.03 11. 52 -6.97 

Mean e = 8.27 
S.D. = 2.56 

a. PCP concentration uncorrected for residual blood 
b. Standard deviation with n=3 
c. PCP concentration corrected for residual blood 
d. Percentage error = 100 x «Conc)u-(Conc)c)/(Conc)c 
e. Absolute mean of the percentage error 

128 



Table II-IX. Comparison of Uncorrected and Corrected 
PCP Concentrations for the Kidney 

Time (Conc)u a S.D. b (Conc)cc S.D. % Error d 

(min) (ng/g) (n=3) (ng/g) (n=3) 

33.00 6100.61 3661. 30 6849.11 4129.78 -10.93 
35.00 5071. 72 707.74 ND ND NDe 
40.00 5060.77 2905.42 5712.49 3301.35 -11.41 
45.00 4219.90 520.78 4761.61 600.65 -11.38 
60.00 3779.44 1362.50 4095.13 1489.09 -7.71 
75.00 4209.10 649.13 4592.17 746.20 -8.34 

120.00 3121.46 695.21 3486.50 695.98 -10.47 
180.00 2309.44 821. 49 2561. 01 915.40 -9.82 
240.00 1853.55 754.06 2071. 22 823.92 -10.51 
360.00 1649.90 896.03 1847.40 1012.43 -10.69 
420.00 1222.13 259.64 1362.74 243.71 -10.32 
480.00 1423.84 567.63 1587.53 643.05 -10.31 

Mean E = 10.16 
S.D. = 1.06 

a. PCP concentration uncorrected for residual blood 
b. Standard deviation with n=3 
c. PCP concentration corrected for residual blood 
d. Percentage error = 100 x «Conc)u-(Conc)c)/(Conc)c 
e. Not determined 
f. Absolute mean of the percentage error 
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Table II-VIII. Comparison of Uncorrected and Corrected 
PCP Concentrations for the Intestine 

Time (Conc)u a S.D. b (Conc)c c S.D. % Error d 

(min) (ng/g) (n=3) (ng/g) (n=3) 

33.00 367.29 165.74 374.52 167.91 -1.93 
35.00 402.15 65.13 407.92 66.04 -1.42 
40.00 428.99 207.76 435.30 214.38 -1.45 
45.00 248.20 44.40 252.87 43.89 -1.85 
60.00 307.27 25.39 375.89 88.60 -18.26 
75.00 643.53 566.43 652.61 575.77 -1.39 

120.00 223.33 43.36 228.02 43.85 -2.06 
180.00 159.45 70.85 164.01 70.43 -2.78 
240.00 159.67 53.31 164.22 51.35 -2.77 
360.00 115.82 77.71 117.63 79.26 -1.54 
420.00 86.42 7.80 87.43 7.07 -1.15 
480.00 93.27 16.13 93.91 16.73 -0.69 

Mean e = 3.11 
S.D. = 4.41 

a. PCP concentration uncorrected for residual blood 
b. Standard deviation with n=3 
c. PCP concentration corrected for residual blood 
d. Percentage error = 100 x «Conc)u-(Conc>c)/(Conc)c 
e. Absolute mean of the percentage error 

130 



Table II-XVI. Distribution Coefficients Calculated Based on 
Corrected and Uncorrected PCP Concentrations 

Organ AUeu a AUCc b R' c Rd % Errore 

Spleen 209.617 263.646 13.323 16.757 -20.493 
Lung 167.653 241. 319 10.656 15.338 -30.526 
Kidney 2163.397 2553.201 137.500 162.275 -15.267 
Liver 96.677 105.933 6.145 6.733 -8.737 
Spinal Cord 51.373 74.396 3.265 4.728 -30.947 
Brain 53.169 55.419 3.379 3.522 -4.058 
Intestine 110.774 113.088 7.041 7.188 -2.046 
Stomach 71.841 77.517 4.566 4.927 -7.323 
Muscle 27.824 31. 356 1.768 1.993 -11.261 
Blood 15.734 

a. Area under the uncorrected concentration-time curve (~g-hr/ml) 
b. Area under the corrected concentration-time curve (~g-hr/ml) 
c. Ratio of AUC from uncorrected concentrations of tissue to the 

AUC of the blood 
d. Ratio of AUe from corrected concentrations of tissue to the AUe 

of the blood 
e. Percentage error = 100-(R'-R)/R 

.... 
(.,) .... 
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Table II-XVII. Values of Distribution Coefficients 
Calculated by a Single Point Method and 
Area Method 

R' R 

Organ Single Pt.a Areab Single Pt .8: Areab. 

Brain 5.217 3.379 5.370 3.522 
Spleen 18.822 13.323 27.686 16.757 
Lung 13.724 10.656 17.614 15.338 
Intestine 9.325 7.041 9.522 7.188 
Stomach 3.607 4.566 3.674 4.927. 
Kidney 130.342 137.500 145.585 162.275 
Liver 10.171 6.145 11.209 6.733 
Spinal Cord 4.989 3.265 5.136 4.728. 
Muscle 1.870 1.768 1.877 1.993 

a. Obtained by dividing the respective organ 
concentrations by blood concentration at two hours 
after injection (post-distribution phase). 

b. Obtained by ratio of areas under the concentration-time 
curves (Gallo ~t a1., 1986). 
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CHAPTER 10 

DISCUSSION 

Since its introduction, physiological pharmacokinetic 

modeling has become an important technique in drug 

disposition modeling. It offers advantages which are 

clearly unattainable in the empirical approach used in 

classical pharmacokinetic analysis. By virtue of using 

actual anatomical and physiological dimensions of a 

species in the modeling processes, it provides an insight 

into the understanding of quantitative drug distribution 

into various tissues or organs. This ability to predict 

tissue concentrations as a function of time following drug 

administration greatly enhanced the utility of this type 

of analysis in many biological disciplines. One of the 

applications is in the field of cancer chemotherapy 

[Bischoff, 1973; Zaharko et al., 1973; Bischoff, 1975]. 

The versatility of the model in predicting changes in 

distribution profiles of the drug using different routes 

of administration greatly facilitates the clinical 

management of chemotherapy of neoplastic patients. The 

physiological pharmacokinetic model has also been applied 

to risk evaluation of a commercial solvent, methylene 
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chloride [Angelo ~t al., 1984]. Another major application 

of this particular mode of modeling is in the field of 

interspecies scaling· [Dedrick, 1973; Boxenbaum, 1982]. 

Many anatomic, biochemical and physiological variables 

have been shown to correlate among species through 

allometric equations [Boxenbaum, 1980]. This information 

increases the potential of using more efficiently the In 

vitro or animal data in the preclinical trial of a 

therapeutic agent. The model is theoretically able to 

predict drug concentrations in the tissue which produces 

the effect of the drug. A critical step in this prediction 

is the determination of tissue-to-blood drug concentration 

ratios in different species. This is an important 

determinant in the validation of the physiological 

pharmacokinetic modeling within a species and it plays an 

even more critical role in the interspecies scaling of 

drug disposition. The parameter can be experimentally 

determined or calculated based upon tissue or plasma drug 

concentration-time data. The reliability of the results 

from these methods is very much dependent on the accuracy 

in the measurement of tissue drug concentrations. A likely 

source of error in this determination is the presence of 

drug in the capillary blood of the tissue. 
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Tissue drug concentration is usually determined by 

the homogenization of the whole organ which includes the 

drug derived from capillary blood. A better representation 

of the tissue drug concentration is considered to be the 

one which is determined from "blood-free~ tissue [Tiplette 

et a!., 1985]. However, a further distinction may also be 

applied to the "blood-free" region of a tissue. The region 

can be subdivided into the interstitial fluid and the 

intracellular space. Due to the differences in the 

biochemical contents in the respective fluids (namely the 

plasma, interstitial and cytoplasmic fluids in the blood, 

interstitial and intracellular spaces, respectively) for 

this three-region model, the total drug concentration is 

considered to be unique in each fluid region. An example 

of these differences may be seen in the values of the 

ratio of albumin concentration in interstitial fluid to 

that in the blood as shown in Table II-I. These values 

vary from 0.5 to 0.9 in different rat tissues indicating 

the dissimilarity in the fluid content of total albumin. 

