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Abstract 0 The pharmacokinetics of intravenously administered 
trichloroethanol, chloral hydrate, sodium trichloroacetate, and tri- 
chloroethanol glucuronide were studied in the dog with developed 
GC analyses of blood, urine, and feces, and analyzed with aid of 
analog and digital computation. Trichloroethanol pharmacokinetics 
were evaluated at multiple-dosage levels and showed distribution 
from a central compartment assignable to extracellular body water 
into readily available and less available tissues assignable to total 
body water and lipoidal and other tissues. The major route of re- 
moval of trichloroethanol in the dog was by conjugation to the 
glucuronide, and the first-order rate constants of this metabolic route 
were dose dependent but did not appear to be a consequence of 
enzymic saturation or change in apparent volumes of distribution 
with dose. A possible explanation is that the hepatic lipid-water 
ratio may vary with the dose of trichloroethanol. The formed 
trichloroethanol glucuronide, after release from the liver, was 
rapidly distributed in the extracellular body water of the dog and 
rapidly eliminated in the urine by glomerular filtration and tubular 
secretion. Biliary elimination of the glucuronide accounted for 
about 5 %  of an intravenous dose of trichloroethanol. Saturation 
of the bile secretory mechanism was demonstrated at higher tri- 
chloroethanol doses, e.g., 100 mg./kg., but the absence of trichloro- 
ethanol and its glucuronide in the feces may be explained by 
hydrolysis of the biliary glucuronide in the GI tract with subse- 
quent reabsorption of the formed trichloroethanol, Le., an entero- 
hepatic shunt. No assayable trichloroacetic acid was observed in the 
blood or urine of dogs dosed with trichloroethanol. A long apparent 
disposition half-life of 75 hr. was observed after intravenous ad- 
ministration of sodium trichloroacetate; this can be explained by 
the extensive tissue binding of trichloroacetate which gave high 
apparent volumes of distribution. Intravenously administered 
chloral hydrate was rapidly and quantitatively converted to tri- 
chloroethanol in the dog, with an apparent half-life of 3 min. Pro- 
tein binding of trichloroethanol and its glucuronide (about 35 %) 
was determined. Although the glucuronide did not partition into the 
red blood cells, the trichloroethanol did so instantaneously, with a 
partition coefficient of 2.1 in favor of the red blood cells. Since 
apparent volumes of distribution and microscopic pharmacokinetic 
rate constants have quantitative values that vary widely, depending 
on whether they are referenced to total blood, total plasma, or un- 
bound drug in plasma concentrations, a detailed analysis of the con- 
versions among these variously referenced constants was made and 
applied to the data of these studies. Estimates of the microscopic 
rate constants and apparent volumes of distribution referenced to 
unbound drug in plasma have the most valid physiological signifi- 
cances. These are complex functions of the hematocrit, the degree of 
protein binding, the true volume of plasma or blood in the animal, 
and the red blood cell/plasma partition coefficient when the drug is 
assayed per milliliter of whole blood or per milliliter of plasma. The 
awareness of these facts will necessitate extensive recalculation of 
many pharmacokinetic constants now given in the literature. 
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The hypnotic effect of 2,2,2-trichloroethanol was first 
demonstrated in 1882 (1). It was previously reported 
that the product isolated from the urine of patients 

dosed with chloral hydrate was a conjugation product 
of trichloroethanol and glucuronic acid (2). The con- 
jugated glucuronic acid was measured in rabbit urine, 
and it was concluded that chloral hydrate and trichloro- 
ethanol are both converted to the conjugated product in 
the same proportions (3). 

Butler (4) and Marshall and Owens ( 5 )  noted that the 
CNS depression which follows the ingestion of chloral 
hydrate is due principally, if not entirely, to the trichloro- 
ethanol formed by reduction in aiao. The same investi- 
gators (4-6) demonstrated that the principal metabolic 
products of trichloroethanol are trichloroacetic acid and 
trichloroethanol glucuronide (Scheme I). Those metab- 
olites did not appear to have hypnotic activity. 

The major route of trichloroethanol metabolism in 
dogs was glucuronidation, and more than 6 0 x  of the 
dose was found in the urine as the glucuronide (5) .  
This was more than twice that found in the urine of 
human subjects (5) .  Some of the glucuronide formed 
from an intravenous dose of trichloroethanol was 
secreted and concentrated in the bile of dogs (6). A 
small fraction of the dose was excreted unconjugated. 
Comparison of the species difference in trichloroacetate 
anion formation was stated to be difficult due to its 
probable metabolic destruction by the dog (5 ) .  

This paper presents the results of studies on the 
pharmacokinetics of trichloroethanol and its metab- 
olites in  the dog at various doses administered intra- 
venously. These pharmacokinetic studies were based on 
analyses expressed in terms of total concentrations of 
drugs or metabolites in blood that give apparent 
volumes of distribution and microscopic rate constants 
referenced to such concentrations. These are different 
values than would be obtained if the analyses were ex- 
pressed in terms of total concentrations or unbound con- 
centrations in plasma. The latter values would be most 
consistent with the physiological referents and the 
physicochemical realities of drug disposition in the 
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body. The literature is replete with the presentation of 
such parameters variously referenced. Since the calcula- 
tion of one set of reference parameters from another is 
necessary to compare those of the same and different 
drugs within and among species, rigorous expressions 
of such mathematical conversions are developed in a 
special section and applied to the pharmacokinetic data 
of this paper. The protein binding and red blood cell 
partitions necessary for these applications are deter- 
mined. 

The complete model for the pharmacokinetics of tri- 
chloroethanol and its metabolites that will be outlined 
here did not spring into being intuitively as a full- 
fledged entity. It had to be developed by sequential 
processes of systems analyses that included graphical 
analyses, analog simulation, and digital computation in 
accordance with a consistent model. A section of this 
paper delineates the systematic technological patterns 
and sequences of such logical analyses used in model 
construction and quantification. 

The pharmacokinetic studies of trichloroethanol at 
various intravenously administered dose levels clearly 
show that the drug distributes by first-order processes 
into both a shallow and a deep compartment and that the 
only significant route of removal of trichloroethanol in 
the dog is by conjugation to the glucuronide. The appar- 
ent first-order rate constants of trichloroethanol are 
dose dependent. This does not appear to be due to 
changes in the apparent volumes of distribution of the 
major compartments, nor is it a consequence of enzyme 
saturation. The latter is denied by the facts that first- 
order processes persist at all dose levels and that simul- 
taneous challenging in uiuo with the potent glucuroni- 
dation inhibitor sulfobromophthalein indicated a large 
capacity for glucuronidation. However, an excessively 
large dose administered did decrease the rate of glu- 
curonidation. 

It is shown that the rate of appearance of trichloro- 
ethanol glucuronide in the body did not reflect the rate 
of loss of trichloroethanol. The glucuronide's appear- 
ance was delayed, and the maximum blood level was 
lower than would be predicted from the instantaneous 
loss of the alcohol. This implies an intermediate storage 
depot which can be assigned to the liver. The results of 
balance studies across the liver of a surgically modified 
dog are consistent with this hypothesis. It is shown that 
the phenomenon of trichloroethanol dose-dependent 
pharmacokinetics can be rationalized by postulating 
that the hepatic lipid-water ratio varies with the dose of 
trichloroethanol and that this effect on microscopic re- 
distribution of trichloroethanol in the liver from an 
aqueous metabolic biophase modifies the metabolism 
rate. 

It is explained that the renal clearance of glucuronide 
that decreases with the higher glucuronide concentra- 
tion in blood,'which results from higher doses of tri- 
chloroethanol, can be rationalized by postulating the 
saturation of the tubular secretory pathway for glu- 
cur o n i d e. 

The pharmacokinetic study on intravenously ad- 
ministered trichloroethanol glucuronide clearly shows 
that it is primarily eliminated by filtration and tubular 
secretion. Although about 5 of the dose is biliary ex- 

creted, the lack of significant glucuronide in the feces 
implicates extensive GI solvolysis and reabsorption of 
the resultant trichloroethanol. It is demonstrated that 
saturation of the bile secretory mechanism for glucuro- 
nide occurs at higher trichloroethanol doses as well as 
increased bile flow rates. 

The pharmacokinetic studies on intravenously ad- 
ministered trichloroacetic acid demonstrate long dose- 
independent apparent half-lives of elimination, which 
can be rationalized by the high apparent volumes of 
distribution assignable to extensive tissue binding. 

The pharmacokinetic studies of intravenously ad- 
ministered chloral hydrate demonstrate that it is rapidly 
and quantitatively converted to trichloroethanol in the 
dog, with an apparent half-life of 3 min. 

EXPERIMENTAL 

Materials-The following were used: glacial acetic acid', chloral 
hydrate USPI, 5 % trichloroacetic acid solution', chlorobutanol 
USPI, anhydrous ether', anhydrous sodium acetate (analytical 
reagent)', mepesulfate (sodium salt of sulfated polygalacturonic 
acid methyl ester methyl glycoside)', and sulfosalicylic acid6. 
The b-glucuronidase was bovine liver B grade and had 50,OOO 
units/vial or 360 Fishman units/mg.O. Sulfobromophthalein injec- 
tion was 50 mg./ml.'. The heparin solution had l0,OOO USP units/ 
mL8. The sodium pentobarbital@ was in a sterile solution of 50 
mg./ml. The trichloroethanol'nlo was redistilled at 153' before use. 
The trichloroethanol glucuronide was the sodium salt of 95% 
purity on assay (7) and was isolated from the urine of dogs given 
repeated parenteral doses of trichloroethanol. The isolation pro- 
cedure was described by &to and Schultze (8). The acidified glucu- 
ronide melts at 142" and its triacetyl methyl ester melts at 158" (8). 

Analytical Metbods-Sensitive and specific GC assays for tri- 
chloroethanol, its chlorohydrate precursor, and its metabolites, tri- 
chloroethanol glucuronide and trichloroacetic acid, were described 
previously (7). These methods were modified as described below. 

A gas chromatograph11 equipped with an electroncapture de- 
tector and a recorder1* was used. A pulse interval of 15 psec. gave 
linear calibration curves for all physiologically encountered con- 
centrations of trichloroacetic acid, trichloroethanol, and its glucu- 
ronide. 

The columns used for all studies were either 1.23- or 2.46-m. 
(4- or 8-ft.) stainless steel tubes, 0.63cm. (0.25-in.) diameter, con- 
taining 20% Carbowax 20M on 60-8O-mesh Chromosorb W. 

Conditions-The temperature conditions used for assay of tri- 
chloroethanol and trichloroacetic acid were: injection port, 160"; 
column, 135"; and electron-capture detector, 190". The carrier gas 
(helium) flow rate was 60 ml./min. (at 50 psig.), while the purge gas 
(90% argon-lox methane) was fixed at  140 ml./min. (at 30 psig.). 

Blood and Urine Assays-Trichloroethanol, chloral hydrate, and 
trichloroacetic acid were extracted from 1.00 ml. of whole blood or 
urine admixed with 1.00 ml. of distilled water and 1.00 ml. of a 10% 
solution of sulfosalicylic acid containing 0.72 mg. of chlorobutanol/ 
100 ml. The extraction was effected with 2.0 ml. ether after protein 
precipitation with the sulfosalicylic acid. Chlorobutanol was used as 
an internal standard. The two-phase mixture, in an injection vial of 
6- or 10-ml. capacity sealed with a rubber stopper and an aluminum 
crimped cap, was agitated for 1 min. on a mixerlJ and centrifugedi4 

1 Fisher Scientific Co., Fair Lawn, N. J. * J. T. Baker Chemical Co.. Phillimburn. N. J. 
J Mallinckrodt Chemical Work< kew Sbrk, N. Y. 
4 Hoffmann-La Roche Inc.. Nutley. N. J. 

Merck & Co., Rahway, N.  J. 
4 Calbiochem. Los Angeles, Calif. 
7 Hynson, Westcott and Dunning, Baltimore, Md. 
8 Organon Inc., West Orange, N. J. 
0 Nembutal Sodium, Abbott Laboratories, North Chicago, 111. 

10 Aldrich Chemical Co., Inc., Milwaukee, Wis. 
1 1  F & M model 700, Hewlett-Packard Co.. Waltham, Mass. 
11  Minneapolis-Honeywell Apparatus Controls Division, Minneapolis, 

1) Vortex Jr. Mixer..Scientific Industries, Inc.. Queens Village, N. Y. 
14 '/a HP International centrifuge (model SBR). International 

Minn. 

Equipment Co., Boston, Mass. 
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Figure 1-Typical chromatogram obtained after injection of a 5 - ~ l .  
aliquot of a 2-ml. ether extract of an acidified I-ml. blood sample 
which contained trichloroethanol (TCE), trichloroacetic acid (TCA), 
and trichlomthanol glucuronide (TCE-C). The solid curve, TCE 
(free), is a measure of the free trichloroethanol present in the sample, 
while the broken curoe, TCE (total), is u measure of the total tri- 
chlorwthanol obtained after glucuronidase hydrolysis of the tri- 
chloroethanol glucuronide present in the sample. The chlorobutanol was 
added to the blood sample as an internal standard and permitted 
calculation ofpeak height ratios. 

for 2-5 min. until the ether-water emulsion separated and two 
distinct phases reappeared. The peak height ratios of the peak as- 
signed to the substrate to the peak assigned to the chlorobutanol 
were used as assay parameters after the injection of a 5-pl. aliquot of 
theether solution (Fig. 1). 

Trichloroethanol glucuronide in 1.0 ml. of blood or of appro- 
priately diluted urine ( I  : 10, I : 100, or 1 : 1ooO) was hydrolyzed with 
360 Fishman units (1 mg.) of 8-glucuronidase (1.0 ml. of 0.1 A4 pH 
4.5 acetate buffer with 1.0 mg. of j3-glucuronidase) by incubating at 
37O, pH 4.5, for 48 hr., and the trichloroethanol formed was as- 
sayed as already described. The difference in the trichloroethanol- 
chlorobutanol peak height ratios obtained before and after enzy- 
matic hydrolysis was the trichloroethanol glucuronide-chlorobu- 
tan01 peak height ratio. 

The optimum time for complete hydrolysis of trichloroethanol 
glucuronide by 8-glucuronidase was determined by adding a small 
amount of the purified sodium salt of the glucuronide to urine. 
Onemilliliter aliquots of this urine were treated and incubated as 
already described for 30, 60, 94, 125, and 180 min. and for 5.0, 
8.7, 19.8, 24.5, 27, 31, 50, and 147 hr. Each sample removed at the 
specified time was immediately refrigerated. The refrigerated sam- 
ples were chromatographically analyzed for trichloroethanol on the 
day following the taking of the last sample. 

Calibration curves for the substrate were established by adding 
appropriately graded amounts to the pertinent biological fluid and 
assaying by the described methods. These methods differed from 
those previously described (7) in that chlorobutanol was included 
in the aqueous solution of sulfosalicylic acid added rather than in 
the ether used for extraction. Also, in the current assay, trichloro- 
acetic acid was directly extracted from acidified blood or urine and 
subsequently gas chromatographically analyzed in the ether sol- 
vent. The previous method cited (7) used an alkaline decarboxyla- 
tion which yielded assayable chloroform. 

The reliability of the assays for trichloroethanol was determined 
by conducting these analyses on blood (from four different dogs) 
to which 2.94 mcg./ml. of trichloroethanol had been added. Six 
samples of similarly spiked, freshly drawn heparinized blood were 
placed at 5" and analyzed at daily intervals against calibration 
curves prepared daily. 
Protein Binding-Equilibrium dialysis experiments were run with 

trichloroethanol and its glucuronide to determine protein binding to 
dog plasma. Two-milliliter samples of dog plasma were separated 
from whole dog blood by centrifugation and placed inside sealed 
dialysis sacs16. Dialyses were run at 5" for 48 hr. against 10.0-ml. 

