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Serial changes in left ventricular function on exercise were assessed by first pass radionuclide angiography with gold-195m (half life 30 5 s) in 25 men with known coronary anatomy.
In the seven patients with three vessel disease, abnormalities of global left ventricular function
and regional wall motion occurred earlier during exercise, were of greater extent at peak exercise,
and persisted longer after exercise than in the 11 patients with one and two vessel disease or the
seven with normal coronary arteries. Although there were significant differences between the
groups in absolute change in ejection fraction and the rate of change in ejection fraction related
to exercise duration and heart rate, a considerable overlap of values between groups precluded the
accurate prediction of coronary anatomy in individuals.
These data suggest that the amount of myocardium at risk from ischaemia in some patients with
one and two vessel disease may resemble that in patients with three vessel disease. This study
shows that an anatomical classification based solely on the number of diseased vessels will not
predict the extent of the impairment of left ventricular function on exercise.
SUMMARY

Patients with coronary artery disease develop
impairment of left ventricular function on exercise,
and the extent of this dysfunction can be assessed by
radionuclide angiography. l 2 Peak exercise is necessary to maximise the sensitivity of both the first pass
and gated equilibrium techniques.34 It may be,
however, that imaging at stages before and after peak
exercise could increase the diagnostic precision.
Recent data from exercise electrocardiography
have suggested that coronary anatomy can be accurately predicted by assessment of the changes in ST
segments related to heart rate (the ST/HR slope) as
an index of developing ischaemia.5 Since radionuclide angiography will estimate the degree of
developing ischaemia by the changes in ejection

fraction and regional left ventricular wall motion, it
might be expected that a functional index derived
from these data could predict the extent of coronary
disease if such changes were solely related to the
number of diseased vessels.
First pass radionuclide angiography can assess
rapid changes in left ventricular function, and the
development of gold-195m,6 a radioisotope with an
ultra short half life, and its validation for use in man7
means that multiple rapid sequential studies of left
ventricular function are now feasible. This study
was designed to assess the time course of changes in
left ventricular function during and after exercise
and to see how this might be related to the anatomical extent of coronary artery disease.

Patients and methods
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STUDY POPULATION AND EXCLUSIONS