However, it is difficult to sample interstitial fluid for 

quantitative drug analysis and, therefore, is seldom 

practiced routinely. Hence, in the development of the 

theory for evaluating quantitatively the influence of 

capillary blood on the measurement of total tissue drug 
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concentration, both the three-region and two-region models 

are used. As a result of these considerations, three 

tissue-to-blood distribution coefficients may be defined. 

These include the distribution coefficient corrected both 

for the capillary blood and interstitial fluid (Rc), 

another one which is corrected only for the capillary 

blood (R) and finally the one which is uncorrected with 

respect to either capillary blood or interstitial fluid 

(R J 
) • 

Analyses of literature data on methotrexate, digoxin 

and biperiden using the theory developed here indicate 

qualitatively that both R' and R may be an under- or over

estimate of Rc. In the cases where the distribution 

coefficient is greater than one (h..~., occurence of tissue 

drug accumulation) both R' and R tend to under-estimate 

Rc. The converse is also true and this may be exemplified 

by the data associated with muscle tissue as shown in 

Figures 2-2a and 2-2b. For distribution coefficients 

having values greater than one, a lower drug concentration 

is found in the capillary blood when compared to that in 

"blood-free" tissue. Hence, in the process of homogenizing 

the whole tissue, the blood acts as a dilution factor 

which ultimately causes the under-estimation in 

concentration. On the other hand, when there is no tissue 
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uptake, the measured drug concentration primarily reflects 

drug in the capillary blood and hence the over-estimation 

of the distribution coefficients. 

Another quantitative aspect of this capillary blood 

factor is the relationship between the error associated 

with the uncorrected distribution coefficient and the 

volume fraction of blood in tissue. It is evident that the 

percentage errors in R' and R with respect to Rc 

(determined from the literature for methotrexate, digoxin 

and biperiden, as shown in Figures 2-2b and 2-3b), do not 

indicate any direct relationship between the error and the 

volume fraction of blood. For example, the percentage 

errors in R' (biperiden, Figure 2-3b) for skin and heart 

are about equal to one another despite the fact that the 

volume fraction of blood for heart is about ten-fold 

larger than the corresponding value for the skin. This 

rather unexpected observation may be explained based on 

the derived theoretical equations. As equation 2-27 

indicates, the relative errors are dependent upon 

parameters such as (VF)S, (VF) I, (VF)C, r, (fu)s and 

(fu)c. Hence, no direct relationship between the 

percentage error in R' or R with respect to Rc and (VF)S 

is observed. However, percentage error in tissue drug 

concentration when comparing uncorrected with corrected 
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concentration for the experimentally determined residual 

blood, illustrates a seemingly direct relationship. This 

may be seen in Figure 2-9 which is a plot of percentage 

error expressed as a function of volume fraction of blood 

in tissue. As explained in chapter 9, this is due to the 

fact that consideration is given only to the capillary 

blood but not interstitial fluid in the experiment. This 

outcome may also be predicted based on equation 2-34, 

1 
% Err = 100" [ (Vd B" (- -1)] 

R 
(2-34) 

In this equation, it is apparent that % Err is not 

directly proportional to (VF)B, but is a function of both 

(VF)B and R. However, in the case where the value of R is 

large, the term l/R is much smaller than one and hence may 

be neglected in equation 2-34. This approximation will 

then lead to equation 2-35, 

(2-35) 

which indicates a direct proportionality between % Err and 

(VF)B. As can be seen in Figure 2-9 the predictions based 

on equation 2-35 (solid line) agree very well with the 

experimental data. 
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Another question with regard to the influence of 

capillary blood on the measurement of tissue concentration 

is, when is a correction necessary and under what 

conditions may it be ignored. As pointed out in the 

previous paragraph, the errors in the uncorrected 

concentrations generally increase as the volume fractions 

of blood in tissue increase. However, this does not mean 

that a correction is always necessary for tissues with a 

large volume fraction of blood. Another factor, the 

distribution coefficient, also plays a role in this 

aspect. As shown in Figure 2-6, the error in the 

uncorrected concentration is negligible for all the 

tissues when the distribution coefficient is close to one. 

Hence, when the values of the distribution coefficients 

are either large (greater than one) or very small (less 

than one), correction for capillary blood may be required 

for tissues which have a substantial amount of capillary 

blood. It is important to note that when the values of the 

distribution coefficient are large the percentage of the 

amount of drug in tissue coming from blood is small. Based 

on the latter point, a small value alone may lead one to 

incorrectly conclude that a correction may not be 

necessary. On the contrary, as shown in Figure 2-7, as the 

percentage of the amount of drug in a particular tissue 
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derived from blood decreases beyond a certain point (where 

the line Y=O intersects the plot) the error in the 

uncorrected concentration actually increases. 

The results from the simulations also indicate the 

importance of intravascular and intracellular binding of 

drug in overall drug distribution. A great deal of 

attention has been given to the former but the same can 

not be said for the latter. Although intracellular binding 

proteins are not lacking, for example ligandin or protein 

A (also known as Z-protein or fatty acid binding protein), 

the difficulties in their accessibility, isolation and 

identification greatly limit the amount of work in this 

area. However, due to the abundance of these intracellular 

proteins in certain tissues or organs, their influence on 

tissue concentration and the determination of distribution 

coefficients can be enormous. When the percentage error in 

R' or R relative to Rc is plotted as a function of unbound 

fraction of the drug in blood, a hyperbolic profile is 

obtained (Figures 2-4 and 2-5). The larger error occurs at 

low unbound fractions (or when the drug is highly bound to 

the blood proteins). However, intracellular binding also 

affects the magnitude of the errors. In contrast to 

binding in the blood, a high binding in the intracellular 

space tends to lower the magnitude of the error. For 



example in Figure 2-5, the line associated with (fu)c = 
0.5 lies below the line associated with (fu)c = 0.9 

151 

Both in vivo and in vitro techniques have been 

developed with regard to the calculation of tissue-to

blood distribution coefficients [Chen and Gross, 1979; Lin 

~t al., 1982; Gallo ~t al., 1987]. The use of this 

parameter in physiological pharmacokinetic models 

implicitly assumes that the ratio of tissue to blood 

concentrations is a constant at steady state. Hence, 

theoretically, it is possible to determine this parameter 

using a single time point (especially after the post

distrib~tion phase). The results shown in Table XVII 

indicate that this is indeed the case. The table 

illustrates the comparability of the single point 

estimates to the estimates obtained by the area method. 

Although this rather simple method is feasible, any error 

in the measurement of the concentrations at this 

particular time will subsequently lead to error in the 

estimates. 

In conclusion, it has been shown theoretically that one 

may define several drug distribution coefficients between 

different regions of an organ or tissue and blood. These 

include R', Rand Rc as defined in Chapter 7. We also have 

illustrated, theoretically, the importance of tissue 
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capillary blood volume and drug protein binding in the 

determination of tissue concentrations and the 

distribution coefficient of a drug between tissue and 

blood. The theoretical results concerning the volume 

fraction of blood in tissue and the measured tissue 

concentration uncorrected for the residual blood has been 

confirmed experimentally. The important factors to 

consider are not only related to the volume fraction of 

blood in tissue but also include the volume fraction of 

interstitial fluid and cellular space, and the 

intravascular and intracellular unbound fraction of drug. 

