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Abstract O Thirty-nine healthy men received milrinone either orally or in-
travenously in two separate double-blind, placebo-controlled studies. The mean
bioavailability, based on the area under the plasma concentration versus time
curves, was 0.92. The plasma data for those subjects in the intravenous study
were described by an open two-compartment model with a mean (£SD) ap-
parent first-order terminal elimination rate constant (83) of 0.86 (+ 0.23) h~!,
which corresponds to a half-life of 0.8 h. In the intravenous study, the renal
clearance and total body clearance were 21.1 and 25.9 L/h, respectively. The
corresponding values in the oral study were 23.8 and 29.7 L/h. Between 79.9
and 84.5% of the total doses were recovered in the urine samples taken at 0-24
h.

Keyphrases O Milrinone—blood plasma levels, human volunteers, oral and
intravenous administration, bioavailability O Pharmacokinetics—milrinone,
an open two-compartment body model O Cardiotonic agents—milrinone,
pharmacokinetics, bioavailability

Milrinone!  (1,6-dihydro-2-methyl-6-0x0[3,4’-bipyri-
dine]-5-carbonitrile; I), is an experimental cardiotonic agent
that is chemically related to amrinone (1). Both compounds,
which are neither glycosides nor catechols, have demonstrated
positive inotropic effects in animal models (2). In dogs, an
intravenous bolus injection of milrinone (0.01-1.0 mg/kg)
caused an increase in cardiac contractile force within 1 min,
with a duration of action of up to 2 h. The effects could be
maintained by intravenous infusion (0.3-10 ug/kg/min) for
several hours. Oral activity (0.1-1.0 mg/kg) in dogs was also
demonstrated, with an onset of activity within 30 min and a
duration of more than 6 h (3).
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Milrinone has been given to patients with severe chronic
heart failure (4, 5). Intravenous bolus administration (25-150
ug/kg) resulted in significant increases in the cardiac index.
Hemodynamic improvements were maintained with intrave-
nous infusion (0.25-1.0 ug/kg/min) over periods of 24-48 h
(5). Thus far, preliminary data disclosed that after intravenous
treatment, the oral administration of milrinone (10-20 mg/d
divided into three or four doses) maintained the improvement
in cardiac function without reported adverse effects (4).

The analytical method for analysis of milrinone in human
plasma and urine and the pharmacokinetic parameters fol-
lowing intravenous administration in dogs have been described
previously (6). In this report, the results of our investigations
into the pharmacokinetics of milrinone in humans following
intravenous medication are described, and plasma levels fol-
lowing oral and intravenous administration are compared.
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EXPERIMENTAL SECTION

Human Subjects— As part of the safety and pharmacokinetic evaluation
of milrinone, 21 normal male volunteers between the ages of 19 and 40 years
(mean, 28.5 years) and 18 normal male volunteers between the ages of 18 and
4] years (mean, 28.9 years) were selected to receive milrinone in an intrave-
nous study and an oral study, respectively. Prior to acceptance in a study, each
volunteer was examined to ensure that there were no clinical findings indicative
of renal, hepatic, or cardiac dysfunction. Appropriate institutional review and
approval were obtained prior to initiation of the study, and each volunteer gave
informed consent. Subjects were admitted to the clinic the evening before
initiation of the study, and all subjects remained in the clinic at least 24 h after
receiving medication or placebo.

Study Design—The intravenous and oral studies consisted of six or seven
groups of three volunteers each. In the intravenous study, subjects received
single injections of 10, 30, 45, 60, 75, 100, or 125 ug of milrinone/kg. Three
subjects received each of the seven doses. In the oral study, volunteers received
single doses of 1.0, 2.5, 5.0, 7.5, 10.0, or 12.5 mg of either milrinone or placebo;
three subjects received each of the six doses. Blood samples (10 mL) were
collected in evacuated tubes containing oxalate anticoagulant before medi-
cation and at ~2, 5, 10, 15, 30, and 45 minand 1.0, 2.0, 3.0,4.0,6.0,8.0,12.0,
16.0, and 24.0 h after medication. The blood was centrifuged; plasma was
separated and frozen until it was analyzed.

