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Effects of enalapril on myocardial noradrenaline
overflow during exercise in patients with chronic
heart failure
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SUMMARY The effects of the angiotensin converting enzyme inhibitor enalapril on myocardial
sympathetic tone, as represented by noradrenaline overflow, were studied in 14 men with
congestive heart failure (mean ejection fraction 20%) in a double blind crossover comparison with
placebo. Arterial and coronary sinus catecholamine concentrations and oxygen content, and
coronary sinus blood flow, were measured at rest and during peak symptom limited upright
exercise on a bicycle ergometer. There were no significant changes four hours after the first dose of
enalapril, but after six weeks oftreatment (10-20 mg/day) enalapril reduced myocardial overflow of
noradrenaline at peak exercise. The external workload (exercise duration) increased from baseline
values after both placebo and enalapril, and there was no difference between placebo and enalapril
at six weeks. Heart work, however, was lower after enalapril: stroke work index was reduced at rest

and the double product was lower at peak exercise. The reduction in maximal myocardial oxygen

consumption after enalapril did not reach statistical significance. Coronary sinus adrenaline
concentrations after enalapril and after placebo were not significantly different.
The long term reduction of myocardial sympathetic activity on exercise may represent a

significant benefit from angiotensin converting enzyme inhibition in heart failure and may reflect a
reduced cardiac workload.

In congestive heart failure the sympathetic drive is
increased,' as manifest by raised blood concentra-
tions of noradrenaline' in association with reduced
myocardial noradrenaline content and down regula-
tion of i, receptors.3 Noradrenaline concentrations in
the coronary sinus are also raised at rest, suggesting
an increased sympathetic drive to the heart in chronic
heart failure.4"

Angiotensin converting enzyme inhibitors have
proved beneficial in the treatment of chronic heart
failure."'0 There is also evidence that they reduce
raised systemic concentrations of noradrenaline" 12
and that they may reduce the incidence ofventricular
arrhythmias." " It is possible that some of their
beneficial effects may be mediated through actions on
myocardial sympathetic stimulation.
We investigated the short term and long term
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effects of the angiotensin converting enzyme
inhibitor enalapril on arterial and coronary sinus
noradrenaline concentrations at rest and on exercise
in patients with heart failure.

Patients and methods

We studied 14 men aged 30-69 (mean (SD) 50 9
(11-5)); 11 had coronary heart disease without
evidence of effort related myocardial ischaemia and
three had dilated cardiomyopathy. Nine were in New
York Heart Association class II and five were in class
III. Radionuclide ejection fractions on entry to the
study ranged from 10% to 39% (mean (SD) 20
(8)%). All patients were treated with constant doses
of digoxin (0-25 (0-09) mg/day) and diuretics
(frusemide 114 (123) mg, n = 14; amiloride 8-5 (2 4)
mg/day, n = 10) throughout the trial.

All the patients gave written informed consent and
completed a 12 week double blind placebo controlled
randomised crossover trial. All patients were studied
five times, during three separate study days at the
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beginning and end of two six week periods. They
were studied first on entry to the trial (baseline data),
and thereafter they were randomised to receive
enalapril 10 mg orally or matched placebo. Four
hours later we measured the short term data. Treat-
ment was continued, and increased after two weeks to
enalapril 20 mg/day or placebo two tablets per day, if
there were no symptoms suggestive of hypotension
or other unwanted effects. After six weeks, patients
were studied again four hours after the last dose of
enalapril or placebo (long term data), and then given
the first dose of the alternative treatment. The
protocol was repeated, with short term data being
obtained four hours after this dose, and long term
data six weeks later at the end of the study and four
hours after the last dose. During long term treatment
12 patients received enalapril 20 mg/day and two
patients took 10 mg/day.
On each occasion patients completed a maximal

symptom limited exercise test on a bicycle ergometer.
They had at least two training tests before entry into
the study, and the exercise protocol was uniform.
The initial workload of 25 W was increased by 25 W
every three minutes until exercise was limited by
dyspnoea or fatigue. Recordings were made in the
same sequence, first at rest (sitting on the bicycle) and
then at peak exercise.
Measurements of haemodynamic function and