The uncorrected values of tissue concentrations and the 

values of R' or R may be under- or over-estimates of their 

respective "true" values. Hence, in the determination of 

tissue concentrations or distribution coefficients in 

physiological pharmacokinetic modeling, a correction for 

the capillary blood volume is necessary when the drug is 

highly bound in plasma (especially in tissue having a 

large (VF)B) and when there is no accumulation of drug in 

the tissue. 
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A more detailed investigation of the distribution or 

uptake of a drug into an organ is possible through the use 

of an isolated perfused organ system. In this technique 

the uptake process is characterized by comparing the 

difference in the drug concentration prior to and after 

passing through the isolated organ [Wilkinson and Shand; 

1975; Rowland et al., 1977]. This mode of study enables 

the elucidation of the efficiency of drug transport into 

an organ from the capillaries. Several quantitative 

relationships are available for describing the uptake or 

clearance of a drug by an organ, notably the liver [Pang 

and Rowland, 1977a; Pang and Rowland, 1977b; Bass ~t al., 

1978: Forker and Luxon , 1978; Bass, 1983; Robert and 

Rowland, 1985; Robert and Rowland, 1986]. For an in vitro 

system, ~.g., an isolated perfused rat liver, the "well

stirred" or "venous equilibrium" model (Model I) [Pang and 

Rowland, 1977a] predicts that, 

E = fu-Cllnt / (Q + fu-Cllnt) (3-1) 



The analogous relationship predicted by the "sinusoidal 

perfusion" model (Model II) is [Bass .~t al:,., 1978), 

E = 1-exp(-fu·Cll n t/Q) (3-2) 
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In each case, E is the extraction ratio, Clint is the 

intrinsic clearance (when fu=1.0), fu is the unbound 

fraction of the drug and Q is the perfusate flow. Both 

models have proven to be useful in making qualitative 

predictions of hepatic uptake or clearance [Ahmad ~t al., 

1983; Keiding and Steiness, 1984; Jones ~t_al., 1984; 

Rowland ~t al., 1984). However, quantitative differences 

exist between the predictions from these two models. In 

certain cases, both models yield consistent results in 

predicting the effect of changes in drug protein binding 

on the hepatic extraction ratio (E). For example, the 

values of E for phenytoin calculated based on the model 

equations are comparable to the experimentally determined 

E as a function of fu (Figure 3-1) [Byrne ~1-~!., 1985). 

However, for diazepam, the experimental data conform 

better to the predictions from Model II (Figure 3-2). Rane 

et ale [1977) have shown that there is a good relationship 

between the calculated E based on Model I and the E 

determined in vitro with the isolated perfused rat liver. 



However, the experiment was conducted in the absence of 

binding protein in the perfusate. As can be seen from 

Figures 3-1 and 3-2, the prediction of E tends to be 

better under conditions of fu = 1. As fu decreases, 
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deviations from experimental data become more pronounced. 

The predictions of Clint by both model equations based on 

the experimental values of E, fu and Q also differ 

greatly. For example, the predicted Clint by Model I and 

Model II for taurocholate in an isolated perfused rat 

liver is 129 and 14 ml/min/g, respectively [Forker and 

Luxon, 1985a]. Compared to the experimental value of 10 

ml/min/g, Model II seems to give a more reliable 

prediction (Table III-I), however this may not be the 

case. Inconsistency is even found within a model based on 

the predicted Clint. Built into the two models is the 

assumption that Clint is independent of protein 

concentration, as such, the ratio of Clint calculated 

under different protein concentrations should be equal to 

one. However, for propranolol, Forker et al~ [1985] have 

shown that average values of 2.0 ml/min/hr (0.44-4.2) and 

4.3 ml/min/hr (3.6-5.9) are obtained for CLint for Model I 

and Model II, respectively (Table III-II). Given the above 

controversies as well as the inconsistencies in the model 

predictions, a more reliable model seems to be desired. 
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A model which incorporates various kinetic aspects of 

the uptake processes is formulated here. The proposed 

model will be used to address several unresolved issues in 

the hepatic uptake of organic compounds. These issues 

include the albumin receptor concept [Weisiger ,~~!., 

1981], the use of unbound fraction in the prediction of 

hepatocellular uptake and the possible role of binding 

kinetics in the overall transport phenomena. 



Table III-I. Measured and Model Predicted Intrinsic 
Clearance for Various Organic Compounds. 

CLint (ml/min/g)a 

Compound 

Propranolol d 

Diazepam e 

Phenytoin e 

Taurocholate g 

0.99 
0.95 
0.69 

NAd 

Well
Stirred 
Model 

199.0 
19.0 
2.2 

129.0 

a. Intrinsic clearance when fu=1. 
b. Extraction ratio. 

Parallel
Tube 
Model 

5.3 
3.0 
1.2 

14.0 

Measured C 

10.0 
NAf 
2.0 

10.0 

c. Intrinsic clearance measured using isolated hepatic 
enzyme system. 

d. Data from Rane .~t a!.. (1977). 
e. Data from Byrne ~.:.t.. ... a!.. (1985). 
f. Data not available from literature. 
g. Data from Forker and Luxon (1985). 
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Table III-II. The Prediction of Intrinsic Clearance based 
on Experimentally Determined Values of 
Extraction Ratio and Unbound Fraction at 
Different Protein Concentrations 

Model CLint(25)/CLlnt(O)a 

Expected 
Well-Stirred 
Parallel-Tube 

1.0 
2.0 (0.4-4.2 b ) 

4.3 (3.6-5.9 b ) 

a. Ratio of intrinsic clearance determined at protein 
concentrations of 25 gil and 0 gil. Adapted from Forker 
and Luxon (1986). 

b. Range of the ratios of intrinsic clearance. 
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Figure 3-1. Hepatic extraction ratio versus unbound 
fraction for phenytoin showing experimentally 
determined values (symbols) and model 
predictions. The solid line represents the 
prediction from the sinusoidal perfusion 
model while the dotted line denotes the 
prediction from the venous equilibrium model. 
Data taken from Byrne et al. (1985). 
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Figure 3-2. Hepatic extraction ratio versus unbound 
fraction for diazepam showing experimentally 
determined values (symbols) and model 
predictions. The solid line represents the 
prediction from the sinusoidal perfusion 
model while the dotted line denotes the 
prediction from the venous equilibrium model. 
Data taken from Byrne et al. (1985). 
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CHAPTER 12 

THEORY 

Most organic compounds are found to be associated 

with macromolecules or proteins present in the various 

fluid regions of the body. For example, in blood, albumin 

is the major binding protein for most endogenous and 

exogenous compounds. It is known that under normal 

physiological conditions, albumin is mainly restricted to 

the vasculature with limited access to the extravascular 

or intracellular space. Hence, prior to hepatocellular 

uptake, the ligand must be separated from the albumin 

molecules [Paumgartner and Reichen, 1976; Bloomer .!.'!.L.~!. , 

1973, Wolkoff ~.L~!.., 1979]. In most traditional models 

the association and dissociation rates of the drug-protein 

binding process are assumed to be spontaneous. This 

implies the existence of an equilibrium between bound and 

free ligand in the liver sinusoids. However, recent 

studies have indicated that the rate of dissociation of 

some ligands from albumin may not be sufficiently rapid to 

maintain equilibrium when hepatic uptake is rapid 

[Weisiger, 1985]. This kinetic approach provides another 

important insight into the hepatocellular uptake process. 
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In brief, the hepatic uptake of a drug will depend on 

various rate constants, viz, the dissociation and the 

association rate constants of drug and the binding 

protein, the rate of diffusion through the hepatic 

membrane and the enzymatic elimination rate. 

Several assumptions are made in developing the 

mathematical model for the uptake of a drug into the 

liver. Blood entering and leaving the liver contains 

unbound drug and drug bound to protein. Only unbound drug 

is able to traverse the hepatic membrane. Prior to 

traversing the membrane, the bound drug has to be 

dissociated from the drug-albumin complex. Lengthwise and 

axial diffusion is insignificant and flow is the effective 

mechanism transporting the drug from input to output. No 

assumption is made about the profile of drug concentration 

along the sinusoid. Equilibrium of binding between drug 

and protein molecules in the sinusoid is not assumed. 

Figure 3-3 is a diagramatic representation of the 

eliminating element, ~~, a sinusoid. The meaning of the 

symbols used in the figure are given below. 

CStB is the bound drug concentration in the sinusoid 

and Disse space 

Cstu is the unbound drug concentration in the 

sinusoid and Disse space 



Ce,T is the total drug concentration within the 

hepatocyte 

Ka is the association rate constant between the 

drug and the protein molecule (M-1'S-1) 
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Kd is the dissociation rate constant of the drug

protein complex (S-1) 

K1 is the rate constant associated with drug 

molecules entering the hepatocyte from the 

sinusoid and Disse space (S-1) 

Kz is the rate constant associated with drug 

molecules returning from the hepatocyte to the 

sinusoid and Disse space (S-1) 

K3 is the rate constant of elimination of the drug 

by the hepatocyte (S-1) 

Let blood flow occur at the rate of Q ml/sec and 

enter point x along the sinusoid at time t. After a time 

lapse of ~t, let the distance travelled along the sinusoid 

be ~x. Considering mass balance, the rate of change in 

the amount of unbound drug in the sinusoid within the 

element ~x is, 
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AAs. u 

At 

- (K1+K a ')-As.u (3-3) 

where, 

As. u is the amount of unbound drug in the sinusoid 

within the element Ax (moles) 

Cs.U(x) is the unbound drug concentration at point x 

Cs.u(x+AX) is the unbound drug concentration at 

point x +AX (M) 

Ac. T 

As. B 

Ka' 

is the total amount of drug in the hepatocyte 

wi thin the element A x (moles) 

is the amount of bound drug in the sinusoid 

wi thin the element A x (moles) 

is the product of Ka and protein 

concentration (S-1) 

Let the cross-sectional area of the sinusoid be A cm2. 