In both studies, urine was collected and measured for total volume, and an
aliquot was removed for analysis. Collection times included the following
intervals: premedication and 0-4, 4-8, 8-12, and 12-24 h after medica-
tion.

Assay Procedure—The analysis of plasma and urine for milrinone con-
centration followed that described previously (6). The method required ex-
traction of milrinone from plasma or urine with ethyl acetate and back-ex-
traction into acid; the samples were then neutralized and subjected to re-
verse-phase HPLC. Plasma and urine standards, which were freshly prepared
in normal human plasma and urine, were extracted and analyzed with each
set of samples from the study subjects. The concentrations of milrinone in
plasma were determined by comparison with the regression line of the peak
height ratios (drug-internal standard) versus milrinone concentration in the
standards; the mean (£SE) correlation coefficients were 0.9967 (£0.0012)
for plasma (n = 19) and 0.9997 (£0.0002) for urine (n = 9). The minimum
quantifiable level of milrinone was estimated as that concentration at which
the lower 80% confidence limit just encompassed zero (7) and was ~1.9
ng/mL for plasma samples and 19.6 ng/mL for urine samples. The HPLC
system used consisted of an automatic injectorZ, a pump?, a precolumn®, a
column®, and a UV detector® which monitored the column effluent at 340 nm.
The detector was interfaced with a data processing system? for data collection
and processing.

Pharmacokinetic Calculations—The data obtained from the analysis of
the human plasma samples from the intravenous study were described by an
open two-compartment model by a nonlinear regression (NLIN) procedure
(8). The concentrations were weighted as the square of their reciprocals. An
attempt was made to describe the plasma concentration data obtained from
the oral study by either an open one- or two-compartment model with first-
order absorption.

The plasma concentration data were also analyzed with respect 1o the fol-
lowing regression-independent parameters: the maximum observed plasma
concentration (Cpayx, oral study only); the time at which Cpyax was observed
(¢ max, oral study only); and the area under the plasma concentration versus
time curve (AUCG), which was calculated by using the trapezoidal rule plus

2 Model 710B WISP; Waters Associates Milford, Mass.
l3 Either model M-45; Waters Associates or mini-pump; Milton-Roy, Riviera Beach,

a

4 Corasil C-18 (37-50 um); Waters Associates.

S Partisil 10/25 ODS-3; Whatman, Clifton, N.J.
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Table Il—Pharmacokinetic Parameters in Yolunteers after Oral Administration of Milrinone

Percent Dose
Renal Recovered
Dose, Dose, ke, AUCg, AUCg/ Craxs I maxs Clearance, CLg, from
Subject mg ug/ke h~! ngmL-'h Dose ng/mL L/h L/h Urine
22 1.0 12.8 0.72 28.0 2.19 16.7 1.00 11.8¢ 35.7 33.0¢@
23 1.0 13.3 0.78 44.7 3.36 254 1.00 17.9 224 80.0
24 1.0 13.0 1.20 42.6 3.28 40.9 0.53 8.494 23.5 36.04
Mean £ SD 384 27.7
9.1 12.3
25 2.5 28.8 1.00 76.4 2.65 50.5 1.50 234 327 71.6
26 2.5 31.3 0.50 67.3 2.15 32.0 0.48 24.7 37.1 66.4
27 2.5 31.2 0.93 74.5 2.39 41.4 1.00 26.7 33.5 79.6
Mean £ SD 727 41.3
4.8 9.25
28 5.0 66.9 1.12 121 1.81 105 1.03 36.8 41.3 88.8
29 5.0 74.4 0.62 217 2.92 101 0.50 19.6 23.1 85.2
30 5.0 75.9 1.10 196 2.59 141 1.50 21.3 25.5 83.6
Mean £ SD 178 116
50.5 22.0
31 7.5 94.9 0.60 358 3.77 148 1.50 15.4 21.0 79.2
32 1.5 104.5 0.66 286 2.74 125 1,53 19.0 26.2 83.2
33 1.5 90.3 0.67 296 3.27 1184 1.00 2.067 25.3 15.62
Mean + SD 313 152
39.0 29.7
34 10.0 137.6 0.60 392 2.85 231 0.50 20.3 25.5 73.3
35 10.0 148.8 0.74 392 2.64 130 3.00 21.2 25.5 72.7
36 10.0 149.7 0.56 275 1.83 114 1.53 5.68¢ 36.3 8.14
Mean + SD 353 158
67.6 63.4
37 12.5 160.1 0.60 494 3.09 245 1.00 9.094 25.3 35.84
38 12.5 179.3 0.92 382 2.13 334 1.03 350 327 107
39 12.5 184.6 0.5t 297 1.61 123 0.62 28.5 42.1 67.8
Mean + SD 391 234
98.8 106
Overall mean 0.77 2.63 1.13 23.8% 29.7 79.98
+SD
0.22 0.60 0.60 6.4% 6.7 10.74

