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Link (1) suggested in 1948 that the coumarin
compound warfarin be used as a rodenticide. Its
first human use was in a suicide attempt in 1952
(2). Although warfarin has been employed in-
creasingly in the treatment of thromboembolic
disorders (3-5), no published reports of its physi-
ologic disposition in man have appeared, probably
owing largely to the lack of a suitable method for
its measurement in biologic fluids (6).

Weiner, Brodie, and Burns (7, 8) stated that
the half-life of warfarin in man is 90 hours, but did
not include the assay method, or give supporting
data. In 1953, Yuyama, Goto, and Umezu (9)
described a colorimetric method for the estimation
of warfarin in rat plasma, but apparently this
method was never applied to man. Since 1954,
several investigations of warfarin in the rat have
appeared, including the studies of Garner (10),
Eble (11), and Lin (12). Their methods, how-
ever, were unpublished except as doctoral theses,
or were not readily adaptable for studies in man.

Recently, we described a spectrophotometric
method for the estimation of warfarin in biologic
fluids (13), and have used this method in the
present study to investigate the pharmiaco-
dynamics of warfarin in man. We determined
the concentrations of warfarin in the plasma and
of a warfarin metabolite in the urine of normal
subjects after both oral and intravenous adminis-
tration of the drug. Analysis of the data provided
information on its absorption, elimination, ap-
parent volume of distribution, and excretion.
Differences in its biologic effect were evaluated
by simultaneous measurements of its plasma con-
centration and of prothrombin complex activity.

* Work supported by U. S. Public Health Service grant
H-2754.

METHODS

The subjects, all volunteers, were 14 normal men and
women, ages 27 to 63 years, and one patient, age 72
years, with coronary artery disease who was included
because he was unusually resistant to the prothrombino-
penic effects of the drug.

Warfarin sodium 1 was administered either orally in
the form of tablets (starch base) or by iv injection. The
tablets were swallowed whole in the morning by subjects
in the postabsorptive state, and no food was taken for at
least 2 hours thereafter. For iv administration, lyophi-
lized warfarin sodium was reconstituted in distilled water.
The total dose was injected into the antecubital vein in
less than 1 minute. The dose of warfarin given by either
route was based on body weight in an attempt to equalize
the effect of the drug on subjects with different plasma
volumes, assumed to be a function of body weight. A
standard dose of 1.5 mg per kg of body weight was se-
lected so that drug levels and prothrombin complex re-
sponses would be in a clearly measurable range for sev-
eral days after administration of warfarin.

Test specimens were prepared as follows. Blood ob-
taimed by clean venipuncture was mixed in glass tubes
in a proportion of 9: 1 with 3.2% sodium citrate in 0.7%c
saline and centrifuged at 2,000 rpm for 20 minutes at 4° C.
The plasma was then removed and stored at - 200 C.
Twenty-four-hour urine and stool specimens were col-
lected, and their volume and weight were recorded.
Samples of each were stored at - 200 C.

Plasma prothrombin time (prothrombin complex ac-
tivity) Was determined by the method of Quick (14).
Thromboplastin extract was prepared from dehydrated
rabbit brain 2 and stored at - 20° C. Both control and
test determinations were done on plasma stored at - 200
C for 1 week or less and thawed just before use. Dupli-
cate tests were done on each sample and the times aver-
aged. The percentage of prothrombin complex activity
was determined by reference to a standardization curve
constructed by plotting the prothrombin time against the
plasma di'ution, using 9: 10 to 1: 10 saline dilutions of

1 Kindly supplied by Mr. Stephen Koziol, Warner-
Chilcott Laboratories, Morris Plains, N. J., and by Dr.
Nathan Weiner, Endo Laboratories, Inc., Richmond Hill,
N. Y.

