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Haemodynamic response to myocardial ischaemia
during unrestricted activity, exercise testing, and
atrial pacing assessed by ambulatory pulmonary
artery pressure monitoring
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SUMMARY Ambulatory pulmonary artery pressure monitoring by means of a transducer tipped
catheter with a simultaneous frequency modulated electrocardiogram and a miniaturised tape
recorder was used to study the haemodynamic implications of ST segment depression in patients
with coronary artery disease. Nineteen male patients (mean (SD) age 58 (11) years) with clinical
and angiographic evidence of coronary artery disease were studied together with six controls.
Changes in the ST segment and pulmonary artery diastolic pressure during treadmill exercise,
atrial pacing, and unrestricted ambulant activity were analysed. During exercise, pulmonary
artery diastolic pressure rose significantly in patients with coronary artery disease but not in the
controls. One patient with ST depression > 1 mm did not have a rise in pulmonary artery
diastolic pressure on exercise; two had a rise in pulmonary artery diastolic pressure with no ST
segment change despite severe angina. The pulmonary artery diastolic pressure tended to rise
before or simultaneously with the onset of ST segment depression. The haemodynamic response
to atrial pacing was similar in normal controls and patients with coronary artery disease. During
ambulatory monitoring there were 29 episodes of ST segment depression all of which were
associated with a rise in pulmonary artery diastolic pressure and chest pain. The onset of ST
segment depression occurred before a rise in pulmonary artery diastolic pressure in 11 episodes,
was simultaneous with it in 1 1, and followed it in seven episodes. During exercise and ambulatory
monitoring there was a correlation between the magnitude of ST segment depression and the rise
in pulmonary artery diastolic pressure. Pain was a late feature during exercise, atrial pacing, and
anginal episodes.
This technique for the first time allows the relation between ST segment changes and hae-

modynamic alterations in left ventricular function to be assessed in ambulant patients with coro-
nary artery disease.

During angina pectoris there is a rise in left ventric- used fluid filled catheters and external transducers
ular filling pressure that causes an increase in pul- and have all been based either in the catheter labora-
monary artery wedge pressure and pulmonary artery tory or in the coronary care unit.2 3 In these studies
diastolic pressure.' Previous studies of the hae- the changes in left ventricular end diastolic pressure
modynamic changes in patients with angina have have been documented in exertional angina4 and

during atrial pacing2 5 6 but in none of these studies
has ambulatory recording been performed and the

Requests for reprints to Dr Richard D Levy, National Heart Hos- exact relation of changes in the ST segment the
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onset of haemodynamic alterations has not been
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Haemodynamic response to myocardial ischaemia

We have applied the technique of ambulatory pul-
monary artery pressure monitoring by a transducer
tipped catheter and a simple recording system to
study the haemodynamic changes during treadmill
exercise, atrial pacing, and unrestricted daily
activity in patients with coronary artery disease and
in normal controls.

Patients and methods

Nineteen male patients (mean (SD) age 58 (11)
years) with clinical and angiographic evidence of
coronary artery disease were studied. All had a posi-
tive exercise test and nine had had a previous myo-
cardial infarction (eight inferior, one anterior). Fif-
teen had three vessel coronary disease, five with -a
left main stem stenosis; three had two vessel disease;
and one had single vessel disease. All patients were
shown to have at least one episode of ST segment
depression on ambulatory monitoring over a 24 hour
period. In addition, a further six patients with chest
pain, normal coronary arteries, and negative exercise
tests were studied and acted as controls.

Patients with evidence of heart failure and other
forms of heart disease including pulmonary vascular
disease were excluded. All antianginal medication
other than glyceryl trinitrate was discontinued at
least 48 hours before the study and pulmonary
artery pressure monitoring was performed for at
least 24 hours and where possible for up to 48 hours.
Frequency modulated ST segment monitoring was
performed throughout this period.
The study was approved by the ethics committee

and patients gave their informed and written con-
sent.
The transducer tipped pulmonary artery catheter