Then the volume of the sinusoid in the element from point 

x to point x+Ax is A-Ax. Dividing equation 3-1 throughout 

by A-Ax, 
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.!:l.t 

where, 

= 
Q 

A 

.!:l.Cs. u 

165 

Vc 
+ Ka '--- , CC,T + 

A'.!:l.X 

(3-4) 

Vc is the volume of hepatocyte within the element .!:l.X 

Let, 
Vc 

fv = (3-5) 
A'.!:l.x 

In the limit, .!:l.t approches zero, equation 3-4 may be 

written as, 

dCs, u Q dCs, u 
= 

dt A dx 

(3-6) 

Similarly, the rate of change of bound drug concentration 

in the sinusoid may be described by, 

dCs, n Q dCs, B 

= (3-7) 
dt A dx 

The rate of change of total drug concentration within the 

cell is, 
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dCe IT 
= Kl-CS,U - (K3+K2)-CCIT (3-8) 

dt 

At steady state, 

dCs I U dCs I B dCc IT 
= = = 0 

dt dt dt 

Equating equation 3-8 to zero and solving for Ce yields, 

Kl 
Ce,T =( ) - Cs I U (3-9) 

Subsituting equation 3-9 into equation 3-6 and with 

rearrangement, 

Q dCs ,u 
[ 

Kl-K2-fv 
(KdKa)]-CsIQ + - + Ka-Cs,B = 0 

A dx K2+K3 
(3-10) 

Let, 

Q 
a = 

A 

b = - (KdK a ) 

then equation 3-10 becomes, 

dCs I U 

a- (3-11) 
dx 
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Setting equation 3-7 to zero and substituting for a, 

dCs, a 
a" (3-12) 

dx 

Equations 3-11 and 3-12 constitute a system of linear 

differential equations with constant coefficients. The 

solutions to those two differential equations are [Ross, 

1974], 

Cs, u(x) = Kd" [ __ a __ _ 

a"rl+ b 

(3-13) 

and 

(3-14) 

where, 

a = 
1 - Ml"Mz 

p = a - fa"Cs,T(O) 

fu is the unbound drug concentration in the 

entering fluid 

fa is the bound drug concentration in the 

entering fluid 



CS,T(O) is the total drug concentration in the 

entering fluid 

Ml = 

a"rz+b 

- Rl+(R 1 2+4"Rz)' 
rl = 

2 

- Rl-(R 1 2+4"Rz) ~ 
r2 = 

2 

R 1 = 
a 

Kd" (b+Ka) 
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Therefore, the total drug concentration (CS,T) leaving the 

sinusoid of length Lis, 



Cs,T(L) = Cs,u(L) + Cs,B(L) 

= a- [ l+ ___ K_d __ 

a-rl+b 
r 

Kd 
- e r 1 - L ] + f3. 1 +-----

a-rz+b 

(3-15) 

Then, the extraction ratio (E) may be calculated as, 

E = (3-16) 
Cs,dO) 

Based on equations 3-13 and 3-14 this model is able to 

predict the unbound as well as the bound concentration, 

respectively, along the length of the hepatic sinusoid. 
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Subsequently the unbound fraction along the length of the 

sinusoids may also be determined. Using equation 3-15 it 

allows the prediction of the total concentration in the 

outflowing fluid. 
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Figure 3-3. Diagrammatic representation of a hepatic 
elimination unit. 
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The proposed model is used to address several 

unresolved experimental observations regarding the 

hepatocellular uptake of organic compounds. These issues 

include the apparent saturation of hepatic oleate uptake 

(or the albumin receptor concept), binding equilibrium 

between protein and ligand molecules in the sinusoids and 

the change in extraction ratio as a function of protein 

concentration. To accomplish the purpose of using the 

model in a discussion on those observations, the 

conditions as well as the experimental design reported in 

those studies were used in the model simulations. 

Estimation of Model Parameters 

The following procedures were used in the simulations 

to obtain the results corresponding to each observation. 

Values were assigned to various parameters used in the 

calculation of Cs,T(L). These parameters include Q, A, L, 

Ka , Kd, Kl, Kz, K3, fv and CS,T(O). Both anatomical and 

physiological parameters of the liver were based on the 

values obtained from the rat liver. Values for A and L 
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were derived in the following way. The weight of the 

liver for a rat with body weight of 350 g is approximately 

10.5 g [Hamilton and Dow, 1963]. The volume of the 

sinusoid of a rat liver is about 15 % of the liver weight 

[Goresky, 1963]. Hence, the volume of the sinusoid for a 

10.5 g liver is 1.58 mI. The length of a sinusoid in 

human or pig liver is 0.1 cm [Windle, 1960]. Taking an 

average weight of 1.5 kg (2.14 % of body weight) for a 

human liver, the length of a liver sinusoid in the rat 

liver can be scaled to be 7x10- 4 cm. The diameter of a 

sinusoid in a dog liver is 7 ~m [Gillette, 1973] and, 

based on weight scaling, the corresponding value in the 

rat liver is about 2.45x10-4 cm. This will give a value 

of 4.7x10-s cm 2 for A. Hence, the volume of a sinusoid in 

the rat liver is equal to A·L which is about 3.29x10-11 

cm3. Since the total volume of the sinusoid is 1.5 cm 3 , 

the number of sinusoids is approximately 4.5x10 10 • The 

blood flow to the rat liver is about 0.79 ml/min/g liver 

weight. Assuming all the sinusoids are arranged in 

parallel to one another and the resistance is uniform in 

all the sinusoids, the flow through each sinusoid may be 

calculated to be approximately 3x10- 10 ml/sec and this is 

the value of Q used in equation 3-13 in the simulation. 

The ratio of volume of hepatocyte to sinusoid (fv) is 
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about 1.5 [Goresky, 1963]. A range of values are used in 

the simulation for Ka as well as Kd and the values are 10 5 

to 10 8 M-l·sec- l and 5x10- 3 to 3x10 l sec-l, respectively 

[Gillette, 1973]. The values for Kl, Kz and K3 are 10 3 , 

10- 1 and 10 4 sec- 1 respectively. Once the model parameters 

were estimated, they are used in equation 3-13 to 

calculate the total concentration exiting the liver. 

Simulations for the Apparent Saturation of Hepatic Uptake 

of Oleate. 

This apparent saturation phenomenon was observed in 

the uptake of oleate by the isolated perfused rat liver 

[Weiseger .~.'£.._al., 1981; Weiseger .~..'£.. al., 1982]. For a 

fixed albumin concentration in the perfusate, oleate 

uptake rate is linearly related to the total oleate 

concentration. Increasing the concentration of both oleate 

and albumin in parallel results in an apparent saturation 

process (Figure 3-4). 

An albumin-receptor concept has been proposed to 

explain the observation [Weisiger et al., 1981]. It was 

speculated that a specific macromolecule on the liver cell 

membrane might faciliate dissociation of the albumin

ligand complex, possibly through a conformation change, 
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and promote ligand uptake. Thus, as the concentration of 

the albumin-oleate complex increases, uptake rate rises 

until the availability of albumin binding sites on the 

cell surface approaches zero and, hence, results in the 

saturation of the uptake process. However, an attempt to 

identify the presence of a membrane protein with a high 

albumin affinity has not been successful [Stremmel ~~~l., 

1983]. The binding of I-labeled albumin to rat liver 

plasma membrane was found to be no greater than to 

erythrocyte ghosts [Stremmel ~! al., __ 1983]. Furthermore, 

more recent studies suggest that this uptake phenomenon is 

not albumin specific but also occurs when p-Iactoglobulin 

or ligandin are employed [Nunes et al., __ 1985]. Based on 

these findings, an alternative interpretation is presented 

here. 