2 Difco Laboratories, Detroit, Mich.
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normal plasma. Results obtained in 10 normal subjects
were averaged. Uniform potency of tissue thrombo-
plastin was insured by testing each new batch with a

standard plasma specimen.
Concentrations of warfarin in plasma, urine, and

aqueous suspensions of homogenized stool were meas-

ured as described previously (13). Twenty ml of re-

agent-grade ethylene dichloride3 was placed in a 60-ml
glass-stoppered bottle. Onto this organic phase were

poured in a layer exactly 2 ml of the test specimen, 1 ml
of distilled water, and 0.5 ml of 3 N HCl. The bottle
was agitated on a horizontal shaker for 2 minutes, the
upper aqueous layer discarded, and all of the organic
phase pipetted into a second glass-stoppered bottle. Five
ml of 0.5 Mphosphate buffer at pH 7.25 was poured in a

layer onto the organic phase. The bottle was shaken for
5 minutes, and the upper aqueous layer discarded. Fif-
teen ml of the organic phase was placed in a third glass-
stoppered bottle, 4 ml of 2.5 N NaOHwas poured in a

layer over it, and the bottle was then shaken for 5 min-
utes. Enough of the upper aqueous layer was aspirated to
fill a 2-ml spectrophotometer cuvette. With a Beckman
model DU spectrophotometer at a slit-width setting of
0.30 mm, the extinction was measured at 308 m/u, the ab-
sorption maximum, and at 360 mnu for detection of inter-
fering substances. A blank specimen and a standard
containing 5 to 20 gg of warfarin per ml were carried
through each assay. The concentration of warfarin in
the test specimen was derived from correlative graphs
constructed from appropriate standards. With this
method, the results of determinations on plasma, urine,
and stool specimens stored in the frozen state for as

long as several months, even when the specimens are re-

peatedly thawed and frozen, do not differ significantly
from those on fresh specimens. The average apparent
recovery of added drug was 99%o, with a coefficient of
variation of 8%o in a series of replicate analyses.

A metabolite of warfarin in urine was measured as

described in a previous report (13). The urine of sub-
jects who had taken warfarin was extracted; the ultra-
violet spectrum of these extracts was of similar configura-
tion to pure warfarin, but the peak of maximal absorp-
tion was shifted from 308 to 320 m1A. When these extracts
were subj ected to countercurrent distribution analysis,
they proved to be considerably more polar than pure

warfarin. Since the metabolite has not been charac-
terized chemically, its excretion was quantitated by as-

suming that its ultraviolet molar extinction coefficient
and that of unchanged warfarin are identical.
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RESULTS

Response to a standard dose. The results of
determinations on the plasma of 14 normal sub-
jects after oral administration of a single standard
dose of warfarin are listed in Tables I and II.
The range and calculated mean values in the

3 Fisher Scientific Corp., Boston, Mass.
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ROBERTA. O'REILLY, PAULLMb. AGGELER, AND LOIS S. LEONG

TABLE II

Prothrombin complex response in normal subjects after a single standard dose* of warfarin orally

Prothrombin complex activity after (time in hours)

Subject 24 36 48 72 96 120 144

of normal
N-i- 44 27 28 31 60 65 71
N-2 46 22 19 20 42 49 54
N-3 30 24 13 09 09 1 1 12
N-4 43 25 18 17 23 29 41
,NT_5 34 20 16 17 18 25
N-6 36 33 28 52 80 90 100
N-7 35 20 12 16 23 36 48
N-8 33 22 16 18 32 30 45
N-9 39 22 17 17 22 25 33
N-11 37 14 11 14 23 33
N-12 25 15 lit
N-13 41 23 16 14 22 35
N-14 32 22 21 28 38 46 65
N-I 5 43 15 13 21 28 39

Mleani 37 23 18 20 32 36 46
SD ± 6.0 ±fi 4.5 ±fi 5.3 ±+11.5 420.7 +19.9 ±21.6
Coefficientt of variation (%) 16 19 29 57 64 55 47

* 1.5 mg per kilogram of body weight.
t Subject took 10 mg of vitamin K1 orally at this time.

group are shown in Figure 1. As Table I shows,
the absorption phase was characterized by a rapid
rise in plasma drug concentration, which reached
maximal values of 8.6 to 17.6 mg per L in 2 to 12
hours. Thereafter, during the phase of elimina-
tion, the concentrations declined exponentially,
reaching values of 0 to 3 mg per L by 120 hours.
The mean, standard deviation, and coefficient of
variation (CV) were calculated for each period,
beginning at 3 hours. At 3 hours, the plasma con-

centrations showed considerable variation (CV =

34%o), apparently due to differing rates of gastro-
intestinal absorption. From 6 to 24 hours, drug
absorption was completed and the elimination
phase began; variation was least during this time
(CV = 15 to 19%o). After 24 hours, the plasma
concentrations again showed increasing variation
(CV = 73%o at 120 hours), reflecting differing
rates of elimination of warfarin.

