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CONGESTIVE HEART FAILURE

Separation of the direct myocardial and vasodilator
actions of milrinone administered by an
intracoronary infusion technique
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ABSTRACT To determine the relative contributions of milrinone’s positive inotropic and vasodilator
actions in patients with severe congestive heart failure, the drug was administered by constant infusion
directly into the left main coronary artery of 11 patients with New York Heart Association functional
class III or IV heart failure. Intracoronary infusion of milrinone at rates up to 50 ug/min had no effect
on mean arterial pressure or systemic vascular resistance but resulted in dose-related increases in peak
positive dP/dt (+21%), stroke volume index ( + 18%), and stroke work index (+21%) and decreases
in heart rate (—3%), mean right atrial pressure (—25%), and left ventricular end-diastolic pressure
(—17%). In eight patients, intravenous administration (75 ug/kg) after the intracoronary infusion
resulted in significant decreases in mean arterial pressure (— 14%) and systemic vascular resistance
(—40%), further increase in stroke volume index compared with intracoronary administration, and
further decreases in mean right atrial and left ventricular end-diastolic pressures compared with
intracoronary administration. These data indicate that milrinone exerts both positive inotropic and
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vasodilator actions that contribute significantly to the drug’s overall hemodynamic effect.
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IN PATIENTS WITH HEART FAILURE, the cardiac
bipyridines, including milrinone, reduce cardiac fill-
ing pressures and systemic vascular resistance and in-
crease cardiac output.'-* These agents exert both posi-
tive inotropic and direct vasodilator properties in
vitro.*!! However, considerable controversy exists as
to whether their hemodynamic effects in patients are
due primarily to an increase in the myocardial inotro-
pic state, to peripheral vasodilation, or to a combina-
tion of these actions.'?"'® This issue has been difficult to
address because of the difficulty of distinguishing the
hemodynamic actions of positive inotropic and vasodi-
lator agents in patients.!” Both types of agents can
reduce filling pressures and systemic vascular resis-
tance and increase cardiac output.

The purpose of this study was to determine whether
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milrinone exerts a direct positive inotropic action in
patients with severe congestive heart failure, and if so,
whether this action contributes importantly to the
drug’s overall hemodynamic effects. To delineate the
relative contributions of milrinone’s inotropic, vascu-
lar, and chronotropic properties, two basic strategies
were used. First, milrinone was administered directly
into the left main coronary artery, thereby minimizing
any direct peripheral vascular action of the drug. Sec-
ond, the hemodynamic effects of intravenous and di-
rect intracoronary administration of milrinone were
compared. This approach allowed for delineation of
milrinone’s direct cardiac and peripheral vascular ac-
tions and avoided many of the problems inherent in
evaluating the effects of systemic administration of
agents with both positive inotropic and vasodilator ac-
tions. "

Methods

Patients. The study population consisted of 11 consecutive
patients with New York Heart Association functional class III or
IV congestive heart failure despite optimal standard therapy
with digitalis, diuretics, and vasodilators in all cases (table 1).
The cause of congestive heart failure was coronary artery dis-
ease in six patients and dilated cardiomyopathy in five. No
patient had significant symptomatic angina, documented myo-
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TABLE 1
Characteristics of the study population

NYHA LVEF RVEF
Patient Age Sex class Etiology (%) (%) Rhythm

1 64 M I CAD 21 65 SR
2 32 M v CMP 16 9 SR
3 54 M 111 CAD 19 28 SR
4 68 M v CMP 12 22 AF
5 56 F v CMP 6 14 SR
6 44 M 111 CMP 13 39 SR
7 44 M 111 CAD 16 34 SR
8 69 F v CAD 8 55 SR
9 71 M v CMP 9 15 SR
10 72 M I CAD 31 16 SR
11 53 M v CAD 10 35 SR

CMP = dilated cardiomyopathy; CAD = coronary artery disease;
LVEF = left ventricular ejection fraction; RVEF = right ventricular
ejection fraction; SR = sinus rhythm; AF = atrial fibrillation.

Both LVEF and RVEF were measured by gated blood-pool radionu-
clide ventriculography.

cardial infarction within the previous 3 months, uncorrected
significant valvular heart disease, or untreated ventricular
tachycardia greater than 6 beats in length. The baseline left and
right ventricular ejection fractions measured by radionuclide
gated blood-pool scanning within 72 hr of study entry were 15
+ 2% and 30 *= 5%, respectively. The study protocol was
approved by the Committee for the Protection of Human Sub-
jects from Research Risks of the Brigham and Women’s Hospi-
tal and informed written consent was obtained in all cases.

