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Short-Term Assessment of Left Ventricular Function,
Coronary Hemodynamics, and Catecholamine Balance in
Severe Congestive Heart Failure After a Single Oral Dose
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Summary: Systemic and coronary hemodynamics were
measured before and every 10 min after oral milrinone (10
mg) administration for 50 min, together with the drug
plasma level in 14 patients with congestive heart failure.
Left ventricular pressure (tip manometry), volume (angi-
ography), and derived indexes were simultaneously as-
sessed before and 60 min after milrinone treatment. Peak
positive dP/dt, V.., and peak velocity of contractile ele-
ment significantly increased 30 min after milrinone ad-
ministration by 15%, 37%, and 30%, respectively. An in-
crease 1n cardiac output (25%) with a consistent decrease
In systemic vascular resistance (20%) occurred after 40
min without major changes in heart rate and aortic pres-
sure. Right atrial pressure and minimal and end-diastolic
left ventricular pressures decreased significantly after 50
min, by 30%, 25%, and 20%, respectively. Peak — dP/dr

Increased despite a slight change in end-systolic pressure.
The time constants of relaxation, 7, and 7,, significantly
decreased by 15% after 50 min and by 16%. A transient
but significant increase of 40% in coronary sinus blood
flow was observed after 30 min, while myocardial oxygen
consumption was unchanged 50 min after milrinone treat-
ment. No changes were observed in catecholamine bal-
ance with milrinone. Ejection fraction increased signifi-
cantly (22%) after milrinone administration, as well as the
net work of left ventricle (27%). The increase of inotro-
pism 1n failing hearts with a parallel reduction in preload
and afterload makes milrinone a drug potentially useful in
the oral treatment of severe heart failure. Key Words:
Milrinone—Congestive heart failure— Left ventricular
function—Coronary circulation— Catecholamines.

Multiple studies have demonstrated the safety
and etficacy of intravenous and oral milrinone in
humans. Intravenous milrinone increased the end-
systolic wall stress versus fractional shortening re-
lationship without adverse effects in normal sub-
jects (1). Intravenous milrinone led to decreases in
right and left ventricular filling pressures accompa-
nied by significant increases in the maximal rate of
lett ventricular pressure rise and cardiac index in
patients with class 111 or IV congestive heart failure
(2,3). Oral milrinone led to significant increases in
exercise duration and maximal exercise oxygen
consumption i1n patients with congestive heart
tallure (4). Furthermore, an acute improvement in

indexes of diastolic performance in patients treated
with intravenous milrinone has been recently re-
ported (5). No significant adverse effects have been
reported with either intravenous or oral milrinone
(2-9).

Our study was undertaken to assess invasively
the short-term effects of a single oral dose of
milrinone on the central and coronary hemodys-
namics as well as on the myocardial catecholamine
and hypoxanthine metabolism. Furthermore, we
evaluated the left ventricular global performance
using angiography and pressure recordings which
allow a detailed analysis of isovolumic contraction
and relaxation and of early filling phase.
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METHODS

Study population

Fourteen patients with severe congestive heart failure
entered the study. There were 10 men and four women.
ranging 1n age from 49 to 71 years (mean, 59 += 6 years).
The chronic congestive heart failure was related to coro-
nary artery disease in 12 individuals and was of idiopathic
etiology 1n the remaining two. Patients with valvular
heart disease, hypertension, angina, or other evidence of
active myocardial ischemia were excluded from the
study.

Eleven patients were 1n sinus rhythm, with minor intra-
ventricular conduction disturbances in five cases; three
patients were 1n chronic atrial fibrillation. A previous
myocardial infarction had occurred in 10 patients and two
of them had undergone surgical revascularization of
myocardium. All patients were treated with digoxin and
diuretic therapy, and most received vasodilator drugs
such as nitrates or angiotensin-converting enzyme inhib-
itors. Based on the symptomatology and the New York
Heart Association classification, 12 patients were func-
tional class III and two patients were functional class 1V.
After the approval of the Ethics Committee of Erasmus
University, informed written consent was obtained.

Study protocol

All patients underwent right and left heart catheteriza-
tion in the morning and were in the fasting state. All va-
sodilators were discontinued for at least 24 h prior to the
study, while diuretics were continued until the evening
preceding the day of the study. A potential rebound phe-
nomenon after discontinuation of vasodilators has been
reported, particularly regarding nitrates withdrawal (10),
but the clinical stability of our patients after discontin-
uing the drug militates against this possibility. To avoid a
high heart rate at the time of the study, which could have
precluded reliable evaluation of i1sovolumic contraction
and relaxation, digoxin treatment was maintained but
not given on the morning of the study.

