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Computer Simulation of Sulfobromophthalein
Kinetics in the Rat Using Flow-Limited Models with
Extrapolation to Man
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A linear, flow-limited mathematical model of drug kinetics was used to simulate total sulfobromoph-
thalein (BSP) kinetics in normal anesthetized rats during intravenous infusions and following rapid
intravenous injections. Four parameters were used to characterize the distribution and biliary and
urinary excretion of BSP: liver-to-plasma concentration ratio, extrahepatic tissue-to-plasma
concentration ratio, liver clearance rate constant, and renal plasma clearance rate constant. The
same parameters appear to characterize the kinetics of BSP in man through the successful applica-
tion of “‘scale-up™ rechniques utilizing data from experiments in rats. Plasma levels of BSP corre-
sponding to intravenous infusions and rapid intravenous injections in man are approximated by
computer simulation.

KEY WORDS: sulfobromophthalein (BSP); kinetics; BSP disposition; mathematical model;
flow-limited.

INTRODUCTION

Attempts have been made through the use of mathematical models to
gain a better understanding of sulfobromophthalein (BSP) kinetics in man
to enhance its use as an index of hepatic function (1-4). Although the results
of mathematical modeling showed some qualitative similarities to plasma
BSP levels in man, they were relatively unsuccessful in that accurate values
of certain critical parameters were not determined and hence no direct com-
parisons between simulations and experimental data could be made. On the
other hand, flow-limited models employ readily measurable physiclogical
and BSP-related parameters and hence may be more applicable to the study
of BSP kinetics.
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Flow-limited models of drug disposition in the body have demonstrated
promise in helping to explain, both quantitatively and qualitatively, the
phenomena observed in various clinical situations. For example, Dedrick
and Bischoff (5) have used flow-limited models to predict plasma levels of
pentobarbital in patients receiving hemodialysis and have correlated the
results with some clinical observations. Dedrick et al. (6,7) have used similar
models to simulate the distribution of some anticancer agents to tissues,
and initial attempts have been made to correlate this information with
models of chemotherapeutic effects (8). Anesthesiologists have used these
models to help predict the uptake and elimination of anesthetics in order to
estimate the rate of onset, degree, and duration of their effect (9,10).

The following investigation was undertaken to see if the kinetics of
total BSP {unchanged plus conjugated), after subsaturation doses in rats,
could be simulated to a close approximation using a flow-limited model and,
further, to see if such simulations could be extrapolated to predict total
BSP kinetics in man. The results show that the use of flow-limited models
provides a promising approach for defining the kinetics of a dye used to
assess hepatic function.

MATERIALS AND METHODS

Male Thorp Sprague-Dawley rats weighing 160-180 g were prepared
with bile duct and external jugular catheters (PE-10 and -50) under sodium
pentobarbital anesthesia. 3°S-BSP (Amersham-Searle, Amersham, England)
was dissolved in distilled water with unlabeled BSP (Hynson, Westcott, and
Dunning, Inc., Baltimore) (1:2 w/w) to make a stock solution. Corrections
of specific activity due to isotopic decay were calculated daily from an isotopic
decay table. Radioactivity was determined in all samples using a Cabosil
(Packard Instruments Co., Downers Grove, Illinois) containing liquid
scintillation medium. Counting efficiency was determined by the channels
ratio method using a liquid scintillation system (Beckman, CS-230, Beckman
Instruments, Fullerton, California). Body temperature was maintained at
37°C with a heat lamp controlied through a rectal probe and a Thermistemp
temperature controller (Yellow Springs Instrument Co., Yellow Springs,
Ohio). After collection of a 20-min preinfusion bile sample, dye infusion
(200 nmoles/min/kg) was begun without a priming dose. The infusion pump
delivered 0.053 ml/min of infusate, and timed bile collections were begun
into tared disposable beakers. Preliminary studies showed that a plateau of
biliary dye output was reached in 30-40 min. Rats were infused with BSP
for 50 min and bile was collected at 3, 6,9, 12, 15, and 20 min and every 10 min
thereafter until completion of the experiment. Each bile sample was immedi-
ately weighed, sealed against evaporation, and stored at 4°C. Immediately
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after the last bile collection, the urinary bladder was evacuated with needle
and syringe, and 2.5 ml of blood was coilected from the inferior vena cava
in a heparinized syringe. The liver was perfused with 3.0 ml ice-cold saline
via the hepatic portal vein to remove residual blood. The liver was then
rapidly excised, blotted dry, weighed, and homogenized with 3 vol of 0.25 m
sucrose—0.02 M combined phosphate buffer, pH 7.4. The following aliquots
of the various tissue samples were analyzed for radioactivity: 1.0 ml plasma,
all of the collected urine, 0.5 ml homogenate, and 0.005-ml aliquots of each
bile sample. Corrections for residual bile in the liver are based on an estimate
of 0.005 ml/g tissue (11).