Hemodynamic measurements. All vasodilators were with-
held for at least 36 hr before the time of study, and digitalis and
diuretics were withheld on the morning of catheterization. In the
cardiac catheterization laboratory, catheters were positioned
with patients under local lidocaine (1%) anesthesia as follows:
(1) a No. 7F balloon-tipped, flow-directed pulmonary arterial
catheter with a proximal right atrial port (Eli-cath; Electrocath-
eter Corp., Rahway, NJ) was advanced to the distal pulmonary
artery through a No. 7F venous sheath (Cordis, Inc., Miami);
(2) a No. 9F femoral arterial sheath with a side-arm port (Cor-
dis, Inc., Miami) was used to monitor femoral arterial pressure;
(3) a No. 8F micromanometer-tipped pigtail catheter (Mikro-
tip; Millar Instruments, Inc., Houston) was advanced to the
apex of the left ventricle and calibrated externally against a
mercury reference and aligned to the left ventricular luminal
pressure; and (4) a No. 7F L4 Judkins coronary catheter was
inserted through a No. 8F femoral arterial sheath (Cordis, Inc.,
Miami) and advanced to the left main coronary artery ostium for
the intracoronary administration of milrinone. Contrast medium
(Hypaque-76, 8 ml) was injected into the left coronary artery to
confirm the absence of significant left main disease 30 min
before any measurements. All patients received heparin during
cardiac catheterization and there were no complications of the
procedure.

The following measurements were recorded: heart rate; right
atrial, pulmonary arterial, pulmonary capillary wedge, left ven-
tricular, femoral arterial, and central aortic pressures; the first
time-derivative of the left ventricular pressure (peak positive
dP/dt) by electronic differentiation (Electronics for Medicine,
VR-12, Honeywell, Pleasantville, NY); and oxygen consump-
tion by an oxygen consumption monitor (MRM-2; Waters In-
struments Inc., Rochester, MN). Cardiac output (CO) was cal-
culated by the Fick method as oxygen consumption divided by
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the difference between paired femoral and pulmonary arterial
oxygen contents. The following standard formulas were used
for derived hemodynamic variables: systemic vascular resis-
tance (SVR, dyne-sec-cm™) = 79.9 (MP — RA)/CO; pulmo-
nary vascular resistance (PVR, dyne-sec-cm™) = 79.9 (PA —
PCW)/CO; stroke volume index (SVI, ml/beat/m?) = CI/HR;:
and stroke work index (SWI, g-m/m?) = SVI (MP — LVEDP)
(0.0136), where MP = mean arterial pressure, RA = mean
right atrial pressure, PA = mean pulmonary arterial pressure,
PCW = mean pulmonary capillary wedge pressure, LVEDP =
left ventricular end-diastolic pressure (all pressures reported in
mm Hg), HR = heart rate, CO = cardiac output (liters/min),
and CI = cardiac index (liters/min/m?).

Study protocol. Baseline hemodynamics were established as
the mean of two sets of measurements separated by at least 10
min and differing by less than 10%. All measurements were
taken as the average of 30 consecutive cardiac cycles. After
baseline hemodynamic measurements, 5% dextrose in water
(DsW), the vehicle for milrinone, was infused into the left main
coronary artery at a rate of 4 ml/min (Harvard pump) and mea-
surements were repeated at 4 to 6 min. In no case did infusion of
DsW cause a significant change from the baseline hemodynamic
measurements. To demonstrate adequate myocardial contractile
responsiveness, patients were pretested with an intracoronary
infusion of dobutamine. In all cases, dobutamine elicited an
increase in + dP/dt of at least 30% over baseline. Hemodynam-
ics were allowed to return to the same baseline over at least 30
min before a repeat intracoronary infusion of DsW to establish
baseline conditions for the infusion of milrinone. The premilri-
none D;W baseline measurements differed by less than 10%
from the original baseline. Milrinone (Sterling-Winthrop Drug,
Inc., Rensselaer, NY) diluted in DsW was then infused by the
intracoronary route according to the following schedule with
upward titration of the infusion rate at 5 min intervals: 1.5, 3, 6,
12.5, 25, 50, 100, 200, and 400 pg/min. Hemodynamic mea-
surements were made at the end of each infusion rate. All 11
patients received at least the six doses ranging from 6 to 200
mg/min. After the highest intracoronary infusion rate in eight
consecutive patients, an intravenous bolus dose (75 ug/kg) of
milrinone was administered over 1 min and measurements re-
peated at 10 min. Oxygen consumption index was measured
over 5 to 10 min at control, peak milrinone effect, and study
termination (133 = 6, 136 + 6, and 136 * 6 ml/min/m?,
respectively) and the mean of these values was used for calcula-
tion of cardiac output by the Fick method.