a [ncomplete urine collection. ® Excluding incomplete collection data.

terminal plasma concentration divided by the terminal elimination rate con-
stant (to correct to infinite time). Total body clearance was determined by
dividjng the dose by the AUCG. Other pharmacokinetic parameters were es-
timated by classical techniques (9).

The data obtained from urine were used to calculate the renal clearance
of milrinong by dividing the amount of unchanged milrinone excreted in the
urine over a given period by the AUC for that period. The relative bioavail-
ability was determined by dividing thc mean normalized AUCS for the oral
dose by the mean normalized AUCG for the intravenous dose.

RESULTS AND DISCUSSION

The concentrations of milrinone in the plasma samples from each volunteer
were determined. After intravenous medication, the plasma concentrations
declined biexponentially with time, suggesting that a two-compartment model
would be appropriate. Pharmacokinetic parameters for each subject in the
intravenous study were estimated after computer fitting the data obtained
from plasma by an iterative nonlinear least-squares regression technique (8)
(Table I).

The mean apparent first-order terminal elimination half-life for milrinone
following intravenous medication was ~50 min. The mean apparent volume
of distribution at steady state Vd was 23.0 L or, dividing by body weight,
0.32 L/kg. The mean value for o (8.52 h~1) corresponded to a distributive-
phase half-life of <5 min. The mean regression-independent total body
clearance (dose/AUCG) was 25.9 L/h, whereas the mean regression-inde-
pendent renal clearance (total intact drug in urine/AUCG) was 21.1 L/h,
which exceeds the glomerular filtration rate and suggests an active excretion
mechanism. The values obtained by the trapezoidal rule for the regression-
independent AUCG were consistently higher than the corresponding regres-
sion-dependent AUCT (A4/a + B/B). Since the Vd values are inversely re-
lated to the square of the AUCG, the regression-indcpendent Vd,, values are
consistently lower than the corresponding regression-dependent valucs. Al-
though there is almost a threefold difference between the highest (subject 4)
and lowest (subject 21) clearances, the observed concentration data from the
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intravenous study were adequately described by the model for both of these
subjects; a comparison of the observed and predicted concentrations is shown
in Fig. 1. The agreement between the observed values and those predicted by
the open two-compartment body model is apparent. The amount of intact
milrinone present in the urine over the 24-h period following drug adminis-
tration was similar in both studies: 84.5% of the dose following intravenous
administration and 79.9% of the dose following oral administration. The
dosage ratio, oral-intravenous, suggests that the fraction of the oral dose that
is bioavailable is ~0.95 (sec below).