Twenty five non-consecutive male
120

patients

were
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selected on the basis of their coronary anatomy. and anterior. Regional wall motion was displayed by
They had been referred to the cardiac department means of a 16 point colour scale for 100% to 0%,
for assessment of chest pain and had the usual clin- each colour representing 6-25%, and a segment was
ical indications for coronary angiography. All were deemed to be abnormal if at least half of its border
in sinus rhythm, no patient had clinical congestive had a regional ejection fraction of <50%.
cardiac failure, and those with an impaired resting
ejection fraction (<40%) were excluded. Patients EXERCISE PROTOCOL
with evidence of previous myocardial infarction Patients performed maximal graded bicycle exercise
were not excluded provided their resting ejection in the upright position on an hydraulically braked
fraction was > 400%.
bicycle ergometer (Fitron). Patients were imaged at
rest and then started to cycle at a workload of
CORONARY ARTERIOGRAPHY
400kpm/minute (67W) and this was increased by
Cardiac catheterisation was performed within two 200 kpm/minute (33W) every two minutes until
months of the radionuclide study by either the peak exercise was reached. Patients were imaged at 3
Sones's or Judkins's techniques. The coronary anat- minutes, at 6 minutes, and then at peak exercise.
omy was assessed by an experienced observer who They were then instructed to continue exercise at as
did not know the result of the radionuclide study. high a workload as possible for a further 2 minutes
Multiple views of each coronary artery were assessed and they were then imaged as they stopped cycling
and the extent of "surgically" important disease immediately after exercise. They were then imaged
(luminal narrowing >50%) in one or more major again 2 minutes after exercise. The electroarteries was noted. On this basis the patients were cardiogram (lead II) was monitored throughout the
assigned to groups with (a) normal coronaries, (b) test and pulse rate and cuff arterial pressure were
one and two vessel disease, and (c) three vessel dis- measured at each imaging point.
ease. No subject in the group with normal coronaries
had any obstructive lesions. In addition the coronary RADIATION DOSIMETRY
anatomy was assessed by means of a weighted coro- Subjects who completed the entire study received a
nary index8 with a score of 1 being normal and a maximum of six boluses of gold-195m (approxiprogressive decline to 0 as obstruction increased.
mately 4500 MBq). We have assessed the radiation
burden for this level of exposure from the Harwell
RADIONUCLIDE ANGIOGRAPHY
mercury-195m/gold-195 m generator to be 150
All antianginal medications except sublingual mrem to the kidneys, 17 mrem to the gonads, and
nitrates were discontinued for at least 48 hours 35 mrem to the whole body, based on a mercury-195
before the study; beta adrenergic antagonists were breakthrough of <0-01%. The equivalent burden
discontinued for at least 72 hours before the from 1800 MBq of technetium-99 m, as perstudy.910 Exercise first pass radionuclide angio- technetate, which would be sufficient for only three
graphy was performed in the upright anterior poste- studies, is 3500 mrem to the kidneys and 350 mrem
rior projection with a Baird Atomic System 77 to the whole body.
multicrystal gamma camera. I I An 18 gauge cannula
was inserted into a large vein in the antecubital STATISTICAL METHODS
fossa and for each imaging point 15-20mCi Statistical analysis was performed by the paired
(550-750 MBq) of gold-195m was injected by means Student's t test and Wilcoxon matched pairs signed
of a rapid 20ml saline solution flush. The portable ranks test to compare changes within a group, and
mercury-195m/gold-195m generator (AERE, Har- the Mann-Whitney U tests and x2 test, as appropriwell, England) has been described elsewhere.6 Data ate, for comparisons between groups. A p value of
were collected for 30 s with 30 ms framing intervals, < 0-05 was regarded as significant.
and they were corrected for instrument dead time,
crystal non-uniformity by means of a mercury-203 Results
uniform flood, and rapid decay of the isotope.
Left ventricular ejection fraction was calculated AGE AND HAEMODYNAMIC VARIABLES AT
from high frequency time-activity curves by a semi- REST AND ON EXERCISE
automated technique. Regional wall motion was Table 1 shows the means (SD) of the ages and haederived from count-based regional ejection fraction modynamic variables in each of the groups. The ages
images.'2 -Each image was assessed by an experi- of the groups were not significantly different, and
enced observer who was unaware of the results of the the only haemodynamic difference between groups
coronary angiogram. The ventricle was visually was that peak exercise heart rate was significantly
divided into three equal segments-inferior, apical, lower in those with three vessel disease than in the

Table 1 Rest and peak exercise characteristics (mean (SD) ) of the groups

Normal coronaries
1 + 2 vessel disease
3 vessel disease

Age
(yr)

R HR
(bpm)

R SBP

R DP
(x 10-2)

Ex HR

(bpm)

(mmHg)

Ex DP
( x 10-2)

Ex Dur

(mmHg)

49 (10)
53 (5)
50 (6)

78 (17)
85 (15)
69 (12)

124 (16)
144 (33)
137 (21)

96 (20)
124 (41)
95 (27)

161 (13)
148 (22)
140 (27)*

174 (24)
187 (38)
172 (22)

282 (56)
280 (76)
242 (61)

7-2 (1-6)
5-8 (1 1)*
5-1 (1-8)*

Ex SBP

(Mnt)

*p < 0 05 vs those with normal arteries.

R, rest; Ex, peak exercise; HR, heart rate; SBP, systolic blood pressure; DP, double product of heart rate x blood pressure; Dur, duration.

group with normal coronary arteries (p < 0 05).
There was, however, no significant difference in the
double products or the change in heart rates between
the groups. Not surprisingly the main difference
between the groups was in the duration of exercise.
Patients without important coronary disease were
able to exercise for significantly longer than those
with coronary disease (p <0.05). Five of the seven
with normal coronary arteries but only six of 18 with
coronary disease could exercise for 6 minutes or
more.
The mean coronary score in the subjects with
coronary artery disease was 0f41 (0 20) and ranged
from 0 09 to 0-7. The score for the one and two vessel group was 0-48 (0ff16) and for the three vessel
group it was 0f29 (0 20) (p < 0 05).
SERIAL CHANGES IN EJECTION FRACTION
DURING EXERCISE AND AFTER EXERCISE