The CSMP (Continuous System Modeling Program) programming
language and an IBM 360/65 digital computer were used to perform the
simulations.

RESULTS
Experimental Results

The data obtained concerning biliary and urinary excretion and dis-
tribution of 3S-BSP in rats during an infusion of 3°S-BSP for 50 min at
200 nmoles/min/kg are summarized in Table I. It was found that steady-
state conditions (plasma concentration remaining at a constant level)
were achieved during the infusion period. Mean (+range) output of BSP
in bile was 76 % (+ 6 %) of the amount infused. A total of only 0.1 9, (+0.03 %)
of BSP was found in urine. Renal plasma clearance was calculated to be
0.004 ml/min, while hepatic plasma clearance was 3.6 ml/min. These figures
indicate that the liver clears BSP from plasma at approximately 900 times the
rate of the kidney. The mean concentration of BSP observed in the bile
at the end of the infusion was 2600 nmoles/ml, while the mean plasma con-
centration observed was 9.1 nmoles/ml, yielding a bile-to-plasma ratio of
280. At sacrifice, approximately 24% of the amount infused was not
accounted for in bile or urine. Of this amount, 15% was in plasma, 417 in
liver, and 44 7, apparently in other tissues.

Bile flow during the infusions was 0.013 (+0.002) ml/min and liver
weight of the animals was 6.3 (4 1.0)g. The amount of BSP found in the whole
livers at the end of the infusions was 230 nmoles or approximately 35
nmoles/g. When corrected for residual bile, the whole livers contained
165 nmoles BSP, approximately 25 nmoles/g. The observed liver-to-plasma
ratio at the end of the infusion was 2.7.

Results at other infusion rates (50-2400 nmoles/min/kg} indicate that
there is no apparent saturation of the excretion of total BSP at these infusion
rates (Gibson and Roberts, submitted for publication). This is probably
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Table I. Recovery of Total 33S-BSP (Expressed in BSP Equivalents) in Male Rats

Total BSP* Final BSP concentration®

Compartment (nmoles) (nmoles/ml or g) R?
Bile 1300 (+100) 2600 { & 300) 280
Liver® 165 (+25) 25(+4) 2.7
Plasma 534 9.1 (+0.6) —
Urine 2 — —
Extrahepatic tissue 180¢ 1.27 0.13
Total BSP infused 1700

“Values shown are means * range obtained from eight rats (mean body weight 170 g)
at the end of a 50-min infusion at 200 nmoles/min/kg (34 nmoles/min).

"Bile- or tissue-to-plasma ratios.

‘Corrected for residual bile.

“Estimated on basis of 5.7 ml of plasma.

“Estimated : sum of the amounts found in the other compartments subtracted from the
total infused.

/Estimated on basis of 145 g of extrahepatic tissue.

due to the fact that biliary excretion of conjugated BSP is essentially un-
saturable in male rats at these infusion rates, as was indicated by the results
of Philp et al. (12). These results are encouraging because they indicate that
good simulations of total BSP kinetics in the rat throughout a wide dose
range can be obtained using linear models in which the excretion is con-
sidered to proceed as a first-order process.

Development of the Model Equations and Determinations of Parameter Values

The development of a suitable model for BSP kinetics requires con-
sideration of the fact that the dye is conjugated in the liver of man and
laboratory animals (13). In spite of certain differences in the kinetics of
unchanged and conjugated BSP (12), the excretion patterns and rates of
excretion of conjugated BSP and total BSP (unchanged plus conjugated)
are similar, both being rapidly excreted almost entirely in bile (12). Such
similarities in the kinetics of total and conjugated BSP indicate that the total
dye might behave sufficiently like a single compound to allow good approxi-
mations of its kinetics using simple models which do not involve a metabolism
step.