blood samples for estimation of oxygen saturation
and adrenaline and noradrenaline concentrations
were obtained from a cannula in the radial artery, a
Swan Ganz catheter in the pulmonary artery, and a
Baim catheter'4 in the coronary sinus; the proximal
thermistor and sampling port of the Baim catheter
were placed about 2 cm beyond the coronary sinus
orifice. A satisfactory coronary sinus catheter posi-
tion, confirmed by the injection of 5 ml of low
osmolar contrast medium, was obtained in 75% of
tests. During the measurement of cardiac output we
confirmed that in these patients the recordings of the
coronary sinus thermistor were not altered by the
injection of an ice cold bolus of 5% dextrose into a
central vein-this showed that there was no evidence
of reflux from the right atrium into this portion ofthe
coronary sinus at rest or on exercise.'5 Previous
radiographic studies showed that such catheters were
stable during bicycle exercise.'6 After insertion of the
catheters, the patients rested for at least one hour
before the first measurements.
Blood flow in the coronary sinus was measured

with an Elecath Baim coronary flow system (Electro
Catheter Corporation) during an infusion of 5%
dextrose at 40 ml/minute at room temperature.
Plasma catecholamine concentrations were estimated
by high pressure liquid chromatography with elec-
trochemical detection.'7 Myocardial overflow of
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adrenaline or noradrenaline was calculated as the
product of the difference between aortic concentra-
tions of adrenaline or noradrenaline and coronary
sinus concentrations, and the coronary sinus plasma
flow, which was calculated as: coronary sinus blood
flow x (1 - venous haematocrit). The haematocrit
for this last calculation was measured in a venous
blood sample taken at rest within 24 hours ofthe start
of each study day. Total body oxygen consumption
was calculated as the product of systemic arterioven-
ous oxygen content difference (in ml/l) and cardiac
output (the mean of three separate thermodilution
curves) divided by body weight.'8 Myocardial oxygen
consumption was calculated as the product of the
difference between the aortic and coronary sinus
oxygen contents and coronary sinus blood flow.
Stroke work was calculated as the product of stroke
index (cardiac output divided by heart rate, per m2
body surface area) and the difference between the
mean systemic arterial and the mean pulmonary
capillary wedge pressures.
The results were analysed first according to the

method of Hills and Armitage for a crossover trial.'9
There were no significant period or carry over effects
on the long term data reported in this study. Baseline
data were incomplete in six men because of initial
inexperience in coronary sinus catheterisation, but
long term treatment data were obtained in most
subjects. We therefore report the results of paired t
tests to compare the long term effects of enalapril
with those of placebo. We also used paired t tests to
compare the long term effects of enalapril or placebo
with baseline values.

Short term effects were compared with control
data obtained according to the randomised treatment
order either at baseline or after the last dose of
placebo, but in each case just before the first dose of
enalapril.
We used Spearman's rank correlation method. A

value ofp < 0*05 was regarded as significant for two
tailed tests.

Results

The effects of enalapril on haemodynamic
measurements and circulating concentrations of
hormones have been reported in detail elsewhere.2'
Table 1 summarises the haemodynamic effects of
long term treatment. We confirmed that enalapril
lowers systemic vascular resistance and blood pres-
sure, and it also lowered pulmonary capillary wedge
pressure at rest. Symptoms were significantly
improved after treatment for six weeks, although the
exercise tolerance was unchanged. Enalapril
increased plasma renin activity and reduced aldos-
terone concentrations, as expected, but did not affect
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Table 1 Summary of systemic effects of enalapril during long term treatment

Baseline Placebo Enalapril Percentage difference

Rest Exercise Rest Exercise Rest Exercise Rest Exercise

Heartrate(beats/min) 83(15) 114(22) 88(14) 128(34) 94(20) 124(26) +63 -2-7
Mean arterial blood pressure
(mm Hg) 90 (16) 99 (15) 94 (14) 103 (10) 76 (14) 87 (17) -19 4* -15-9*

System vascular resistance
(dyne.s.cm'5) 2189 (1003) 1178 (394) 2084 (319) 1177 (388) 1756 (341) 1014 (363) -15.7* -13-8