Using similar conditions as in the experimental work, 

~., increasing ligand concentration alone while keeping 

a constant protein concentration and, increasing ligand 

and protein concentration simultaneously (1:1 ratio), rate 

of uptake was simulated as a function of total ligand 

concentration. The various parameters used in the 

simulation are Qs (flow in the sinusoid) = 8.75xlO- 10 , A = 
4.71x10-s cm 3 , Ka = 1.0x10 5 M-l·sec- l , Kd = 0.75 sec- i , Kl 

= 1.5x10 3 sec- l , K2 = 0.1 sec-land K3 = 1xlO. sec- l . The 
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ligand concentration varies between 6.0x10-6 to 1.92x10-4 

M. The albumin concentration is kept constant at 6.34x10-5 

M and it varies between 6.0xlO- 6 to 1.92x10-4 M in another 

case. The results of the simulation is shown in Figure 

3-5. 

Simulation for the Magnitude of Change in Extraction Ratio 

as a Function of Protein Concentration. 

Another observation is the nonproportional decrease 

in the hepatic extraction ratio as a result of a large 

decrement in the unbound ligand concentration brought 

about by an increase in the albumin concentration {Forker 

and Luxon, 1983; Stollman ~t al.,_1983]. This may be seen 

in the taurocholate kinetic data as shown in Table III-III 

{Forker and Luxon, 1981]. 

For a 90 % increase in albumin concentration the 

unbound fraction decreases by 80.7 % while the extraction 

ratio decreses by only 11.3 %. Several explanations have 

been proposed to explain this observation. It is inferred 

that albumin somehow helps in the removal of the ligand in 

the uptake processes. The albumin receptor concept is also 

implicated in this particular result {Ockner .et al." 
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1983]. Up until now, most of the predictions and 

observations regarding the hepatocellular uptake have been 

related to the unbound fraction which is determined in 

vit~ under equilibrium condition. However, processes 

involved in the uptake are dynamic. Unbound fraction is a 

function of the association binding constant and protein 

concentration. Hence, unbound fraction may not be suitable 

in making certain predictions. A more appropriate 

determinant may be the dissociation rate constant of the 

albumin-ligand complex. 

With this supposition, simulations were done to 

calculate the extraction ratio as a function of the 

dissociation rate constant. A range of values, 10 5 to 10 8 

M-l'sec- 1 and 5xl0- 3 to 30.0 sec- 1 for Ka and Kd, 

respectively, are used in the simulation. The values for 

Kl, K2 and K3 are 10 3 , 10- 1 and 10 4 sec-I, respectively. 

Simulation of Binding Equilibrium between Protein and 

Ligand Molecules in the Sinusoids. 

Contrary to the conventional belief that 

equilibration between unbound ligand and albumin-ligand 

complex is virtually instantaneous, direct estimation of 

the!..!!... v~.!:ro unidirectional dissociation rate of the 
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albumin-ligand complex indicates that the rate is slow 

compared with the hepatic uptake rates for the 

corresponding compound in vivq in the isolated perfused 

rate liver [Faerch and Jacobsen, 1975; Gray and Stroupe, 

1978]. Hence, binding equlibrium may not be maintained 

within the sinusoids. No studies have been done to 

investigate the conditions under which this may be a 

significant factor in the uptake processes. The profile of 

the unbound fraction along the sinusoid is also unclear. 

Based on the proposed model, a simulation was done to 

investigate whether binding equilibrium is maintained and 

the profile of the unbound fraction along the sinusoid. 

Using equations 3-11 and 3-12, the unbound and bound 

concentration along the length of the sinusoid were 

calculated. The unbound fraction was then determined by 

calculating the ratio of unbound concentration to total 

concentration. This was done for three levels of binding 

(unbound fractions before entering the liver were 0.106, 

0.542 and 0.922). 
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Table III-III. Taurocholate Kinetic Data from an ~n. __ Y-.~.tz:Q. 
Study Using an Isolated Perfused Rat Liver a 

Perfusate Albumin 
Concentration (g/dl) 

0.5 
5.0 

Unbound 
Fraction 

0.57 
0.11 

Extraction 
Ratio 

0.97 (0.02b) 
0.86 (O.03 b ) 

a. Data obtained from Forker and Luxon (1981). 
b. Standard deviation. 
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Figure 3-4. Hepatic oleate uptake as a function of oleate 
concentration at fixed (solid line) and • 
variable (dotted line) albumin 
concentrations. Data taken from Weiseger et 
a1. (1981). 
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Figure 3-5. Results from simulation based on the model 
proposed here showing hepatic uptake of 
organic compounds as a function of ligand 
concentration at fixed (solid circle) and 
variable (solid triangle) protein 
concentrations. 
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Results from the simulations for the proposed model 

of hepatic uptake as a function of oleate concentration at 

fixed and variable protein concentrations are shown in 

Figure 3-5. At a fixed protein concentration, uptake 

increases linearly with oleate concentration. The oleate 

concentration ranges from O.5x10-5 to 20x10- 5 M. When 

protein concentration increases along with the oleate 

concentration on a 1:1 molar basis the uptake shows a 

nonlinear increase. It is also noted that the uptake curve 

in the nonlinear portion lies above the linear curve. The 

curves intersect at a point after which the linear portion 

is above the nonlinear curve. Similar profiles are also 

found in the experimental observations (Figure 3-4). 

Magnitude of Change in Extraction Ratio as a Function of 

Protein Concentration. 

The results of the simulations are shown in Figure 
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3-6 and Table III-IV. Figure 3-6 is a plot of extraction 

ratio as a function of dissociation rate constant at 

different values of unbound fraction of drug. The unbound 

fractions for lines A, Band C in the figure are 0.0156, 

0.138 and 0.452, respectively. The alteration in the 

degree of binding was simulated by changing the 

concentration of the binding protein. The protein 

concentrations are 3.17x10- 3 , 3.17x10-4 and 6.34xlO-5 M 

for lines A, Band C, respectively, in Figure 3-6. 

The lines in Figure 3-6 indicate that at a particular 

degree of binding (e.g. line A, unbound fraction of 

0.0156), the extraction ratio increases as the value of Kd 

increases (the values of Ka also increase in proportion as 

Kd increases to maintain a constant unbound fraction). The 

change in Kd is to be intepreted as a result of studying a 

variety of compounds which have characteristics such as 

having similar values for KI, Kz and K3. If one were to 

measure the unbound fraction and intrinsic clearance in 

~itro, conventional models would predict equal extraction· 

ratios for all cases. However, as shown in Figure 3-6, the 

extraction ratio increases in the general direction as the 

value of Kd increases. Moreover, the three lines shown in 

the figure do not parallel one another, indicating that 

the extent of increment in the extraction ratio, with a 



183 

similar change in unbound fraction, is not identical at 

different values of Kd. When Kd = 3.31 sec- 1 there is a 

2.9 fold increase in the extraction ratio while there is 

only a 1.4 fold increase when Kd = 15.4 sec- 1 for a 10-

fold decrease in the protein concentration (change in the 

unbound fraction is 6-fold). For a 5-fold decrease in the 

protein concentration (corresponding to a unbound fraction 

change of l.8-fold), the changes in the extraction ratio 

are 1.6- and 1.8-fold for a Kd of 3.31 and 15.4, 

respectively. 

Binding Equilibrium between Protein and Ligand Molecules 

in the Hepatic Sinusoids. 

Figure 3-7 shows the results of the simulation using 

the proposed model. It is noted that the unbound fraction 

decreases along the length of the sinusoid in all cases 

but to a different extent. The difference between the 

unbound fraction before entering the liver and that just 

about to leave the sinusoid are 91, 98 and 23 % when the 

unbound fractions (before entering the sinusoid) of 0.106, 

0.542 and 0.922, respectively. 
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Table III-IV. Magnitude of Change of Extraction Ratio as a 
Function of Protein Concentration. 