The model used in developing the equations is based on the scheme
pictured in Fig. 1. The body of the rat is conceived of as being divided into
three compartments (plasma, liver, and extrahepatic tissue) with an additional
three compartments for the biliary tree. Since all BSP in blood resides in
the plasma fraction (13), a plasma-flow model was employed. Allowing a
special compartment(s) for the biliary tract enables one to simulate bile
concentrations and the lag time involved in movement of the dye from the
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Fig. 1. Schematic diagram of a
model for BSP disposition.
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origins of the biliary tree to the end of the common duct. Allowing only one
compartment for the biliary tree actually results in negligible alterations
in the results, but three compartments are used here to coincide with the
compartmentalization used by Dedrick et al. (6).

As was assumed by Dedrick et al. (5-7), the dose is conceived to be infused
into the plasma, in which it rapidly mixes and from which it is quickly dis-
tributed to the liver and extrahepatic tissue compartments according to
the plasma flow to those compartments. Because of the extensive capillary
vasculature of almost all tissue, equilibration between the tissue and plasma
bathing the tissue is established within a few seconds for substances with
diffusion coeflicients of the same magnitude as the coefficients for inert
gases, sugar, and urea (14). On the basis of this observation and in order
to avoid the introduction of parameters which would be difficult to measure,
the process of equilibration between tissue and plasma is assumed to occur
instantaneously. Thus the model serves to describe an entirely flow-rate-
limited uptake process, and hence the name “flow-limited” model.

The work of others (6,7,9) indicates that the concentration of a drug
in venous plasma (C,,,) coming from a tissue compartment may be assumed
to be in equilibrium with that tissue concentration (C,,, = C;/R;, where R,
is the equilibrium tissue-to-venous plasma concentration ratio and C,
is the tissue concentration). These concepts enable one to write differential
(rate) equations quantitatively relating the BSP concentrations in the various
compartments. The derivation of these equations is based on the mass
balance principle:

Rate of change of = rate of input of — rate of output of
amount of BSP in BSP into the BSP from the
compartment compartment compartment
Hence a set of differential equations describing BSP concentrations in the
compartments of the model shown in Fig. 1 can be derived (see Appendix).
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The equations can be used to describe a unique set of concentration
functions if one ascribes initial conditions to the unknown concentration
functions. In the case of an infusion with no priming dose, all concentrations
are zero at t = 0, the start of the infusion. One can numerically integrate this
system of linear differential equations and initial conditions to calculate the
concentrations of BSP in each compartment at specified times.

The pertinent parameters needed to characterize the kinetics of BSP
according to the linear, flow-limited model presented here are a liver-to-
plasma concentration ratio, R,;; an extrahepatic tissue-to-plasma concen-
tration ratio, R,; a hepatic tissue elimination rate constant, k,; a renal
plasma elimination rate constant, k,; plasma flow rates to the liver and
extrahepatic tissues, 0, and Q,,; and the volumes of the various compart-
ments in the model, V}, V,,, V,, and V.

A determination of the hepatic tissue-to-hepatic venous plasma ratio,
R, (hereafter called the “‘actual” liver-to-plasma ratio), can be based on the
observation that, at steady state, plasma and tissue levels will be constant.
Thus the differential equation for liver concentration (see Appendix) becomes

dcC,
0 = V= = QIC, = C/R) = Wk,
One can solve this relationship for R,, yielding
Rz = QICI/(Qle - Vlklcl) (1)

When Vik,C, =0 (hypothetically assuming no excretion from the liver
compartment), equation 1 reduces to R, = C,/C,. Thus, when there is no
excretion from the compartment, the “actual” tissue-to-plasma ratio, R,
can be expected to be the same as the tissue-to-peripheral plasma ratio,
“peripheral plasma” meaning the well-mixed plasma peripheral to the liver
(in the large veins, heart, and arteries).