The parameters used to evaluate the hemodynamic
changes were obtained as follows: (a) triple-lumen Swan
Ganz thermodilution catheter (7F) in the pulmonary ar-
tery for recording of pulmonary artery pressure, right
atrial pressure, and cardiac output by thermodilution: (b)
coronary sinus thermodilution catheter of Webster for
measurement of coronary blood flow and atrial pacing.
advanced into coronary sinus from a right antecubital
vein. The catheter position was ascertained by initial
contrast injection and subsequent fluoroscopy: (c) either
(1) double micromanometer-tipped catheter (8F) in the
left ventricle for measurement of left ventricle and central
aortic pressures and administration of contrast for left
ventricular angiogram, (MTC-2P8L:; Honeywell) or (i)
angio microtip pigtail catheter (MTC-P8L; Honeywell) 1n
the left ventricle and separate tip manometer in the aorta
(MTC P5; Honeywell).

All catheters were inserted via a femoral approach.

Heart rate, pulmonary artery and right atrial pressures,
aortic and left ventricular pressures, pressure-derived 1n-
dexes of isovolumic relaxation (see below), coronary
sinus flow, and simultaneous arterial and coronary sinus
oxygen saturation could thus be measured. After a base-
line hemodynamic measurement, the following protocol
was started:

(a) Left ventricular cineangiography at atrial paced
heart rate 15 beats more than spontaneous heart
rate was performed at 50 frames/s in a 30° right
anterior oblique view by injection of nonionic
contrast medium (0.7 cc/kg metrizamide), which
has been shown to have no hemodynamic effect
(11). Care was taken to have the patient in a uni-
form position relative to roentgenogram equip-
ment during angiogram, which was performed
-with the breath in shallow inspiration. Simulta-
neous beat-to-beat analysis of left ventricular
pressure and its derived indexes was carried out
during cineangiography.

(b) At least 15 min after angiography and when
spontaneous heart rate and pressure values had
returned to control, baseline hemodynamic mea-
surements were repeated. At the same time, cor-
onary sinus blood flow was measured and arte-
rial and coronary sinus blood samples were
withdrawn to determine oxygen saturation, cate-
cholamines, and hypoxanthine.

(¢) Milrinone, 10 mg, was given orally.

(d) Every 10 min during the following 50 min, the
measurements were repeated as in protocol b.
Blood samples to determine the plasma concen-
tration of milrinone were withdrawn every 10
min. Blood samples to determine oxygen satura-
tion, catecholamines, and hypoxanthine were
withdrawn after 50 min.

(e) Left ventricular cineangiography at matched
atrial paced heart rate with simultaneous beat-
to-beat left ventricular pressure recording was
repeated 60 min after drug administration. The
three patients with atrial fibrillation were not
paced and heart cycles of similar length were se-
lected to compare the sequential left ventricular
anglograms.

Analysis of left ventricular pressure—derived indexes

Pressure measurements and left ventricular angio-
grams suitable for analysis of the parameters indicated
below were available in each of the 14 patients.

Left ventricular pressure was digitized at 250 samples/
s. Peak left ventricular pressure, minimal diastolic and
end-diastolic left ventricular pressures, peak positive and
peak negative dP/dt, the relation between dP/dt pressure
and total pressure linearly extrapolated to pressure 0
(V_..), and the peak velocity of contractile element (V)
were computed on-line after data acquisition of 20 s.

For off-line analysis of left ventricular pressure relax-
ation an updated version of the beat-to-beat program de-
scribed previously (12) was used with the following deti-
nitions: (a) pressure at the beginning of isovolumic relax-
ation (P,) is the pressure at the point at which dP/dr 1s
minimal (maximum negative dP/dt); and (b) pressure at
the end of isovolumetric relaxation (P,) 1s the pressure
less than or equal to the previous end-diastolic pressure,
but no less than 1 mm Hg. Although it 1s possible that the
latter definition may result in P, being measured just after
mitral valve opening, estimation of the time constants by
more stringent criteria, such as end-diastolic pressure +
10 mm Hg, did not result in a significantly better estima-
tion, and failed to measure pressure during high heart

rates.
Two techniques were implemented for the off-line
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beat-to-beat calculation of the relaxation parameters
(13,14). All required a minimum of eight samples (>32
ms) between P, and P,. No other computations were at-
tempted.