The serial intracoronary infusion rates were divided into two
groups. The lower infusion rates of 1.5, 3, 6, 12.5, 25, and 50
pg/min were selected, assuming a left coronary arterial blood
flow of approximately 125 ml/min,'® to result in a coronary
arterial concentration of milrinone that would be similar to the
systemic levels achieved during intravenous or oral administra-
tion (i.e., 12 to 400 ng/ml).> 1% 2° Higher intracoronary infu-
sion rates of 100, 200, and 400 wg/min resulted in predicted
coronary arterial milrinone concentrations above 400 ng/ml
and, in addition, resulted in significant systemic drug levels of
100 to 400 ng/ml similar to those achieved by systemic adminis-
tration. Serum arterial milrinone concentration determined by
the method of Edelson et al.?! was measured at all control points
and at the time of all hemodynamic measurements. Blood sam-
ples for determination of plasma norepinephrine concentration
were drawn into chilled tubes containing reduced glutathione in
ethyleneglycoltetraacetic acid, placed on ice, centrifuged, and
stored at —70° C until measured by a radioenzymatic tech-
nique.??

Statistical methods. All data are presented as the mean *+ 1
SEM. Significant changes among multiple observations for
each variable were detected by Wilcoxon’s nonparametric test
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using Bonferroni’s method for multiple simultaneous compari-
sons so that statistical significance was assumed if the null
hypothesis could be rejected at the .05/n probability level
(where n = number of comparisons).?® Significant changes
among two observations for one variable within the same group
were determined by a two-tailed paired t test.?

Results

Relationship between intracoronary infusion rate and
hemodynamic effects of milrinone (figures 1 and 2). Base-
line hemodynamic measurements reflected severe
hemodynamic impairment consistent with the clinical
diagnosis of congestive heart failure in all patients.
Infusion of D,W, the vehicle for milrinone, had no
effect on any of the hemodynamic measurements. The
effects of intracoronary infusion of milrinone were
compared with those obtained during infusion of D,W.

The first significant hemodynamic effects of intra-
coronary milrinone were decreases in pulmonary cap-
illary wedge (D;W, 29 + 2; milrinone, 27 = 2 mm
Hg; p < .05) and left ventricular end-diastolic pres-
sures (D;W, 29 =+ 2; milrinone, 28 * 2 mm Hg; p <
.05) at the 3 ug/min infusion rate. Peak positive dP/dt
became significantly increased at the 6 ug/min infu-
sion rate and increased further in a dose-related manner
to a maximum increase of 45% (DWW, 709 = 48;
milrinone, 1027 *= 103 mm Hg/sec; p < .001). Pul-
monary arterial pressure and heart rate also decreased
significantly at 6 pug/min. As the infusion rate was
increased, additional hemodynamic effects became
significant, including an increase in stroke work index
at 12.5 pug/min, a decrease in right atrial pressure at 25
ug/min, and an increase in cardiac index at 50 ug/min.
Heart rate decreased or remained unchanged at all infu-
sion rates.
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FIGURE 1. Relationship between the intracoronary infusion rate of
milrinone and peak positive dP/dt (n = 11). Baseline dP/dt was deter-
mined during infusion of DsW, the vehicle for milrinone. * = p < .006
vs DsW.
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FIGURE 2. Hemodynamic effects of intracoronary infusion rates of
milrinone from 6 to 50 ug/min, which were estimated to produce coro-
nary arterial drug levels comparable to systemic drug administration.
LVEDP = left ventricular end-diastolic pressure. * = p < .01 vs DsW.

Systemic and pulmonary vascular resistances were
decreased only at infusion rates of 200 wg/min and
greater, which were associated with significant periph-
eral serum milrinone levels of 199 + 18 and 373 * 50
ng/ml for the 200 and 400 wg/min infusions, respec-
tively. Mean arterial pressure did not change at any
intracoronary infusion rate. At the 400 wg/min infu-
sion rate, right atrial pressure decreased from 12 + 2
to 7 = I mm Hg (p < .001), and left ventricular end-
diastolic pressure decreased from 29 + 2to 19 = 2
mm Hg (p < .001). Cardiac index, stroke volume
index, and stroke work index all increased in a dose-
related manner, and at the 400 ug/min infusion rate
cardiac index increased from 2.0 + 0.1t02.9 = 0.2
liters/min/m? (p < .001), stroke volume index in-
creased from 22 = 2to 32 = 3 ml/beat/m? (p < .001),
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and stroke work index rose from 14 * 2 to 23 = 2
g-m/m?* (p < .001).

Peripheral serum milrinone concentration was unde-
tectable at intracoronary infusion rates of 1.5 and 3
pg/minandwas7 = 1,15 £ 1,30 = 3,and 52 = 5
ng/ml at intracoronary infusion rates of 6, 12.5, 25,
and 50 wg/min, respectively.