was introduced percutaneously via a subclavian vein
to a proximal pulmonary artery under fluoroscopy in
the cardiac catheter laboratory at the time the
patient had cardiac catheterisation.7 In 17 patients
atrial pacing was performed at this time. Patients
were then encouraged to be as active as possible
within the confines of the hospital. In 15 patients an
exercise test was performed two hours before with-
drawal of the pulmonary artery catheter.
Pulmonary artery pressure monitoring-A poly-

urethane six French NIH type catheter with a mini-
ature strain gauge transducer mounted on the tip
was used. This was immersed in saline for one hour
before use and was calibrated. The transducer was
driven and demodulated by an electrically isolated
Gaeltec pre-amplifier. The pulmonary artery pres-
sure was recorded on an Oxford Medilog I minia-
ture tape recorder which had been modified by the
insertion of an AM4 pressure module.
At the end of 24-48 hours recording the pul-
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monary artery catheter was removed and the pul-
monary artery pressure trace was replayed via a PB2
unit and a PM3 amplifier.7 This was displayed on an
SE laboratories 6008 oscillograph. The entire period
of recording of the pulmonary artery diastolic pres-
sure was displayed on ultraviolet paper and mea-
sured by means of a calibrated scale from a zero ref-
erence point. The pulmonary artery diastolic
pressure was measured during both painful and
painless episodes of ST segment depression on a
beat to beat basis five minutes before the onset of the
earliest change in pulmonary artery pressure and for
five minutes after the pulmonary artery pressure had
returned to baseline. The pulmonary artery diastolic
pressure was measured at the same point in each
respiratory cycle.
ST segment monitoring was performed with a fre-

quency modulated recorder and leads CM2 and
CM5 were recorded. The electrocardiogram was
replayed on an Oxford MA20 scanner. Changes in
the ST segment were measured 80 ms after the J
point to an accuracy of 0.1 mm by means of a mag-
nifying lens with graticule. Planar or downsloping
ST segment depression of 3 1 mm that lasted at
least 30 s was considered to be significant. The heart
rate and ST segment changes were analysed on a
beat to beat basis for five minutes before each
episode and again up to five minutes after the ST
segment had returned to basal levels. The pul-
monary artery recorder was linked to the frequency
modulated electrocardiogram by a patient event
button.

Exercise test-Patients performed an exercise test
according to a modified Bruce protocol.8 Trans-
ducer tipped pulmonary artery pressure and the fre-
quency modulated electrocardiogram were recorded
continuously. A 12 lead electrocardiogram was
recorded on paper at one minute intervals. The exer-
cise test was terminated by anginal pain, dyspnoea,
multiple ventricular extrasystoles, hypotension, ST
segment depression >0 3 mV, or exhaustion.

Atrialpacing-A bipolar electrode was introduced
via the right femoral vein to the right atrium. Con-
trol measurements of the resting 12 lead electro-
cardiogram were obtained and the heart rate was
increased by 10 beats a minute, with each rate main-
tained for 60 seconds. Atrial pacing was discon-
tinued if the patient complained of angina, if ST
segment depression was > 1 mm, or a rate of 160
beats per minute was reached. ST segment depres-
sion was measured at 80 ms after the J point. The 12
lead electrocardiogram together with the pulmonary
artery changes and ST segment changes on Holter
monitoring were measured until the heart rate
returned to the baseline levels.
Angina diary-Patients kept diaries during the
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Fig. 1 Changes in pulmonary artery diastolic pressure (PADP) and the ST segment during a treadmill exercise test in a
patient with coronary artery disease. Heart rate increasedfrom 90 to 120 beats/min and the patient performed 5 minutes of
exercise on a modified Bruce protocol.

period that ambulatory pulmonary artery pressure
and the ST segment were monitored; they noted the
time of onset and severity of chest discomfort and
activity at the time of the pain. Patients were asked
to press the event marker during chest pain.

STATISTICAL ANALYSIS
A change in the basal ST segment, heart rate, or

pulmonary artery diastolic pressure of at least three
standard deviations from the mean was regarded as
significant. Wilcoxon rank sum testing was used for
analysis. Pearson correlation coefficient was calcu-
lated where necessary.