Semilogarithmic model. The semilogarithmic model
used was P(t) = P,e~Y"; where P i1s pressure, and P, 1s
equivalent to P, when a true exponential decay 1s present
starting from the time of peak negative dP/dt. The P, and
T parameters were estimated from a linear least squares
fitonlnin P = —t/r + In P,. In addition, a biexponential
fit for 1sovolumic relaxation was determined, character-
1zed by the two exponential time constants: the fit for the
first 40 ms (n = 8), 7,; and the fit after the first 40 ms, T,
(14).

Exponential model. The exponential model used was
P(t) = P.e V" + P,, with a nonlinear least squares fit of
P, for P,, P,, and T. P, represents the offset pressure the
system relaxes to for t infinitely greater than T. The 1so0-
volumic relaxation period 1s modelled only as a monoex-
ponential.

Hemodynamic measurements

Right heart and aortic pressures were recorded directly
and expressed as mean pressures; cardiac output was de-
termined 1n triplicate by thermodilution and expressed as
cardiac index. Systemic vascular resistance and stroke
volume index were calculated from standard formulae.

Coronary blood flow measurements

In 13 patients coronary sinus flow was measured by the
continuous thermodilution method of Ganz (15). Coro-
nary vascular resistance was derived from the ratio of
mean aortic pressure to coronary sinus blood flow. Myo-
cardial oxygen consumption (MVO,) was measured as
the product of coronary blood flow and arterial—-coronary
venous oxygen content differences. Myocardial oxygen
extraction was calculated as the difference between
aortic and coronary sinus oxygen content divided by ar-
terial oxygen content and was expressed as a percentage.
During the hemodynamic monitoring MVO, was calcu-
lated indirectly from the equations of Rook and Feigl (16)
and Bretschneider (17).

Catecholamine measurements

Adrenaline, noradrenaline, and dopamine were mea-
sured 1n duplicate with the radioenzymatic technique of
Peuler and Johnson (18) with slight modifications.
Normal basal values in our laboratory are as follows:
adrenaline and dopamine, 10-110 pg/ml; noradrenaline,
100-500 pg/ml. The transmyocardial noradrenaline re-
lease was calculated as follows: arterial — coronary sinus

noradrenaline X coronary blood flow (expressed as pg/
min).

Analysis of global systolic and diastolic left

ventricular function during angiography

From both cineangiograms, a complete cardiac cycle
was analyzed frame by frame. Films were projected with
a 35-mm film projector and converted into video format
with a videocamera (Philips, Eindhoven, The Nether-
lands). The ventricular contour was detected automati-
cally with a dedicated hard-wired system, the Contour-
omat (19). All contour data were coded in a special inter-
face and stored with a PDP 1134 minicomputer onto a
Rk-05 disk (Digital Equipment Co., Waltham, MA,
U.S.A). For each analyzed cineframe, left ventricular
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volume was computed according to Simpson’s rule.
where each videoline in the right anterior oblique (RAO)
image 1s taken to represent a circular slice of the left ven-
tricular lumen. After the end-diastolic and end-systolic
frames were determined, ventricular volumes and global
ejection fraction were calculated. End-diastole was de-
fined with reference to the point in the pressure trace at
which the derivative of left ventricular pressure first ex-
ceédded 200 mm Hg/s and in all cases coincided with the
maximal measured left ventricular volume (12). End-sys-
tole was defined with reference to the pressure tracing at
the occurrence of the incisura of the central aortic pres-
sure. The net work performed by the left ventricle (¢
PdV) was calculated as the pressure X volume product
from a complete cardiac cycle. Left ventricular wall
stress, assuming a relatively thin wall, was calculated ac-
cording to the following formula:

p'b ( b:)
g = - | 1
h 2a*

where p is the intraventricular pressure, a and b are the
major and minor hemiaxis, respectively, h 1s the wall
thickness, and o 1s the wall stress.

Drug level measurements and statistics

Plasma levels of milrinone were measured using a vali-
dated high-performance liquid chromatography proce-
dure (20). An 1socratic pressure liquid chromatographic
system was used for estimation of hypoxanthine in blood
(21). Results during hemodynamic monitoring are given
as means * SD after analysis of variance for repeated
measurements. When overall significance was found,
multiple comparisons were used to delineate which
paired comparisons were significantly different at the
0.05 level. Data before and after milrinone administration
were compared by paired Student’s 7 test. All the results
are expressed as means = SD.