~~ 

0.94-cm. (0.37-in.) flat width, Visking Co., Chicago, Ill. 
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solutions (5 ,  50. and 500 mcg. trichloroethanol/ml.) in pH 7.4 phos- 
phate buffer. A control dialysis was run at each trichloroethanol 
concentration with a sac containing only 2.0 ml. of buffer. Aliquots 
were removed from the solutions outside and inside the dialysis 
sacs, appropriate dilutions were made, samples were assayed, and 
the fractional binding was calculated. 

Trichloroethanol glucuronide binding to plasma protein was esti- 
mated by dialysis of pooled blood plasma containing the glucuro- 
nide against pH 7.4 buffer. 

Determination of Red Blood Cdl/Plaana Distribution of Drug- 
Since trichloroethanol has high solubility in nonaqueous solvents 
(9), it was possible that a distribution between red blood cells and 
plasma would occur when the drug was introduced into a volume 
of whole blood. Aliquots (0.1 ml.) of trichloroethanol solutions 
were mixed with 10.0 ml. of heparinized dog blood to give final 
concentrations of0.294 and 2.94 mcg./ml.. and 1.0 ml. of each blood 
sample was removed for assay. The remaining 9.0-ml. portions were 
centrifuged until complete separation of red blood cells occurred 
and a clear, colorless plasma layer remained. A 1.0-ml. plasma 
sample was then removed from each tube and assayed. The hemato- 
crit was determined with a hematocrit tube. 

Three further determinations were carried out on pooled blood 
samples obtained from the pharmacokinetic experiments on two 
other dogs which had been administered 50 mg./kg. of trichloro- 
ethanol intravenously. One dog had received 50 mg./kg. of sulfo- 
bromophthalein in combination. 

Similar studies on red blood cell/plasma distribution were con- 
ducted with trichloroethanol glucuronide. 

Phannamklnetics of Mchloroethanol-Female mongrel dogs, 10- 
20 kg., were fasted for 24 hr. with water ad libitum. At 8:30 a.m. 
on Day 0 (the day of the experiment), the animal was weighed and 
anesthetized with an intravenous or intramuscular injection of 
pentobarbital, 30 mg./kg. 

One of three pairs of veins was used for cannulation and blood 
sampling: the external jugular veins of the neck, the cephalic veins of 
the forelegs, or the lateral saphenous veins of the hind legs. The 
cannula was frequently flushed with physiological saline solution but 
was filled with whole blood before 5-ml. samples were taken. These 
samples were put in 10.0-ml. injectable vials containing0.1 ml. of 1 
mepesulfate solution to prevent blood clot formation. 

At least I hr. after the pentobarbital was administered, control 
urine and blood samples were taken. When the animals showed 
signs of movement and diminished depth of anesthesia, a volume of 
5.0% trichloroethanol solution equivalent to the desired dose was 
injected within 40 sec. The cannula was flushed with 10-20 ml. of 
physiological saline within an additional 20 sec. 

A typical sampling schedule after the time of the saline flush of 
the trichloroethanol dose was: 2, 4, 6, 8, 10, 15, 30, 45, 60, 75, 90, 
105, and 120 min. and then at 30-min. intervals to 720 min. Further 
samples were taken during the 24-120-hr. interval in several ex- 
periments. 

Urine samples were collected at least hourly oia an indwelling 
urethral catheter in 100-ml. graduated cylinders for 12 hr. on Day 0. 
When possible, feces were collected after 12 hr. Total urine and 
feces were collected at t = 24 hr. and at 24-hr. intervals thereafter 
until no further traces of trichloroethanol or its metabolites were 
found upon assay. 

A minimal period of 14 days was allowed between any two tri- 
chloroethanol pharmacokinetic experiments on the same animal. 
Samples were analyzed for concentrations of trichloroacetic acid, 
trichloroethanol. and its glucuronide. 

Each of four female dogs, A, B, C, and D, received various doses 
of trichloroethanol ranging from 10 to 150 mg./kg. All studies were 
grouped within 4 months to avoid possible age, weight, or seasonal 
effects on the animals. 

Phannacddnetics of Mchloroethand Ghronide-Two experi- 
ments were performed with intravenous administration of a solution 
of sodium trichloroethanol glucuronide (100 and 450 mg.) in an 
anesthetized dog. Blood and urine samples were taken at the inter- 
vals previously described for experiments with trichloroethanol 
and assayed for both trichloroethanol and its glucuronide. 

Pharmamkinetics of Trichloroacetic Add-Twenty milliliters of a 
5 %  trichloroacetic acid solution (1.0 g.) was brought to pH 7.0 with 
sodium hydroxide and intravenously administered to an antsthe- 
tized dog. Blood samples were removed at regular intervals for the 
first 12 hr. of the experiment, at t = 24 hr., and at 24-hr. intervals 
thereafter until I = 480 hr.; these samples were assayed for tri- 



chloroacetic acid. A second experiment was performed with a 100- 
mg. dose of trichloroacetic acid. 

Pharmacokinedcs of Chloral Hydrate--A dose of 500 mg. chloral 
hydrate (dissolved in physiological saline) was administered through 
an indwelling jugular vein catheter to a lightly anesthetized dog. 
Blood samples were taken at intervals and urine samples were taken 
hourly for a total of 2 hr. and assayed for trichloroethanol, its 
glucuronide, and for chloral hydrate and trichloroacetic acid. 

Studies on Biliary Excretion of Trichloroethanol and Its Glucuro- 
nide-Two dogs were anesthetized and laparotomized, and the 
common bile duct was exposed and cannulated. The renal circula- 
tion was not disturbed. The incision was closed with wound clips 
and covered with gauze pads wet with warm physiological saline 
solution. Trichloroethanol was injected 1 hr. after surgery was 
completed. 

To obtain maximal data from these experiments, two doses of 
trichloroethanol were administered in each experiment. In the first 
experiment, 150 mg. of trichloroethanol(11.6 mg./kg.) was given at 
I = 0 and 600 mg. (46 mg./kg.) at t = 245 min. In the second experi- 
ment, 500 mg. of trichloroethanol was given at t = 0 and lo00 mg. at 
I = 370min. 

Blood samples were collected from the jugular vein and urine 
samples were collected from a urethral cannula. Bile was collected 
hourly and assayed for trichloroethanol and its glucuronide in the 
same manner as urine. 

At the end of each experiment, the animal was sacrificed. Gall- 
bladder bile was removed for assay from the second animal but not 
from the first. 

Possible In F'ico Inhibition of Tricbloroethanol Glucurddation by 
Sulfobromophthalein-Dog E, a 10-kg. female, was anesthetized 
and 600 mg. of trichloroethanol was administered intravenously at 
t = 0. At. I = 250 min., a second dose of 600 mg. trichloroethanol 
was given along with 100 mg. of sulfobromophthalein (10 mg./kg.). 
In addition, a constant intravenous drip of approximately 0.6 mg. 
sulfobromophthalein/min. was also maintained until t = 490 min. 
The dose of sulfobromophthalein used was twice that recommended 
(10) for studies on hepatic function. 

In a second experiment with the same dog, 600 mg. of trichloro- 
ethanol was given at t = 0 and samples were taken for 300 min. 
At t = 320 min., a second 600-mg. dose of trichloroethanol was 
given, which was followed immediately by a dose of 500 mg. sulfo- 
bromophthalein. In addition, a constant intravenous infusion of 
3 mg. sulfobromophthalein/min. was maintained until t = 500 
min. 

In both experiments, blood and urine samples were taken at 
regular intervals and assayed for trichloroethanol and its glucu- 
ronide. 

Hepatic Storage of Trichloroethanol and/or Its Ghmr0nid-A 
major problem in the in uioo evaluation of hepatic storage of a drug 
and/or its metabolites by sampling blood flow across the liver is 
due to the dilution of hepatic venous return by vena cava blood 
from the lower extremities and kidneys. Whereas blood entering the 
liver may be easily sampled by catheterization of the hepatic portal 
vein, hepatic output occurs oia very short hepatic veins, which im- 
mediately merge with the inferior Veda cava at the level of the dia- 
phragm in the dog. The vena caval dilution must be circumvented 
to sample hepatic output via the hepatic veins. One approach that 
was tried was to shunt the vena caval flow into the hepatic portal 
vein by surgery so that the total blood flow from the lower trunk 
entered the liver through the hepatic portal vein and all blood 
exited the liver as hepatic venous output. This surgical approach was 
attempted on two dogs; one died during surgery and the other ex- 
pired shortly thereafter. 

An alternative solution to the problem was provided by the work 
of Harris and Riegelman (11). A collateral circulation between a 
slowly occluded inferior vena cava and the azygous vein was pro- 
moted. Slow occlusion was achieved by insertion of a small seg- 
ment of Tygon tubing in the vena cava 2 weeks prior to the hepatic 
storage or clearance experiments. An irritation set up by the tubing 
caused a slow clot and fibrin formation to occlude the vessel. The 
slow occlusion allowed establishment of the aforementioned col- 
lateral circulation. Rapid occlusion of vena caval flow causes death 
by cardiac arrest. Insertion of the Tygon tubing was performed with 
sterile surgical technique. The X-rays were taken after cannulation 
of the inferior vena cava cia the lateral saphenous vein of the hind 
leg and clearly showed the occlusion. The radiopaque medium was a 

10% solution of meglumine diatrizoatelo rapidly injected simul- 
taneously with X-irradiation. 

One week after X-ray, the animal was anesthetized with pento- 
barbital and laparotomized and the hepatic portal vein was cannu- 
lated uia a splenic vein. The remaining splenic veins were tied ofF as 
was the hepatic artery. Omission of the latter step allows a 2 5 x  
error to occur due to dilution of hepatic venous flow with hepatic 
arterial flow. The hepatic venous return was sampled with a can- 
nula inserted in the external jugular vein through the right atrium 
and into the inferior vena cava (which now only contains hepatic 
venous bleod). After injection of a %mg./kg. dose of trichloro- 
ethanol oia the hepatic portal vein, blood samples were simul- 
taneously ,removed from both cannulas at regular intervals and as- 
sayed for trichloroethanol and its glucuronide. 

CALCULATIONS, ANALYSIS, AND CURVE FITTING 

Calculation of Red Blood Cell/Plasma Distribution C d d e n t -  
The derivation of an exprkion for the calculation of a red blood 
cell/plasma distribution coefficient is as follows. The amount of 
drug, A,  in whole blood, AB, is: 

(Eq. 1) AB = AP" + A S  + ARBC 

where APY and Apb are the amounts of drug in plasma, unbound 
and bound to plasma proteins, respectively. The amount of drug in 
red blood cells is represented by ARBC. 

When the amount of drug in whole blood is converted to con- 
centration, Eq. 2 becomes: 

AelVBtrus = ApU/Vnlru. + AP~IVE~... + A R B C / ~ B ~ ~ .  (Eq. 2) 

where VB,. is the true volume of whole blood in the animal body. 
When Vpu,, and VRBC are the respective true volumes of plasma 

and red blood cells in the animal body: 

or : 

Since the hematocrit ( H )  may be defined as: 

H = V R B C / ~ ' B ~ . .  

therefore: 

1 - H = VptrudV~trus 

Substitution of Eqs. 5 and 6 into Eq. 4 yields: 

[As]  = [Ap"](l - H) + [Apbl(l - H) 4- [ARBcIH (Eq. 7) 

The red blood cell/plasma distribution coefficient is then defined 

D = [ARBCI/[AP"I (Eq. 8) 

as : 

Upon rearrangement of Eq. 7: 

D = ([ABI/[AP"I(I - H )  - [AP~I/[AP"I - 11 (1 - H)/H (Q. 9) 

If the fraction, J of drug bound to plasma proteins is known: 

[Apb1 = [Aplf (Eq. 10) 

(Eq. 11) 
and: 

[AP"] = [AP] (1 - fl 
where [Ap]  is the total plasma concentration of drug, and Eq. 9 
becomes: 

D = ([ABY[API (1 - . f ) ( l  - H) -f/(l -0 - 11 X 
(1 - H ) / H  (Eq. 12) 

18 Renografin. 
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K 
II[AP"] + [PI [ A 9 1  

Scheme I1 

and the concentration of unbound drug in the plasma can be ob- 
tained by a rearrangement of this equation and is: 

The fraction of drug bound to a plasma protein may not be in- 
variant. It may be a function of the unbound concentration of drug 
(12, 13), i.e.: 

f = 1 / ( 1  + [Apul/n[P1 + l/nK[PI) (Eq. 14) 

where K is the association constant for the binding of a molecule of 
drug to one of the equivalent n binding sites of the protein molecule 
in accordance with Scheme 11, where [PI is the concentration of 
protein. 

At low drug concentrations or when the association constant K is 
small, the second term in the denominator of Eq. 14 becomes negli- 
gible and: 

f- 1 / ( 1  + I I M P I )  = [Apbl/[Apl (Eq. 15) 

may be taken as constant for a given protein concentration and is 
independent of drug concentration. 

Distribution of Drug among Blood Components and Fractions of 
Drug in Blood in Each-The amount of drug in the blood that is in 
the red blood cells may be calculated on the basis of Eqs. 5,  8, and 
1 1 :  

ARBC = VRBC[ARBC] = HVBI,~.[ARBC] = HDVB~,,.[AP"] = 

HDVB,,.. ( 1  - fl [Apl (Eq. 16) 

The amount of drug in the blood that is bound to plasma protein 
and in the plasma may be calculated on the basis of Eqs. 6 and 10: 

AP' = VpiruJA~~] = (1 - H ) V B ~ , ~ J A P ~ I  = 

( 1  - H l f V ~ d A p l  0%. 17) 

The amount of drug in the blood that is unbound to plasma pro- 
tein and in the plasma may be calculated on the basis of Eqs. 6 and 
1 1 :  

AP" = Vp,,,.[Ap"] = ( 1  - H)v~truJA~"l  = 

(1 - H ) ( 1  - f l ~ ~ t r u a [ A ~ l  (Eq. 18) 

When Eqs. 1 and 16-18 are considered: 

AB = ~ B ~ . , , [ A P I I H D ( ~  -fl + (1 - H)I (Eq. 19) 

Division of Eqs. 16-18, respectively, by Eq. 19 gives the fraction 
of drug in the blood that is in the red blood cells as: 

'YRBC = ARBc/Ae = HD(1 -fl/ 
lHD(1 -n + ( I  - H)I (Eq. 20) 

and the fraction of drug in the blood that is bound to plasma protein 
and in the plasma as: 

(Eq. 21) 

and the fraction of drug in the blood that is unbound to  plasma 
protein and in the plasma as: 

yp"  = AP"/AB = ( I  - H )  ( 1  -./I/ 

7 p b  = A P ~ / A B  = ( 1  - H ) f / l H D ( l  - f )  + ( 1  - H)I 

lHD(1 -n + ( 1  - H)I (ha 22) 

Also, the total fraction of drug in the blood that is in the plasma 

(Eq. 23) 

Relations and Conversions among Variously Calculated Apparent 
Volumes of Distribution of the Central Compartment-Apparent 
volumes of distribution may be considered as the operational pa- 
rameters that relate the measured concentrations of drug in the ob- 

is : 

Y P  = YP" + 'YP~ = ( 1  - H)/IHD(l  -fl + ( 1  - H)I 

tainable fluids of the body to the amounts in the individual com- 
partments of the pharmacokinetic multicompartmental model that 
describe quantitatively the disposition of the drug in the body (12- 
16). 

However, the numerical estimates of these apparent volumes 
of distribution for these several compartments can vary widely for 
the same multicompartmental model, dependent on whether the 
time course of free or total drug concentration is used and on whe- 
ther blood or plasma is analyzed. Thus, the relations among these 
several estimates must be delineated to permit the calculation of one 
from the other. Only then will there be a common basis to compare 
the pharmacokinetic parameters of the same and different drugs 
within and among species. 