Hemodynamic effects of intracoronary infusion of milri-
none at 50 ug/min (figure 3). The 50 wg/min intracoro-
nary infusion of milrinone was selected to result in a
coronary arterial concentration of approximately 400
ng/ml,'® comparable to the systemic levels achieved
with intravenous administration of the drug (75
ng/kg).> 1920 At this intracoronary infusion rate, se-
rum milrinone concentration reached 52 + 5 ng/ml at
the end of the 5 min infusion period. Intracoronary
infusion of milrinone at a rate of 50 pg/min resulted in
no significant change in mean arterial pressure (D;W,
73 #+ 2; milrinone, 73 = 3 mm Hg; p = NS), system-
ic vascular resistance (D;W, 1472 * 126; milrinone,
1435 = 112 dyne-sec-cm™; p = NS), or pulmonary
vascular resistance (D;W, 261 =+ 27; milrinone, 270
+ 27 dyne-sec-cm™; p = NS). However, mean right
atrial pressure decreased from 12 + 2t09 + 2mm Hg
(p < .01), mean pulmonary capillary wedge pressure
decreased from 29 = 2to23 = 2 mm Hg (p < .01),
and left ventricular end-diastolic pressure decreased

from 29 = 2to 24 = 1 mm Hg (p < .01). Although
heart rate decreased from 93 = 6 to 90 = 6 beats/min
(p < .02), cardiac index increased from 2.0 = 0.1 to
2.2 = 0.2 liters/min/m? (p < .01) because of an in-
crease in stroke volume index (22 = 2to 26 = 3
ml/beat/m?;, p < .01). Peak positive left ventricular
dP/dt increased from 709 = 48 to 859 = 66 mm
Hg/sec (p < .005) and was accompanied by an in-
crease in stroke work index from 14 = 2to 17 = 2
g-m/m? (p < .001) despite the significant decrease in
left ventricular filling pressure.

Comparative hemodynamic effects of intracoronary and
intravenous administration of milrinone (figure 4). To de-
termine the contribution of milrinone’s vasodilator ac-
tion to the drug’s overall effect, eight consecutive pa-
tients received an intravenous dose of milrinone of 75
ng/kg after the intracoronary infusion. The resulting
mean serum milrinone level was 372 = 50 ng/ml. The
effects of this intravenous administration were com-
pared with those of the 50 pg/min intracoronary infu-
sion, which, based on an assumed left main coronary
arterial blood flow of 125 ml/min,'® we calculated to
result in a coronary arterial concentration of approxi-
mately 400 ng/ml, a level comparable to that achieved
by this intravenous dose. As noted above, mean arteri-
al pressure and systemic and pulmonary vascular resis-
tances were unchanged, left and right heart filling pres-

+30F

p<0.005

p<0005
p<001

7312 14721126

| Q5 l ...... T t X% .1 22 i 2 1 4 i 2
p=NS
p=NS
-20- 1
p<0.005
-30 —
1 1L 1 L — 1 1 1 11 11 d
HR MAP SVR +dP/dt LVEDP Svl Swil

FIGURE 3. Hemodynamic effects of intracoronary infusion of milrinone at a rate of 50 ug/min (n = 11). The baseline
hemodynamic values during infusion are shown. HR = heart rate (beats/min); MAP = mean arterial pressure (mm Hg); SVR =
systemic vascular resistance (dyne-sec-cm5); LVEDP = left ventricular end-diastolic pressure (mm Hg); +dP/dt = left
ventricular peak positive dP/dt (mm Hg/sec); SVI = stroke volume index (ml/beat/m2); SWI = stroke work index (g-m/m2).
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FIGURE 4. Comparative hemodynamic effects of vehicle (DsW), in-
tracoronary infusion of milrinone at 50 ug/min (ICM), and intravenous
infusion of milrinone (IVM) in eight consecutive patients. * = p < .01.