Prothrombin complex activity (Table II) was

significantly reduced in all subjects within 24
hours; maximal reductions were reached between
36 and 72 hours. There was little variation be-
tween subjects during the first 24 hours, followed
by increasing variation throughout the remainder
of the period of observation, as the large coeffi-
cients of variation after 48 hours indicate.

The biologic half-time of disappearance (to) of
warfarin in each subject was determined from the

final exponential component of the disappearance
curve. As shown in Table I and Figure 1, the t1
of warfarin in the group ranged from 15 to 58
hours, with a mean of 42 hours. The subject
with the slowest clearance of warfarin from the
plasma (N-3, tj = 58 hours) had the greatest pro-
thrombin time response, whereas the subject with
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TABLE III

Plasma warfarin concentration in normal subject (N-i) after various doses of drug orally

Plasma warfarin concentration after (time in hours)
Total
dose Dose i 1 2 3 4 6 8 9 12

mg mg/kg mg/L plasma
body WI

50 0.75 0.0 0.6 1.3 2.0 3.3 5.4 5.9 4.2
100 1.50 0.0 1.9 3.3 9.0 9.4 9.5 10.4 8.4
200 3.00 0.0 2.1 14.0 19.2 22.9 24.7 25.1 24.0 18.1

the most rapid clearance (N-6, t4 = 15 hours) Absorption. The duration of gastrointestinal
had the least. The mean prothrombin time re- absorption, as determined by the time of onset of
sponses at 48 and 72 hours were nearly equal; in the final exponential component of the disappear-
the most responsive subject the prothrombin time ance curve (15), was 6 to 24 hours after adminis-
was longer at 72 than at 48 hours, whereas in the tration of a single standard dose of warfarin (Fig-
least responsive subject the converse was true. ure 1). To determine the time of absorption more

The relationship between the pharmacologic exactly, experiments with more frequent sampling
behavior of warfarin as represented by its plasma were carried out in three normal subjects (N-i,
concentration and tj and the biologic response as N-9, and N-14). The concentration of warfarin
represented by the prothrombin complex activity in the plasma of these subjects rose to maximal
is illustrated graphically in Figure 2. A high de- levels in 2 to 9 hours (Table I).
gree of correlation was found (at 48 hours, r = - Similar studies were carried out on one sub-
0.86, p < 0.001). A similarly significant corre- ject (N-i) after oral administration of 50, 100,
lation was found between the t1 and maximal pro- and 200 mg of warfarin. The plasma concentra-
thrombinopenic response (r =-0.93, p < 0.001). tions of warfarin in this subject are shown in

TABLE IV

The volume of distribution and plasma elimination of warfarin after single iv
doses of drug in 6 normal subjects and 1 patient*

Body Total Vd
Subject wt dose Dose CPO Vd Vd PV ti K

kg mg mg/kg mg/L L %body hours hour-'
body wI plasma WI

N-2 68 50 0.75 5.8 8.6 12.6 2.5 40 0.017
N-2 68 50 0.75 5.6 8.9 13.1 2.6 40 0.017
N-3 80 100 1.25 12.9 7.8 9.8 2.0 47 0.015
N-2 68 100 1.25 13.0 7.7 11.3 2.3 38 0.018
N-4 40 60 1.50 12.8 4.7 11.7 2.4 55 0.013
N-6 59 89 1.50 10.3 8.7 14.8 3.0 21 0.033
N-1 65 100 1.50 10.8 9.3 14.2 2.8 17 0.014
N-1 65 100 1.50 13.0 7.7 11.8 2.4 23 0.030
N-2 68 200 3.00 26.0 7.7 11.3 2.3 48 0.014
N-i 65 200 3.00 20.8 9.6 14.8 3.0 28 0.025
N-1 65 200 3.00 22.0 9.1 14.0 2.8 24 0.029
N-13 75 600 8.00 50.1 11.9 15.8 3.2 44 0.016