Figure 1 shows the mean left ventricular ejection
* Normal coronaries
. 1 and 2 vessel disease
A 3 vessel disease
*p<005 vs rest
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fractions in each group at various imaging stages. In
those with normal coronary arteries mean ejection
fraction was maintained and tended to rise during
exercise. Ejection fraction at rest was 60 (3)% (mean
(SD)) and rose to 65 (10)% at peak exercise (p, not
significant). Two minutes after exercise the ejection
fraction (68(6)%) significantly (p<0-01) exceeded
the resting value.
In the group with one and two vessel disease the
ejection fraction fell during exercise with maximum
depression occurring at peak exercise (58(10)% vs
47(10)%, p<001). Mean ejection fraction had
returned to the resting level as the patient stopped
cycling, immediately after exercise; and by two
minutes after exercise the ejection fraction had
significantly rebounded above the resting level to
64 (8)% (p < 0 05). Nine of the subjects showed this
response.
The group with three vessel disease, like those
with one and two vessel disease, showed significant
falls in ejection fraction on exercise, again with the
maximum fall at peak exercise (57 (12)% vs 35 (8)%,
p < 0-001). In contrast with the group with one and
two vessel disease the ejection fraction remained
depressed immediately after exercise (44 (9)%)
(p < 0 05 vs rest), and there was no significant
rebound increase in ejection fraction in this group
two minutes after exercise. A typical example of the
images in this group is shown in Fig. 2. At any given
stage the depression in ejection fraction was greater
in the group with three vessel disease than in the
group with one and two vessel disease.
Table 2 shows the mean (SD) of the ejection fractions at all the stages in each of the groups. As discussed above there were significant intragroup
changes during and after exercise when compared
with the resting level. There was no significant
difference in the resting ejection fractions between
groups. On exercise, however, ejection fraction was
significantly depressed in the patients with coronary
disease when compared with those without. Immediately after exercise only those with three vessel
disease were different from those without coronary
disease. Their mean ejection fraction was also
significantly lower than that in the group with one
and two vessel disease. There was no significant
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Fig. 2 Studies in a patient with three vessel disease. The images show the end diastolic perimeter enclosing the end systolic
image. HR, heart rate; BP, blood pressure; EF, ejection fraction. R, rest; 3', 3 minutes exercise; P, peak exercise; Ip,
immediately after exercise; 2'p, 2 minutes post-exercise.

difference between the groups 2 minutes after exercise. At peak exercise patients with three vessel disease also had a significant reduction in ejection
fraction compared with those who had one and two
vessel disease.
An abnormal ejection fraction response was
defined as a fall in ejection fraction of >55% below
the value at rest. Table 3 shows the proportion of
patients in each group who had an abnormal
response. Only one of the patients with normal coronaries had an abnormal response and this was a transient fall of 5%, from 63% to 58% after 3 minutes of
exercise. Subsequently his ejection fraction returned
to the level at rest. In contrast a large proportion of
patients with coronary disease had abnormal
responses, and this was related to the extent of the
disease. The intergroup difference in proportion of
patients with an abnormal response at the various
stages is as shown. Patients with one and two vessel

disease had a significantly higher proportion of
abnormal responses at 6 minutes, at peak exercise,
and inmmediatly after exercise than patients with
normal coronaries. In the group with three vessel
disease the difference was significant at 3 minutes,
peak exercise, and immediately after exercise, suggesting that abnormalities in global left ventricular
function tended to occur earlier in this group than in
those with one and two vessel disease.
CHANGES IN REGIONAL WALL MOTION
DURING AND AFTER EXERCISE

Table 4 shows the proportion of abnormal segments
at each of the imaging stages. At rest one of the seven
with normal coronary arteries had a single segmental
abnormality, whereas five of the 11 with one and two
vessel disease had abnormal segments, and four of
seven with three vessel disease had a single segmental abnormality (p not significant).