RESULTS

Measurements during hemodynamic monitoring

Of the 14 patients studied, three had serum levels
of milrinone <50 ng/ml after 50 min. Table 1 sum-
marizes the changes in central hemodynamics fol-
lowing milrinone treatment. The heart rate as well
as pulmonary and aortic mean pressures remained
unchanged over the study period. The peak systolic
left ventricular pressure also did not change. Car-
diac index showed a progressive increase which
was significant after 40 min (from 2.0 = 0.6 to 2.5
+ (0.7 L/min/m?; p < 0.05). Concomitantly, sys-
temic vascular resistance decreased from 1,680 =+
400 to 1,408 = 600 dyne s cm ™" (p < 0.05) (Table 1
and Fig. 1). Stroke volume index increased from 23
+ 9t027 = 9 ml/m? (p < 0.05) after 40 min and to
28 = 9 ml/m? (p < 0.05) after 50 min (Table 1 and
Fig. 1). Right atrial pressure also showed a progres-
sive decrease during the first 30 min (from 9 = 5 to
7 = 7 mm Hg; p < 0.05), remaining stable during
the tollowing 20 min (Table 1).

The 1sovolumic phase indexes (peak + dP/dt,
V.ax. and V_.) increased early and significantly
(Fig. 2). In fact, peak + dP/dt (control value, 917 =+
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TABLE 1. Time course of changes in central hemodynamics after oral milrinone

Control 10 min 20 min 30 min 40 min 50 min
HR (beats/min) Q2%cELLS 89 + |8 92 = 18 04 + 17 04 + 17 94 + |8
CI (L/min/m?) 2006 1.9 + 0.6 2 + 0.6 2.3 = 0.7 2.5 * (.7 2.5k () 7a
SVR (dyne s cm ~°) 1.680 = 400 1.736 = 480 [.600 = 480 1.480 = 608 1.408 = 600° 1,384 = 702°
SV (ml/m?) 23,419 22 9 23 + 9 26 8 27 = 9b 28 + 9b
PAP (mm Hg) 36 = 14 37 14 35 =+ 14 31 + 14 33 + 14 33 %= 14
AoP (mm Hg) 36 el |2 82 %513 82 =16 7AS IR ) 1 8liizE 19 19 20)
LVSP (mm Hg) 109 = 28 106 22 1021 £ 1 103+ 19 10] = 17 100 = 19
RAP (mm Hg) 2 i 02 6 2 B =2 7 Y 6 + 6° 6 = 62

HR. heart rate: CI. cardiac index; SVR, systemic vascular resistance: SV, stroke volume index; PAP, mean pulmonary artery pres-
sure: AoP, mean aortic pressure; LVSP, left ventricular systolic pressure: RAP, mean right atral pressure.
ap <(0.0l.

%p<0:05,
222 mm Hg/s) increased progressively, reaching the drug administration (Fig. 2). V.. Increased signifi-
maximal value (1,119 = 385 mm Hg/s; p < 0.01) cantly after 30 min (from 28 = 7t035 £ 9s~ ;i p <
after 50 min, as did the peak V... Both parameters 0.05), remaining elevated over the study period
were already significantly elevated 30 min after (Fig. 2). As shown in Fig. 3, peak negative dP/dt

HEMODYNAMICS AFTER ORAL MILRINONE (10 mg)
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SYSTOLIC FUNCTION AFTER ORAL MILRINONE (10 mg)
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)
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FIG. 2. Time course of changes in left 727
ventricular isovolumic phase indexes

[peak + dP/dt, peak velocity of con-

tractile element (V.), and V...J over 18
50 min after oral milrinone treatment.
Within 30 min all the parameters were

significantly increased, remaining sig-

nificantly higher than the basal values

during the last 20 min. The curve rep- 1100
resenting the time course of milrinone

plasma level increase is also shown.

Mean (SEM) values are shown.

mmHg/sec.
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increased over the study period, reaching a peak
value after 50 min (from 827 = 209 to 904 *= 194
mm Hg/s; p < 0.01); the time constants of left ven-
tricular relaxation measured by the semilogarithmic
model showed a similar improvement. In fact 7,
which represents the fit for the first 40 ms, de-
creased significantly after 30 min (from 71 = 17 to
59 = 14 ms; p < 0.01) without further changes
during the last 20 min; 7,, which represents the fit
after 40 ms, also decreased significantly throughout
the study, from 54 = 14to 45 = 16 (p < 0.0)5).

The minimal and end-diastolic left ventricular

pressures both decreased during the monitoring pe-
riod, reaching the minimum after 30 min (Fig. 3).
The minimal diastolic pressure decreased from 13
+ 4t0o 10 = 7mm Hg (p < 0.05) and did not change
in the last 20 min; the end-diastolic pressure fell
from 25 = 6to 20 = 10 mm Hg (p < 0.01) without

Vmax
%
* % Peak Vce
# * Peak +dP/dt
iy
PLASMA
LEVEL
] e T e —— —r # p <0,05
0 10 20 30 40 50

Time after administration, min.

study, and 1t must be noted that the majority of sig-
nificant, beneficial effects occurred at a level be-
tween 150 and 190 ng/ml (Figs. 1, 2, and 3).