Mean 12.8 2.6 36 0.020

SD ±2.2

P-3 55 82J 1.50 10.5 7.9 14.0 2.8 57 0.012
330 6.00 41.1 8.0 14.0 2.8 51 0.014

1,010 18.38 128 7.9 14.0 2.8 51 0.014

* CPO = concentration at zero time; Vd = volume of distribution of warfarin; Vd/PV = ratio of Vd, expressed as per-
centage of body weight, to plasma volume, assuming the latter to be 5%of body weight; tj = half-time of disappearance
of warfarin; and K = first-order rate constant.
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Table III; the concentration rose slowly to a
maximum after 50 mg of warfarin, rose abruptly
and rapidly after 200 mg, and was intermediate
after 100 mg.

The extent of gastrointestinal absorption was
evaluated by determination of the warfarin con-
tent in the stool after both oral and iv administra-
tion of the drug. Warfarin was not detectable in
the stool during any experiment, even after oral
administration of 6 mg per kg of body weight
(400 mg).

Plasma elimination and volume of distribution.
The disappearance of warfarin from the plasma
was studied by iv administration of the drug.
During the first few hours, plasma levels declined
steeply, then more slowly, eventually following an
exponential course for the remainder of the ex-
periment. In all experiments in which a suffi-
cient number of observations were made, the data
could be fitted to a triple exponential decay pat-
tern. In most experiments, the number of early
observations was insufficient to allow for sepa-
ration of the first and second components, so that
only the third component has been analyzed (Ta-
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ble IV). Twelve experiments were performed on
6 normal subjects, and 3 experiments on the drug-
resistant patient, P-3. In the normal subjects, the
total dose varied from 0.75 to 8.00 mg per kg body
weight. The tj ranged from 17 to 55 hours, with
a mean of 37 hours. The corresponding mean
value for the first-order rate constant, K, was
0.019 hour', indicating an instantaneous plasma
elimination rate due to this component of 1.9%
per hour.

Subject N-2 received single iv doses of 50, 100,
and 200 mg of warfarin during separate experi-
ments. The data are shown in Figure 3. Close
agreement was found in the t1 at the three dose
levels (41 to 45 hours). Subject N-1 received
single doses of 50, 150, 400, and 800 mg of war-
farin orally. The t4 was virtually identical in all
four experiments (24 to 30 hours). Even when
the very resistant subject (P-3) was given 1,010
mg of warfarin in a single iv dose, the tj was iden-
tical with that found when he was given smaller
doses.

To determine if warfarin entered the red blood
cells, C14-labeled warfarin 4 was added to citrated

4 Provided by Prof. K. P. Link of the University of
Wisconsin School of Agriculture and by Dr. C. Schroeder
of the Wisconsin Alumni Research Foundation.
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blood and incubated at 370 C for 2 hours. One
part of the sample was hemolyzed by repeated
freezing and thawing, the rest was centrifuged,
and the red blood cells were separated from the
plasma and washed 5 times. These three frac-
tions were dried on planchets and counted in a
C14 internal-flow gas chamber. Less than 1 % of
the radioactivity was found in the red-cell frac-
tion and over 99% in the plasma.5

In these experiments, the final exponential com-
ponent of the disappearance curve of intravenously
administered warfarin was extrapolated back to
zero time (Cp'). Since warfarin appeared not to
enter the red blood cells, the dose divided by the
Cp° gave the apparent volume of distribution
(Vd). As shown in Table IV, Vd, expressed as
percentage of body weight, ranged from 9.8 to
15.8, with a mean of 12.8 + 2.2 SD. No correla-
tion was found between the size of the dose (in
milligrams per kilogram body weight) and Vd.
With plasma volume assumed to be 5% of body
weight, the warfarin space was 2.6 ± 0.3 times the
plasma volume.

Excretion. In eight experiments, five normal
subjects were given single oral or iv doses of 1.5
to 8.0 mg of warfarin per kg body weight (60 to
600 mg). All stool and urine was collected for
several days. No unchanged warfarin could be
demonstrated in the stool at any time. Weprevi-
ously reported preliminary studies indicating that
warfarin was present in the urine (16), but fur-
ther investigation proved this to be almost entirely
a metabolite of the drug (13). As shown in
Table V, much larger quantities of metabolite
were excreted for the two larger doses at all pe-
riods. By 96 hours, 86 to 100% of the metabolite
was excreted by all subjects. Two of the sub-
jects (N-1 and N-2) received the same dose (100
mg) orally and intravenously. Little difference
was observed in the cumulative excretion pattern.
The time required for excretion of 50% of the
metabolite ranged from 19 to 49 hours.