Results

EXERCISE RESPONSE
Controls
Five out of the six patients achieved a heart rate of
> 150 beats per minute and at least stage 4 of the

modified Bruce protocol (median 13-2 minutes,
range 12-16 ); the remaining female patient reached
stage 3 with a heart rate of 132 beats per minute.
There was no increase in pulmonary artery diastolic
pressure with exercise (median =0 mm Hg,
range=0-3). There was, however, a rise in systolic
pressure (median 15-5 mm Hg, range 12-34).

Coronary artery disease
Fifteen of the nineteen patients performed treadmill
exercise (Fig. 1). The maximum heart rate achieved
was a median 115 beats per minute (range 89-168)
and an exercise duration of a median 7*5 minutes
(range 3-6-13-8). The pulmonary artery diastolic
pressure increased by a median 5-2 mm Hg (range
0-13-8) on exercise; this was a significant rise com-
pared with baseline and the normal response
(p<0-01). In nine patients ST segment depression
of > 1 mm occurred during exercise; eight of these
patients had a significant rise in pulmonary artery

3
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Fig. 2 Changes in pulmonary artery diastolic pressure (PADP) and the ST segment during atrial pacing in a patient with
coronary artery disease. The small rise in pulmonary artery diastolic pressure was not significantly differentfrom the slight
increase in the control group.

diastolic pressure. The onset of a significant rise in
pulmonary artery diastolic pressure preceded ST
segment depression in six patients, was simulta-
neous with it in two, and in one patient it followed
the earliest change in the ST segment.

Six patients had no significant ST segment
change; five complained of angina pectoris, and four
had a significant rise in pulmonary artery diastolic
pressure. The remaining patient showed no alter-
ation in the ST segment or significant rise in pul-
monary artery diastolic pressure but did complain of
chest pain. One patient had no ST segment changes
on exercise, did not complain of chest pain, and had
no increase in pulmonary artery diastolic pressure
despite a history of angina and the presence of
important three vessel coronary artery disease.
There was a good correlation (r=008, p<0-001)

between the magnitude of ST segment depression
and the magnitude of increase in pulmonary artery
diastolic pressure. Similarly the duration of increase
in pulmonary artery diastolic pressure (median 6-3

minutes, range 3 2-8) resembled the duration of ST
segment depression (median 6-3 minutes, range
0-36 5).
The changes in the ST segment and pulmonary

artery diastolic pressure always preceded the onset
of angina which occurred at about the same time
(median 4-7 minutes, range 2-13-6) as the maximum
increase in pulmonary artery diastolic pressure (5A4
minutes, range 25-30 5) and maximum ST segment
depression (median 7-2 minutes, range 2-2-17-9).
The pulmonary artery diastolic pressure returned to
basal level more rapidly (36 seconds, range 0-2-2-5
minutes) than the ST segment (median 4-5 minutes,
range 0-8-2) after the end of exercise (p < 0-01).

ATRIAL PACING
Controls
Three of the six controls were paced to 160
beats/min. Of the remaining three patients, two
reached 150 beats/min and one 130 beats/min before
the development of atrioventricular block. The
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Fig. 3 Changes in pulmonary artery diastolic pressure (PADP) and the ST segment during an episode ofangina recorded
during ambulatory monitoring.

median increase in pulmonary artery diastolic pres-
sure was 1 mm Hg (range 0-5).

Coronary artery disease
Seventeen of the nineteen patients with coronary
artery disease were atrially paced; eight patients
developed ST segment depression > 1 mm (Fig.2).
Pulmonary artery diastolic pressure rise was not
significantly different from the controls (median 4-7
mm Hg, range 0-9 4).

AMBULATORY MONITORING
During the period of monitoring the nineteen
patients recorded 29 episodes of angina pectoris; all
were accompanied by ST segment depression. In all
of these episodes there was a significant rise in pul-
monary artery diastolic pressure (median 7 5, range
1-8-19-7). The onset of ST segment depression
occurred before the rise in pulmonary artery
diastolic pressure in 11 episodes, was simultaneous
with it in 11, and followed it in the remaining seven
episodes. In 28 of the 29 episodes the initial changes

in the ST segment and pulmonary artery diastolic
pressure preceded the appreciation of chest pain. In
24 of the 29 episodes the maximum ST segment
depression and maximum pulmonary artery
diastolic pressure rise followed or was simultaneous
with the complaint of chest pain. There was a weak
correlation between the magnitude of ST segment
depression and the magnitude of increase of pul-
monary artery diastolic pressure (r= 0-4, p < 0-05).