MVO, (Table 2 and Fig. 4)

Coronary blood flow progressively increased
during the first 30 min when 1t reached the peak
value (from 131 = 66 to 185 = 110 ml/min; p <
0.05), decreasing shightly (170 = 105 ml/min) during
the last 10 min. The myocardial arterial—-venous
difference 1n oxygen content decreased signifi-
cantly from 9 = 1.2to 7.8 = 1.1 vol% (p < 0.05),
and this decrease was mostly due to the significant
decrease 1n arterial oxygen content, from 16 = 2 to
15 = 2 vol% (p < 0.01). Nevertheless, myocardial
oxygen extraction decreased significantly from 55
+ 6% to.31 = 6% (p < 0.05).

Patients with severe heart failure when lying

further significant changes. Plasma levels of
milrinone showed a progressive increase during the

down, as 1s the case during cardiac catheterization,
may have an altered ventilation/perfusion ratio

J Cardiovasc Pharmacol, Vol. 11, No. 3, 1988
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DIASTOLIC FUNCTION AFTER ORAL MILRINONE (10mg)

26

mm Hg .

*
R R TS
9
*® *
*

78
msec. |
70 A
& : F* }**

51

950 7 L
mm Hg/ 3 3

T

secC. T % 3% 9%
900 -+
r

Aoe
850 - L ’/% s

e

+1

i

200 -

-
+
-

ng/ml

100 T
=2

ety T I = (e

0 10 20 30 40 50
Time after administration, min.

leading to some transpulmonary shunting. This tact
could explain the arterial hypoxemia observed after
1 h or more of supine position.

No net change in calculated MVO, was observed

50 min after milrinone administration. The lack of

changes in MVO, was observed in the study group
as a whole: however, the MVO, increased in five
patients, decreased in six patients, and did not
change in two, thus demonstrating a variability in
the balance between factors tending to increase or
reduce oxygen consumption. The indirect measure-
ments of MVO, over the study period failed to

T ime constant
of relaxation T

Left ventricular

23 _ #} end diastolic
* * ¥
20 3

pressure

Left ventricular
minimal diastolic
pressure

FIG. 3. Time course of changes in param-
eters of left ventricular diastolic perfor-
mance after oral milrinone administra-

1 tion. The peak —dP/dt significantly in-
creased within 30 min and the time
constant of relaxation (t,) decreased.
Both left ventricular minimal diastolic
and end-diastolic pressures dropped sig-
nificantly at the same time interval. Mean
(SEM) values are shown.

Peak - dP/dt

Plasma level

% P<.05
*% P<.01

show significant change despite an increased Ino-
tropic state of the failing myocardium (Table 2).
Thus. a decrease in arterial-venous difference in
oxygen content with no change in MVO, 1s CONSIS-
tent with a primary increase in coronary blood flow
and is not related to an increased myocardial ox-
ygen demand.

Myocardial metabolism

The changes in arterial and coronary sinus cate-
cholamine concentrations after milrinone are sum-
marized in Table 3. Coronary sinus venous nor-

J Cardiovasc Pharmacol, Vol. 11, No. 3, 1988
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TABLE 2. Time course of coronary hemodynamics after oral milrinone

CSBF AQO, VO, A-VO, MVO," MVO,® MVO,®
(ml/min) (vol%) (vol9) (vol%) (ml O,/ml) (ml O,/min/100 g) (ml O,/min/100 g)
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TABLE 2—(Continued)
CSBF AO, VO, A-VO, MVO," MVO,? MVO,®

Case (ml/min) (vol%) (vol7) (vol%) (ml O,/ml) (ml O,/min/100 g) (ml Oz/min_/l()() g)
12 A 107 20.0 9.2 7.8 V1.7 8.0 9.3

B 128 — —_— — — 6.9 8.2

& 123 == — — = 9.6 11.0

D 170 — === == — 10.3 11.8

E 159 — = = — 9.9 9.8

F 169 8.8 8.5 10.3 17.3 10 B3
13 A 304 16.6 7.4 9.2 28 6.7 9.7

B 364 — — — — 6.3 10.8

C 407 — — — — 6.6 10.9

D 392 — == — — 7.0 11.0

E 386 — - — = 6.6 10.9

F 393 15.8 78 ), 32 6.8 10.9
Mean values = SD

A 31 + 66 6 1.2 T4+ 1:6 Q]2 |3 6 7y = JU8 89418

B 132 = 80 — — — — .0 == 16 1085 1 S i (O

@ 163 =+ .10 — — — — 619 ]9 8:6.== 1./

D 85 = 1107 = = — — 7.5 &= 1.4 8. 7% 1.9

E 84 + 104° — . = — 77 (G ol 15 8.7 =% 1:5

F 702 105 15 + 24 T =8 a6 T:8 £ 1.1° I3 = 8 7.5 3= 1.6 86 = 1.5

A = baseline: B. C. D. E. F = 10. 20. 30, 40, and 50 min after milrinone administration.