Protein Extraction RatioB 
Concentration Unbound 
(xlO- 5 ) M Fraction kd = 3.31 S-1 kd = 15.4 S-1 

63.40 0.073 0.17 0.42 
6.34 0.441 0.50 0.58 
1. 27 0.798 0.82 0.88 

a. Results obtained from the simulations based on the 
model proposed in this dissertation. 
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Figure 3-6. Results from simulation based on the model 
proposed here showing extraction ratio as a 
function of binding dissociation rate 
constant. Three levels of unbound fraction 
are used in the simulations; 0.462 (solid 
square), 0.138 (solid triangle) and 0.016 
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CHAPTER 15 

DISCUSSION 

Drug distribution and tissue uptake play a major role 

in affecting the amount of drug reaching the receptor site 

and producing a pharmacological effect. These processes 

also have an important effect upon the metabolic profile 

of the drug in the body. In fact, these two processes have 

created a very interesting area of research in the field 

of physical pharmacy, particularly in the design of drug 

delivery systems. 

The major challenge to scientists in this area is to 

deliver drug to a particular site in the body where the 

receptors reside or to avoid the distribution of drug to 

sites where extensive metabolic activity is found. The 

advantage of this localized delivery of drug is the 

reduced incidence of toxicity or untoward reactions. At 

the same time localized delivery greatly increases the 

efficacy of the drug in the body. However, the interest 

shown in studying the processes of tissue distribution and 

drug uptake is by no means limited to one particular 

biological field [Borchardt et al., 1985]. For example, in 

physiology, research studies related to examination of 
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inert gas exchange in the lungs [Kety, 1951] as well as 

transport of potassium-42 to isolated skeletal muscle 

[Renkin, 1959] were initiated as early as in the nineteen 

fifties. The uptake of exogenous [Pardridge ~t al., 1983; 

Blasberg et al., 1983; Zlokovic, 1983; Cefalu, 1985]] as 

well as endogenous compounds [Pardridge, 1981; Dubeyet 

~l., 1983] into the brain through the blood-brain-barrier 

also attracted a great deal of attention in the field of 

endocrinology. 

Tissue drug uptake phenomena as a multidisciplinary 

problem may be examplified by the uptake processes 

involving the liver. Due to its anatomical position in the 

vascular system, the morphological features found within 

the hepatic sinusoids as well as the abundance of 

metabolic enzyme systems, the liver serves as a major site 

of metabolism for most endogenous and exogenous compounds. 

These unique features of the liver create opportunities 

for investigations from the entire spectrum of specilties 

within the biological sciences. 

Among the studies related to the liver, the one which 

has been a center of controversy is the hepatocellular 

uptake of organic compounds [Weisiger ~~~., 1982; Bass 

and Ponds, 1988; Forker, 1988; Horie ~t a~., 1988; Mendel 

et al., 1988]. By itself, the studies of uptake processes 
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represent a major challenge for a scientist who is 

attempting to elucidate the mechanism of drug transport 

from the blood into tissues. It is even a more difficult 

problem with the added complication of drug binding to 

various blood components [Smallwood ~t al., 1988a; 

Smallwood ~t al., 1988b]. This is the situation because of 

the unanswered question about the use of the unbound 

fraction of drug at equilibrium as the major binding 

parameter. It is assumed that the unbound fraction is the 

portion of the drug which is available for biological 

activity. This assumption is fundamental to various 

biological disciplines. For example, in physiology, the 

organ uptake or transport of a drug is described by the 

Kety-Renkin-Crone equation [Pardridge, 1987], 

fUOQPO S ] 
E = 1 - exp [ - (3-17) 

where E is the extraction ratio, P the permeability, S the 

surface area available for uptake, Q is the blood flow to 

the tissue or organ and fu is the unbound fraction of the 

drug in the blood. Another example can be found in the 

"free hormone hypothesis" in endocrinology [Robbins and 

Rall, 1957; Albertini and Ekins, 1982] which states that 

the in vivo biological activity of the hormone is 



190 

proportional to its equilibrium-unbound concentration in 

plasma. 

The term unbound fraction is also widely used in 

conjunction with other parameters in the field of 

hepatology to describe hepatic uptake of organic compounds 

[Wilkinson and Shand, 1975; Shand ~t a~ .• , 1976; Pang and 

Rowland, 1977; Weisiger ~J~._.l!!." 1982; Forker and Luxon, 

1985b; Berk and Stremmel, 1986]. However, the fundamental 

assumption that only the unbound fraction of the drug is 

available for biological activity, particularly with 

regards to the uptake processes in the liver, is now being 

challenged [Ockner .~t a~ .• , 1983 Mizuma ~t_!!!.., 1985; Oie 

and Fiori, 1985]. This reexamination is a result of the 

observation that a compound which is tightly bound to 

serum albumin can still be efficiently extracted by the 

liver. It has been shown that the recovery of albumin in 

an isolated perfused liver system is nearly one hundred 

percent complete [Goresky, 1963] and hence, the hepatic 

extraction of a tightly bound compound is not due to the 

influx of the protein-ligand complex into the liver. 

Several theories have been put forward to explain 

this intriguing issue. One theory hypothesizes an 

accelerated dissociation of bound ligand from the binding 

complex. A possible mechanism is the existence of a class 
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of albumin "receptor" on the surface of the hepatic 

sinusoidal cell membrane. This hypothesis, which has been 

referred to as the "albumin receptor concept", was 

proposed by Weisiger ~t ale [1981]. However, evidence has 

been found to disprove this concept. First, no specific 

albumin binding protein is found on the rat liver plasma 

membrane [Stremmel ~t al., 1983]. Second, the albumin-

dependent hepatic uptake can also be found in 

analbuminemic rat liver [Inoue, 1985; Tsao et al., 1986]. 

Finally, studies have shown that this phenomena is not 

albumin specific but may be found in cases where albumin 

is replaced by p-lactoglobulin or ligandin [Nunes ~! al., 

1985]. The failure of this concept to explain the possible 

accelerated dissociation of ligand from the binding 

complex prompted the development of other plausible 

mechanisms. One such idea has been put forward recently by 

Horie ~t ale [1988]. These investigators have shown, by 

electron spin resonance (ESR) spectroscopy, that there is 

an interaction between albumin and the surface of the 

hepatocellular membrane. It is postulated that there is a 

comformational change in the albumin molecule as a result 

of this interaction which subsequently affects the 

affinity of the ligand bound to the protein. However, this 

hypothesis remains to be proven. 
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Until recently most of the efforts attempting to 

elucidate the mechanism for hepatic uptake in the presence 

of albumin have centered around the morphological features 

of the liver sinusoids. However, one particular fact which 

has been ignored in studies involving the liver is that a 

similar observation with respect to uptake in the presence 

of albumin has been made for the transport of bound 

compounds through the blood-brain-barrier into the brain 

[Pardridge, 1983]. Hence, a plausible mechanism for uptake 

in the presence of albumin may lie in the binding process 

it self. Focusing attention on this binding process may 

add another dimension to the search for the mechanism(s) 

that is responsible for the reported observations. In this 

dissertation we explore the kinetic aspect of the binding 

between the ligand and the protein in the overall uptake 

process. The rationale for using this approach is given 

below. 

The binding between a protein and ligand may be 

themodynamically described by the following equation 

[Weber, 1987], 

ka 
P + L ------------ P:L (3-18) 

kd 

where, 

P is the unbound protein concentration (M) 



L is the unbound ligand concentration (M) 

P:L is the concentration of the protein-ligand 

complex (M) 

ka is the binding association rate constant 

(M-l·S-l) 
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kd is the binding dissociation rate constant (S-I) 

This interaction between the protein and ligand can be 

further characterized by the equilibrium binding 

association constant (K) which is defined as, 

P:L ka 
K = = (3-19) 

P . L kd 

The reciprocal of equation 3-19, which is called the 

equilibrium binding dissociation constant, is also used to 

describe the binding equilibrium. The unbound fraction 

(fu) of the ligand in the system is expressed in terms of 

these binding parameters as well as the unbound protein 

concentration, 

1 
fu = (3-20) 