If identification of apparent volumes of distribution with true 
volumes of body fluids or tissues is to be attempted, the criteria for 
the choice of the method of calculation of apparent volumes of 
distribution from pharmacokinetic data must be consistent with 
the physiological and physicochemical realities of drug disposition 
in the body. 

The concentrations of a drug, A ,  are measured in aliquots of 
the fluid of the central compartment and are generally obtained as 
Concentrations in blood, [AB] ,  or in plasma, [ A P ] .  The apparent 
volumes of distribution referenced to blood, VB, or to plasma, Vp, 
can be estimated from the extrapolation to zero time of the plot of 
drug Concentration in blood or plasma against time on the premise 
of instantaneous mixing of the intravenously administered drug 
in the fluids of the central compartment (12,13).  

Thus, the apparent volume of distribution of the central compart- 
ment referenced to the total drug concentration in the blood is: 

VB =' Ao/[A~lo  (h. 24) 

and the apparent volume of distribution of the central Compartment 
referenced to the total drug concentration in the plasma is: 

YP = IAo - (ARBc)o}/[AP]o (a. 25) 

where A .  and ( A R B C ) ~  are the intravenously administered dose and 
amount in the red blood cells, respectively; [AB]o and [AP]o are the 
total drug concentrations in blood and plasma, respectively, at 
zero time. 

SisnIflcance of Variously Calculated Apparent Volumes of Dis- 
tribution of the Central Compartment-These are fictitious volumes, 
since they may include the volumes of associated fluids where the 
drug concentration is in instantaneous equilibration with that of 
blood or plasma, i.e.: 

VB = VB,,,. + VB, 

where VB*~.  is the true blood volume, and VB, is the apparent 
volume of this instantaneously equilibrated fluid or tissue on the 
presumption that its drug concentration is exactly the same as that 
of the blood. This apparent volume, V B ~ ,  may be termed the as- 
sociated (with the central compartment) apparent volume of dis- 
tribution rejerenced to the total drug concentration in the blood. 
Similarly : 

VP = VP*", + VP, m. 27) 

where VP,,,, is the true plasma volume, and Yp, is the volume of 
this instantaneously equilibrated fluid or tissue on the presumption 
that its drug concentration is exacrfy the same as that of the plasma. 
This apparent volume, Vp,, may be termed the associated (with 
the central compartment) apparent volume of distribution refer- 
enced to the total drug concentration in the plasma. 

If none of the drug is sequestered by, or partitioned into, the red 
blood cells, all of the drug is assayed in the plasma and a simple 
relation exists between the respective apparent volumes of distribu- 
tion. When Eqs. 6 , 2 4 ,  and 25 are considered: 

VP = VP.  = Ao/[A~lo  = Ao/ (") = Ao/ vB,rt,a(l Ao - - - 
VP,,". 

A o / P H  = ( I  - H)VB (Eq. 28) 

and it follows from Eqs. 26-28 that: 
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and the associated apparent volume of distribution referenced to 
the total drug concentration in plasma is less than the associated 
apparent volume of distribution referenced to the total drug con- 
centration in blood. 

These relations of Eqs. 26-29 are based on the presumption that 
the concentration in Vp. is the same as that in plasma, Vp,,,. The 
apparent volume VP. cannot be true plasma; it must be a fluid or 
tissue readily accessible to drug which is freely diffusible from the 
plasma water and would be unbound to plasma proteins. If the 
drug is completely protein bound and not partitioned into the red 
blood cells, the associated apparent volumes of distribution refer- 
enced to total drug concentration in blood and plasma, V B ~  and Vp,, 
are zero and the apparent volumes of distribution, referenced to 
blood and plasma, V B  and VP, are the same as the true volumes of 
blood and plasma, VB,,.. and VP~,.,, respectively. 

Equations for Calculation of Apparent Volumes of Distribution 
of the Central Compartment Referenced to Unbound Drug in Plasma 
from Apparent Volumes of Distribution Referenced to Total Drug 
Concentration in Blood and Plasma-The apparent volumes of 
distribution that have the highest probability of physiological 
significance are those calculated on the premise that only unbound 
drug in the true plasma volume ( ix . ,  diffusible drug in the plasma 
water) equilibrates with the other volumes of distribution of the 
various compartments of the multicompartmental model. The 
apparent volume of distribution in the central compartment refer- 
enced to  unbound drug in the plasma water can be formulated as the 
amount of drug administrated intravenously less the amounts of 
drug partitioned into red blood cells and bound to plasma proteins 
at zero time divided by the zero time concentration of unbound drug 
in the plasma: 

(Eq. 30) 

In terms of the respective true volumes of red blood cells and 

VP" = [Ao - (ARB& - (Apb)a}/[A~"la 

plasma: 

Substitution of values for VRBC, VP,.,,, [ARB&, [ A P ~ ] o ,  and 
[ A ~ U ] ~  obtained from Eqs.  5, 6, 8, 10, and 11, respectively, into Eq. 
31, with subsequent rearrangement, gives: 

VP" = Ao/[Ap]o (1 - .f) - H D V B W ~ .  - 
( 1  - ~ ) v ~ ~ . f / ( l  -n m. 32) 

in terms of the measured total concentration of the drug in plasma 
at zero time. 

The substitution of Eq. 13 into Eq. 32 permits the apparent 
volume of distribution of the central compartment referenced to 
unbound drug concentration in the plasma to be expressed in 
terms of the measured total concentration of the drug in blood at 
zero time: 

( 1  - H)VBl.".f/(l - n (E4. 33) 

On consideration of Eqs. 6 and 24, this apparent volume of dis- 
tribution can be expressed in terms of the apparent volume of dis- 
tribution referenced to the total concentration of drug in blood: 

VPl,"..f/(I - n= VPl,". + VPZ" (Eq. 34) 

On consideration of Eqs. 6 and 26, the associated apparent volume 
of distribution referenced to the unbound drug concentration in 
plasma can be defined in terms of the associated apparent volume of 
distribution referenced to the total drug concentration in blood: 

(Eq. 35) 

When the apparent volume of distribution of the central com- 

partment is referenced to total concentration of drug in the plasma, 
it is expressed as the quotient of the amount of drug in plasma less 
the amount in the red blood cells and the total plasma concentra- 
tion at zero time. 
Thus, when Eqs. 25 and 31 are considered, a process similar to 

the development of Eq. 34 permits the expression of VP" in terms of 
the apparent volume of distribution referenced to the total concen- 
tration of drug in plasma: 

VP" = (VP - VPtmefll(1 - f) = VPirue + VP=" (Eq. 36) 

On consideration of Eq. 27: 

vpss = vp./(i - n (Eq. 37) 

It follows from Eqs. 35 and 37 that: 

VP, = VBdDH(1 -f) + 1 - HI 0%. 38) 

Pseudoapparent Volumes of Distribution of the Central Compart- 
ment and Calculation of Variously Referenced Apparent Volumes- 
Pseudoapparent volumes of distribution of the central compartment 
referenced to the total drug concentration in the plasma or to the 
unbound drug concentration in the plasma have been calculated as: 

VP. = AoI[AP]o (Eq. 39) 

and : 

VP," = Ao/[Apl0(1 - n = Vp./(l - n (Eq. 40) 

without considering the fact that the numerator of the quotient in 
Eq. 25 should be lessened by the amount of drug in the red blood 
cells, (ARBC)O. 

Thus, consideration of Eqs. 11,39, and 40 for the pertinent values 
in Eq. 32 permits the apparent volume of distribution of the central 
compartment referenced to unbound drug concentration in the 
plasma to be expressed in terms of these unrealistically calculated 
pseudoapparent volumes of distribution referenced to total drug 
concentration (or unbound drug concentration) in plasma: 

Vp" = Vp,/(l - f) - HVpt,uaD/(1 - H) - VPiruef/(l - fl = 
vp,.. + vp,u ( ~ q .  41) 

Other pertinent conversions can be obtained. On consideration of 

(Eq. 42) 

Eq. 27: 

VP," = Vp../(l -n - HDVpt,.J(1 - H) 

It also follows, on consideration of Eqs. 37 and 42, that: 

VP. = VP., - HDVPtrJl n / ( l  - H) (Eq. 43) 

and: 

vp = vp. - H D V ~ ~ , , . ( ~  -n/u - H) (~4.4) 
It can be shown from Eqs. 35 and 42 that: 

so that, on cognizance of Eqs. 6,23,26, and 27: 

VB = Vpl/[DH(1 -f) + 1 - HI = Y P V P ~ / ( ~  - H) (Eq. 46) 

Relations among Variously Referenced Apparent Volumes of 
Distribution in the Absence of Protein Binding and/or Red Blood Cell 
Partition-If there is no partitioning into red blood cells, D = 0, 
Vp. = Vp. y p  = 1, YRBC = 0,  ypb = f, y p y  = 1 - f, and Eqs. 28, 
29.36, and 37 hold. 

If there is no protein binding, f = 0, Vp" = VP,  Vp," = Vp,, 
Vp,u = Vp,,  y p  = y p y ,  y p b  = 0 and, from Eq. 34: 

Vp = VB(DH + 1 - H) - HVeu..D = 

VB(DH + 1 - H) - HVpt,uJMl - H )  (m. 47) 

and from Eqs. 35 and 38: 

Vp. = VB,(DH + 1 - H )  (Eq. 48) 
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and from Eqs. 41 and 44: 

VP = VP. - HDVptrwl(1 -HI 

and from Eqs. 42 and 43: 

VP, = VP., - HDv~trd(J(1 - H) 

and from Eq. 45: 

VP., - H D V B ~ . ~ ~  
" ' =  D H + 1 - H  

(Eq. 49) 

and from Eq. 46: 

VB = Vp,/(DH + 1 - H) = ypVp,/(l - H) (Eq. 52) 

If there is no partitioning of drug into the red blood celis and 
no binding to plasma proteins, D = 0, f = 0, Vp' = VP = VP,, 
Vp,u = Vp,  = Vp.,, y p  = y p u  = 1, and Eqs. 28 and 29 hold. 

Conversions among Microscopic Pharmacokinetic Rate Constants 
Based on Various Expressions of Drug Conrentrations,in Blood 
Components-The differential equation for the loss of drug from 
the central compartment of the linear threecompartment body 
model, Scheme 111, may be expressed in terms of the amount of drug 

k v . 6  kr.6 
k6.w 

AM 
Scheme 111 

in the blood and associated fluids, AB, and in terms of the amounts 
of drug in the tissue compartments, AT and AT': 

-dAe/df = (kB.r ke.T' + kB.M)Ae - k T d T  - 
kT'.BAT' (h. 53) 

It may be expressed in terms of the amounts of drug in the tissues, 
AT and AT', and unbound drug, A p ,  in the plasma and associated 
fluids, equilibrated with drug bound to protein and equilibrated with 
drug partitioned into red blood cells: 

When the value for Ap'in Eq. 22 is substituted into Eq. 54: 

Comparison of Eqs. 53 and 55 clearly shows that ke,T = Y P " k P . . T ,  

ke.T' = ypYkP. .T ' ,  ke.m = yp'kp..m, k T . p u  = kT.n .  and k T ' . P .  
= k T ' . B .  

Estimations of Apparent Volumes of Distribution of Observed 
Tissw Compartments Referenced to Unbound Drug Concentrati~n 
In Plasma from Variously Calculated Apparent Volumes of Distribu- 
tion and Microsropic Pharmacokinetic Rate Constants-The ap- 
parent volume of distribution of a tissue compartment in a phar- 
macokinetic model such as Scheme 111 should be referenced to the 
unbound drug concentration in the plasma of the central compart- 
ment on the realistic premise that potential equilibration of drug 
between the central compartment and this tissue is only effected by 
unbound drug in the plasma water. 

On the assumption of the possibility of an eventual equilibration 
or partition between unbound drug concentration in plasma water 
and drug concentration in a tissue (e.g., as an ultimate consequence 
of the steady state resulting from a continuous zero-order infusion): 

[ A ~ l e a K  = [ A P " ] ~  = Ap'/Vpu = A T / K V T P ~  (Eq. 56) 

where Vp" and V T ~ U  are the apparent volumes of distribution refer- 
enced to the unbound drug concentration in plasma on the pre- 
sumption that the partition coefficient. K, for the equilibration is 
unity (12, 13). If the tissue is truly homogeneous and an actual or 
operational K exists that is not equal to unity, VT becomes the 

apparent volume of distribution of the tissue referenced to total drug 
concentration in that tissue. 

The kinetic conditions for this potential steady-state equilibration 
are: 

dAT/dl = dAp"/dt = 0; kp..TAp" = kT.prAT (Eq. 57) 

so that, from Eqs. 56 and 57 on the usually taken premise that K = 
1, the apparent volume of distribution of the tissue compartment 
referenced to the unbound drug concentration in the plasma may 
be defined in terms of the apparent volume of distribution of the 
central compartment referenced to the unbound drug concentration 
in plasma and the microscopic pharmacokinetic constants for rate 
dependence on the amount of unbound drug in the plasma and its 
associated fluids (12,13): 

I'TP" = ( ~ P . . T / ~ T . P J ~ P "  (Eq. 58) 

This relation is valid even when a steady state does not exist 
betweh the tissue and plasma compartments. 
Thus, as a consequence of the identity between Eqs. 53 and 55, 

the apparent volume of distribution of the tissue, T, can be related 
to the microscopic rate constants determined on the postulation of 
rate dependence on the total amount of drug in the blood as: 

VTP" ( k B . T / Y P u k T . B ) v P u  (Eq. 59) 

Similarly: 

~ T ' P ' '  = ( ~ B , T ' / ~ P ~ ~ T ' , B ) V P ~  (Es. 60) 
where y p y  is defined in Eq. 22. 

The apparent volumes of distribution of the tissues, T and T', 
referenced to the unbound drug concentration in plasma can be 
calculated from the variously calculated apparent volumes of dis- 
tribution such as VB, VP. and VP.  by appropriate substitutions of 
the values of V p u  obtained from Eqs. 34, 36, and 41, respectively, 
into Eqs. 59 and 60. 

It can be shown similarly that the apparent volumes of distribu- 
tion of the tissues, T and T', can be. related to the microscopic rate 
constants determined on the postulation of rate dependence on the 
total amount of drug in the plasma: 

VTP" = ( ~ p " k p , T / Y p k T , p ) v p '  (Eq. 61) 

and: 

VT'P" = (yp"kp.T'/ypkT'.p) VP" (Eq. 62) 

where y p y  and y p  are defined in Eqs. 22 and 23; and since y p y / y p  
= 1 - (1 - f )kp. .T' .  kp.m = 
(1 - f ) k ~ . . ~ ,  k T . P  = kT.p,,  and kT'.P = kT'.P.. 

phpnnacokinetic Modeling-At the conclusion of all pharmaco- 
kinetic experiments, blood and urine samples were assayed for tri- 
chloroacetic acid, trichloroethanol, and its glucuronide. A defined 
procedure was followed to prepare a model that would be con- 
sistent with the observed data and to derive the parameters that 
quantifiably described the system. 

The study of the pharmacokinetics of 30 mg./kg. of trichloro- 
ethanol in Dog D (20 kg.) will be used to illustrate the analysis and 
fitting procedures. 

Graphi&al Analysis of Mchloroethanol Data-A semilogarithmic 
plot of trichloroethanol concentration in whole blood, given as the 
trichloroethanol-chlorobutanol peak height ratio per milliliter, is 
shown in Fig. 2. A peak height ratio per milliliter of 1.0 is equivalent 
to 8.4 mcg. trichloroethanol/ml. 

' h e  concentration of trichloroethanol in blood, [TCEE], as a 
function of time can be described by a sum of exponentials (17): 

then k P . T  = (1 - ~ P . . T ,  kp.7' 

n 

i- 1 
[TCEBI = [AB] = [ A B ] , ~ - ~ I '  = [A~] ,e - ' l~  4- 

[Ae],e-'I' + [ & ] , C k S f  (k. 63) 

The. methods by which the logarithrtlic plot of such data against 
time may be analyzed to yield its component [ A B ~  (intercept) and k ,  
(slope) values were described in detail by Riggs (12). 