CSBF. coronary sinus blood flow; AQO,. arterial oxygen content; VO,, coronary sinus oxygen content; A-VO,, arterial-venous
difference in oxygen content; MVO,", calculated myocardial oxygen consumption; MVO,*, indirect MVO,"9; MVO,?, indirect

MVO,!9
a Difference from baseline significant at p < 0.01 level.
b Difference from baseline significant at p < 0.05 level.

adrenaline concentrations were higher than arterial
noradrenaline values. There was no statistically sig-
nificant change in net myocardial noradrenaline re-
lease (—4.8 X 103 = 5.7 X 103 vs. —7.7 X 10° =+
1.3 x 103 pg/min). Coronary sinus venous adren-
aline concentrations were lower than arterial adren-
aline concentrations both before and after
milrinone administration and myocardial adrenaline
uptake was unchanged. Dopamine concentrations
were unchanged over the study period. The myo-
cardial arterial-venous difference of hypoxanthine
was 0.35 = 0.21 wM before milrinone and, on
average, did not change 50 min after drug adminis-
tration (0.62 = 0.45 pM).

Global left ventricular function (Table 4)

Left ventricular pressure—derived parameters
such as peak +dPldt, V.., and V. were all signifi-
cantly increased during the second left ventricular
angiogram. The net work performed by the lett
ventricle, expressed as the pressure X volume
product from a complete cardiac cycle (¢ PdV),
showed a significant increase from 2,222 = 1,099 to
2 814 + 1,439 ¢ m/m? beat (p < 0.01). The analysis
of isovolumic relaxation before and after milrinone
administration showed a significant increase in
peak negative dP/dt (from 824 = 216 to 959 = 304
mm Hg/s; p < 0.001), still present even after nor-
malization for end-systolic pressure. We observed a
concomitant, significant decrease in the constant of
relaxations 7 (global time constant measured from
the ‘‘semilogarithmic’® model), which decreased
from 68 + 21 to 58 = 21 ms (p < 0.001); 7, fit of the

first 40 ms fell from 70 = 15 to 60 = I8 ms (p <
0.001) and T, significantly decreased from 56 * 15
to 45 + 14 ms (p < 0.05). The minimal left ventric-
ular diastolic pressure significantly decreased trom
20 + 17 to 10 = 17 mm Hg (p < 0.001). The lett
ventricular end-diastolic pressure significantly
dropped from 29 = 10 to 20 = 11 mm Hg (p <
0.001). Despite a slight and nonsignificant decrease
of both end-systolic and end-diastolic volumes,
ejection fraction showed a small but significant in-
crease from 18 = 8% to 22 = 12% (p < 0.01). Lett
ventricular wall stress was unchanged, being 696 =
260 g/cm? before and 711 = 323 g/cm* after
milrinone treatment.

DISCUSSION

Acute administration of milrinone 1n severe con-
gestive heart failure results in substantial increases
in cardiac output accompanied by large reductions
in pulmonary wedge pressure, systemic vascular
resistance, and right atrial pressure, without signifi-
cant changes in heart rate or arterial blood pres-
sures (2,3;3=9).

An associated increase in cardiac contractility
has been demonstrated, but there is still disagree-
ment as to whether the inotropic or the vasodila-
tory effects of milrinone predominate. Our study
was undertaken to assess the short-term ettects of a
single oral dose of milrinone on the central and cor-
onary hemodynamics, as well as on the left ventric-
ular global performance, as evaluated by means of
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anglography and pressure recordings. To assess the
positive 1notropic effect of milrinone, we used the
Isovolumic phase indexes.

In the case of combined vasodilator and inotropic
agents, decreases 1n both preload and afterload
from the vasodilator component of the drug will re-
sult in a decrease in peak positive dP/dt. Therefore,
as found 1n this study, an increase in dP/dt and de-
rived parameters such as V_.. and V_, gives strong
evidence for a positive inotropic effect.