Pulmonary capillary wedge
pressure (mm Hg) 11 (8) 19 (13) 13 (11) 19 (9) 9 (7) 16 (10) -28-3* -14-6

Cardiac index (1/min/m2) 2-0 (03) 4-0 (1-5) 1-9 (0 2) 4-2 (1-4) 1 9 (0-2) 4 0 (1-2) -3-6 -6-0

Results are mean (SD). Percentages refer to changes from placebo values during enalapril treatment. *p < 0 05; n = 14.

systemic concentrations of adrenaline or noradren-
aline.

Table 2 summarises the short term effects of
enalapril on myocardial function. There were no

significant changes in coronary sinus blood flow,
myocardial oxygen consumption, or catecholamine
concentrations in the coronary sinus, either at rest or
at peak exercise. There were no short term alterations
in the myocardial overflows of adrenaline and
noradrenaline by enalapril, but there were very wide
variations between patients. Negative values for
overflow imply net myocardial uptake.

Six weeks of treatment with enalapril produced no
significant change in exercise tolerance. The mean

(SD) exercise duration was 578 (282) s, compared
with 615 (288) s after six weeks of placebo; both
figures were higher than baseline values (538 (282) s),
but there were no significant differences between
enalapril and placebo values. There was also little
change in total body oxygen consumption, which was
reduced by 18% at peak exercise (NS) after enalapril
compared with placebo. However, heart work was

reduced: the double product (systolic blood pressure
x heart rate) was 18-6% lower after enalapril than
after placebo at rest (p < 005) and by 206% at peak
exercise (p < 0 05) (table 3), and the stroke work
index at rest was 22% lower after enalapril than after
placebo (p < 0O05). Myocardial oxygen consump-
tion was also lower after enalapril, by 10O5% at rest

and 25-8% at peak exercise, but these changes were

not statistically significant. Coronary sinus blood
flow was 5 9% lower at rest and 16-1% lower at peak
exercise (both NS); the difference in oxygen content
between arterial and coronary sinus blood was 7-2%
lower at rest and 12.5% lower at peak exercise (both
p < 0-05).

Arterial noradrenaline concentrations were un-

altered after six weeks' treatment with enalapril but
noradrenaline concentrations in the coronary sinus
were lower than after placebo by 17-30% at rest (NS)
and by 27-1% at peak exercise (p < 0 05) (table 3).
Myocardial overflow of noradrenaline was 550%
lower at rest (NS) and 88% lower at peak exercise
(p < 0 05). It was also substantially lower after
enalapril than at baseline, both at rest and on

exercise.
The mean concentration of adrenaline in the

coronary sinus and the myocardial overflow ofadren-
aline were higher at rest after enalapril that at
baseline, burmyocardial adrenaline metabolism after
long term treatment with enalapril was not sig-
nificantly different from long term treatment with
placebo. The negative values sometimes obtained
may reflect transmyocardial metabolism of adren-
aline or net uptake of adrenaline.

Myocardial oxygen consumption correlated well
with double product (p = + 0-62, p < 0 001,
for 101 paired observations), and both correlated

Table 2 Comparison between myocardialfunction (mean (SD)) after short term treatment with enalapril and control data
(baseline or placebo) (n = 9 unless otherwise indicated)

Control Enalapril

Rest Exercise Rest Exercise

Coronary sinus blood flow (ml/min) 132-8 (43-8) 183-4 (82 5) 124-5 (61-7) 185-0 (107-0)
n= 10 n= 10

Myocardial oxygen consumption (ml/min) 18-1 (5-7) 26-2 (13-0) 26-2 (29 2) 38-5 (35-0)
n= 10 n= 10

Coronary sinus noradrenaline (pg/ml) 624 (300) 1199 (467) 628 (231) 1091 (712)
Coronary sinus adrenaline (pg/ml) 543 (621) 805 (743) 609 (715) 705 (823)
Myocardial overflow of adrenaline (ng/min) -4-7 (24-8) -14 7 (44-3) 0 9 (16-9) -0 5 (15-8)
Myocardial overflow of noradrenaline (ng/min) 10-1 (22 6) 17-3 (48-4) 2-4 (19 8) 10-6 (97-8)