Table 2 Ejection fractions (means (SD) ) in the groups at various stages of exercise
Rest

Exercise
3 min

Normnal coronaries

1+2 vessel disease
3 vessel disease

60 (3)
58 (10)
57 (11)

*p < 0-05 vs rest value (paired t test);

60
51
42

(6)
(10)*t
(9)*t

After exercise
6 min

65
46
39

(9)
(12)t
(1)t

Peak

65
47
35

(10)
(10)*t
(8)*tJ

Immediately
64
57
44

(6)
(11)

(9)*t$
tp < 0-05 vs normal and $p < 0 05 vs 1 + 2 vessel disease (Mann-Whimey U test).

2 min
68 (6)*
64 (8)*
61 (10)
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5%) to exercise at each

Table 3 Proportion of subjects in each group with an abnormal ejection fraction response (fall of >
stage compared with rest
Stage

Normal coronaries

I + 2 vessel disease

3 vessel disease

3 einexercise,
6 min exercise

0-14
0 00
000
0 00
0 00

0 45
0-66*

0-71*
1-00
1-00*
0-71*
0-14

Peak exercise

Immediately after exercise
2 miin after exercise

0.73*

0-45*
0 00

At 6 min exercise the result for those with three vessel disease fails to reach statistical significance; however, the number of subjects who
reached that stage was small. *p<0-05 vs normal coronaries (X2 test).

At 3 minutes of exercise the seven with normal
coronary arteries had developed a total of six abnormal segments, whereas the 11 with one and two
vessel disease had developed 16 segmental abnormalities (p not significant vs normal), and the seven
with three vessel disease had developed 16 abnormalities (p < 0-01 vs normal, p < 005 vs one and two
vessel disease).
At 6 minutes and at peak exercise segmental
abnormalities present early in exercise in those with
normal coronary arteries tended to resolve, such that
only three segments remained abnormal at peak. In
contrast, in the subjects with coronary disease
segmental abnormalities invariably became worse
during exercise (p <0-01 vs normal arteries). In the
group with one and two vessel disease there were
segmental abnormalities at peak exercise in all but
one patient and only one other had less than two
abnormal segments. In those with three vessel disease all segments except one were abnormal at peak
exercise. Immediately after exercise, despite the
return of the mean ejection fraction to control levels
in the one and two vessel group, segmental wall
motion abnormalities were present in seven of 11
subjects and this result was significant (p<001)
when compared with the group with normal coronary arteries. All the group with three vessel disease
showed persistent wall motion abnormalities immediately after exercise and in three subjects these persisted after 2 minutes' recovery. One of these
subjects, who subsequently was found to have a left
main stem stenosis in addition to three vessel disease, had persistence of segmental abnormalities in
three segments.
In the groups without three vessel disease, there
were fewer segmental abnormalities after exercise
than before it. This pnenomenon, improvement in
resting wall motion abnormalities after exercise, has
been reported before.13
RELATION BETWEEN THE DERIVED RATES OF
CHANGE IN LEFT VENTRICULAR FUNCTION
AND THE EXTENT OF CORONARY DISEASE

Two indices of rates of change in left ventricular

function during exercise were derived. The first was
a relatively simple measure of total change in ejection fraction from rest to peak exercise divided by
the exercise duration-this gave an overall rather
than an "instantaneous" rate of change. Figure 3
shows the results of these calculations for each
group. The rates were 0631 (0982)%/min for those
with normal coronary arteries, -2-09(1-78)%/min
for those with one and two vessel disease (p < 0-01 vs
normal), and -4-76 (2-88)%/min for those with
three vessel disease (p < 0-001 vs normal and p < 005
vs one and two vessel disease). Although there were
highly significant differences between the groups
there is considerable overlap, particularly between
p<O
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Fig. 3 Rate of change of ejection fraction to peak exercise
( A EF(Peak) /T peak) in the three groups. Means, SD,
and p values are shown.
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Table 4 Proportion of abnormal ventricular regional segments at each of the imaging stages in the three groups
Stage