The plasma concentration data obtained in the oral study were not ade-
quately described by either the open one- or two-compartment model with
first-order absorption, although scveral weighting schemes were tried. Re-
gression-independent parameters were determined for the oral study (Table
II). The mean time of maximum plasma concentration was 1.13 h after
medication. The renal clearance (23.8 + 6.4 L/h) was comparable to that
found in the intravenous study, as was the total body clearance (29.7 £ 6.7
L/h). The terminal elimination half-life was ~55 min.

Although the same subjects were not used in a crossover manner in the in-
travenous and oral investigations, an estimate of the absolute bioavailability
was obtained by comparing the data from the two independent studies. The
mean absolute bioavailability or oral-parenteral ratio, defined as the ratio
of the AUCG /dose for the tablet to the regression-independent AUCg /dose
for the intravenous solution, was 0.92, which is consistent with the urinary
excretion data. Analysis of variance indicated that the AUCG /dose values
for medication administered either by the intravenous or oral routes were not
significantly different (p = 0.21). Furthermore, a statistical analysis of
AUC} /dose against administered dose showed that the AUCg /dose was not
dose dependent (p = 0.94).

The mean terminal elimination half-life of milrinone obtained in these
human volunteers varied substantially from the value of 3.6-h obtained in dogs
at intravenous doses of S mg/kg (6). This difference is surprising in light of
the relatively good correlation in the amrinone studies between the mean
terminal climination half-life in dogs receiving doses of S mg/kg iv (2.37 h)
(10) and human volunteers receiving doses of 75 mg iv (3.6 h) (1). Following
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Figure 1—Plasma concentration of milrinone in human volunteers after in-
travenous administration. Data points are plasma concentrations observed
in two subjects with widely divergent clearance rates and concentrations
predicted by the open two-compartment model (solid line).

oral administration of 75 mg to volunteers, the mean terminal elimination
half-life of amrinone was 4.33 h (1).

The mean half-life of amrinone in patients with congestive heart failure
was 8.3 h (11), which is more than twice that seen in volunteers with normal

cardiac function. We anticipate a similar increase in the terminal elimination
half-life of milrinone in patients with congestive heart failure. The decrease
in renal and hepatic blood flow in patients with severe cardiac impairment
may be responsible for this increase in the duration of the drug in plasma. We
are currently studying the pharmacokinetics of milrinone in patients with
congestive heart failure as part of clinical efficacy trials. Attempts will be made
to correlate the effects of dose on the terminal elimination half-life of miiri-
none.
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Abstract O The influence of cooling rate of solid dispersions prepared by the
melt method was studied by X-ray diffraction and scanning electron mi-
croscopy. Tolbutamide was the model drug investigated, and the carriers in-
cluded urea and polyethylene glycol 6000. Slow-cooled urea dispersions of
tolbutamide demonstrated a complete lack of crystallinity suggesting the
formation of an amorphous material. The rapidly cooled dispersion showed
peaks for urea and an absence of drug in the X-ray pattern, suggesting that
a true molecular dispersion was formed. The X-ray patterns of rapid- and
slow-cooled dispersions of tolbutamide and polyethylene glycol 6000 dem-

onstrated that a physical mixture of drug and carrier resulted from both
methods of dispersion preparation.

Keyphrases O Solid dispersions—melt method of preparation, cooling rates
and physicochemical properties O Tolbutamide—solid dispersions with urea
and polyethylene glycol 6000 O X-ray diffraction—tolbutamide, solid dis-
persions, carriers O -Scanning electron microscopy—solid dispersions O
Dissolution rates—tolbutamide, solid dispersions

The rate-determining step in the absorption process for
drugs of low solubility is generally the dissolution rate of such
drugs in the GI fluids rather than the rapidity of their diffusion
across the gut wall. The formation of solid dispersions of the

0022-3549/84/ 1000-1441801.00/ 0
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drug with a water-soluble carrier is one of several techniques
that can be used to improve the dissolution properties of poorly
soluble or hydrophobic drugs. In 1961, Sekiguchi and Obi (1)
became the first researchers to propose the use of solid dis-
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