sures were decreased, heart rate was slowed, and peak
positive left ventricular dP/dt, stroke volume index,
stroke work index, and cardiac index were increased
with this dose of the drug administered by the intracor-
onary route. In contrast, intravenous infusion of mil-
rinone caused a 14% decrease in mean arterial pressure
(D;W, 72 # 1; milrinone, 62 = 4 mm Hg; p < .01)
without change in heart rate (D;W, 93 =+ 7; milrinone,
96 + 6 beats/min; p = NS). Although unchanged by
intracoronary infusion of the drug, systemic and pul-
monary vascular resistances were lowered significant-
ly by the intravenous drug from baseline (D;W) values
of 1587 = 151 and 271 = 36 dyne-sec-cm™to 947 +
91 and 195 = 26 dyne-sec-cm, respectively (p <
.001, p < .05). Filling pressures decreased markedly
beyond the decreases with the intracoronary infusion,
with additional decreases in right atrial pressure from 9
+ 2to5 = 1 mm Hg (p < .001), in pulmonary arterial
pressure from 35 + 2t0 25 += 3 mm Hg (p < .001), in
mean pulmonary capillary wedge pressure from 24 =+
2to 13 = 2 mm Hg (p < .01), and in left ventricular
end-diastolic pressure from 24 + 2to 14 = 3 mm Hg
(p < .01). Likewise, compared with intracoronary in-
fusion, intravenous infusion caused further increases
in stroke volume index from 25 * 3 to 31 *= 4
ml/beat/m? (p < .05), in stroke work index from 16 +
2t021 = 3 g-m/m? (p < .05), and in cardiac index
from 2.1 = 0.1 t0 2.9 * 0.2 liters/min/m? (p < .05).
Based on the relative magnitudes of the vectors de-

134

scribing the shift in the relationship between left ven-
tricular end-diastolic pressure and stroke work index,
intracoronary infusion of milrinone at a rate of 50
ug/min caused an improvement in left ventricular
function that was approximately 38% of that caused by
intravenous infusion (figure 5). Intravenous infusion
of milrinone caused no further significant increase in
peak positive dP/dt compared with intracoronary ad-
ministration at an infusion rate of 50 ug/min. Arterial
plasma norepinephrine concentration was elevated at
baseline (540 * 101 ng/liter), decreased with intracor-
onary milrinone at 50 ug/min (423 = 90 ng/l; p <
.001 vs D;W), and remained reduced after intravenous
administration (452 = 75 ng/l; p < .05 vs D,W).

Discussion

Milrinone causes a substantial increase in myocardi-
al contractility in vitro,* ° and consequently it has been
assumed that a positive inotropic action is at least par-
tially responsible for the marked beneficial hemody-
namic effects of this agent in patients with severe con-
gestive heart failure. However, recent studies in vitro
with ventricular muscle from patients with New York
Heart Association functional class III congestive heart
failure showed no direct increase in myocardial con-
tractile force with the related bipyridine, amrinone.'
In addition, milrinone,'* " like amrinone,’ is a potent
direct vascular smooth muscle relaxing agent in vitro.
In patients with congestive heart failure, milrinone
causes lowering of left and right ventricular filling
pressures, systemic vascular resistance, and mean ar-
terial pressure in excess of that expected for a pure
inotropic agent.*?® Recent studies of amrinone alone,
and comparative studies with dobutamine or nitroprus-
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FIGURE 5. Stroke work index (SWI) vs left ventricular end-diastolic
pressure (LVEDP) during baseline (®), intracoronary infusion of milri-
none (50 pg/min) (M, solid line), and intravenous infusion of milrinone
(75 pg/kg) (A, dashed line) in the patients depicted in figure 4.
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side, demonstrated no positive inotropic action, lead-
ing to the conclusion that the hemodynamic effects of
amrinone were due to direct vasodilation alone.!?-'6

The purpose of this study was to determine whether
an increase in inotropic state contributes significantly
to milrinone’s overall hemodynamic effect in patients
with severe congestive heart failure. Intracoronary in-
fusion of milrinone was used to achieve an effective
coronary arterial concentration of the drug in the ab-
sence of significant serum levels, thereby allowing
evaluation of milrinone’s direct myocardial effects in
the absence of direct drug effects on the peripheral
vasculature. It is important to emphasize that the pur-
pose of this short-term hemodynamic study was not to
determine the clinical efficacy or safety of this agent.

Intracoronary infusion of milrinone, resulting in
coronary arterial drug levels estimated to have been
comparable to those achieved with systemic drug ad-
ministration, caused a significant dose-related increase
in peak positive dP/dt indicative of increased myocar-
dial contractility. Based on the significant reductions
in right and left heart filling pressures that occurred
with intracoronary infusion of milrinone, it is very
likely that both preload and afterload decreased. In
addition, heart rate was unchanged or decreased, and
therefore the observed increase in dP/dt was not secon-
dary to changes in loading conditions or heart rate,
which if anything would have tended to reduce the
magnitude of the increase in dP/dt.'-#* A limitation of
this study was that coronary arterial concentration of
milrinone was not measured directly. Several factors,
including the variability of coronary blood flow among
patients, regional inequalities in flow, and streaming
effects, preclude an exact estimate of coronary arterial
concentration of milrinone.