Normal coronaries

I + 2 vessel disease

3 vessel disease

Rest
3 min exercise
6 min exercise
Peak exercise
Immediately after exercise
2 min after exercise

0 05
0-29
0-20
0-14
0 05
0 00

0-18
0-48
0-67*
0.73*
0.39*
0-06

0-19
076*t
100*
0 95*t
0-71*t
0-24*

The left ventricle was divided into three equal segments (inferior, apical, and anterior) and these were deemed to be abnormal if over half
of the border had a regional ejection fraction of < 50%. *p < 005 vs normal; tp < 0-05 vs 1+ 2 vessel disease (X2 test).

those with normal coronary arteries and those with
one and two vessel disease and between those with
one and two vessel disease and those with three vessel disease. One of the results in the group with three
vessel disease was considerably more negative than
the others and this may have biased the mean leading to a spurious significant difference when these
results were compared with those in patients with
one and two vessel disease.
We examined another index of rate of change of
ejection fraction. This was the relation between the
rate of change in heart rate derived for each stage of

pcO 01
p<0-05 p<0-05n
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0.
0
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Normal 1 2 vessel 3 vessel
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*

Fig. 4 Maximum negative (or minimum positive) change
of ejectionfraction related to change of heart rate
(A EF/AHR) in the three groups. Means, SD, and p values
are

shown.

exercise and the maximum negative or minimum
positive value noted for each subject. This particular
index was chosen because it resembles the ST/HR
slope used by some investigators for analysis of
exercise electrocardiograms to determine the extent of coronary disease. The rates were
0-0122(0-0736)%/bpm for those with normal coronary arteries, -0-19(0-156)%/bpm for those with
one and two vessel disease (p < 0 05 vs normal), and
-0A407(0-286)%/bpm for those with three vessel
disease (p < 0-01 vs normal and p < 0 05 vs one and
two vessel disease) (Fig. 4). As with the first index,
although there were significant differences between
the groups, the degree of overlap would preclude the
use of either algorithm to predict accurately the
extent of coronary disease in individuals.
Both indices were also compared with the coronary score in those subjects with coronary artery disease. There was no significant correlation between
the coronary score and either index. In addition the
coronary score was not related to exercise duration
or change in ejection fraction. To see whether the
coronary score in itself was a better predictor of
functional change on exercise we examined the
results in two groups-those with a high score of
>04 (n= 10) and those with a low score of <04
(n = 8). There was no significant difference in overall
change in ejection fraction at peak exercise in the
two groups (-14(11)% in the high group versus
-17(11)% in the low group). The values for the
first index were -2-8(2.4)%/min for high group
and -3-5(2-9)%/min in the low group (p not
significant). For the second index the corresponding figures were -0-26(0-24)%/bpm and
-0-29 (0-24)%/bpm respectively (p not significant).