In fact, the rapid clearance of BSP by the liver will cause the concen-
tration of BSP in the plasma draining the liver to be lower than the concen-
tration of dye in peripheral plasma. The observed liver-to-peripheral plasma
ratio according to the data in Table I is 2.7. The actual liver-to-plasma ratio,
R, calculated using equation 1 is 7.6. This reflects the hepatic arterial-venous
difference in dye concentration and is in accordance with observations of
arterial BSP concentrations which were 2-3 times greater than hepatic
venous concentrations (3). The observed extrahepatic tissue-to-peripheral
plasma ratio according to the data in Table I is 0.13 (assuming no extra-
hepatic or extrarenal excretion). In the following simulation, therefore, we
let R,, = 0.13 and R, = 7.6.

In the model presented here, we have let

Net rate of excretion of BSP from liver

tissue into bile (nmoles/min) = kVC,
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where 1 is liver volume (g), k, is the elimination rate constant of BSP from
liver into bile (min~'), and C, is the concentration of BSP in liver tissue
(nmoles/g). The value of k; can be calculated by finding the values of the other
quantities in this equation at some given time, e.g., at the end of an intra-
venous infusion. In the experiments described, ¥, was measured in each rat
and the mean was found to be 6.5 g The measured C, was 25 nmoles/g
at the end of the infusion (Table I). The net rate of biliary excretion of BSP
at the end of the infusion is given by Q,C,, where @, is the bile flow rate
(0.013 ml/min) and C, is the concentration of BSP in bile at the end of the
infusion (2600 nmoles/ml). Thus Q,C, = 33 nmoles/min. Hence k, = (ex-
cretion rate)/V,C, = (Q,C,)/(V,C,) = 33 nmoles/min/(6.5 g x 25 nmoles/g) =
0.20 min~!. This is the value of k; used in the following simulations. (The
hepatic plasma clearance may similarly be computed as Q,C,/C, = 33
nmoles/min/9.1 nmoles/ml = 3.6 ml/min.)

The renal plasma clearance rate was computed by dividing the total
urinary excretion of BSP during the infusion by the estimated area under the
plasma concentration curve, giving 1.7 nmoles/400 nmoles x min/ml = 0.004
ml/min. The values for plasma volume, V,,, volume of extrahepatic tissue, V,,,
volume of hepatic bile, V,, plasma flow to liver Q,, and plasma flow to
extrahepatic tissues, §,,, were not measured in this study but collected from
many literature sources.

Simulation Results

The simulated plasma, bile, and liver levels and cumulative biliary
excretion corresponding to a 200 nmoles/min/kg infusion of BSP in a 170-g
rat are shown in Fig. 2. The graphs of the simulated variables fall well within
the ranges of data values observed. The simulated liver-to-plasma ratio
(2.7) and the simulated extrahepatic tissue-to-plasma ratio (0.13) at 50 min
matched the average values determined from the data (Table 1).

The model was also used to assess whether variations in certain param-
eters would markedly influence total BSP kinetics. Variations in R, between
7.0 and 7.6, R,, between 0.11 and 0.13, and V, between 5.1 and 8.5 produced
simulations that were almost indistinguishable from those presented in
Fig. 2. This indicates that total BSP kinetics are not sensitive to variations in
these parameter values within the range of reasonable experimental error
or normal individual differences.

Winkler and Gram (1-3) have obtained plasma levels of BSP during
constant-rate infusions with and without a priming dose in patients having
no signs of liver disease or circulatory disturbance. Their data provided the
opportunity to compare ‘‘scale-up” simulations with pertinent human
data corresponding to a variety of dosage regimens.
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Fig. 2. Disposition of 3*S-BSP in male rats
(160-180 g) during constant-rate intravenous
infusion of 200 nmoles/min/kg. The range of
experimental values observed is indicated
by a bar. Solid lines denote simulated dis-
position curves corresponding to a 34 nmoles/
min intravenous infusion in a 170-g rat. The
following parameter values were used:
R, =176, R, =0.13, k =020, k, = 0.004,
V,=51, V,=65 V,=145 V, =004,
Q, =56, Q,=17, Q,=0013. Units for
values are given in text.