Although increases in peak positive left ventricular
dP/dt have been observed previously with milrinone
and amrinone," >3 at least in the case of amrinone this
finding has been controversial.'?"' Wilmshurst et al.?
observed that the intravenous administration of amri-
none in doses that caused nearly a 50% increase in
cardiac index resulted in significant decreases in right
and left heart filling pressures, a 12% fall in mean
arterial pressure, and a 35% decrease in systemic vas-
cular resistance, but no significant change in any of
several isovolumic measures of inotropic state, includ-
ing peak positive dP/dt. Likewise, Firth et al.,'* using
graded-dose infusions of amrinone in patients with a
range of left ventricular function, demonstrated only a
lowering of left heart filling pressure without a signifi-
cant change in cardiac output, mean arterial pressure,
or positive dP/dt. Recent data obtained from isolated

Vol. 73, No. 1, January 1986

human ventricular myocardium from patients with
congestive heart failure also demonstrated no positive
inotropic effect of amrinone,' and it was concluded
that amrinone, and perhaps the cardiac bipyridines in
general, act only as vasodilators in most patients with
congestive heart failure.

These discrepant observations may be secondary to
basic differences in the ratio of positive inotropic to
vasodilator actions of amrinone and milrinone, or al-
ternatively, may be due to the substantially lower left
heart filling pressures in the studies failing to find an
increase in dP/dt. In three such studies,'* ' 16 baseline
left ventricular filling pressures (mean pulmonary cap-
illary or left ventricular end-diastolic pressures) were
substantially lower (range 15 to 22 mm Hg) than those
in our patients. We have observed that an excessive
reduction in left heart filling pressure with intravenous
administration of milrinone can result in a marked at-
tenuation of the drug’s apparent positive inotropic ef-
fect as reflected by peak positive dP/dt.? Thus an ex-
cessive reduction in preload caused by the intravenous
administration of a cardiac bipyridine, particularly in a
patient whose initial filling pressures are not elevated,
could obscure the drug’s positive inotropic action.
With regard to the few patients who did demonstrate an
apparent positive inotropic response in the study of
Wilmshurst et al.,’ it was postulated that increased
contractility was the result of an indirect effect of the
drug to increase sympathetic tone.!* This mechanism
cannot explain the positive inotropic effects of intra-
coronary infusion of milrinone in the present study
because there were significant decreases in both heart
rate and norepinephrine levels, suggesting that sympa-
thetic tone was actually reduced, most likely due to
reflex withdrawal. Because milrinone can cause coro-
nary vasodilation,” it is possible that a reduction in
myocardial ischemia contributed to improved pump
function. However, this seems unlikely because the
patients with coronary artery disease whom we studied
exhibited no evidence of ischemia at the time of study,
and similar effects occurred in the patients with idio-
pathic cardiomyopathy without coronary disease.

The results of this study indicate that milrinone’s
systemic vasodilator action also contributes important-
ly to the drug’s effects. Although coronary arterial
milrinone levels were not measured, based on an as-
sumed left main coronary blood flow of 125 ml/min,®
the 50 wg/min infusion would have resulted in coro-
nary arterial levels of approximately 400 ng/ml, com-
parable to the systemic levels achieved with the dose
(75 ng/kg) used for intravenous administration. How-
ever, intravenous infusion caused significant further
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increases in stroke work and stroke volume when com-
pared with those seen with the intracoronary infusion
(50 wg/min). Likewise, intravenous infusion caused
substantial further decreases in left and right heart fill-
ing pressures and in arterial pressure. The percentage
of overall improvement in ventricular function due to
direct myocardial effects of milrinone can be estimated
by comparing the hemodynamic changes resulting
from the intravenous bolus (75 ug/kg) with those re-
sulting from the intracoronary infusion (50 wg/min)
(figure 5). Approximately one-third of milrinone’s ef-
fect on pump function can be attributed to its direct
myocardial action.

The first significant hemodynamic changes during
intracoronary infusion of milrinone were decreases in
mean pulmonary capillary wedge and left ventricular
end-diastolic pressures. Since this effect occurred at a
very low intracoronary infusion rate of only 3.0 ug/
min, resulting in undetectable serum milrinone levels,
it is unlikely that this reduction in left heart filling
pressure was caused by a direct peripheral vascular
action of the drug. This finding is consistent with the
suggestion that milrinone may act directly on the myo-
cardium to enhance diastolic relaxation.”” Alternative-
ly, although it is possible that the early reduction in left
ventricular end-diastolic pressure may have been
caused by improved pump function or by a withdrawal
of sympathetic vasoconstriction due to drug-induced
hemodynamic improvement, this seems unlikely be-
cause the reduction in left heart filling pressure preced-
ed other overt evidence of an improved hemodynamic
status, including an elevation of dP/dt.