Effect of vitamin K on warfarin metabolism. In
three experiments, two subjects received 5 to 10
mg of vitamin K, orally 3 times daily for 3 days.
On day 4, 1.5 mg of warfarin per kg body weight
and 25 mg of vitamin K, were given simultane-
ously by mouth. The plasma warfarin concentra-

5 Weare grateful to Dr. Evelyn Siris for making these
determinations.

10
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24.

0 24 48 72 96 120
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FIG. 4. EFFECT OF VITAMIN K, ON PLASMA CONCEN-

TRATIONS OF WARFARINAND PROTHROMBINRESPONSESAF-

TER SINGLE ORAL DOSESOF 1.5 MGPER KG BODY WEIGHT IN

A NORMALSUBJECT (N-4). Vitamin K, was administered
orally, 5 mg three times daily for 4 days, and then 25 mg
simultaneously with warfarin.

tions and prothrombin complex response were de-
termined and compared with those obtained in
the same subjects after administration of warfarin
alone. The results of one of these experiments
are given in Figure 4. The lower graph shows the
significant antidotal action of the vitamin on the
prothrombin complex activity. Administration of
vitamin K did not significantly alter the rate of
absorption, the time and magnitude of the maxi-
mal concentration in plasma, or the rate of elimina-
tion of warfarin. Another normal subject (N-12),
who received the standard dose of warfarin, took
10 mg of vitamin K, orally 48 hours later.
Whereas prothrombin complex activity returned
to the normal range within 24 hours, the rate of
disappearance of warfarin from the plasma was not
altered by ingestion of vitamin K.

Prothrombin complex response. The prothrom-
binopenic response to warfarin was studied over
a wide range of single doses in four subjects. Be-
yond certain critical levels, increasing the dose of
warfarin did not hasten the rate of prothrombino-
penic response. As shown in Figure 3, the maxi-
mal rate of prothrombin time prolongation was
achieved with a dose of 50 mg in subject N-2.
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Increasing the dose to 200 mg did not hasten the
rate of response. There appeared to be a direct
linear relationship at lower doses between the
logarithm of the dose and the maximal depres-
sion of prothrombin complex activity. With
higher doses, the major effect was not on the de-
gree of maximal response but on its duration.

DISCUSSION

The marked variation in the prothrombin time
response of normal subjects to similar doses of
warfarin appeared to be conditioned 'mainly by
differences in the rate of elimination of warfarin
from the plasma. Since practically no unchanged
warfarin was excreted in the urine and none in
the stool (13), its elimination from the plasma
must occur almost exclusively by chemical trans-
formation (17). The speed of its elimination is
a function of the rate of this process. The rate of
elimination of warfarin from the plasma, unlike
that of Dicumarol (bis-hydroxycoumarin) (18), is
independent of the size of the dose or the route of
administration. High degrees of correlation were
found between rates of elimination and maximal
prothrombinopenic responses and between plasma
warfarin levels and prothrombin complex values
after administration of a single large dose of war-
farin. This should not be construed as a direct,
cause-and-effect relationship. The prothrombin
complex activity at 48 hours is not the direct re-
sult of the amount of warfarin in the plasma at
that time. Rather, both values reflect events that
occurred during the preceding 48 hours. Previ-
ous investigations have suggested that the pro-
thrombinopenic response of a particular drug is
related to the duration of maintenance of its plasma
concentration (7, 8). Significant correlations be-
tween plasma warfarin concentrations and pro-
thrombin complex values, however, could not be
demonstrated. Prolonged and incomplete absorp-
tion of warfarin, often continuing for 3 to 4 days
(19), made such correlations with Dicumarol im-
practical. With ethyl bis-coumacetate (Tro-
mexan), in contrast, the elimination rate was so
fast (to, approximately 3 hours) that the major
prothrombinopenic effect was not exerted until
after the drug was no longer detectable in the
)laslmla (20). We found warfarin to be ideally

suited for showing these correlations because its

absorption phase was complete and of short dura-
tion, and its elimination phase relatively slow.