The same model conception and equations that were used for rats were
used to model total BSP kinetics in man by using values for plasma flow
rates (Qs) and tissue and plasma volumes (Vs) corresponding to a 70-kg
man. These values were obtained from the literature (15, 16). The tissue-to-
plasma ratios (Rs) were assumed to be the same in man and rat. The liver
clearance rate term, k,V,C,, has been written so as to allow scale-up according
to liver weight, ¥}, by simply using the value of ¥, appropriate to the size of the
animal to be modeled. The expression k,C, represents the excretion rate per
gram of liver tissue. In scaling up, we assumed that the same value of k;
may be used for man and rat ; i.e., that given the same liver BSP concentration
in man and rat the excretion rate per gram of liver tissue is essentially the
same in the two species. This assumption is made reasonable on the basis of
the qualitative observation that BSP is excreted by man in the same fashion
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as the rat (almost entirely excreted in bile with similar plasma half-lives)
(1,17).

The kinetics of BSP in a 70-kg man were simulated corresponding to an
8.5 mg/min infusion of BSP and corresponding to an 8.5 mg/min infusion
of BSP following a rapid intravenous injection of 5.5 mg/kg BSP. The data
of Winkler and Gram (1-3) indicate that in either situation steady-state
plasma levels of BSP are reached usually within an hour and the steady-
state level is about the same in any given patient whether a priming dose is
given or not.

The plasma levels of the simulations of an infusion without and with
a priming dose of 5.5 mg/kg are shown in Figs. 3 and 4. Although there is
variation in the steady-state levels achieved in individual patients, the
simulated plasma levels correspond to the observed plasma levels. Further,
the scale-up simulations, like the actual data of Winkler and Gram (2),
show that whether or not a priming dose is used the steady-state plasma
levels reached are the same (1.3 mg/100 ml) and the steady-state plasma level
is reached in about an hour.

A 1-min infusion of a 5 mg/kg intravenous dose was also simulated for a
70-kg man and the results were compared with the plasma level data of
Winkler (3) (Fig. 5). One can see that the simulated plasma levels compare
reasonably well with the data and show the rapid decline of plasma levels
to values of 1.0 mg/100 ml at 20 min and 0.2 mg/100 ml at 45 min. However,
inspection of Fig. 5 reveals that the simulation is less accurate between 0
and 10 min.
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Fig. 3. BSP plasma levels in man during intravenous in-
fusions of 8.3-8.6 mg/min taken from the literature (2).
The solid line denotes the simulated plasma level of total
BSP corresponding to an 8.5 mg/min intravenous infusion
in a 70-kg man. The following parameter values were used:
R, =176, R,=013 k=020, k,=09 V,=3000,
V, = 1700, ¥, =54500,V, =40, @, = 870, Q, = 2600,
Q, = 8.0. Units for values are given in text.
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Fig. 4. Plasma levels taken from the literature (2) of BSP
in man during intravenous infusions of 8.0-8.5 mg/min
with rapid intravenous priming dose. The solid line denotes
the simulated plasma level of total BSP corresponding to
an 8.5 mg/min intravenous infusion in a 70-kg man with a
5.5 mg/kg intravenous priming dose. The parameter values
used were the same as those for the simulation in Fig. 3.
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Fig. 5. BSP plasma levels in man following a rapid intravenous
injection of 5 mg/kg BSP taken from the literature (3). The solid
line denotes the simulated plasma level of total BSP corres-
ponding to a 5mg/kg rapid intravenous injection in a 70-kg
man. The parameter values used were the same as those for the
simulations in Figs. 3 and 4.
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DISCUSSION

The linear flow-limited model and parameter values presented charac-
terize the total BSP kinetics in normal rats during intravenous infusions and
following rapid intravenous injection of BSP. By knowing four measurable
“drug-dependent” parameters, i.e., actual liver-to-plasma concentration
ratio, extrahepatic tissue-to-plasma ratio, hepatic clearance rate constant,
and renal clearance rate constant, along with appropriate physiological
parameters, one can describe the kinetics of BSP. The renal clearance rate
constant could be eliminated from the calculations since insignificant
amounts of BSP are cleared by this pathway. It is important to note that
the ‘“‘drug-dependent” parameters determined in rats also characterize
the kinetics of BSP in humans. To our knowledge, a comparison between the
rat 4nd human has not been made using modeling techniques, and our
results show that there do not appear to be important differences between
these species in the factors controlling the elimination of BSP from the
body.