The sum of the [AB], values, ~ [ A B ] , ,  is the time zero concentra- 
tion, [ABL, in the central compartment on intravenous administra- 
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Faure 2-Feathering of the semilogarithmic plot against time of the 
peak height ratios (A) of trichloroethanol to the internal standard 
chlombutanol derioed from the GC assay of 5 p l .  af a 2-ml. ether 
extract of 1 ml. of acidified dog blood after the intravenous administra- 
tion of 30 mg./kg. of trichloroethanol to the 20-kg. Dog D .  A peak 
height ratio of 1.00 is equivalent to 8.4 mg. of trichloroethanol/ml. of 
whole blood. The three distinct phases obtained by feathering (the 
solid triangles, circles, and terminal open triangles) are labeled respec- 
tively with their apparent half-lioes. 

tion and may be obtained from the calibration curve of peak height 
ratios oersus concentrations (7). The trichloroethanol concentration 
in whole blood can be converted to the concentration of unbound 
trichloroethanol in plasma (in milligrams per milliliter) by Eq. 13. 
The apparent volume of distribution, VB, referenced to the total 
concentration of trichloroethanol in the blood can be estimated from 
the dose (in milligrams) by Eq. 24. 

The Z[AB]( or [AB] ,  in terms of peak height ratio was estimated 
from the data of Fig. 2 extrapolated to zero time; it was 17.1 and 
corresponded to an initial whole blood concentration of0.142 mg. of 
trichloroethanol/ml. or 0.0237 as percent of dose per milliliter of 
blood. The separate loading factors for the three exponentids that 
described the data of Fig. 2 were 13.0, 3.5, and 0.6 for [RBI l ,  [AB],. 
and [&I,, respectively. Insertion of the [ A B ~  value into Eq. I3 and 
use of a red blood cell/plasma distribution coefficient D value of 2.1 
with a hematocrit, H, of 0.45 (18) and a fraction, f = 0.35, of drug 
bound to plasma proteins (see Results) gave an initial concentration 
of unbound trichloroethanol in plasma, [Ap'], of 0.080 mg./ml. 

The fractional amounts of drug in the blood that are in the red 
blood cells, in the plasma, unbound to protein and in the plasma, 
and bound to protein and in the plasma are: YRBC = 0.527 (Eq. 201, 
y p  = 0.475 (Eq. 23), y p y  = 0.310 (Eq. 22), and y P b  = 0.165 (Eq. 
21), respectively. When each of these fractions is multiplied by 
the initial milligrams of trichloroethanol per milliliter of blood, 
0.142 mg./ml., the amount of drug in each blood component that is 
initially in 1 ml. of blood is: (ARBc),/VB = 0.075 mg. for red blood 
cells, (AP),/vBauo = 0.067, (AP~),/VB,. . .  = 0.044, and ( A P ~ ) ~ I V B ~ ~ ~ .  = 
0.023. Thus, the respective concentrations are: [ARBC], = (ARBc),/ 
HVB,,,. = 167 mg./ml., [&IO = (Ap)/(l - H ) V B ~ . .  = 122 mg./ml., 
[ A P ~ ]  = (ApU),/(I - H ) V B ~ , ~ .  = 0.080 mg./ml., and [Apbk/(l - H)- 
V B , ~ .  = 0.043 mg./ml. 

On the premise that VB,,"~ = 2.0 1. and Vp,,, = 1.10 1. for 
Dog C (20 kg.), where 100 and 55 ml./kg. are given in the 
literature (18) for dog blood volumes and plasma volumes, respec- 
tively, the various apparent volumes of the central compartment can 
be calculated. The pseudoapparent volume of distribution refer- 
enced to total drug concentration in plasma is Vp. = 4.88 1. (Eqs. 
39 and 46), the apparent volume of distribution referenced to total 
drug concentration in plasma is Vp = 3.77 1. (Eq. 44), the apparent 
volume of distribution referenced to the concentration of drug not 
bound to protein in the plasma is VP" = 5.10 I .  (Eqs. 34 and 36), 
and the apparent volume of distribution referenced to drug con- 
centration in blood is VB = 4.22 1. (Eqs. 24 and 46). 

The semilogarithmic plot of trichloroethanol concentration in 
blood cersus time was resolved by the appropriate "feathering" 
techniques into three distinct exponential segments. The first ex- 
ponential. which describes a rapid decline of trichloroethanol con- 
centration in blood to 3Ox of the calculated initial value within 15 
min. after drug administration, may be largely assigned to the dif- 
fusion of trichloroethanol from the initial volume of distribution 
ascribed to the central compartment into a larger volume of a 
readily available equilibrating body fluid. The low molecular weight 
of trichloroethanol and its extensive solubility in nonaqueous sol- 
vents (9) suggest that such rapid and extensive distribution might be 
expected. 

The sum of the antilogarithms of the extrapolated zero-time 
intercepts (Fig. 2) assignable to the second and third exponentials 
of the polyexponential fit of the data (Q. 63) was [ABIx and [As],  = 
4.1 in terms of peak height ratio per milliliter. This serves as a pre- 
liminary estimate of the assay value of trichloroethanol in blood 
that would have been observed after the ready equilibration with 
tissues if no significant drug elimination had occurred in the initial 
time interval. Insertion of the corresponding whole blood concen- 
tration (0.0346 mg./ml.) into Eq. 13 yields a concentration of free 
trichloroethanol in the plasma that is not bound to proteins of 
0.0193 mg./ml. The estimated sum of the apparent volumes of 
distribution of the central compartment and that of the readily 
perfused tissues referenced to the total concentration of drug in 
the blood can be estimated from: 

VDB = VB f VTB = dose/([A~l, + [ABIi) = 

Ao/(Z[Asl. - [AB],) (Eq. 64) 

and was 17.3 1. for a 600-mg. dose where the divisor of the last two 
terms is the concentration of trichloroethanol in the equilibrated 
fluids after the ready equilibration on the assumption of insignificant 
drug excretion or metabolism during the time interval of the equili- 
bration. Subtraction of the initial apparent volume of distribution 
of the central compartment referenced to total concentration in the 
blood, VB = 4.2 I., from this value provides an estimated volume 
of 13.1 1. for the tissue fluids, V T ~ ,  referenced similarly. 

It can be argued also (Eq. 30) that if the curves of unbound drug 
concentration [ A p ]  in the plasma against time are analyzed simi- 
larly: 

vDp' = vp" f v T p u  = 

dose - (amounts in red blood cells and bound to plasma protein) 
[APUI* + [AP"]' 

(Eq. 65) 

The estimated sum of the apparent volumes of distribution of 
the central compartment and of the readily perfused tissues refer- 
enced to unbound drug concentration in the plasma, YO,., can be 
calculated from the sum of the apparent volumes of distribution, 
V D ~ ,  referenced to total drug concentration in the blood by an 
equation derived on the same premises as, and similar to, Eq. 34: 

(1 - H)vBl,,,ef/(l -n = 28.7 1. (Eq. 66) 

Subtraction of the initial apparent volume of distribution of the 
central compartment referenced to unbound drug concentration 
in the plasma, Vp' = 5.1 I., provides an estimated volume, V T ~ ,  
of 23.6 1. for the tissue fluids referenced similarly. 

More refined estimates of the volumes of distribution were ob- 
tained when the data were analyzed with the analog and digital 
computers. since the value of [ A B ] ,  = Z[&]i may be best obtained 
by computer extrapolation to zero time. 

The loss of trichloroethanol from blood during the time period 
of the second exponential was postulated to be predominantly due 
to metabolic conversion of trichloroethanol to its glucuronide by 
hepatic microsomal uridine 5'-diphosphate-glucuronyltransferase. 
This was verified by the fact that the maximal rates of appearance 
of the glucuronide in blood and urine occurred in this interval. 
The rate constant of the second exponential of Eq. 63, kr, is not equal 
to kB.M, the metabolic rate constant in Scheme 111. On the assump- 
tion of a predominantly two-compartment body model with rapid 
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equilibration (13), where ks  is small or almost zero, kl is coincident 
with k ,  (19, 20), the overall disposition rate constant for trichloro- 
ethanol where this latter constant can be expressed either in terms 
of the microscopic rate constants referenced to the total amount of 
drug in the central compartment of blood and associated fluids or, 
on consideration of Eq. 22 and the coincidence of Eqs. 53 and 55,  in 
terms of the microscopic rate constants referenced to the amount 
of unbound drug in the central compartment of plasma and associ- 
ated fluids: 

constants for diffusion-into and out of the rapidly equilibrating fluid 
compartment responsible for the first exponential of Eq. 63 that 
characterizes the initial loss of drug from the central compartment 
referenced to amounts of drug in blood and associated fluids or 
plasma and associated fluids, respectively. 

This latter equation can also be derived from consideration of 
a general equation when the rate of loss of drug from a complex of 
rapidly equilibrating compartments is defined as being proportional 
to the amount of drug in only one of those compartments, e.g.: 

- ~ ( A B  + AT)/& = d((AnBc f Apb f ApU + AT)/dt = 

kp..MAp" (a. 68) 

When the amount of drug in any one of the components or com- 
partments of this rapidly equilibrating complex can be defined as 
being in equilibrium with the amount of drug in the rate-determining 
compartment, i.e., Ai = K,Apu, where K ,  is the respective equi- 
librium constant for the ith compartment, Eq. 68 can be expressed 
as : 

- d(KnBc/p.Ap" 4- Kpbip,Ap" -t AP" f KT/PUAP")/dl = 

- dAp"/dt(l + KR B C / P u  f 6 b , P u  f KT/Pu) = 

kp..MAp'' (Eq. 69) 

On consideration of Eqs. 20 and 22: 

K R B C ~ P .  = YRBC/YP" = HDl(1 - H) (Eq. 70) 

On consideration of Eqs. 21 and 22: 

K P ~ P ~  = Ypb/Ypu = f / ( l  - fl (Eq. 71) 

On consideration of Eq. 57: 

KTIP.  = kPu,T/kT,Pu tm. 72) 

Substitution of Eqs. 70-72 into Eq. 69 with subsequent rearrange- 
ment reaffirms that Eq. 67 properly represents the overall disposition 
rate constant for the overall loss of drug from the complex of rapidly 
equilibrating compartments in terms of microscopic rates and equi- 
librium constants. 

If a third compartment can be discriminated for trichloroethanol 
distribution in the body and the rate of return from this compart- 
ment is extremely slow, the observed k. may be estimated (19) as: 

where kB.T' and kpu.Ti are the rate constants for transfer of drug 
into this "deep" compartment from the central compartment refer- 
enced to the total drug and drug not bound to plasma, respectively. 

When such a deep compartment, T',  exists and when the return 
of drug to the central compartment becomes significant, Eq. 73 is 
inadequate for describing the rate-determining rate constant for the 
disposition of the drug in the body, and the disposition rate begins to 
mirror the effects of drug return from the deep compartment (19). 
The presence of the third exponential demonstrated this deep com- 
partment return, and its k 3  value gave a preliminary estimate of 
kT',B = kT',p., the rate constant for transfer of drug from the deep 
Compartment into the central compartment. 

To describe mathematically the distribution and metabolism of 
trichloroethanol, it was necessary to obtain the values of the micro- 
scopic rate constants that describe the system of Eq. 63 and the 
apparent volumes of distribution of the equilibrating compartments. 

Initial estimates of kB,T, kT.B, and ke.T' f ke,M were obtained 
from the parameters of the first two exponentials that characterize 
the time course of trichlorwthanol in the blood as demonstrated in 
Fig. 2 ( [ A B ] ~ ,  [AB],, k,, and kl) by their insertion into the equations of 
Skinner et al. (21) as simplified by Riggs (12). The rate constant 
estimates, in units of reciprocal minutes (min.-I), were: kB,T = 

kp..T a 0.413 and kpu,M + kpr,T' = 0.187. The k ,  estimated from 
these values by use of Eq. 67 was 0.0185 min.-l, which was in good 
agreement with the value of 0.015 min.-1 obtained from 2.303 times 
the slope. of the log AB plot against time during the period char- 
acterized by the second exponential in Fig. 2. 

The rate constant for trichlorwthanol return from the deep tissue 
was obtained from 2.303 times the slope for the period characterized 
by the third exponential in Fig. 2 and was kT',B - k ,  = 0.004 min.-'. 
The fitting of the data with the analog and/or digital computer was 
then attempted with utilization of these preliminary estimates of 
the microscopic pharrnacokinetic constants. 

Analysis of Trichloroethanol Data by Analog Computation17-The 
bases and details of analog computer programming have been 
described in several excellent texts and brochures (22-24). Applica- 
tions to fitting the data to complex pharmacokinetic models have 
also been given (17,2529). 

The peak height ratio at any time, PHRt, of trichlorwthanol to 
chlorobutanol per milliliter of whole blood was plotted against time. 
The ordinate was scaled from 0 to loo%, where 100% of the dose in 
the blood was taken as the peak height ratio extrapolated to zero 
time, i.e., [As& = Z[A& and equated to 10 v., so that the amount of 
trichloroethanol in the blood at any time could be expressed as the 
percent of the initial dose that appeared in the blood: 

0.128, kT.8 - kT,p. = 0.060, and kB,v  + kB.T' = 0.058 SO that 

on the assumption of instantaneous homogeneity in the central 
compartment of the intravenously administered drug. The amount 
of drug lost in the interval t = 0-30 min. (the time Friod of the 
first exponential) was fitted by adjusting the ratio kB,T/kT.B while 
the rate of its initial disappearance was controlled by the magnitude 
of these constants (26). A preliminary fit of the remaining data was 
attempted by holding kT',B at 0.004 min.-l and adjusting the magni- 
tudes of kB,T' and kB.v while their sum remained at 0.058 min.-'. 
Minor adjustments in the rate constant values, to account for the 
interaction of the two curve segments, were then made to achieve a 
"best'' fit of the data. 

The time axis potentiometer was set to generate a time function 
to drive the X-Y recorder such that 2.54 cm. (1 in.) = 1 v. = 40 sec. 
of machine time. The data were plotted on a 38.lcm. (15-in,) ab- 
scissa with a scale of 2.54 cm. (1 in.) = 40 min. real time. This 
choice of time scales permitted the values of rate constants to be 
read directly from the adjusted rate constant potentiometers. A dif- 
ferent choice of settings would have necessitated conversions of 
potentiometer readings to their corresponding rate constant values. 

The analog computer fit of the trichloroethanol blood data for 
Dog D, dosed at 30 mg./kg. and a total dose of 600 mg., is given in 
Fig. 3. 

Analysis of Trichloroethand Glucuronide Data by Analog Com- 
putation-The total amount of free trichloroethanol excreted in 
the urine was less than 1 % of the administered dose. No assayable 
trichloroacetic acid was found in blood or urine for the intravenous 
administration of a 30-mg./kg. dose in Dog D. These facts substan- 
tiate the basic pharmacokinetic model for trichloroethanol as given 
in Scheme I11 and demonstrate that its only significant pathway for 
removal from the body in the dog is oia the route of metabolism to 
its glucuronide. The analog computer model of Scheme I11 gen- 
erated amounts of glucuronide with time in terms of a percent of 
the total dose of trichlorwthanol intravenously administered. 