The decreases in heart rate and plasma norepineph-
rine with intracoronary infusion of milrinone suggest
that there was a withdrawal of sympathetic tone. Sys-
temic drug administration results in an increase in heart
rate in excess of that caused by an equihypotensive
infusion of nitroprusside,’ suggesting that milrinone
exerts a direct positive chronotropic action. However,
because the artery to the sinoatrial node arises from the
right coronary artery in the majority of patients, the
negative chronotropic action of infusion of the drug
into the left coronary artery is most likely mediated
indirectly. Mechanisms possibly involved in such a
reflex withdrawal of sympathetic tone include a direct,
digitalis-like sensitizing effect on myocardial mech-
anoreceptors,* activation of arterial baroreceptors due
to an increase in pulse pressure,” or stimulation of
cardiac receptors due to an increase in contractile
state.”

In summary, direct intracoronary infusion of milri-
none caused a dose-dependent increase in left ventricu-
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lar peak positive dP/dt in the absence of peripheral
vascular effects and resulted in significant hemody-
namic effects, including an increase in stroke work
index and decreases in left and right heart filling pres-
sures. The decrease in left heart filling pressure at very
low infusion rates may be caused by improved diastol-
ic relaxation properties. Additional important hemody-
namic effects attributable to direct peripheral vasodi-
lation were noted with systemic administration of
milrinone. These data support the hypothesis that mil-
rinone exerts a direct positive inotropic effect in pa-
tients with severe myocardial failure and that this
action contributes importantly to the overall hemody-
namic effects of the drug. The intracoronary infusion
technique can provide useful information in evaluating
the myocardial and peripheral vascular effects of drugs
with both positive inotropic and vasodilator actions.

We thank Diane F. Gauthier. R.N.. for her invaluable assis-
tance in the conduct of the study and Mrs. Susan McHale for
typing the manuscript.

References

1. Benotti JR. Grossman W, Braunwald E, Davolos DD. Alousi AA:
Hemodynamic assessment of amrinone: a new inotropic agent. N
Engl J Med 299: 1373, 1978
. LeJemtel TH. Keung E. Sonnenblick EH. Ribner HS. Matsumoto
M. Davis R, Schwartz W. Alousi AA, Davolos D: Amrinone: a
new non-glycosidic. non-adrenergic cardiotonic agent effective in
the treatment of intractable myocardial failure in man. Circulation
59: 1090. 1979
. Baim DS. McDowell AV, Cherniles J. Monrad ES. Parker JA.
Edelson J. Braunwald E. Grossman W: Evaluation of a new bipyri-
dine inotropic agent — milrinone — in patients with severe conges-
tive heart failure. N Engl ] Med 309: 748. 1983
4. Maskin CL. Sinoway B. Chadwick B. Sonnenblick EH. Lelemtel
TH: Sustained hemodynamic and clinical effects of a new cardio-
tonic agent, WIN 47203, in patients with severe congestive heart
tailure. Circulation 67: 1065. 1983

5. Jaski BE. Fifer MA. Wright RF. Braunwald E, Colucci WS: Posi-
tive inotropic and vasodilator actions of milrinone in patients with
severe congestive heart failure: dose-response relationships and
comparison to nitroprusside. J Clin Invest 75: 643, 1985

6. Alousi AA, Farah AE. Lesher GY. Opalka CJ Jr: Cardiotonic
activity of amrinone-WIN 40680. Circ Res 45: 666, 1979

7. Millard RW, Dube G. Grupp G. Grupp I, Alousi AA. Schwartz A:
Direct vasodilator and positive inotropic actions of amrinone. J
Mol Cell Cardiol 12: 647. 1980

8. Alousi AA, Stankus GP, Stuart JC, Walton LH: Characterization of
the cardiotonic effects of milrinone, a new and potent cardiac
bipyridine, on isolated tissues from several animal species. J Car-
diovasc Pharmacol 5: 804. 1984

9. Alousi AA, Canter JM. Montenaro MJ, Fort DI, Ferrari RA: Car-
diotonic activity of milrinone, a new and potent cardiac bipyridine.
on the normal and failing heart of experimental animals. J Cardio-
vasc Pharmacol §: 792, 1983

10. Harris AL. Wassey ML. Grant AM, Alousi AA: Direct vasodilat-

ing action of milrinone and sodium nitrite in the canine coronary
artery. Fed Proc 43: 928, 1984 (abst)

11. Grant AM. Harris AL, Alousi AA: Actions of amrinone and milri-

none in isolated rabbit renal artery. Fed Proc 43: 928, 1984 (abst)

12. Wilmshurst PT. Thompson DS, Dittrich HC, Dawson JR. Walker

JM. Jenkins BS. Coltart DJ. Webb-Peploe MM: Effects of intrave-
nous and intracoronary amrinone in congestive heart failure. Circu-
lation 66(suppl II): 11-137. 1982 (abst)

o

(98]

CIRCULATION



G20z ‘/ snbny uo Aq Bio'sfeusnofeye//:dny wouy papeoumoq

20.