Discussion

During myocardial ischaemia alterations in left ven-
tricular function lead to an increase in end diastolic
pressure.4 9 10 In the absence of obstructive lesions
of the mitral valve and lung disease, these alterations
cause a similar rise in pulmonary artery diastolic
pressure.7 11-13 Thus ambulatory recording of the
pulmonary artery diastolic pressure provides a
means of observing changes in left ventricular func-
tion while the patient is undergoing his daily activ-
ities. In control patients, we found that during
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Haemodynamic response to myocardial ischaemia 17

unrestricted activity and during a formal exercise
test there was no acute increase in pulmonary artery
diastolic pressure. In contrast, in patients with coro-
nary artery disease there was a significant rise in pul-
monary artery diastolic pressure associated with
angina during the formal exercise test in 13 of 15
subjects. During unrestricted activity ST segment
depression was accompanied by an increase in pul-
monary artery diastolic pressure in those with
angina. Although exercise testing and unrestricted
activity caused an increase in pulmonary artery
diastolic pressure their effects differed in other
respects. The greatest increases in pulmonary artery
diastolic pressure were seen during unrestricted
activity. A small increase in pulmonary artery
diastolic pressure occurred with atrial pacing in con-
trols and in those with coronary artery disease. Our
findings differ from those of a previous study in
which there were similar rises in pulmonary artery
diastolic pressure in pacing induced and spontane-
ous angina.'4 There was no fixed relation between
the onset of ST segment changes and the earliest
change in pulmonary artery diastolic pressure. Dur-
ing the exercise test, pulmonary artery diastolic
pressure tended to rise before the onset of ST seg-
ment depression. In contrast, during spontaneous
episodes the reverse appeared to be the case in that
the ST segment fell either at the same time or before
the earliest change in pulmonary artery diastolic
pressure. Pain was, however, a late feature that usu-
ally occurred after the maximum change in pul-
monary artery diastolic pressure and ST segment
had been reached. Thqse results concur with pre-
vious findings in the catheterisation laboratory.4
After the end of exercise the pulmonary artery
diastolic pressure tended to revert to normal much
more rapidly than the ST segment. Alterations in
myocardial perfusion and metabolism may take up
to 20 minutes to return to normal after the end of an
anginal episode. 5 Left ventricular function has
returned to normal before the myocardial cells have
fully recovered their normal metabolic state.

Atrial pacing has been used to study myocardial
ischaemia, particularly in patients with poor exercise
tolerance.'6 17 The response of the left ventricle to
atrial pacing has been variously reported. Some have
shown a consistent rise in left ventricular end
diastolic pressure3 5 6 17 while others have not.'6 18
The physiological response to atrial pacing differs
from that during exercise. Circulating cate-
cholamines increase with treadmill exercise but not
with atrial pacing.'9 These results suggest that
although atrial pacing may precipitate ST segment
depression in patients with coronary artery disease,
the haemodynamic response of the left ventricle
resembles that in controls. Our results did not

accord with those of an earlier study that suggested
that in patients with coronary disease the magnitude
of change in left ventricular end diastolic pressure
was proportional to the maximum heart rate
achieved during atrial pacing.20
The use of a transducer tipped catheter avoided

the problems of a fluid filled system. Fluid filled sys-
tems suffer many disadvantages such as low resonant
frequency and the need for a transducer perfusion
unit with a constant zero reference point."2-23
Transducer tipped catheters have been used in the
catheterisation laboratory for direct left ventricular
pressure recordings, and a transducer tipped pul-
monary artery pressure catheter has been used in
association with an online computer,24 but this tech-
nique has not previously been applied to
investigating the haemodynamics of myocardial
ischaemia.
For the first time this technique has allowed the

relation between ST segment changes and pul-
monary artery diastolic pressure, which reflects
changes in left ventricular end diastolic pressure, to
be recorded in ambulant patients with coronary
artery disease.

We thank the Clinical Research Committee of the
National Heart and Chest Hospitals for financial
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