17 The analog computer used was a model TR-10, Electronic Associ- 
ates, Long Branch, N. J.  A recording X-Y plotter, Moseley model 202, 
manufactured by Hewlett-Packard/Mose.ley Division, Pasadena, Calif., 
was used. 
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Figure 3-Analog computer f it of blood and urine data for a dose of 30 mg. trichloroethanol (TCE) per kilogram in the 20-kg. Dog D. The fdl- 
scale portion shows the computer f i t  of the data for trichloroethanol as the percent of the maximum coticentration that appears in the blood at 
zero time (O), and the solid line is the predicted trichloroethanol glucuronide in the blood with time. The inset curves are expanded scale plots of 
the data for trichloroethanol(0) and its glucuronide (A) with time. The dark circles (0) are the urinary excretion rates of trichloroethanol glucuron- 
ide (percent dose per minute). which are plotted on a 10-fold smaller scale (0-1 %/mitt.) than that represented on the inset ordinate. The trichlom 
ethanol data were fitted by the program of Scheme V to the specified model by the pertinent microscopic rate constants in Tables 1 and V ,  and 
the computer-generated trichloroethanol glucuronide lecvls were fitted to the glucuronide data (A), which had been multiplied by a factor that 
represented the ratio of the apparent volumes of distribution of the glucuronide to the trichloroethanol in the central compartment. 

The assayed peak height ratios of trichloroethanol glucuronide to 
chlorobutanol per milliliter of whole blood were estimated as a 
percent of the total dose of trichloroethanol administered per vol- 
ume of whole blood by means of an estimate of the volume of whole 
blood in the dog on the basis of the preliminary assumption that 
the glucuronide was only distributed in the central compartment, 
which was blood. The equation used for this preliminary estimate 

estimated of total dose of trichloroethanol as glucuronide 
in whole blood = (peak height ratio of glucuronide/chloro- 
butanol per ml. whole blood) X 
(8.4 X lo-' me./@ height ratio) (20 kg.) (94 ml./kg.) X 100 

600 mg. 

Was : 

(Eq. 75) 

where 8.4 X 1 0 - 3  mg./peak height ratio is the conversion factor to 
transform peak height ratios to milligrams of trichloroethanol. 
The W-ml./kg. factor has been reported (18) as the whole blood 
volume of the dog. and 600 mg. is the dose of trichloroethanol 
administered to Dog D (20 kg.). 

The maximum estimated glucuronide in the blood was only 
4.2% of the dose. Thus the scale used in the plots of the trichloro- 
ethanol was IO-foId, and the estimated percent values as the glucu- 
ronide were plotted on the same paper in the expanded range of 
&lo% (Fig. 3). This was a reasonable procedure, since the recorder 
used had a switch that permitted an instantaneous 10-fold ampliti- 
cation of the glucuronide amount in blood generated by the analog 
computer from an appropriate fitting of the trichloroethanol data. 
It must be realized that this percent of the dose of trichloroethanol 

as glucuronide in blood (Eq. 75) was only an estimate of the red 
situation since the true equilibrated distribution volume, VD,. of the 
glucuronide referenced to the total concentration of glucuronide in 
the blood was not known and only was estimated as being equivalent 
to the volume of whole blood in the dog. The relationship between 
the estimated and true values as glucuronide is: 

true of trichloroethanol dose as glucuronide - 
estimated % of trichloroethanol dose as glucuronide - 

[TCE-GB] X V b  
[TCE-GB] X Vgk VgL = a (Eq. 76) -~ - 

where [TCE-GB] is the experimentally observed concentration of 
glucuronide in whole blood. 

The factor u can be estimated from the setting of a variable po- 
tentiometer used to multiply the trichloroethanol glucuronide 
amount in the dog (in terms of percent of trichloroethanol dose as 
glucuronide) generated from the analog computer fit of the tri- 
chloroethanol data in the blood, so that the time course of actual 
values of glucuronide plotted was fitted when plotted as the esti- 
mated values obtained from Eq. 75. This determined u factor would 
permit a true estimate of the apparent volume of distribution of 
glucuronide referenced to its total concentration in the blood from a 
rearrangement of Eq. 75: 

0%. 77) 

where VgL was taken as 94 ml./kg. (Eq. 76). 
The rates of urinary excretion of trichloroethanol glucuronide, 

d(TCE-Gu)/dt, were determined from the experimental analyses of 
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total glucuronide in the urine excreted per unit of time in accordance 
with : 

urinary excretion rate of glucuronide (z of dose/min.) = 

(Eq. 78) 100 x glucuronide excreted in mg. trichloroethanol 
(dose in mg.) (time interval of excretion in min.) 

These values were plotted on the same graph used for the plotting 
of estimated glucuronide in the blood as percent of administered 
trichloroethanol, except that the ordinate was magnified 10-fold to 
give a range of 0-1z of total trichloroethanol dose excreted per 
minute (Fig. 3). Since (13): 

d(TCLGu)/dt = k.' [TCEGEI (Eq. 79) 

the proper multiplication of the amounts of glucuronide in blood as 
a function of time by a constant k.' should fit the plotted rates of 
urinary excretion as a function of time. A selector switch on the re- 
corder permitted instantaneous 10-fold amplification of the gen- 
erated rate data to conform with the plotted scale. Good fits of both 
the blood and urine data of glucuronide were necessary before a set 
of parameters could be said to describe the fate of glucuronide 
formed from trichloroethanol. 

The simplest model for fitting the glucuronide data in blood with 
the rate constants generated from the fit of trichloroethanol data in 
blood assumed that the glucuronide appearance in blood reflected 
trichloroethanol loss as in Scheme 111, i.e.: 

d(TCE-Ge)/dt = kE,w(TCEB) (Eq. 80) 

If and only if the apparent volumes of distribution of the central 
compartment referenced to concentrations in blood for both drug, 
(VE)rcE, and metabolite, ( V ~ ) r c ~ a ,  were the same would this 
equation be applicable to concentrations. In general: 

d T c E G ~ l / d t  = ( ( ~ E ) T c E / ( Y E ~ E ~ ~ E . Y [ T C E B ~  (Eq. 81) 

An appropriate expanded model might be as shown in Scheme IV, 

kT.U 4 ku.u 

TCE-Gu 
Scheme I V  

where the k.' of Eq. 79 would be defined (13) by the microscopic 
constants in a manner analogous to Eq. 73 where the glucuronide 
is rapidly equilibrated with a tissue, T C L G T ,  as: 

where k,  is inserted as a microscopic rate constant for a possible 
elimination route that occurred simultaneously with the urinary 
elimination of glucuronide from the body. The urinary excretion 
rates of glucuronide were always proportional to its concentration 
in the blood in accordance with Eq. 79. The fact that an intravenous 
dose of glucuronide was, for all practical purposes, completely 
excreted into the urine permitted the decision that k,' = 0. The 
initial estimates of kM.T, kT.M, and kM," were obtained from a sepa- 
rate analysis of the pharmacokinetics of the intravenously admin- 
istered dose of glucuronide. 

However, the model of Scheme IV could not be fitted to the glucu- 
ronide data plotted as values derived from Eq. 75 against time 
(Fig. 3). No combination of u values and distribution and elimina- 
tion rate constants could fit the observed data for glucuronide in 
blood and urine. The major inconsistencies observed were that the 
analog computer curves generated from the fits to the trichloro- 
ethanol data gave rapid early blood levels, whereas the experi- 
mental glucuronide data demonstrated an induction period, a 
slower rate of glucuronide appearance in the blood, and a broader 
maximum. It was, therefore, necessary to postulate an additional 
compartment, LI, in the model, between trichloroethanol in the 
blood, TCEB, and the glucuronide in the blood, TCE-GA (Scheme 
V), which could serve to accumulate the glucuronide and release it 

Scheme V-The multicompartmental model and corresponding analog 
computer program required for the analysis and fitting of pharmaco- 
kinetic &to. The portions enclosed in dashed lines were used to 
ewluate trichloroethanol data as analyzed in blood, TCEB, alone while 
the entire model and program were used to fit trichloroethanol glucu- 
ronide data as analyzed in blood, TCE-CB. The potentiometers in the 
program and their corresponding rate constants in the model were: 
potentiometer 1, k 9 . T ;  2, kT.B; 3, ke.T';  4, kT',B; 5, kn.i,; 6, kL,,L,; 
7, k L 2 , 1 ;  8, k,; 9, km.T; 10, kT.hi; and 11, km,u. Analog computer 
plots of calculated data were obtained from points A for trichloro- 
ethanol in blood, TCEB; B for trichloroethanol glucuronide in blood, 
TCE-GB: and C for the urinary excretion rate of trichloroethanol 

glucuronide, d(TCE-Gu)/dt. 

slowly into blood. Although the presence of this compartment im- 
proved the fit of calculated to observed data, the lag time required to 
fit the rate of appearance of glucuronide in blood was still not ac- 
commodated. To fit the lag in appearance of glucuronide blood 
levels while continuing to assume concentration-dependent or 
first-order processes, it was necessary to insert another compart- 
ment, L, in the model (Scheme V). 

The presence of compartments Ll and L (in series between TCEE 
and TCE-GE), coupled with an additional compartment ( X )  to 
account for the fraction of the dose unaccounted for in urine, al- 
lowed for accurate fitting of the glucuronide data in blood and urine 
in accordance with Scheme V. The analog computer program for 
this model is also given in the scheme. The portions of the model 
and program enclosed in dashed lines were used in the preliminary 
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Figure &Semilogarithmic plots of the peak height raiios of iri- 
chloroethmiol (A.0) and trichloroethanol glucuronide (A,.) as repre- 
sentutive of blood levels with time in the absence and presence of 
sitlJobromophthaIein for the 10-kg. DOK E.  Segment A is a coii- 
sequerice of dosing 60 mg./kg. of trichloroethanol at zero minuie. 
Segment B is a consequence of dosing 611 mg./kg. of trichloroethanol 
atid I 0  mg.1X.g. of sulfobromophthalein at 2.50 min. A peak height 
ratio of 1.0 is equivaleni to 8.4 nicg. irichloroethanol or 18.3 mcg. 
tricliloroethwiolglucuroni&/ml. of whole blood. 

fit of the trichloroethanol data in the blood, where kB.L, is the rate 
constant given previously as kn.M (Schemes 111 and IV). 

The placement in the multicompartmental model of k x ,  a rate 
constant for elimination of the missing drug fraction, was arbitrary 
since the route of elimination was unknown. The urinary recovery, 
for all practical purposes, of all of an intravenous dose of the glucu- 
ronide indicated that the TCE-GB compartment would not be a 
logical place to remove a fraction of the dose with a rate constant, 
k,. Since postulation of this elimination route from the trichloro- 
ethanol in the blood. TCEB, would alter those parameters pre- 
viously obtained for the loss of trichloroethanol, it was decided 
that the missing fraction of drug exited from compartment Lr. The 
fact that an amount of the trichloroethanol dose is secreted into 
bile as the glucuronide made this choice consistent with physiological 
reality. 

The ratio, kX/kL,.M. could be estimated (1 3 )  from: 

where (% TCE-GLI), is the total percent of the trichloroethanol dose 
excreted in the urine. 

Analysis of Data by Digital Computation-The major disadvan- 
tage of the analog computer in data analysis is that the goodness of 
fit must be evaluated visually. Statistical determination of the agree- 
ment between calculated and observed points would demand a non- 
linear regression analysis for every fit. Fortunately, programs are 
available for the digital computer that include such statistical analy- 
sis along with methods to evaluate pharmacokinetic parameters. 
The SAAM (Simulation. Analysis, and Modeling) program of 
Berman and Weiss (30) is such a program and was used on a digital 
computerLS to fit the pharmacokinetic data. 

SAAM is a general-purpose computer program designed to fit 
physical or mathematical models to data by adjusting the parameter 
values of the model until a "best" fit is obtained. Any set of mathe- 
matical equations (differential, integral, or algebraic) or functions 
may serve as a model provided an analytical or numerical pro- 
cedure exists for its solution. 

Since the model for trichloroethanol pharmacokinetics (Scheme 
111) assumed first-order transfers among all compartments, the 
equations describing the system were linear differential equations 
with constant coefficients. The equations are solved by the SAAM 

IBM model 360150. 

f I B 

0 100 200 300 100' 200' 300' 
0' 

MINUTES 

Figure 5-Semilogariihmic plots of the peak height ratios of tri- 
chloroethanol (A) and trichloroethanol glucuronide (A) as repre- 
sentaiive of their respective blood levels with time in the absence and 
presence of sulfobromophthalein for ihe 10-kg. Dog E. Segmeni A is 
a consequence of dosing 60 mg./kg. of trichloroeihanol at zero minute. 
Segment B is a consequence of dosing 60 mg./kg. of irichloroethanol 
und 50 mg./kg. of si~lfobromophihalein at 320 or 0' min. A peak heighi 
raiio of 1.0 is equivdeni to 8.4 mcg. trichloroethanol or 18.3 mcg. 
trichloroethanol gli~uronide/ml. whole blood. 

program with the fourth-order approximative technique of Runge- 
Kutta ( 3 1 ) .  

Data to be analyzed were punched out on IBM cards. The data 
for trichloroethanol in blood were given in terms of percent of total 
dose, where 100% was the extrapolated zero-time blood concentra- 
tion (Eq. 74). 

Estimates of the rate constants needed to fit the data (lambdas in 
SAAM program terminology) were those obtained with the pre- 
liminary analog computer data fit (Scheme V). These rate constants 
required iterative adjustment to obtain a least-squares fit of the 
data. A variable proportionality factor, kappa, was also included 
within the program to adjust the data in the case of a poor estimate 
for the initial volume of distribution. If the initial rate constant 
(lambda) estimates did not provide a good statistical fit of the data, 
the SAAM program increased or decreased the data by a constant 
factor, kappa (hence decreasing or increasing the volume of distri- 
bution), while simultaneously adjusting the lambda values until the 
best statistical fit was achieved. 

To specify that a parameter be subject to iterative adjustment, 
upper and lower limits were assigned to each kappa and lambda 
estimate in the model. Lower limits for lambdas were zero (0.0) 
while upper limits were twice the value of the initial estimate. Upper 
and lower limits for kappas were 0.5 and 2.0, twice and one-half 
the initially estimated volume of distribution, respectively. 

A routine printout was produced for every problem deck sub- 
mitted to SAAM and included: a listing of the problem deck with 
each card printed as reformatted by SAAM, a computer language re- 
organization of the information in the program deck, parameter 
values and a table of the initial solution values (zero iteration), and 
results for each iteration associated with the fitting of the data and 
final results including parameter values and the corresponding solu- 
tion table for the best fit with estimated standard errors and corre- 
lation coefficients. An optional arithmetic plot of calculated and 
observed data could be requested and was used in all trichloro- 
ethanol pharmacokinetic analyses. 

The final parameter values obtained with the SAAM program 

and kn.L, = 0.0505 for the 30-mgJkg. dose given Dog D. A kappa 
value of 1.30 was required to fit the data. This kappa served to raise 
the calculated initial trichloroethanol concentration from 0.142 
mg. trichlorwthanol/ml. of blood (or 0.0237 as percent of totd 
dose per milliliter of blood) to 0.185 mg./ml. blood (or 0.031 as 
percent of total dose per milliliter blood) and hence changed the 
calculated apparent volume of distribution, VB, referenced to total 
concentration in the blood (Eq. 24) from 4.24 to 3.26 1. Thus, the 

Wefe kn.T = 0.1506, kT.B = 0.0602,ks .p  = 0.0082, kT'.B = 0.0030, 
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Figure 6-Semilogarithmic plots of the peak height ratios YO the in- 
iernal standard chlorobutanol of trichloroethanol and trichlom- 
eihanol glucuronide blood concentrations wiih time for a SO-mg./kg. 
irichloroethanol dose in ihe absence and presence of pentobarbital 
anesthesia. The open circles and triangles represent the irichloro- 
ethanol and trichloroethanol glucronide blood concentrations for the 
firsi dose of trichloroeihanol given 10 the dog in the absence of penio- 
barbiial anesthesia. The solid circles and iriangles are the tri- 
chloroethanol and tricliloroeilianol glucuronide data for an identical 
dose of irichloroethanol given 7 days later 10 the dog atiestheiized 
wiih 30 mg./kg. pentobarbiial. A peak height ratio of 1.0 is equivalent 
to 8.4 mcg. trichloroethanol or 18.3 mcg. irichloroethanol glucuronide/ 
ml. whole blood. 

apparent volume of distribution referenced to the concentration of 
unbound trichloroethanol in the plasma, VP", is 3.37 1. (Eq. 34). 