The volume of distribution of warfarin (ap-
proximately 13%o of body weight) was lower
than that of most acidic drugs (25 to 30%) (17)
and was identical with that found for pure albu-
min (21). We previously showed that 97%o of
warfarin in plasma is bound to protein (16). Re-
cent in vitro studies in our laboratory with C14-
labeled warfarin indicate that it is bound by the
albumin fraction in native plasma (22). These
data suggest that the small size of the warfarin
space is a result of its high degree of albumin
binding.

The volume of distribution of warfarin, as is
true of practically all drugs, was independent of
the amount of drug injected. In contrast, in-
creasing doses of Dicumarol result in smaller ap-
parent volumes of distribution (23). The better
aqueous solubility of warfarin at body pH (24)
may result in quicker equilibration, and hence, in
a Vd that is independent of dose.

Oral administration of vitamin K, (phytonadi-
one) exerted an antidotal effect on the prothrom-
bin complex response, but did not alter the gastro-
intestinal absorption of warfarin or its elimina-
tion from the plasma. These results confirm the
findings of Eble (11 ) in the rat. Weiner and as-
sociates (7) stated that the simultaneous ad-
ministration of vitamin K and Dicumarol did not
alter the plasma levels of the anticoagulant in man.
These reports suggest that the antidotal action of
vitamin K on the prothrombinopenic effect of the
coumarin anticoagulant drugs is not mediated
through an alteration in the pharmacodynamics of
the anticoagulant. The antidotal effect of vitamin
K in animals given Dicumarol was attributed by
Lee, Trevov, Spinks, and Jaques (25) to direct
displacement of the drug from the liver. These
results could not be confirmed, however, by Green,
Sondergaard, and Dam (26). Our results are
more consistent with those of the latter group;
we found no alteration in the plasma elimination
curve of warfarin after administration of vitamin
K1, so warfarin was not displaced from the plasma
or from the liver into the plasma. In terms of
competitive inhibition of vitamin K, and warfarin
inl a reversible reaction, it is not necessary to pos-
tulate absolute displacement of warfarin from the
liver. The facilitation or inhibition of this reac-
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tion could depend on the relative proportion of the
vitamin and its structural analog, the coumarin, in
the liver (27).

SUMMARY

1. The metabolism of warfarin in man was stud-
ied with a spectrophotometric- method recently de-
veloped in our laboratory for the estimation of
unchanged warfarin in biologic fluids. Simultane-
ous measurements of warfarin levels and of pro-
thrombin complex responses were made in a vari-
ety of circumstances.

2. A standard dose of warfarin (1.5 mg per kg
of body weight) was administered orally to 14 nor-
mal subjects. Maximal concentrations in plasma
occurred in 2 to 12 hours. Thereafter, during the
phase of elimination, the half-time of warfarin's
disappearance from the plasma varied from 15 to
58 hours, with a mean of 42 hours. Maximal de-
pression of prothrombin complex activity was
achieved between 36 and 72 hours. The normal
subjects with the least prothrombinopenic response
to warfarin had the most rapid elimination rates,
and the -most responsive subjects had the slowest.
In normal subjects, high degrees of correlation
were found between the plasma concentrations of
warfarin at 48, 72, and 96 hours and the half-
time of its disappearance, and also between the
plasma concentrations and the degree of pro-
thrombin complex depression.

3. The absorption of warfarin from the gastro-
intestinal tract appeared to be complete, since no
warfarin was found in the stool even after mas-
sive oral doses. Furthermore, warfarin levels in
plasma and prothrombin complex responses were
virtually identical with oral and intravenous
administration.

4. The apparent volume of distribution (Vd),
expressed as a percentage of body weight, ranged
from 9.8 to 15.8, with a mean of 12.8. No corre-
lation was found between the size of the dose of
warfarin and Vd. The warfarin space was the
same size as the albumin space (2.6 times the
plasma volume).

5. Virtually no unchanged warfarin, but sig-
nificant quantities of a metabolite, were found in
the urine.

6. Oral administration of vitamin K1 did not in-
fluence the rates of absorption or chemical trans-
formation of warfarin.
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