Table 3 Effects (mean (SD)) of long term treatment with enalapril and placebo on myocardialfunction

Baseline Enalapril Placebo

Rest Exercise Rest Exercise Rest Exercise

Coronar'y sinus blood flow (ml/min)

Coronary sinus 02 saturation (%)

Arterial-coronary sinus 0, content
difference (ml/dl)

Myocardial oxygen consumption
(ml/min)

Coronary sinus noradrenaline
(pg/ml)

Coronary sinus adrenaline (pg/ml)

Myocardial overflow of
noradrenaline (ng/min)

Myocardial overflow of adrenaline
(ng/min)

Stroke work index (ml.mm Hg/m2)

Double product (nun Hg.min)

118-5 (32 9)
n = 8
34-8(74)
n = 9
12-8 (2-7)
n=9
16-2 (5-7)
n= 8
672 (385)
n= 8
240 (364)
n = 8
19-8 (28 3)
n = 8
-0-8 (50 6)
n= 8
1895 (622)
n = 14
10 693 (2364)
n = 14

*p < 0 05 for enalapril v placebo.
tP < 0-05 for enalapril or placebo v baseline.

weakly with myocardial noradrenaline overflow
(p = +030,p < 0-01,andp = +0-27,p < 005,
respectively).

Discussion

Patients with chronic heart failure have raised con-
centrations of noradrenaline in peripheral blood,2
reflecting increased sympathetic activity. On exer-

cise, systemic noradrenaline concentrations increase,
so that for any given external workload noradrenaline
concentrations are higher in patients with heart
failure than they are in normal individuals.2' Exercise
in normal subjects also increases the concentration of
noradrenaline in the coronary sinus more than in
arterial blood.' In patients with heart failure
noradrenaline release into the coronary sinus is
increased at rest, implying abnormally, high sym-
pathetic drive to the heart.52' We showed that with
exercise there was a further increase in sympathetic
stimulation to failing hearts.

In this study noradrenaline release from myocar-
dial sympathetic neurones was not measured di-
rectly, but it was estimated from the calculated
myocardial noradrenaline overflow. Previous studies
showed that calculated overflow accurately reflects
true release24; the assumptions implicit in such cal-
culations (for example that rates of noradrenaline
reuptake are constant) are valid except at very much
lower flow rates than any in the present study.25 It is
also unlikely that the results were influenced by
changes in venous haematocrit on exercise. Although

corrections for plasma flow were made by using a

single haematocrit measurement taken at rest on each
study day, the reduction in plasma volume on

exercise is likely to have been as little as 47o%2627"Any
consequent slight overestimation of catecholamine
overflow on exercise would have affected both
placebo and treatment data, and it is unlikely that this
could have significantly influenced the results.
Similarly, any reduction in coronary sinus oxygen
saturation due to ischaemia would have affected both
placebo and treatment data; however, there was no

symptomatic or electrocardiographic evidence of
exercise induced ischaemia in any of these patients.
The statistical data from this study were analysed

by the methods ofHills and Armitage for a crossover

trial.'9 There were significant period effects influenc-
ing short term placebo data, and so the short term
effects of enalapril (summarised in table 1) were
studied with an analysis of variance of data from the
first study day only.20 A full Hills-Armitage analysis
was hampered by missing data caused by failed
coronary sinus catheterisation on some occasions.
However, a Hills-Armitage analysis of those varia-
bles for which full data were available, showed no

period or order effects on long term results. The
longer term effects were therefore studied by paired t
tests. We report in particular the comparisons bet-
ween long term enalapril and long term placebo data,
since this is the most important comparison in a

crossover study, once carry over effects have been
excluded. The standard deviations of several varia-
bles in this study are quite large, because of wide

162-3 (66 8)
n= 8
30-4(9-1)
n = 9
14-1 (2-9)
n= 9
24-5 (12-5)
n= 8
1117 (567)
n = 8
394 (515)
n= 8
47-5 (70 4)
n = 8
-4-7 (25-3)
n = 8
2717 (848)
n = 14
17 427 (5817)
n = 14