It also follows that the apparent volumes of distribution of the 
tissue compartments referenced to the unbound drug concentration 
in plasma are V T ~ *  = 26.1 1. from Eq. 59 and V T ' ~ *  = 29.7 1. from 
Eq. 60. These are in decided contrast to the apparent volumes of 
distribution of the tissue compartments if they were referenced to 
the total drug concentration in blood, since V T B  = 8.1 1. and VT'B 
= 8.8 1. 

RESULTS AND DISCUSSION 

sendtivity and Reliability of Analytical Methods-A typical 
chromatogram for a 5-pl. aliquot of the ether extract of a solution 
of trichloroethanol and its glucuronide, chloral hydrate, and tri- 
chloroacetic acid is given in Fig. 1 .  The dashed line over the tri- 
chloroethanol chromatographic peak was the peak observed after 
48 hr. of hydrolysis with j3-glucuronidase when the glucuronide was 
present in the sample. It includes free and conjugated trichloro- 
ethanol. 

The trichloroethanol produced by the @-glucuronidase- (1 me.) 
catalyzed hydrolysis of its glucuronide in urine was monitored gas 
chromatographically as a function of time. A plot of the logarithm 
of the difference between the peak height ratio (trichloroethanol to 
chlorobutanol) at infinite time and the peak height ratio at a time, I ,  
against that time was linear and demonstrated a first-order hydrol- 
ysis of the glucuronide. The half-life of the solvolysis of glucuronide 
under the conditions specified in this paper was obtained from the 
slope of this plot and was 8 hr., so that 98$ hydrolysis would be 
effected after 48 hr. of incubation at 37". 

Concentrations as low as 0.5 v g .  of trichlorwthanol, its 
glucuronide, or chloral hydrate (3.3, 1.54, or 3.0 pmoles, respec- 
tively) in 3.0 ml. of water, urine, or blood were assayable. The sensi- 
tivity for trichloroacetic acid was 5 mcg. (31 pmoles) in 3.0 ml. 
Linear calibration curves were obtained for all compounds over il 
%-fold concentration range (7). Assay values (trichloroethanol- 
chlorobutanol peak height ratios) from the trichloroethanol 
"spiked" blood of four different dogs showed a maximum deviation 

of less than 3z. Deviation of 2-4.8Z resulted between refrigerated 
blood samples stored up to 168 hr. and calibration standards, 
In Viuo Inhibition of Trichloroethand G l d d a t i o n  by 

bomophthalein-The intravenous administration of 10 mg./kg. of 
sulfobromophthalein concurrently with a 60-mg./kg. dose of tri- 
chloroethanol and subsequent infusion of 0.6 mg./min. sulfobromo- 
phthalein did not result in any alteration in the pharmacokinetic 
profile of trichloroethanol and its glucuronide in Dog E when the 
data were compared with those obtained for an equal dose of tri- 
chloroethanol with no sulfobromophthalein administered 4 hr. 
previously (Fig. 4 and Table I). When the experiment was repeated 
and the dose of sulfobromophthalein was increased in Dog E to 
50 mg./kg., with a subsequent infusion of 3 mg./min. of sulfobromo- 
phthalein, a significant decrease in the rate of loss of trichloro- 
ethanol from the blood was observed (Fig. 5 and Table I). 

Possible Interaction of Pentobarbital Anesthesia with Trichloro- 
ethanol Phannacokinetics-The use of pentobarbital anesthesia in 
the pharmacokinetic studies of trichloroethanol and its metabolites 
in the dog was necessitated by the animal's hyperexcitability and 
difficulty in handling without initial sedation prior to drug adminis- 
tration. However, studies were made in the same animal (Dog E) 
with the same trichloroethanol doses (50 mg./kg.) with and without 
pentobarbital anesthesia. The plotted data (Fig. 6) demonstrated no 
apparent difference in the time course of trichloroethanol or its 
glucuronide in blood, a valid indication that pentobarbital anesthesia 
had no significant effect on the pharmacokinetics of trichloroethanol 
and its glucuronide. 

Hepatic Storage of Trichloroethanol and/or Its Glucuronide-The 
portal and hepatic veins were sampled with time and assayed for 
trichlomethand and its glucuronide in the dog that was surgically 
modified (11) so that the vena cava was occluded and the vena 
caval flow did not dilute the hepatic output. The trichloroethanol 
extracted by the liver per milliliter of blood, lTCEl~/ml., was deter- 
mined from the subtraction of the trichloroethanol concentration 
in the hepatic vein blood from the concentration in the portal vein 
blood. The trichloroethanol glucuronide per milliliter of blood, 
[TcE-Gl~/ml., released by the liver was determined from the sub- 
traction of the glucuronide concentration (as trichloroethanol) in the 
portal vein blood from the concentration in the hepatic vein blood. 

The difference in these two values, [TCE]L/~I. - [TCE-GIL/ml., 
represents the storage of trichloroethanol and/or its glucuronide in 
the liver in terms of concentration per milliliter of blood. When this 
difference is multiplied by an estimate of the hepatic blood flow, 600 
ml./min. for a 15-kg. dog (32), the net amount of trichloroethanol 
and/or its glucuronide extracted per minute from the hepatic blood 
is estimated. A plot of such data against time (Fig. 7) indicates that 
significant accumulation of trichloroethanol and/or its glucuronide 
in the liver is terminated within an hour of drug administration; 
i.e., the liver may be considered saturated with respect to the drug 
and/or its metabolites. When blood hepatic and portal vein samples 
were analyzed at 90 min., the process was reversed. The amount 
of glucuronide released by the liver exceeded the trichloroethanol 
extracted or transformed by the liver so that it can be concluded that 
the accumulated liver storage of trichloroethanol and/or its glu- 
curonide was being depleted. 

The insert of Fig. 7 plots the area under the estimated curve of 
Fig. 7 against time and thus represcnts the cumulative amount of 
trichloroethanol and/or its glucuronide retained by the liver with 
time. Since the initial rates of drug and/or metabolite retention were 
estimated from a presumed linear relation with time, the maximum 
amount of drug and/or metabolite retention in the insert of Fig. 7 is 
undoubtedly underestimated. 

Trichloroethand DistriLytion in Dogs-The fractions of trichloro- 
ethanol and its glucuronide bound to protein were based on the 
equilibrium dialysis experiments with dog plasma and calculated 
from: 

fraction bound = 

concentration of drug inside dialysis bag - concentration outside 
concentration of drug inside dialysis bag 

(Eq. 84) 

The values obtained (Table 11) were in agreement with those re- 
ported by Marshall and Owens ( 5 )  for trichloroethanol binding by 
reconstituted lyophilized human plasma. Control experiments 
(dialysis in the absence of plasma) gave no evidence that trichloro- 
ethanol or its glucuronide was bound by the dialysis sac. Approxi- 
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Figure 1-Estimated amount of triclrloroetharrol as itself or as its 
glucuronide that is stored in the liver per minute afier injection of a 
SO-mgJkg. dose of trichloroethanol in the hepatic portal w i n  in a 
dog drat was surgically modified so that the vencr cava was occluded 
und the vena cuval flow did not dilute the hepatic output. The dij; 
ferences in the simultaneously assayed concentmtiotis in milligrams 
per milliliter of trichloroethanol plus its glucrrmnide of the hepatic 
and portol cein bloods were multiplied by an estimated hepatic blood 
flow of 600 ml./min. to estimate the milligrams of trichloroethanol 
andlor irs glucuronide per minute accumulated in the liver. At 90 min., 
the glucuronide released by the liver exceeded the trichloroethanol 
extracted or transformed by the liver. The h e r  is the cumulative 
curre for the milligrams of drug andlor its metabolite retained by the 
liver with time. 

metely 35z of the trichloroethanol found in plasma was bound to 
protein, and this percent was independent of the plasma concentra- 
tion of trichloroethanol (Table 11). Fifty-three percent of the total 
trichloroethanol in the entire blood was instantaneously distributed 
into red blood cells; 16% was bound to plasma proteins and 31 z 
was free (Eqs. 20-22). 

The partition coefficient for the ratio of drug concentration in the 
red blood cells to the drug concentration in plasma unbound to 
protein, D (Eq. 8), was calculated from Eq. 12 and was taken as 
2.1 (Table Ill). The determined hematocrit, H, was 0.45. 

Table 11-Data for Estimation of Binding of Trichloroethanol 
and Its Glucuronide to Plasma Proteins 

Equili- Equili- 
Micro- brated brated 
grams Concen- Concen- 

per. tration tration 
Milh- inside outside Percent 

Compound liter- Sacb Sac" Boundd 

aConcentrations in 10.0 ml. of pH 7.4 phosphate buffer dialyzed 
against 2 ml. of do plasma inside the dialysis sac. * Given in terms of 
trichloroethanol-chforobutanol peak height ratio, (TCE/CB)r. per milli- 
litcr'of plasma. c Given in terms of trichloroethanol-chlorobutanol peak 
height ratio, (TCE/CB)o, per milliliter of pH 7.4 phosphate buffer. 
d Percent bound = 100 [(TCE/CB)r - (TCE/CB)e]/(TCE/CB)i. * The 
percent errors for total trichloroethanol in the plasma-buffer dialyses 
versus the buffer-buffer controls were 6, 6.7, and 9.4%. 
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Table III-Red Blood Cell-Plasma Partition C d c i e n t s  (D) 
for Trichloroethanol and Its Glucuronide 

4once.ntrationO- 
Micrograms Whole 

Compound per Milliliter Blood Plasma LP 

Trichloroethanol 29.1 1.87 3.57 -d 
glucuronide 

0 Given in terms of trichloroethanol-chlorobutanol eak height ratios 
per milliliter. Calculated from Eq. I2 for the ratio orconcentration of 
drug in the red blood cells to the concentration of unbound drug in 
plasma as define$ in Eq. 8. c Blood samples from a do that had received 
50 mg./kg. of trichloroethanol and 50 mg.[k . of sulfobromophthalein. 
d A value of -0.07 was obtained for the tnchoroethanol glucuronide. 

The initial apparent volumes of distribution of trichloroethanol 
referenced to the concentration in whole blood, VE, and to the un- 
bound concentration in plasma, Vp",  were reasonably consistent 
among the animals studied at aU doses (Tables I and IV). The ap- 
parent volumes of distribution of the central compartment refer- 
enced to the concentration of unbound drug in plasma were approxi- 
mately equivalent to the extracellular body water of the dog, i.e., 
200-350 ml./kg. (18). Thus, it may be assumed that the diffusion of 
trichloroethanol into the extracellular body water occurred during 
its first cycles through the circulatory system and the kinetics of its 
distribution could not be readily observed. 

Table IV shows that the apparent volume of distribution of the 
central compartment which was equated to extracellular water was 
significantly larger for small dogs (10 kg.) compared to larger dogs 
(16-20 kg.) on a milliliter per kilogram basis. 

The compartment, T (Scheme V), that readily equilibrated with 
the central compartment had an apparent volume of distribution 
referenced to the concentration of unbound drug in plasma, VrpU, 
of 4-6 times the apparent volume of the central compartment 
similarly referenced (Table IV). Since the total body water is only 
about 2.5 times that of the extracellular body water (500-750 ml./ 
kg.) in the dog (18), it is implied that trichloroethanol in the central 
compartment readily equilibrates with lipoidal tissues as well as 
total body water. The presence of a deep compartment, T', of 
relatively large capacity in most instances (Table IV) implicates a 
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Figure 8-Semilogarithmic plot of triclrloroethanol blood concenlra- 
tiotis (as percent initial dose per milligrams whole blood) with time 
for doses of 17 (A), 50 (O), 100 (O), and 150(A) mg. trichloroethatroll 
kg. in Dog D.  The data points were calculated by dividing the tri- 
chloroethanol concentration (milligrams per milliliter) by the dose 
(milligrams) and multiplying by 100. 
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Table IV-Range of Apparent Volumes of Distributions for Trichloroethanol (ml./kg.) for All Doses in Dogs 

A B D E 
"c" 

Weight, kg.: 16 18.6 10 18 10 

184 
204 

9 o o f  10 

180 
198 

1130 f 50 

227 
283 

1430 =t 200 

180 
197 

1200 f 100 

240 
303 

1100f 100 
1250 f 120 310 f 20 3300 + 400 1Mo=k300 1800 f 200 

slowly equilibrating, nonvascularized depot in the body which is 
also most probably lipoidal. 

Effect of Dose on Mchloroethawl Pharmacokinetie Parameters in 
Dogs-Typical semilogarithmic plots of the trichloroethanol per 
milliliter of whole blood uersus time for different intravenous doses 
in a female mongrel dog, Dog D, are given in Fig. 8. The data are 
plotted as the percent of dose per milliliter of whole blood: 

dose/ml. whole blood = 

mg. trichloroethanol/ml. whole blood 
dose in mg. (&, 85) 

which normalizes the data for different doses of trichloroethanol to 
a common scale. If the parameters for drug disposition were in- 
dependent of dose, the data of Fig. 8 should be superimposable for 
all doses. This was not so and was typical of the studies in all dogs. 
Thus, it must be concluded that the pharmacokinetics of trichloro- 
ethanol are dose dependent. 

Typical semilogarithmic plots for the appearance and subsequent 
loss of trichloroethanol glucuronide in blood as a function of time 
after intravenous administration of trichloroethanol are given in 
Fig. 9 for Dog C. The data are presented as the peak height ratios of 
trichloroethanol to chlorobutanol per milliliter of whole blood, 
where a peak height ratio of 1.0 is equal to 19.5 mcg. of the sodium 
salt of trichloroethanol glucuronide per milliliter of whole blood. 

Similar data for Dog D ,  but given as the percent of the initial 
dose per milliliter of whole blood uersus time, are depicted in Fig. 
10. The effect of an increasing trichloroethanol dose on the pharma- 
cokinetics of the glucuronide is to delay and broaden the maximum 
in glucuronide blood level (Figs. 9 and 10). The height of the maxi- 
mum in terms of percent of the dose is elevated with the increased 
dose of trichloroethanol (Fig. 10). 

The pharmacokinetic parameters of rate constants and volumes of 
distribution, which describe the distribution and metabolism of 
trichloroethanol and the appearance, distribution, and urinary 

OCl 0.01 1 
0 200 400 600 
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Figure %Semilogarithmic plot of the gas chromatographically ob- 
tained peak height ratios for trichloroethand as rrichloroethanol 
glucuronide to the chlorobutanol internal standard with time for doses 
of I0 (O), 50 (O), 100 (A), and 176 (A) mg. trichloroethanollkg. in 
Dog C. A peak height ratio, TCE-C/CB, with respect to chlorobutanol 
(CB) of 1.0 is equiralent to 18.3 mcg. of trichloroethand glucuronide 
(or 8.4 mcg. of trichloroethanol)/ml. of whole blood. 

elimination of its glucuronide after intravenous administration of 
different doses of trichloroethanol, are found in Table I for Dogs 
A-D. Typical analog computer curves generated from the rate 
constants of Table I are given for widely varied trichloroethanol 
doses (10 and 176 mg./kg.) in Figs. 1 1  and 12 for the data of 
Dog C. 

The rate constant, kB.L, (Scheme V), for the loss of trichloro- 
ethanol to the glucuronide decreased as a function of dose in Dogs 
A-D (Table I and Fig. 13). The dogs formed two groups of similar 
kB.L, values, the rate constants for loss of trichloroethanol from the 
central compartment at an infinitely small trichloroethanol dosage. 
Curvilinear extrapolation of the data from the two lean dogs, A and 
C (10 and 16 kg., respectively) gave an estimated k%.L, of 0.086 
mh-1, while a value of 0.069 mh-1 was obtained for the two obese 
dogs, Band D (18 and 18.6 kg., respectively) (Fig. 13). 