The angiographic ejection fraction—a parameter
never used before in the evaluation of milrinone —

despite a severely low basal value, showed a con-
sistent and significant increase (22%) despite the
small changes 1n end-systolic and end-diastolic
volumes. The analysis of the left ventricular pres-
sure X volume product during a complete cardiac
cycle, reflecting the net work of the left ventricle,
also confirmed the improvement in contractility
caused by milrinone. In fact, it has been demon-
strated that such an index should be considered a
reliable parameter of contractile efficiency unless
major changes in left ventricular end-diastolic
volume take place (22). That milrinone should be

TABLE 3. Catecholamines balance before and 50 min after oral milrinone (M)

Before M After M
Aorta Coronary sinus Aorta Coronary sinus
Noradrenaline (pg/ml) 620 = 117 988 + 183 622 + 93 954 = 168
Adrenaline (pg/ml) 168 + 26 123 = 14 1275 21 89: =+ [5
Dopamine (pg/ml) 167 = 27 153 =20 146 = 17 143 = 19
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TABLE 4. Left ventricular performance, at matched
paced heart rate, before and 60 min after oral milrinone

Control Milrinone
RR (ms) 613 =% 122 628 + 147
Peak +dP/dr (mm Hg/s) 1,014 = 365 1,164 = 388¢
V(831 27 k8 36. = 1}°
Peak: Vi (s) |8 =5 27 = 10
ESP (mm Hg) 700419 63 %713
ESVI (ml/m?) [45 26255 139 + S8
EF (%) I8 + 8 22+ 120
¢PdV (gm/m? beat) 2:222 = 1.099 2.814 + 1.439°
Peak — dP/dr (mm Hg/s) 824 + 216 959 + 304¢
Peak — dP/dt/ESP/s |25 1S =+ 44
I(ms) 68 = 21 58 = 2]¢
7, (MS) 70015 60 + 18
T, (MS) 36 = 1S 45 + 14¢
P, (mm Hg) 20: == 1i/ 10 0 )e
LVEDP (mm Hg) 29 = 10 20. = 1]¢
EDVI (ml/m?) 175 255 169 + 61

RR. cycle length: V.., velocity of contractile element; ESP.
end-systolic left ventricular pressure; ESVI, end systolic volume
index; EF, ejection fraction: $PdV, net work of left ventricle: 7.
global time constant from the “‘semilogarithmic™ model; 7, and
72, biexponential fitting: 7,. fit of first 40 ms: 7,. fit after 40 ms:
P_. ., minimal left ventricular diastolic pressure: LVEDP, left
ventricular end-diastolic pressure; EDVI, end-diastolic volume
index.

2 5,<0:05:

> p < 0.01.

cp < 0.001.

considered an inotropic drug with combined vaso-
dilatory action seems to be confirmed by a recent
report of Jaski et al. (3), who compared intravenous
milrinone to nitroprusside at doses producing sim-
ilar falls in mean aortic pressure. This study dem-
onstrated that, at an equivalent level of afterload
and despite a lower preload, milrinone nduced
greater improvement in myocardial performance
than nitroprusside.

Furthermore, more recently, Ludmer et al. (23)
clearly demonstrated that intracoronary adminis-
tration of milrinone leads to a dose-related increase
in inotropic state of failing myocardium 1n the ab-
sence of concomitant changes in either loading
conditions or heart rate. Thus, even if our study
was not designed to assess the relative inotropic
and vasodilator components of milrinone’s action,
our results suggest that oral administration of this
agent caused a positive inotropic action as well as a
vasodilator action in patients with severe conges-
tive heart tailure.

[sovolumic relaxation

A previous study reported altered early relax-
ation in patients with congestive cardiomyopathy
and heart failure (24). Furthermore, in patients with
chronic ischemia the resting alteration in left ven-
tricular relaxation is probably due to the presence
of fibrotic scar tissue within still viable myocar-
dium affecting the biochemical processes of activa-
tion-contraction-relaxation (25). In our study, de-
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spite a severe resting abnormality 1n 1sovolumic
relaxation, we observed a consistent improvement,
toward normal, of such parameters. These results
suggest an important, and probably still under-
scored, component of improved early diastolic
function in the overall hemodynamic improvement
observed in patients with congestive heart failure
treated with milrinone.