133-3 (39 3)
n = 12
33-4 (6 8)
n = 11
12-4 (1-4)*
n = 11
16-9 (49)
n = 11
930 (464)
n = 11
888 (896)t
n = 11
9-0 (665)t
n = 11
17-4 (34-3)t
n = 11
1412 (454)*t
n = 14
9799 (2016)*
n = 14

201-3 (80 5)
n = 12
32-7 (9 6)*
n = 12
12-4 (2 4)*
n = 12
26-1 (12-9)
n = 12
1491 ((647)*
n = 12
890 (907)
n = 12
10-6 (105-8)*t
n = 12
26-4 (90-1)
n = 12
2336 (1151)
n = 14
16 903 (5722)*
n = 14

141-7 (53 0)
n = 11
31-1 (6 5)
n = 12
13-3 (20)
n = 12
18-9 (6 7)
n = 11
1124 (868)
n = 12
492 (544)
n = 12
20-2 (75-1)
n = 12
0-1 (23-6)
n = 12
1806 (502)
n = 14
12 051 (2985)
n = 14

239-8 (116)
n = 11
26-4 (6 4)t
n = 12
14-2 (2-1)
n = 12
35-2 (18-7)
n = 11
2044 (1052)
n = 12
653 (679)
n = 12
92-5 (133-3)
n = 12
-4-0 (46-7)
n = 12
2844(1080)
n = 14
21 292 (6576)t
n = 14
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biological variability and comparatively small num-
bers of observations, so that although some changes
(such as the reduction in peak myocardial oxygen
consumption) were not statistically significant they
may nevertheless be real and of clinical importance.
The short term effects of captopril, a combination

of hydralazine and isosorbide dinitrate,'2 and the
inotropic vasodilator MDL 17043'2 on myocardial
catecholamine overflow in congestive heart failure
have been studied at rest. Captopril and MDL 10743
did not alter the differences between arterial and
coronary sinus noradrenaline concentrations or
overflow, but overflow was increased by the
hydralazine and isosorbide dinitrate combination. In
the present study, enalapril similarly had no short
term effect on myocardial noradrenaline overflow,
either at rest or on exercise.
We found that myocardial noradrenaline overflow

at peak exercise in patients with congestive heart
failure was much lower when they had taken enalapril
for six weeks than when they had taken placebo. This
occurred despite similar levels ofexercise, as assessed
by duration ofexercise or by calculated total maximal
oxygen consumption. The reductions in stroke work
index at rest and in double product on exercise,
together with a substantial (but not statistically
significant) fall in calculated myocardial oxygen
consumption on exercise, all imply a reduction in
myocardial energy requirements on exercise after
enalapril. The reduced overflow of noradrenaline
may thus be a secondary effect of enalapril, reflecting
a reduction in cardiac workload or improvement in
cardiac efficiency at any given external workload.
Alternatively, it may reflect a direct reduction of the
sympathetic drive that is mediated via high concen-
trations of angiotensin II .30 31

In congestive heart failure the normal increase in
heart rate and blood pressure on tilting is blunted,
because of decreased tonic inhibition of vasomotor
centres by cardiac mechanoreceptors, and because of
the impaired ability of the arterial baroreceptors to
modulate sympathetic outflow.32 The lack of increase
in heart rate in the present study, despite a fall in
blood pressure, implies that there may have been
some resetting of the baroreceptors. In a previous
study with captopril the expected increase in heart
rate on tilting did not occur, suggesting a parasym-
pathetic abnormality.33
The effects reported in this study of enalapril on

myocardial function show a mechanism by which
angiotensin converting enzyme inhibition may
produce a considerable benefit in heart failure. High
plasma concentrations of noradrenaline at rest
correlate with poor exercise capacity in heart failure'
and with mortality,35 and high levels of sympathetic
activity may contribute to potentially dangerous

arrhythmias in this condition.6 A therapeutic reduc-
tion in sympathetic drive to the heart may thus be
beneficial.

We thank Merck Sharp and Dohme Limited for their
support of this study.
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