1 + K . P 
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As can be seen in the equation, the unbound fraction is a 

function of the equilibrium binding association constant 

as well as the unbound protein concentration which may not 

be a constant under certain circumstances. As a result of 

this protein concentration dependency, the unbound 

fraction may be considered as an extrinsic property of a 

ligand. As such, the use of unbound fraction may require a 

qualification lvith regard to the protein concentration 

associated with the system. Furthermore, .in a reversible 

type of interaction (equation 3-18) when one of the 

interacting species (for example L) is depleted due to 

elimination or excretion, dissociation of the binding 

complex will take place according to the law of mass 

action such that the binding equilibrium will be 

maintained. Hence, one may visualize the folloeing 

situations; as the protein-ligand complex is flowing along 

the hepatic sinusoid, dissociation will occur such that 

the unbound ligand, which has been taken up by the 

hepatocytes, will be replenished. The relative rates of 

the dissociation of the complex compared to uptake into 

the cells will determine whether binding equilibrium is 

achieved. Therefore, the kinetics of binding between the 

protein and ligand may improve our understanding of 

hepatic uptake of organic compounds. 
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Extensive studies related to drug-protein binding 

have been done primarily to determine the unbound 

fractions of many compounds. However, quantitative kinetic 

data are scanty. This is due partly to the limited use of 

the kinetic parameters in the clinical setting and partly 

to the difficulties in obtaining these parameters 

experimentally. A few of these kinetic binding parameters 

have been determined for different compounds and reported 

in the literature [Jensen, 1977; Rietbrock and Labmann, 

1980; Mendel ~t al., 1988]. These values are shown in 

Table III-V. The data illustrate the interaction between 

human serum albumin and warfarin, salicylazosulfapyridine 

as well as thyroxine. Several important facts are noted in 

this table. From the values shown in the table for ka and 

kd I it is apparent that the latter has a wider range of 

values, varying from 0.017 to 109.0 S-I, that is, a range 

of four orders of magnitude. The values of ka encompass a 

smaller range and vary from 1.5x106 to 1.5x107 M-l·S-l. 

There are two classes of binding sites on the albumin 

molecule for salicylazosulfapyridine (SASP). The 

equilibrium biding constants (K) indicate that a higher 

affinity is found in the class I site (K=2.1x10 6 versus 

K=1.4x105 M-l). However, a higher value in the association 

rate constant (ka=1.5x10 7 M-l'S-l) is observed for the 
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second binding site. This discrepancy is due to the higher 

value of kd found in the second binding site (109.0 versus 

2.1 for the second and first binding site, respectively). 

Another important observation is that of the equilibrium 

binding constant (K) for warfarin and the second binding 

site of SASP. The magnitude of these two values, 1.6x105 

and 1.4x105 M-l for warfarin and SASP, respectively, are 

comparable. If the second binding site is the only binding 

domain on albumin for SASP then, according to equation 3-

20, the unbound fractions for these two drugs will be 

almost identical at a particular protein concentration. 

However, what the unbound fraction does not reveal is the 

fact that the values of ka and kd for SASP are about ten 

times larger than the corresponding values for warfarin. 

This could be an important implication in the hepatic 

uptake processes. 

As discussed during the development of the hepatic 

uptake model in Chapter 12, the uptake phenomenon is a 

culmination of several kinetic processes. A ten-fold 

difference in any of the rate constants involved in uptake 

is likely to affect the final result to a significant 

extent. For example, consider the results from simulations 

shown in Figure 3-6. Each plot (or line) in the figure 

corresponds to a system where the protein concentration is 
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a constant. The ratio of ka/kd is also unaltered 

throughout a particular plot. These two conditions imply 

that the unbound fraction is also a constant. The only 

variables in each plot are the values of ka and kd and 

they vary in such a way that the equilibrium binding 

association constant K remains unchanged. All of the other 

parameters, which include intrinsic clearance (CLint) and 

hepatic blood flow (Q) are kept constant. Consider any two 

points on a single line (solid square), for example, pick 

the point where kd = 5 S-1 and a point where the value of 

kd is ten times smaller than 5 ~.e., kd = 0.5. The 

respective extraction ratios are about 0.85 and 0.65. This 

difference in the extraction ratio is about 24 %. However, 

a conventional model using fu, CLint and Q, values which 

are kept unchanged in the simulation, would predict an 

identical extraction ratio. It is also important to point 

out the fact that the values of kd used in the simulations 

are well within the range of the literature data which 

vary from 0.017-109.0 S-1 (Table III-V). It is also 

apparent from the figure (3-6) that the larger the value 

of kd the less dependent is the extraction ratio upon a 

change in the value of kd. On the other hand, a large 

variability in the extraction ratio is expected at the 

lower end of the kd values. This could be an important 
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consideration since the dissociation of substrate from the 

protein-ligand complex has been implicated as a rate-

. limiting step in the overall uptake process [Weisiger, et 

~l., 1984 i Weisiger, 1985; Sluijs ~.!:... al .. , 1987; Wolkoff, 

1987] • 

In addition to the two most commonly used models, the 

venous equilibrium model and the sinusoidal perfusion 

model mentioned in Chapter 11, to describe substrate 

uptake by the liver, there are other models being used, 

albeit to a lesser extent. These include the flow or Q

distributed model of Forker and Luxon (1978), and the 

dispersion model of Robert and Rowland (1986). The model 

developed here may be compared to these models in the 

following way. Equation 3-15 in Chapter 12 of this 

dissertation shows the expression for the steady state 

hepatic venous outflow concentration (Cs.T(L» for the 

model developed here. The corresponding expressions for 

the venous equilibrium and the sinusoidal perfusion models 

are shown in equations 3-21 and 3-22, respectively. 

C 0 = C In· (Q / (fu . CL I n t + Q» (3-21) 

Co = Cln . exp(-fu'CLlnt/Q) (3-22) 
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where, 

Co is the substrate concentration in the outflow 

Cln is the substrate concentration in the inflow 

Q is the blood flow into the liver 

CLint is the intrinsic clearance 

The terms Co and Cln in equations 3-21 and 3-22 are 

identical to the terms Cs,T(L) and CS,T(O), respectively, 

used in this model as shown in equation 3-16. For 

simplicity, both Co and Cln will be used in this section 

in place of Cs,T(L) and CS,T(O), respectively. For the Q-

distributed model, which takes into account the 

heterogeneity of flow in individual sinusoids, the 

expression for Co is as follows [Forker and Luxon, 1978], 

Co = C I n 

n 

~ 
i = 1 

a d 2 i -1 ) [ - fu 0 CL I D tOn J 
exp 

n Q o(2i-1) 
(3-23) 

where, 

n is the number of equally spaced flow classes of 

sinusoids where flow within a class is assumed to 

be identical 

al is the fraction of sinusoids in the i tb flow 

class 
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For the dispersion model the Co expression is [Robert and 

Rowland, 1986], 

Co = (3-24) 

[ 
(a-1) ] [ (a-l) 

(1+a)2 exp - (1-a)2 exp ] 
2DN 2DN 

where DN is the dispersion number (a measure of mixing of 

blood within the sinusoid) and "a" is given by, 

(3-25) 

and RN, the' efficiency number (which describes the 

efficiency of the liver to extract substrate from the 

sinusoid), is expressed as, 

(3-27) 

Comparing the expressions for Co q.e~, equations 3-21 to 

3-24) for the models from the literature, it is noted that 

the unbound fraction is used in each and every model 

equation. Implicit in the assumptions used in these models 

is that the unbound fraction remains constant throughout 

the length of time required for the substrate to pass 

through the liver. Although, the term unbound fraction is 
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used in the model developed here (embedded in the terms a 

and P in equation 3-14), the assumption of constancy in 

the unbound fraction is not made. The unbound fraction is 

used in the description of the unbound portion of the drug 

in the fluid before entering the liver. In this context it 

is a meaningful parameter since no uptake processes are 

taking place outside of the liver. This may be important 

if one considers the results shown in Figure 3-7 from the 

simulations based on the model developed here. The figure 

indicates that the unbound fraction may not remain 

constant within the sinusoid. If this is the case, the use 

of the unbound fraction determined ~n vitro in the various 

model equations discussed above may be erroneous. This is 

an advantage which the proposed model may have over 

existing models. 

The observation that initiated the proposal of the 

albumin receptor concept is still an unresolved issue 

[Wolkoff, 1987; Bass and Pond, 1988; Horie et.~!!!., 1988; 

Smallwood et al., 1988]. As discussed in this section the 

albumin receptor concept as the mechanism responsible for 

the nonlinearity of uptake is not gaining ground in the 

recent literature [Weisiger and Ma, 1987]. We have shown 

that the observation of nonlinearity may be predicted by 
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the model proposed here (Figures 3-4 and 3-5). This is 

quite an interesting phenomenon. Traditionally, 

nonlinearity in a biological activity is usually 

associated with a receptor concept or saturation 

processe~. However, the processes used in the development 

of the model are assumed to follow linear kinetics. No 

receptor or mediated uptake (which is subject to 

saturation) is involved. Yet, the final result, in the 

case of varying substrate and protein concentration 

simultaneously on a 1:1 molar basis, indicates a nonlinear 

profile. 