- We evaluated the isovolumic relaxation period by
using a biexponential model. The oral administra-
tion of milrinone shortened quickly and signifi-
cantly some of the most sensitive indexes of left
ventricular pressure decay, such as the time con-
stant for the first 40 ms of the relaxation phase (7,).
[t has been postulated that an improvement in left
ventricular systolic function could lead to an im-
proved relaxation which 1s an active process ener-
gized by the preceding systole (26). Recently, 1t has
been demonstrated that an increase in contractility
does not necessarily lead to improved myocardial
relaxation (27), so that contraction and relaxation
are not necessarily coupled processes. Thus, it
seems conceivable that the improvement observed
in isovolumic relaxation is due to a direct, although
still undefined, effect of milrinone on the intracel-
lular biochemistry rather than to the effect of
milrinone on left ventricular loading.

Coronary hemodynamics

Together with global hemodynamic improve-
ment, we observed throughout the study a signifi-
cant increase in coronary blood flow peaking at 30
min. Furthermore, a decrease in aortic—coronary
sinus difference in oxygen constant, occurring to-
gether with a decrease in myocardial oxygen ex-
traction, appeared to be the result of primary rather
than secondary vasodilation. Such a vasodilating
effect on the coronary circulation in patients with a
chronic coronary artery disease as a cause of heart
failure could lead to an inappropriate flow distribu-
tion with a consequent coronary steal phenomenon.
We did not record any clinical or electrocardio-
eraphic evidence of possible drug-related 1schemia
during the study period, and the myocardial arte-
rial—venous difference of hypoxanthine was on
average unchanged 50 min after milrinone adminis-
tration.

The effect of an inotropic agent on myocardial
oxygen demand depends on its effects on the heart
rate. contractile state, and left ventricular wall
stress (a function of chamber size, intracavitary
pressure, and wall thickness). It has been demon-
strated that among these three major determinants
of MVO,, contractile state contributes to a lesser
extent to left ventricular oxygen requirements (28).
We did not observe any change in heart rate, and
wall stress remained unchanged 60 min after
milrinone administration. In our patients with se-
vere heart failure, milrinone caused, on average, no
increase in MVO, either calculated or measured.

J Cardiovasc Pharmacol, Vol. 11, No. 3, 1988



268 .. PISCIONE E1 AL,

These findings suggest that the drug improved car-
diac performance without worsening the balance
between myocardial oxygen supply and demand,
although some individual variability in response 1s
evident (29).

In other words, this beneficial effect of milrinone
possibly depends on its vasodilator action which
tends to reduce myocardial oxygen demand,
thereby counterbalancing the expected increase
caused by an augmented contractility.

Myocardial catecholamines balance

In patients with heart failure an enhanced sys-
temic and cardiac sympathetic tone associated with
low cardiac output has been documented (30). Ar-
terial noradrenaline concentrations reflect systemic
activity, whereas changes in net myocardial nor-
adrenaline release can be used to assess cardiac
sympathetic activity (31). In our patients both pa-
rameters were elevated, thus demonstrating a
heightened systemic and cardiac sympathic ac-
tivity. After milrinone treatment, no changes oc-
curred either in arterial noradrenaline concentra-
tion or in net myocardial noradrenaline release, de-
spite a marked improvement in left ventricular
function. Since increased sympathetic activity has
been regarded as a reflex response to impaired left
ventricular function in patients with heart tailure,
‘the improvement observed after milrinone would
have decreased sympathetic activity 1n our pa-
tients. However, despite the marked increase iIn
cardiac output and the lack of change in arteral
pressure, no changes were observed In parameters
reflecting both systemic and cardiac sympathetic
activity.

These findings suggest that an acute improve-
ment in left ventricular function after oral milrinone
treatment 1s not immediately associated with retlex
decrease in systemic or cardiac sympathetic ac-
livity.

Conclusions

Potential limitations of our study should be taken
into account. First of all, hemodynamic measure-
ments at rest do not reflect the actual myocardial
function, and exercise hemodynamics are a more
reliable way to measure improvement in cardiac
function. However, the severity of symptoms in our
patients precluded exercise testing.

The majority of our patients were coronary pa-
tients and therefore the global measurements of
coronary blood flow and oxygen content in the cor-
onary sinus, as well as, of course, the calculation of
global MVO,, do not reflect what happened 1n dif-
ferent myocardial regions.

In summary, a single oral dose (10 mg) of
milrinone produced in patients with severe conges-
tive heart failure an evident global improvement of
systolic and diastolic myocardial function without
positive chronotropic effects and/or reduction 1n

J Cardiovasc Pharmacol, Vol. 11, No. 3, 1988

mean aortic pressure—effects typical of a pure or
predominant vasodilator agent which often limits
its use in patients already in a compromised hemo-
dynamic state. A primary coronary vasodilator ac-
tion of milrinone was evident, although further
studies are needed to more accurately investigate
the continuous balance between myocardial oxygen
supply and demand, particularly in patients with
evidence of 1schemia.
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