The decrease of the rate constant, kB.L,, for the loss of trichloro- 
ethanol to glucuronide with dose is not unique. Similar dose de- 
pendency of apparent first-order disappearance of drug from a cen- 
tral compartment was 'reported for dicumarol (33), ethyl bis- 
coumacetate (34), probenecid (33, and diphenylhydantoin and 
phenylbutazone (36). As yet, no satisfactory mechanism has been 
advanced. 

A possible explanation is an in viuo saturation by a substrate of a 
metabolic pathway, as described by Levy (37) for salicylate. Pro- 
benecid (38) and diphenylhydantoin (39). which also demonstrate 
dose-dependent pharmacokinetics, also have been reported to be 
metabolized by glucuronidation. The coumarin derivatives and 
phenylbutazone have structures that suggest metabolism by the 
same route. Chloral hydrate (5  mM) has been reported to give 50% 
inhibition of microsomal 0-aminophenol conjugation (40). 

Sulfobromophthalein was shown to be a potent inhibitor of 
glucuronidation in in vitro experiments with rabbit liver homogenate 
(40). When 10 mg./kg. of this substance was administered simultane- 
ously with 60 mg./kg. of trichloroethanol, no significant change in 
kB,L, was observed from the case when sulfobromophthalein was not 
administered (Dog E, Table I and Fig. 4), even though the sulfo- 
bromophthalein dose used was twice that recommended for studies 
on hepatic function (10). However, when the sulfobrornophthalein 
dose administered simultaneously with 60 mg./kg. of trichloro- 
ethanol was increased to 50 mg./kg., a significant 46% decrease in 
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Figure 10-Semilogarithmic plot of tricliloroetlianol glucuronide 
blood levels (as percent initial trichloroethanol dose per milliliter 
whole blood) with time for doses of 17 (A), 50 (A), 100 (O), and 150 
(0) mg./kg. of rrichloroethanol in Dog D .  The data points were cal- 
culated by converting the glucuronide concentrations to trichloro- 
ethanol concentrations ( I  mg. glucuronidelml. = 0.47 mg. trichloro- 
ethanol/ml.), dividing by the dose (milligrams), and multiplying by 100. 
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Figure 11-Analog computerfits of the bloodand urine data for a dose of 10 mg. trichloroethanol/kg. in the 10-kg. Dog C. The fil-scale portion 
shows the fit of the duta with time for trichloroethanol as the percent of the maximum concentration that appears in the blood at zero time (0), 
as well as the computer curves generated for trichloroethanol in the distribution compartments T and T’ (Scheme V) .  The remaining curce is for 
the culculated amount of trichloroethanol ghcuronide (TCE-G) in blood with time. The pertinent microscopic rate constants in Tables I and V were 
used. The inset curves are expanded scale fittings of the data for trichloroethanol(0) and its glucuronide ( A )  in the blood. The latter data were 
estimuted by multiplying the glucuronide blood concentrations by a factor that represented the ratio of the apparent volume of distribution of the 
glucuronide to that of the trichloroethanol in the central compartment. The solid circles represent the urinary excretion rates of trichloroethanol 
glucuronide (percent dose per minute) and are plotted on a 10-fold smaller scale, O-l.O%/min., than that represented on the inset ordinate. 

ka.L, was observed (Dog E, Table I and Fig. 5), which indicated a 
large capacity for glucuronidation. Since sulfobromophthalein is 
metabolized by conjugation with glutathione and subsequently 
eliminated by biliary secretion(41), the observed metabolic inhibition 
of trichloroethanol metabolism was probably not due to a com- 
petition for sites on uridine 5’-diphosphate-glucuronyltransferase. 

However, these implications of enzyme saturation or substrate 
inhibition of enzymic action to explain the metabolic rate decrease 
with increasing dosage are contradicted by the fact that the loss of 
trichloroethanol from the blood central compartment can be 
described by first-order kinetic parameters during its entire time 
course in the blood for any given dosage (Figs. 2, 3, 11, 12, 14, and 
15 and Scheme V). It would be anticipated that the rate of trichloro- 
ethanol loss would vary from zero-order dependence at high blood 
levels to first-order dependence on drug concentrations in the 
central compartment at low blood levels if enzyme saturation or 
substrate inhibition occurred (37). 

Since the reason for metabolic dependence on dose is probably not 
at the level of the enzymic conjugation, alternative mechanisms may 
be considered. They could include decreased availability of the uri- 
dine 5’diphosphate-glucuronic acid cofactor with trichloroethanol 

TCEE 

Scheme VI 

dose or decreased uptake of trichlorwthanol in the biophase of the 
hepatic cell with dose. This latter could be rationalized by assuming 
that the lipid-water ratio of trichloroethanol is altered within cells 
or among liver tissue components by the initial trichloroethanol 
dose. The fact that significant storage in the liver of trichloroethanol 
and/or its glucuronide is indicated (Fig. 7) tends to favor this latter 
explanation. 

The presence of trichloroethanol may stimulate its permeability 
into a constant volume of liver fat or may cause an increase in the 
volume of liver lipids. The phenomenon of fatty liver was reported 
for polychlorinated hydrocarbons (42) and ethanol (43) and might 
occur for a drug such as trichloroethanol, which possesses the 
molecular structure of both substances. Such a premise would neces- 
sitate the presumption that fat availability is an immediate and 
persistent consequence of the initial trichloroethanol dose. 

An alternative and more probable, although indistinguishable, 
effect would be the persistent increase in availability of lipid by the 
action of increased trichloroethanol concentration, which could con- 
ceivably lower the surface tension between lipid and aqueous phases 
or modify the intervening membranic barriers. On the simple 
assumption that either of these mechanisms is operative, the inter- 
mediate steps between the loss of trichloroethanol and the appear- 
ance of its glucuronide in the blood in the pharmacokinetic model 
of Scheme V may be modified to include an instantaneous distribu- 
tion of trichloroethanol between an aqueous phase (TCEL,)., and a 
lipid phase (TCEL,)~,,, in the liver with an equilibrium constant Ka 
(Scheme VI). 

If the rate of glucuronide formation in the liver is a function of the 
trichloroethanol amount in an aqueous biophase: 
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Fhure 12-Analog computerfits of the blood and urine data for a dose of 176 mg. trichloroethanol/kg. in the IO-kg. Dog C. The full-scale portion 
shows the fit of the data with time for trichloroethanol as the percent of the maximum concentration that appears in the blood at zero time (O), 
as well the calculated amount of trichloroetlrwrol glucuronide (TCE-G) in blood with time. The pertinent microscopic rate constants in Tables I 
and V were used. The inset curws are expanded scale fittings ofthe data for trichloroethanol(0) and its glucuronide (A) in blood. The latter data 
were estimated by multiplying the glucrrronide blood concentrations by a factor that represented the ratio of the apparent Dolume of distriburion of 
the glucuronide to that of trichloroethanol in the central compartment. The solid circles represent the urinary excretion rates of trichloroethwrol 
glucuronide (percent dose per minute) and are plotted on a 10-fold smaller scale, O-I.O~/min.. than that represented on the inset ordinate. 

and the apparent first-order rate constant, ke.L,, is not an intrinsic 
constant but a function of the equilibrium, Kl, between the aqueous 
and fatty phases or its equivalent, the relative volumes of lipid and 
aqueous phases in the hepatic cell or liver. If either of these factors 
is a persistent function of the initial trichloroethanol dose so that 
K2 increases with dose, the apparent rate constant, kB,L,, will de- 
crease with dose. 

If KZ is linearly related to dose, AD, then: 

Kz = K,O + mAo (&. 88) 

where KI0 is the intrinsic lipid-aqueous distribution in a liver un- 
challenged by trichloroethanol. 

Substitution of Eq. 88 into Eq. 87 yields: 

and, on taking reciprocals: 

A plot of the reciprocal of the apparent first-order rate constant 
for the loss of trichloroethanol from the blood against trichloro- 
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Figure 13-Plot of the change in the calculated rate constant, kB.LI  
(Scheme V) ,  for the metabolic loss of trichloroethanol with increasing 
doses of trichloroethanol in Dogs A (A), B (O), C (A), and D (0). 
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Figure 14-Semilogarithmic plots of the peak height ratios of tr i- 
chloroethanol (A) and trichloroethanol glucuronide (0) from blood 
and the glucuronide from bile (A) with time for different doses of tri- 
chloroetlianol. These peak height ratios are referred to the internal 
statidard, chlorobutanol. Segment A is a consequence of dosing I I 
mg./kg. of trichloroethanol at zero minute. Segment B is a con- 
sequence of dosing 46 mg.Jkg. of trichloroethanol at 240 min. A peak 
height ratio of 1.0 is equivalent to 8.4 mcg. of trichloroethanol or 18.3 
mcg. of glucuronidejml. of blood. 
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Figure 15-Semilogarithmic plots of the peak height ratios of tri- 
chloroethanol (A) and trichloroerhanol glucurorride (0) from blood and 
the glucurorride from bile (A) wirlr time for different doses of tri- 
chloroethanol. These peak height ratios me re ferred to the internal 
standard, clilorobutatiol. Segment A is a consequetrce of dosing SO 
mg./kg. of trichloroethanol at zero minute. Segment B i s  a con- 
sequence o/ dosing 100 mg./kg. of triclrforoethunol at 360 min. A 
peak height rario of 1.0 is equioulent to 8.4 mrg. of trichloroethanol or 
18.3 mcg. of ‘glucuronidejml. of whole blood. 
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Figure 16-Pior of the reciprocal of the metabolic rate constant, 
kB.LI (Scheme V), for the metabolic loss of trichloroethanol against 
dose for Dogs A (O), B (0). C (A), and D (A). 

ethanol dose in accordance with Eq. 90 is given in Fig. 16 and is not 
inconsistent with the postulated relationship. 

Mchloroethanol Glucuronide Distribution and Elimination in the 
Dog-After immediate equilibration in an initial apparent volume of 
distribution referenced to the concentration of unbound drug in 
plasma of 169 ml./kg. (Table V), which is about 3 times the true 
plasma volume of the dog, the intravenously administered glucuro- 
nide rapidly diffused into a compartment (TCE-GT in Scheme v) 
of an equivalent apparent volume (Table V). The sum of the two 
volumes (330 ml./kg.) approximated the 200-380 ml./kg. reported 
for total extracellular water in dogs (16). The glucuronide did not 
distribute from plasma into red blood cells. The fraction, A of 
glucuronide in plasma bound to protein was taken as 0.35 (Table I). 

The urinary elimination of trichloroethanol glucuronide was 
rapid, with an apparent half-life of 15 min. for the greater portion of 
drug in the body (Fig. 17). No trichloroethanol or trichloroacetic 
acid was observed in any assayed blood or urine sample. 

The semilogarithmic plot of the decrease in blood concentration 
of trichloroethanol glucuronide with time (Fig. 17) was triphasic and 
consistent with the three-component polyexponential expression of 
Eq. 63. Appropriate feathering, as demonstrated in Fig. 17, per- 
mitted preliminary estimates of the parameters of the equation. 
The cited apparent half-lives in Fig. 17 are inversely related to the 
ki constants of Eq. 63. When the logarithm of the amount of un- 
excreted drug, log ((I- - U), obtained from cumulative assays of 
glucuronide in the urine, was plotted against time (13), similar 
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Figure 17-Semilogarithmic plot of trichloroethanol ghcuronide con- 
centrations in blood with time in terms of gas chromatographically 
obtained peak height ratios of derived trichloroethanol to the internal 
standard, chlorobutanol, after a dose of 450 mg. (38 mg./kg.) Of 
trichloroethanol glucuronide to Dog C. The original data are repre- 
sented with open triangles. The three distinct phases obtained by 
feathering (i.e., the circles, solid triangles, and terminal open tri- 
angles) are labeled respectively with their apparent half-lives. 
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m u r e  10-Analog computer fits of the blood and urine data for trichloroethwiol glucuronide in blood and urine afler a 39-mg./kg. dose of tri- 
chloroethatiol glucuronide to the 10-kg. Dog C. The full-scale portion shows the computerfit with time of the data for the glucuronide as the per- 
cent of the maximum concentralion that appears in the blood at zero time (0) and as the percent of the total dose that appears ultimately in tlie 
urine (e). The curws ure also generated for the trichloroethanol glucuronide in the distribution compartments T and T' (Scheme V). The inset is M 

expandedscalefitting of the data for trichloroethanolglucuroniPe in blood. The microscopic rate constants of Table V were used. 

apparent half-lives for the second and third phases were observed 
by feathering and were 15 and 45 min., respectively. The first phase 
of Fig. 17 (II/? = 2 min.) was not observedin the urinary data. An 
analog computer fit of trichloroethanol glucuronide data in blood 
and urine with time in accordance with a model similar to that of 
Scheme 111 is given in Fig. 18 (see also Scheme V). 

A plot of percent of glucuronide dose excreted in urine per minute 
against percent of glucuronide dose per milliliter of plasma provided 
a good linear slope to estimate a clearance of 130 ml./min. This was 
consistent with the product of kM,u and Vp of 140 ml./mh. (13). 
The Vp = Vpy (1 - f) + Vp,,,, f can be estimated from the Vpy of 
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Mgure 19-Semilogarithmic plots of tlie blood trichloroacetate con- 
centrations with time in terms of the gas chromatographically de- 
termined peak height ratios of (richlomacetic acid to the internal 
srandard, chlorobutanol, afier doses of 100 mg. (A) and 1.0 g. (A)  
of sodium trichloroacetate to two diferent dogs. A peak height ratio 
with respect to chlorobutanol of 1.0 is equivalent to 70 mcg. trichloro- 
acetic acidlml. of whole blood. 

Table V, where f = 0.30 in accordance with Eq. 36. Since the rena 
clearance values for inulin (glomerular filtration) for a 12-kg. dog 
can be calculated to be 51 f 12 ml./min. (44), it is probable that the 
intravenously administered glucuronide was eliminated by filtration 

Table V-Trichloroethanol Glucuronide Pharmacokinetic 
Parameters" of Dog C (12 kg.) Administered 450 mg. of 
Glucuronide (37.5 mg./kg.) 