Another useful piece of information may be obtained 

from the results shown in Figure 3-5. The two plots in the 

figure intersect at a point at which the protein 

concentrations are equal in the two separate sets of 

experiments (in this simulation the protein concentrations 

at the point of intersection in both cases is 6.34x10-5 

M). Therefore, based on the plot which shows a nonlinear 

profile, one can make a series of predictions for the case 

where protein concentration is kept constant. This is 

accomplished in the following way. For example, if the 

results for uptake at a protein concentration of 15x10- 5 M 

is required, then a line parallel to the Y-axis is drawn, 

such that it intersects the curved line. A straight line 



203 

is then obtained by joining this intersection point and 

the point of origin. This line will represent the uptake 

profile as a function of changing ligand concentration at 

a protein concentration of 15x10- 5 M. Similar analyses may 

be done at other protein concentrations. 

One of the disadvantages of the model proposed here 

is the requirement to measure or estimate several 

parameters in the model equation. However, this does not 

necessarilly mean the model is impossible to use. Ideally, 

a model describing a biological process should be in as 

simplistic a form as possible so as to conform to the rule 

of parsimony. However, this should be a guide rather than 

a rule. One cannot oversimplify a model such that 

physiological as well as anatomical facts are lost for 

reasons of parsimony. For example, in the venous 

equilibrium model for hepatic uptake processes, the 

concentration is arbitrarily assumed to be identical 

throughout the liver, but this is inconsistent with 

autoradiographic evidence showing a lobular gradient of 

substrate [Jones ~t a~., 1980]. On the other hand a model 

which, in order to closely mimic the physiological system, 

is overloaded with fictitious parameters will trivialize 

the model prediction of experimental data. We feel that 

the model developed here represents neither of the extreme 
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cases. All of the parameters used in the model are either 

physiologic (~.g., Q and L) or are thermodynamically based 

(~~~, ka and kd) and they are experimentally 

quantifiable. Moreover, the model also predicts the 

existence of substrate gradients in the sinusoid which is 

consistent with experimental data. 

Overall, we feel that a physiological model for 

hepatic uptake has been developed which may be useful in 

making predictions regarding many aspects of hepatic 

uptake processes. At this point the model has not been 

experimentally tested but the parallelism between model 

predictions and existing data indicates its potential 

reliability as a predictive tool. 
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Table III-V. Reaction Rate Constants for the Interaction 
between Albumin and Several Ligands 

Kaa Kd b Kc 
(x 10 6 ) (x 105) 

Ligand Protein (M-1s-l) ( s-1) (M-1) 

Warfarin d HSAe 1.5 9.8 1.6 
SASP' HSAe 4.4 2.1 2. 1 

15.0 109.0 1.4 
HSAe NAg 0.08 NAg 

Thyroxin b TBGI NA' 0.017 NAif 

a. Association rate constant. 
b. Dissociation rate constant. 
c. Equilibrium binding constant. 
d. Data obtained from Rietbrock and Labmann (1980). 
e. Human serum albumin. 
f. Salicylazosulfapyridine data obtained from Jansen 

(1977). 
g. Not available from literature 
h. Data taken from Mendel ~~ __ al. (1977). 
i. Thyroxin binding globulin. 
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SUMMARY 
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After intravascular administration or following 

absorption into the systemic circulation, drug molecules 

distribute to various regions of the body. Several 

pharmacokinetic parameters have been used to 

quantitatively describe distributional processes in the 

hody. These parameters include apparent volumes of 

distribution, tissue-to-blood distribution coefficients 

and extraction ratios. These parameters differ from each 

other in terms of the level of sophistication in their 

. measurement as well as in the information each parameter 

can provide. The apparent volume of distribution, which is 

derived from blood drug concentration-time data, allows 

the prediction of drug distribution in relation to the 

vascular fluid. The tissue-to-blood distribution 

coefficient is obtained from the blood as well as tissue 

drug concentration-time data and it provides the 

distributional profile of the drug to various tissues. 

Extraction ratio is used in relation to a particular organ 

or tissue and it describes the uptake and elimination of 

drug in that organ or tissue. 
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There are several volume of distribution terms used 

in pharmacokinetic models. These include initial volume of 

distribution (VI), VD or Vd area, extrapolated volume of 

distribution (Vdext) and volume of distribution at steady 

state (Vdss). These volume terms can be determined .from a 

classical pharmacokinetic model where each volume term is 

expressed as a function of the dose, coefficients and 

exponents of an exponential equation which describes the 

concentration-time data. The volume terms may also be 

calculated based on statistical moment analysis where the 

volumes are expressed as a function of the dose, the area 

under the concentration-time curve (AUC) and the area 

under the first moment curve (AUMC). These area terms may, 

in turn, be determined from a moment generating function, 

for example the sum of exponentials, or they may be 

determined directly from the experimental data using 

available approximation method to calculate the areas. In 

fact, Vd,area and Vdss have been calculated based on the 

later method. It is shown here that the initial volume of 

distribution (VI), may be determined in a similar 

approach. 

A new area term has been defined, the area under the 

rate of change of concentration-time curve (AURC) from 

which the initial volume of distribution may be determined 
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(Vl = dose/AURC). The normalized moment (AURC/AUC) is 

equal to the elimination rate constant (Klo). The method 

outlined here provides results which agree well with those 

obtained from nonlinear regression analysis with regard to 

the absolute values for Vl and Klo. Both methods provide 

reasonably accurate estimates (relative to the 

theoretically correct value) of those parameters. 

Tissue-to-blood distribution coefficients are one of 

the essential parameters used in a physiological 

pharmacokinetic model. This parameter is obtained from the 

ratio of drug concentrations at steady state in the tissue 

to that in the blood. The concentration in the former is 

usually measured by homogenization of an entire organ or 

tissue and subsequent measurement of the drug 

concentration in the homogenate. One question with regard 

to this technique of measuring tissue concentrations is 

the influence of the residual blood and interstitial fluid 

remaining in the organ prior to homogenization. 

It is shown here that several distribution 

coefficients may be defined based on two basic models of 

an organ; a model which consists of the capillary blood 

and the rest of the organ and a model which differentiates 

the organ into capillary blood, interstitial fluid and 

intracellular regions. These distribution coefficients 



209 

include one which is corrected both for the capillary 

blood and interstitial fluid (Rc), another which is 

corrected only for the capillary blood (R) and one which 

is uncorrected with respect to either capillary blood or 

interstitial fluid (R'). The uncorrected coefficient (R') 

can be an under- or over-estimate of the corrected term 

(R). The magnitude of the difference is dependent on the 

intravascular and intracellular unbound fractions of drug 

as well as the volume fraction of blood in tissue. A 

correction for the capillary blood volume is necessary 

when the drug is highly bound in plasma (especially in 

tissue having a large volume fraction of blood) and when 

there is no accumulation of drug in the tissue. 

An extraction ratio is used to characterize the 

uptake of drug into a particular organ. Several models are 

available for predicting the extraction ratio of a drug 

with respect to the liver and which depand upon several 

parameters including; the unbound fraction of drug in the 

blood, blood flow to the organ and intrinsic clearance. 

However, controversies exist and discrepancies have been 

found between the estimates generated by these models. 

These differences may be due to the assumptions used in 

the model, particularly with respect to binding between 

drug and protein. A model for the description of hepatic 
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uptake of drug is formulated here and is based on 

consideration of the kinetics of binding as well as the 

anatomical features of the liver. The model allows 

calculation of bound and unbound drug concentrations and, 

hence, the unbound fractions of the drug along the length 

of the hepatic sinusoid. This feature enables one to show 

that the unbound fraction may not remain constant as the 

drug flows along the hepatic sinusoids. The model is also 

able to predict the nonlinear profile observed in the 

hepatic uptake of oleate under certain experimental 

conditions. This proposed model also predicts a 

concentration gradient of drug from the inlet to the 

outlet of the hepatic sinusoid which is consistent with 

the experimental observation. Based on the model 

simulations we also demonstrate the potential influence of 

the kinetics of binding on hepatic uptake of organic 

compounds. 
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