Schenker and Combes (18), using Sprague-Dawley rats, found that
30 min after an intravenous injection of BSP (67 mg/kg) the percent of total
BSP found unchanged was 859 in plasma, 609 in liver, and 199, in bile.
These data indicate that under normal conditions most of the BSP that is
conjugated is excreted before it can be regurgitated from the liver into the
plasma. The tissue-to-plasma ratios and clearance rate constants used here
for modeling total BSP kinetics are “‘effective” values based on the concen-
trations of *3S found in plasma, bile, urine, and tissues. The results of Schenker
and Combes indicate that the effective extrahepatic tissue-to-plasma ratio
used here may reflect the extrahepatic tissue-to-plasma ratio of unchanged
BSP, while the hepatic clearance rate constant may represent essentially the
clearance of conjugated BSP.

The present model assumes that no saturation of the rate-limiting
process concerned with BSP elimination is occurring. This was the case in
these experiments in rats in which low infusion rates were used. Considerable
variation exists in the T,, for BSP in humans (2,19}. The data from human
subjects chosen for analysis here were selected because infusion of BSP
produced steady-state plasma levels (2). This indicates, by one of the usual
criteria, that the BSP elimination system was not saturated in these subjects.
We cannot be certain, however, that the rates of infusion of BSP were not
approaching the T,, in these subjects. If this were so, it is apparent that the
linear model would remain predictive in that situation. The present linear
model readily lends itself for adaptation to Michaelis-Menten kinetics should
evidence for saturation of elimination processes become evident. A term for
the Michaelis constant can be added to equation 1 to produce expressions
similar to those used by Dedrick et al. (6) for methotrexate kinetics.
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The relative inaccuracy with which the model simulates total BSP
disappearance in man between O and 10min after a rapid intravenous
injection (Fig. 5) may be due to differences in the kinetics of conjugated and
unconjugated BSP which are accentuated due to nonequilibrium conditions
at early times. Use of a model which accounts for BSP conjugation may
produce a better result at these times.

Computer simulations with a more refined model, but similar to that
proposed here, may be useful in associating BSP disappearance curves with
certain abnormalities in BSP kinetics including abnormalities in hepatic
perfusion. Although good results were obtained here in modeling total BSP,
the techniques used would have a particularly clear interpretation when
used with unmetabolized dyes.

APPENDIX

Differential equations describing concentrations of BSP in compart-
ments of the model shown in Fig. 1:

Vv ddC = 0,C/R, + 0,.C.i/R,, — (@) + 0,)C, — kC, + f(1)
WET = 0(C, — CJR) ~ VG
hlon = 0,(C, ~ CulR,)
ABE < ke, - ,c,
AR 2 0,0y~ 0,Ci
azc,,3

f3 - QbeZ - Qbe3

Cumulative excretion of drug in urine up to time ¢ = [% k,C (1) dt
Cumulative excretion of drug in bile up to time t = I 0,Cys(t) dt

Total infused up to time ¢ = % f(t) dt



BSP Kinetic Model 289

The notation used is that of Bischoff et al. (2) with a few additions:

C, = BSP concentration in plasma

C, = BSP concentration in liver

C,; = BSP concentration in bile compartment i,i = 1,2,3
C,, = BSP concentration in extrahepatic tissue

-
I

volume of plasma
V, = volume of liver
V, = volume of bile

V,, = volume of extrahepatic tissue

Q, = plasma flow rate through liver

Q.. = plasma flow rate through extrahepatic tissue

0, = bile flow rate through biliary tract

R, = hepatic tissue-to-hepatic venous plasma concentration ratio of BSP
R,, = extrahepatic tissue-to-extrahepatic venous plasma concentration ratio

of BSP
k, = hepatic tissue elimination rate constant for BSP
k, = renal plasma clearance rate constant for BSP

f(t) = infusion rate function

R
1

2

3.

f; = volume of bile in the bile duct compartment as a fraction of the total
bile volume ¥,
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