0.034 
2.94 1. 
2.03 1. 
2 . 0  I. 
1.41. 
0.133 (0.013) mim-1 
0.190 (0.019) m h - 1  
0.008 (O.ooo6) m h - 1  
0.017 (0.0007) m h - 1  
0.069 (O.OOO6) m h - 1  

~~ 

aThe microscopic rate constants are defined in Scheme V for tri- 
chloroethanol glucuronide (TCE-G) in the various compartments and 
are given in minutes-' and are referenced to total amounts in blood. The 
compartments and transfers for trichloroethanol in Scheme V are to be 
ignored. The numbers in parentheses are standard deviations of the stated 
parameters obtained b di ital computer fitting with the SAAM pro- 
gram. b The com uter-Xttecf zero time concentration of trichloroethanol 
glucuronide in byood, Ao, in terms of percent of dose per milliliter of 
whole blood.  the apparent volume of distribution of the central 
compartment referenced to total concentration in blood is VB = (loo%/ 
[A&) in liters. dThe apparent volume of distribution of the central 
compartment referenced to the concentration of glucuronide unbound 
to protein is VPU = Vs(2.31) - 0.24V~t,.. after Eq. 34. where H = 
0.45.f = 0.30 (Table 11). D = 0 (Table 111). and VE,,.. = 0.1 X wei ht  
of dog in kg. (16). * The apparent volume of distribution referencefto 
the concentration of unbound lucuronide in the plasma of the rapidly 
equilibrating compartment, 8 in liters. where V T ~ "  = VPU(kM.T/ 
ypUkT.M), where YP" = 1 - f a s  calculated from Eq. 22. f The apparent 
volume of distribution referenced to the concentration of unbound 
glucuronide in the plasma of the slowly equilibrating compartment, 
T', in liters, where VT'P = vpU(kM,T'/yPYkT'.M). 
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Table VI-Renal Clearance of Trichloroethanol Glucuronide 
at Various Dose Levels of Trichloroethanol 

10.0 

Observed 
Glucuronide 

Trichloroethanol Clearance, 
Dog (Weight, kg.) Dose, mg./kg. ml./min.- 

A 
(16) 

10 
50 

139 
143 

B 
(18.6) 

10 
25 

100 

256 
256 
128' 

C 
(10) 

10 
50 

100 
176 
17 

130 
130 
60s 
6ob 

203 
203 
lOl* d 

- .  
50 

100 
150 l O l b  I- 

I 
2 
= 0.1 
W a Observed clearance equals percent dose er milliliter plasma/ ercent 

dose per minute in urine, as obtained from t fe  slope of plots of gkcuro- 
nide as percent of trichloroethanol dose excreted into urine per minute 
plotted against the glucuronide as percent of trichloroethanol dose per 
milliliter of plasma. * A t  the lower concentrations of lucuronide in 
plasma, i.e.. close to the origin in the plots specified in hotnote a the 
data follow the straight line drawn through the data for the lower doses 
of 10-50 mg./kg. of trichloroethanol. The data at the higher concentra- 
tions of glucuronide in the plasma fall below this line and become linear 
at a new and lower slope from which these clearances are estimated. 
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Figure 20-Semilogarithmic plot of blood concenrratiotrs of chloral 
hydrate (A), trichloroethatrol (A), and trichloroethatiol glucuronide 
(0) in terms of peak height ratio against rime for a dose of 500 mg. 
of chloral hydrate (42 mg./kg.) it1 Dog C. A peak height ratio to the 
internal standard, clrlorobutanol, of 1.0 is equivalent to 4.3 mcg. 
chloral hydrate, 8.4 mcg. trichloroethanol, or 18.3 mcg. irichloro- 
ethanol glucuronide/ml. whole blood. 

and tubular secretion at the studied glucuronide dosage of 38 mg.1 
kg. 

The glucuronide was distributed into another small compartment 
of apparent volume, I ' T ~ ~ Y  (Table V). The slow rate of drug return 
to this compartment was necessary to fit the blood and urine data 
from 1.5 to 12 hr. after glucuronide dosage (Figs. 17 and 18). 

Analyses of the data for glucuronide formed on trichloroethanol 
dosing in all dogs demanded two compartments between TCEB and 
TCE-GB (Scheme V) to fit the lag time in glucuronide appearance in 
the blood and the broad maximum that occurred in the glucuronide 
blood level-time curves (Figs. 3,6,9-12,14). The rate constant kL1.M 
(Table I) from the studies on trichloroethanol administration was 
remarkably similar to kT'.,w (Table V) on glucuronide adrninistra- 

tion. It may be conjectured that the compartment T' for intra- 
venously administered glucwonide represented the hepatic uptake 
or binding of a small fraction of circulating glucuronide and kTf.M 
was the rate constant for release of this sequestered glucuronide 
from liver back to blood. 

The renal clearances of trichloroethanol glucuronide declined with 
the higher glucuronide concentration in blood that resulted from 
the higher doses of trichloroethanol (Table VI). Such clear,ances 
were obtained from the slopes of plots of glucuronide as percent of 
the trichloroethanol dose excreted into the urine per minute against 
the glucuronide as percent of this dose per milliliter of plasma, 
These clearances are theoretically the product of the microscopic 
rate constant for renal excretion of glucuronide, kM.". referenced to 
total amounts of glucuronide in the plasma and the apparent volume 
of distribution of the central compartment, V P ,  which is also refer- 
enced to the drug concentration in the plasma (13) and may be ob- 
tained from V p  in Table V by a rearrangement of Eq. 36. The de- 
crease of these clearances with higher blood levels of glucuronide 
can be assigned to either a lowering of the apparent volume of 
distribution of the central compartment for glucuronide or a de- 
crease in the kM.u factor for renal excretion of the glucuronide at 
the higher blood levels. Since the latter is consistent with the claim 
that a tubular secretory pathway is saturable for carboxylates and 
other anions (43 ,  it is the preferred explanation. 
These decreased glucuronide clearances and the previously dis- 

cussed lowered rate constant kB,L for the loss of trichloroethanol and 
glucuronide with increased trichloroethanol dose readily explain the 
observed retarded time of appearance of maxima in glucuronide 
blood levels at the higher doses of trichloroethanol (Figs. 9 and 10). 

Renal and Fecal Elimination of Mchloroethanol as Its Glucuro- 
nide-The excretion of free. unmetabolized trichloroethanol in feces 
and urine accounted for less than 3 z  of the administered dose. 
Essentially, the drug was excreted in the urine as the glucuronide. 
The average amount of trichloroethanol found in fecal samples col- 
lected between 0 and 12 hr. after trichloroethanol administration 
for 12 experiments was 0.3 z of the dose and ranged from 0 to 1.5 z. 
No glucuronide was found in the feces in these experiments. A 

Table VII-Effect of Trichloroethanol Dose on Bile Flow Rate 
and Biliary Secretion of Trichloroethanol Glucuronide 

Total 
Percent Percent of 
D W  D W  

Dose, Bile Flow, Excreted in Excreted as 
mg./kg. Minutes ml./hr. Interval Glucuronide 

1 1 . 9  60 
120 
180 
240 

1 .5  0.35 
0.27 I . 8  

1 .8  
1 . 7  

0 .08 
0 .05  

0 .75  
4 6 . e  60 

120 
180 
240 

2.5 
2.1 

0.76 
0.56 
0.21 
0.07 

1.94 
2.00 
0.85 
0.28 
0 .08  
0.07 

1.20 
1.57 
0.34 
0.17 
0.09 

1.60 

5.22 

3.37 

1.8 
1.7 

5 o b  60 
120 
180 
240 
300 
360 

3.8 
3 . 8  
3.0 
2 . 4  
1 .7  
4 . 3  

low 60 
120 
180 
240 
300 

6 .7  
6 . 2  
2 . 0  
1.7 
1 .o 

Weight of dog was 13.0 kg. b Weight of dog was 9.6 kg. 
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mean of 1.5 z of the total dose was found in the urine as uncon- 
jugated trichloroethanol in 27 experiments. The negligible amounts 
of fecal elimination of trichloroethanol and its metabolites and 
urine elimination of trichloroethanol permitted these routes to be 
ignored in the pharmacokinetic modeling. Any significant amount 
of trichloroethanol or its glucuronide excreted in the bile must be 
significantly reabsorbed, with the glucuronide being readily 
hydrolyzed; i.e.. an enterohepatic shunt could be postulated. The 
highly lipid-soluble trichloroethanol is undoubtedly extensively 
reabsorbed from the renal tubules and subsequently glucuronidated. 

A variable fraction (lO-20%) of doses of trichloroethanol could 
not be accounted for in cumulative urine and fecal assays and most 
probably was eliminated oiu other routes (e.g., saliva, sweat, and 
breath), which is to be expected for any low molecular weight 
alcohol. It is also possible that a small fraction of trichloroacetate 
was produced and was unavailable for assay because of its tight 
binding to tissues. 

Bilisry seaetfon of Mchloroethand and Its c~mmmide--when 
samples of the bile were assayed from two different dogs adminis- 
tered trichloroethanol, significant biliary concentrations of the 
glucuronide were obtained. Semilogarithmic plots of the concentra- 
tion of trichlorethanol and its glucuronide in blood and the glucu- 
ronide in bile against time are given in Figs. 14 and 15 for the two 
experiments. 

Maximum biliary concentrations of the glucuronide were 60-8s 
times the concentrations in whole blood (30-42.5 times the plasma 
concentration) in the first dog (Fig. 14) for doses of 11.5 and 46.0 
mg./kg. However, trichloroethanol concentrations in bile were much 
less and did not exceed 2.5 times the trichloroethanol blood con- 
centrations so that the total trichloroethanol excreted by this route 
was not of practical significance. 

When the second dog was dosed with 50 mg./kg. of trichloro- 
ethanol, the maximum biliary glucuronide concentrations were again 
greater than 60 times the blood concentration for a SO-mg./kg. dose 
of trichloroethanol. However, an increase of the trichloroethanol 
dose to 100 mg./kg. did not increase the biliary concentration of the 
glucuronide (Fig. 15). which was only Wfold that of its blood con- 
centration. This apparent inhibition of biliary trichloroethanol 
glucuronide secretion was concomitant with a slowed loss of tri- 
chloroethanol and its glucuronide from the blood (Fig. IS), phe- 
nomena which seem to be common to the higher trichloroethanol 
doses. (See ~ B , L ,  values at various doses in Table I.) 

The inhibition by chloral hydrate of the biliary secretion in rats 
of indocyanine green (a nonmetabolized dye used to evaluate 
cardiac function) and bilirubin glucuronide was previously reported 
(40). Doses estimated at 50-100 mg. chloral hydrate/kg. were in- 
hibitory while 10-fold smaller doses had no effect. 

Guarino and Schanker (38) reported saturation of biliary secre- 
tion of probenecid and its glucuronide at a dose of 0.18 mM/kg. 
The dose of trichloroethanol required for the same effect in these 
experiments was 0.67 mM/kg. 

A compilation of the bile flow rates and percentages of the initial 
dose excreted as the trichloroethanol glucuronide in bile within the 
specified time intervals is given in Table VII. The data show that 
bile flow rate increases as a function of increasing trichloroethanol 
dose. This chloretic effect was previously reported for chloral 
hydrate (46) and for probenecid (38). 

About 5 x of the dose was biliary excreted as the glucuronide in 
the total interval studied. This was consistent with the data of Owens 
and Marshall (6), from which it was calculated that about 8z of 
an administered dose was excreted in the bile within 3-4 hr. after 
intravenous administration of trichloroethanol. 

Flnumacokinetica of Trichloroacetic Add-The apparent dis- 
position half-life for both 0.1- and 1.0-g. doses of trichloroacetic 
acid as the sodium salt in the dog was 75 hr., which was similar to 
that in man (47) (Fig. 19). No trichloroacetic acid was found in a 
pooled IOaay fecal sample. The apparent volume of distribution of 
100 and lo00 rng. of sodium trichloroacetate in the central compart- 
ment referenced to the concentration in whole blood may be cal- 
culated (Eq. 24) from the time zero estimate of blood concentration, 
[A& (Fig. 19), as 3.6 1. This value is consistent with the 2.0-3.5 1. 
(in a 10-kg. dog) or 3.0-5.3 1. (in a 15-kg. dog) of extracellular body 
water (IS), even when a 0.40-1. volume for red blood cells is sub- 
tracted. However, since the protein binding of trichloroacetate is in 
the range of 70-5Qx (9, the apparent volume of distribution of tri- 
chloroacetic acid referenced to unbound drug in the plasma will 
greatly exceed even the total body water (7.5 1. for a 15-kg. dog). 

This large value may be the result of the binding of trichloroacetate 
anions in the readily available tissues and may be the explanation for 
the comparatively slow elimination of such a highly ionized drug. 

The apparent volumes of distribution of 100 and loo0 mg. of 
sodium trichloroacetate in the total compartments of distribution, 
i.e., the central compartment plus the more slowly equilibrating 
tissues, were calculated from the estimates of blood concentrations 
(Fig. 19) after the linear extrapolation of the terminal points of the 
semilogarithmic plots of Fig. 13 to zero time and were 7.9 and 6.8 I., 
respectively, referenced to drug concentration in the blood. 

Computer analyses of the data of Fig. 19 in accordance with a 
model similar to that given in Scheme 111 (except that AT’ = 0 and 
kB.u are substituted for 6) provided estimates for the microscopic 
rate constants referenced to blood concentrations for trichloro- 

and k ~ . u  = 0.22 hr.-1. The overall elimination rate constant, k., 
calculated from Eq. 67 (where kB.u is substituted for the designated 
~ B . Y )  was 0.0105 hr.-l and was consistent with the value obtained 
from the terminal slopes of the plots of Fig. 19. It was also markedly 
similar to the value given for man, k.  = 0.0094 hr.-’ (47). 

pbarmneddwtlca of Cbloral Hydrate-conversion of chloral 
hydrate to trichloroethanol in the dog was rapid and quantitative. 
Blood levels of trichloroethanol (5.5 + 0.2 mg./ml.) and its glucu- 
ronide (36.2 f 0.2 mg./ml.) 100 min. after intravenous administra- 
tion of 500 mg. chloral hydrate (42 mg./kg.) were identical (Fig. 20) 
to those obtained after an equimolar dose of trichloroethanol was 
given to the same Dog C. The majority (97.5%) of the initial 
amount of chloral hydrate in blood was lost rapidly, with a half-life 
of 3 min. ( ~ C H . T C E  = 0.23 min,-*). The semilogarithmic plot was 
linear for more than five half-lives. The remainder (2.5 %) showed a 
slower decline ( t i / ,  = 35 min.). 

The appearance of trichloroethanol in the blood was rapid, with 
a half-life (3 min.) that corresponded to that for loss of chloral 
hydrate. Maximum trichloroethanol blood levels were observed 
12 min. after chloral hydrate administration (Fig. 20). This is con- 
sistent with the claim that conversion to trichloroethanol of the 
chloral hydrate precursor occurs in all body tissues (48). Only a 
small fraction of the dose shows a deviation from the linear semi- 
logarithmic plot, which can be assigned to a slower return from 
tissues of equilibration. 

The apparent volume. of distribution of the 500 mg. of chloral 
hydrate in the central compartment referenced to concentration in 
whole blood may be calculated (Eq. 24) from the time zero estimate 
of blood concentration [AB], (Fig. 20) as 11.5 I., which is very much 
greater than the values for trichloroethanol (Table I) and its 
glucuronide (Table V). This undoubtedly implies that chloral hydrate 
undergoes a more rapid diffusion into, or a more rapid binding with, 
tissues other than blood during first cycles in the body. No meas- 
urable concentrations of trichloroacetic acid were found in blood 
samples. 

The percent of the dose of chloral hydrate excreted in urine as the 
glucuronide after 2 hr. (46z) was identical to that observed with an 
equimolar dose of trichloroethanol. In the same period of time, 
l.56x of the total dose as unchanged chloral hydrate and 0.27 x as 
trichloroacetic acid were also found in urine. 

eCetiC acid pharmacokinetics, Where kB.T  = 0.079. kT,B = 0.073, 
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GLC Assay for 5-Fluorouracil in Biological Fluids 

JORDAN L. COHEN’ and PATRICK B. BRENNAN 

Abstract 0 A rapid, sensitive GLC method of analysis for 5-fluoro- 
uracil was developed to follow the disposition of the drug in patients 
on 5-fluorouracil therapy. The free drug is removed from aqueous 
biological samples in a single extraction step, derivatized by silyla- 
tion, and chromatographed using flame-ionization detection. An 
internal standard is utilized to quantitate the results. The procedure 

is rapid, sensitive (0.2 mcg./ml. plasma), specific for the intact 5- 
fluorouracil molecule, and suitable to support pharmacokinetic 
studies of 5-fluorouracil in animals and humans. 

Keyphrases 0 5-Fluorouracil-GLC analysis in biological fluids 0 
GLC-analysis, 5-fluorouracil in biological fluids 

Detailed pharmacokinetic studies that would provide 
information useful to the clinician would be desirable 
to optimize cancer chemotherapy with 5-fluorouracil. 
The drug is still given empirically by many different 
dosage schedules, with some recent evidence suggesting 
that the oral route of administration differs in activity 

and toxicity from the intravenous route (1). Disposition 
studies performed previously were limited by the absence 
of a rapid, sensitive method of analysis capable of de- 
termining free 5-fluorouracil in large numbers of bio- 
logical samples. Studies using radioactively labeled 
drugs showed wide variability due to extensive metab- 
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