Radionuclide angiography is an accepted method for
the assessment of patients with chest pain and suspected coronary artery disease.' 2 Although coronary angiography is the universally accepted standard by which non-invasive techniques are judged,
it has its limitations. First it is an invasive technique
that may cause morbidity and mortality,'4 and
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seondly it provides information about anatomy
In the group with three vessel disease, ejection
rather than function.
fraction fell throughout exercise. Again the fall was
Exercise testing in patients with coronary disease maximal at peak exercise. In this group the fall in
produces impairment of left ventricular function ejection fraction was greater at each stage than in
which reflects the extent of ischaemia. Therefore those with one and two vessel disease. These
non-invasive methods that can quantity changes in patients still showed abnormalities after exercise and
left ventricular function provide information on the some of the group were abnormal even after two
magnitude and rate of development of ischaemia.
minutes of recovery.
It is possible to study left ventricular function at
These data suggested that patients with varying
various stages of exercise by means of equilibrium degrees of coronary obstruction could be disgated radionuclide angiography, but the time tinguished by their ejection fraction response to
required for data acquisition, two minutes at least, exercise, but there was some overlap between the
will blur any rapid changes. First pass studies, in groups. The rebound in ejection fraction during
which transit of radioisotope through the left heart recovery noted above seems unrelated to the type of
lasts for only a few seconds, can be used to assess exercise since it has been reported for supine'5 and
rapid changes in left ventricular function, but an upright bicycle exercise3 and treadmill exercise.16
injection of radioisotope is required at each imaging Furthermore, lack of rebound seems to be associated
point. Thus radiation exposure constrains the with an increased likelihood of ischaemic pain durnumber of injections to a maximum of three per ing exercise and, as confirmed by this study, more
study of conventional technetium-99m based extensive coronary disease.
radiopharmaceuticals. The development of radioFurther assessment of regional wall motion also
pharmaceuticals with ultrashort half lifes6 has meant showed significant differences between the groups.
that not only the extent, but also the time course of Subjects with three vessel disease tended to develop
changes in function on exercise may be studied. If segmental abnormalities early and these persisted
the magnitude or rate of development of functional longer after exercise than in the other groups. Again
impairment were directly related to the coronary despite these significant differences the overlap in
anatomy it might be possible to predict the extent of results in the individual subjects precludes definite
coronary disease by examining the time course of anatomical diagnosis.
these changes.
These data suggested that subjects with more
In this study a group of patients who had a clinical extensive coronary artery disease had a greater likeindication for coronary angiography and relatively lihood of developing changes in global ejection fracpreserved resting left ventricular function were tion or regional wall motion early in exercise than
studied by multiple rapid sequential first pass radio- subjects with less severe disease. This complements
nuclide angiography with gold-195m. There were a previous study of exercise electrocardiography in
no significant differences in terms of age, resting which a positive test occurring early during exercise
ejection fraction, and resting and exercise hae- has been shown to be associated with more extensive
modynamics between patients with normal coronary coronary artery disease and a worse outcome. 17
arteries and those with mild or severe coronary dis- Thus the rate of change in ejection fraction might
ease. Subjects with normal coronary arteries exer- allow better discrimination of the extent of coronary
cised for significantly longer than those with coro- disease than the overall change in ejection fraction at
nary disease, and they tended to maintain or increase peak exercise. Because of this we also assessed two
their ejection fraction throughout exercise, with a indices of the rate of change in ejection fraction. In
significant rebound of ejection fraction above the the first a measure of the overall rate of change of
level at rest after exercise. This rebound has been ejection fraction was derived. This showed that
previously documented both after bicycle3 5 and there were significant differences between the
treadmill exercise,'6 and is thought to be due to sud- groups but that there was considerable overlap of
den reductions in afterload and heart rate on cessa- individual values.
The second index related the maximum fall in
tion of exercise coupled with a maintained metabolic
requirement that leads to an increase in stroke ejection fraction to changes in heart rate. This was
chosen to be analogous to the exercise electrovolume and hence ejection fraction.3
In patients with one and two vessel disease there cardiographic ST/HR slope that has been reported
was a significant fall in ejection fraction on exercise to predict coronary anatomy by some workers5
with the maximum fall being at peak exercise. In this but not others.'8 Although there were significant
group there was a rapid return of ejection fraction to differences between the groups, again there was a
the resting level immediately after exercise and a considerable overlap of values. The relation between
these indices and a widely used coronary score8
rebound above the rest level at two minutes.
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again failed to predict the extent of coronary disease. benefit from revascularisation. This hypothesis
The data from both these indices (Figs. 3 and 4) requires further study. Data to support this have
show that there is a general relation between the come from a long term prospective trial of coronary
extent of coronary artery obstruction and the degree artery surgery which suggested that the long term
of functional impairment on exercise. The extent of outcome in some patients with two vessel disease is
overlap between those with severe and less severe similar to that in patients with three vessel disease.23
coronary artery disease is not surprising. If the If this is subsequently confirmed then the nondegree of ischaemia were related solely to the num- invasive assessment of left ventricular function at
ber of diseased vessels, ignoring the vessel domi- rest and exercise may, in the future, be as important
nance, number, site, severity and length of the as coronary anatomy in the selection of patients who
lesions, and the presence of collaterals, this would be will benefit from coronary surgery.
an example of almost unique biological homogeneity.19
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