THERAPY AND PREVENTION-CONGESTIVE HEART FAILURE

. Wilmshurst PT. Thompson DS, Jenkins BS. Coltart DJ. Webb-

Peploe MM: Haemodynamic effects of intravenous amrinone in
patients with impaired left ventricular function. Br Heart J 49: 77,
1983

. Wilmshurst PT, Walker M. Fry CH, Mounsey JP. Twort CHC,

Williams BT, Davies MJ. Webb-Peploe MM: Inotropic and vaso-
dilator effects of amrinone on isolated human tissue. Cardiovasc
Res 18: 302, 1984

. Firth BG, Ratner AV, Grassman ED, Winniford MD, Nicod P,

Hillis LD: Assessment of the inotropic and vasodilator effects of
amrinone versus isoproterenol. Am J Cardiol 54: 1331. 1984

. Wilmshurst PT, Thompson DS. Juul SM, Jenkins BS, Coltart DJ,

Webb-Peploe MM: Comparison of the effects of amrinone and
sodium nitroprusside on haemodynamics, contractility, and myo-
cardial metabolism in patients with cardiac failure due to coronary
artery disease and dilated cardiomyopathy. Br Heart J 52: 38, 1984

. Colucci WS, Fifer MA, Jaski BE, Wright RF: Considerations in the

hemodynamic evaluation of mixed inotropic-vasodilator agents in
patients with congestive heart failure. /# Braunwald E. Sonnen-
blick EH, Chakrin LW, Schwarz RP Jr. editors: Milrinone: investi-
gation of new inotropic therapy for congestive heart failure. New
York, 1984, Raven Press, pp 167-176

. Ganz W, Tamura K, Marcus HS, Donoso R. Yoshida S. Swan

HJC: Measurement of coronary sinus blood flow by continuous
thermodilution in man. Circulation 44: 181, 1971

. Benotti JR, Hood WB Jr: Dose-ranging study of intravenous mil-

rinone to determine efficacy and pharmacokinetics. /n Braunwald
E, Sonnenblick EH, Chakrin LW, Schwarz RP Jr. editors: Milri-
none: investigation of new inotropic therapy for congestive heart
failure. New York, 1984, Raven Press. pp 95-108

Kubo SH, Cody RJ. Chatterjee K. Simonton C. Rutman H. Leon-

Vol. 73, No. 1, January 1986

21.

22.

23.

24.

25.

26.

27.

28.

29.

ard D: Acute dose range study of milrinone in congestive heart
failure. Am J Cardiol 55: 726. 1985

Edelson J. Koss RF. Daker JF. Park GO: High performance liquid
chromatographic analysis of WIN 47203 in plasma in urine: intra-
venous pharmacokinetics in the dog. J Chromatogr F276: 456,
1983

Peuler D, Johnson G: Simultaneous single isotope radioenzymatic
assay of plasma norepinephrine, epinephrine, and dopamine. Life
Sci 21: 625. 1977

Wallenstein S. Zucker CL. Fleiss JL: Some statistical methods
useful in circulation research. Circ Res 47: 1, 1980

Quinones MA, Gaasch WH, Alexander JK: Influence of acute
changes in preload, afterload, contractile state and heart rate on
ejection and isovolumic indices of myocardial contractility in man.
Circulation 53: 293, 1976

Colucci WS, Wright RF, Jaski BE, Fifer MA, Braunwald E: Mil-
rinone and dobutamine in patients with severe heart failure: differ-
ing hemodynamic effects and individual patient responsiveness.
Circulation 73(supp! 1II) 1986 (in press)

Monrad ES, Baim DS, Smith HS, Lanoue A, Braunwald E. Gross-
man W: Effects of milrinone on coronary hemodynamics and myo-
cardial energetics in patients with congestive heart failure. Circula-
tion 71: 972, 1985

Monrad ES, McKay RG. Baim DS, Colucci WS, Fifer MA, Heller
GV, Royal HD, Grossman W: Improvement in indexes of diastolic
performance in patients with congestive heart failure treated with
milrinone. Circulation 70: 1030, 1984

Thames MD, Waickman LA, Abboud FM: Sensitization of cardiac
receptors (vagal afferents) by intracoronary acetylstrophanthidin.
Am J Physiol 239: H628, 1980

Longhurst JC: Cardiac receptors: their function in health and dis-
ease. Prog Cardiovasc Dis 27: 201, 1984

137





