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SUMMARY Ventricular function curves were constructed in 39 patients having coronary arteriography

by plotting left ventricular end-diastolic pressure and stroke work index before, during, and immediately

after atrial pacing. Similar curves were constructed from measurements obtained before and 3 minutes

after a standard left ventricular angiogram. Both methods vary preload sufficiently to produce detectable

changes in stroke work index, atrial pacing by decreasing the diastolic filling period, and contrast by

increasing venous return. The 2 methods were compared for their relative sensitivity in detecting abnor-

mal ventricular function in coronary artery disease. Atrial pacing ventricular function curves were

obtained from 8 patients with no heart disease. The left ventricular end-diastolic pressure decreased from
10 to 6 mmHg, and stroke work index from 50 to 41 g/m per M2. Contrast ventricular function curves had

a similar slope, with left ventricular end-diastolic pressure increasing from 8 to 18 mmHg and stroke work
index from 50 to 66 g/m per M2. In 19 patients with coronary artery disease and normal resting haemo-
dynamics, atrial pacing ventricular function curves did not differ from those of normal subjects. How-
ever, contrast ventricular function curves in these same patients were significantly depressed compared
with those of normal subjects. The preload stress was similar, but the change in stroke work index was
reduced (47 to 53 g/m per m2) (P < 0.025). The remaining 12 patients with coronary artery disease
had abnormal ventricular function curves by atrial pacing and contrast, but had recognisable ventricular
dysfunction at rest. The preload stress test of contrast medium is more sensitive in detecting ab-
normal ventricular function in coronary artery disease than atrial pacing.

The assessment of ventricular function in coronary
artery disease is important in selecting patients for
coronary bypass surgery. The left ventricular angio-
gram has become a standard part of this evaluation.
Ventricular function curves can also be constructed
from the response to the angiogram if left ventricular
end-diastolic pressure and cardiac output are mea-
sured before and several minutes after the procedure.
The hyperosmotic contrast medium produces an

increase in ventricular preload (Brundage and
Cheitlin, 1973, 1974). Atrial pacing also alters pre-
load and has been used to develop similar ventricular
function curves. Pacing does not change cardiac out-
put, so increasing heart rate decreases stroke volume
and left ventricular end-diastolic pressure (Linhart,
1971; Parker et al., 1971). Since both techniques
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seek to evaluate the Frank-Starling relation, this
study was carried out to compare the sensitivity of
each method for detecting abnormal ventricular
function in coronary artery disease. The response to
contrast media appears to be superior to atrial
pacing.

Thirty-nine people, 36 men and 3 women, under-
going coronary arteriography to evaluate chest pain,
to prepare for, or to assess the results of coronary
bypass surgery, comprise the study group. Indi-
viduals with rheumatic, congenital, cardiomyo-
pathic, or pericardial disease were excluded. No one
received digitalis for 7 days or propranolol for 2 days
before the study. The patients were premedicated
with 50 mg pethidine and 25 mg promethazine.
Lignocaine was used for local anaesthesia.
A balloon-flow-directed thermodilution catheter

was introduced into the right femoral vein by
250
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percutaneous technique and positioned in the pul-
monary artery. A polyurethane or polyethylene
pigtail catheter was placed in the aorta and sub-
sequently the left ventricle via the right femoral
artery. A No. 6 bipolar pacing catheter was inserted
in the right median antecubital vein and positioned
in the right atrium. Pressure was measured through
the fluid-filled catheters connected to a Statham
p23Db strain gauge on an Electronics for Medicine
DR 12 recorder. Left ventricular end-diastolic pres-
sure was recorded at high amplification with a paper
speed of 100 mm/s and measured at the nadir after
the 'a' wave or at the peak of the R wave of the
QRS. It was averaged for 10 beats (Braunwald et al.,
1956).
Blood pressure was measured in the ascending

aorta. CarQiac outputs were measured in duplicate
by the thermodilution technique (Ganz et al., 1971).
Duplicate cardiac output measurements that varied
more than 10 per cent were repeated.

Atrial pacing was performed with a bipolar pacing
catheter in the right atrium, starting at a rate of 15
beats per minute greater than the resting heart rate,
and increasing at 2-minute intervals by 15 beats per
minute until the patient experienced Wenckeback
atrioventricular blcck or attained a rate of 160 beats
per minute. No patient in this study had angina as
the end point for pacing.

Cardiac output, left ventricular end-diastolic pres-
sure, and mean aortic pressure were recorded before,
at maximum heart rate, and immediately after atrial
pacing. After a minimum of 5 minutes, or when left
ventricular end-diastolic pressure had returned to
control levels, cardiac output, left ventricular end-
diastolic pressure, and aortic mean pressure were
measured again. Next, a single plane left ventricular
angiogram was performed using 0-8 ml/kg body
weight or 60 ml (whichever was the smaller) of
methylglucamine diatriazoate (Renografin-76), in-
jected through the pigtail catheter over 4 seconds.
The patient was returned to the supine position and
cardiac output, left ventricular end-diastolic pres-
sure, and aortic mean pressure were recorded 3 to 5
minutes later. Finally, coronary arteriograms were
performed by the Judkins technique. Coronary
artery disease was considered significant if one or
more major coronary arteries' diameter were nar-
rowed by more than 50 per cent.

Stroke work index (SWI) was calculated by the
formula:
SWI =
SVI x (mean aortic pressure - LVEDP) x 1-36

100
g/m per M2.
Ventricular function curves were constructed by

plotting stroke work index against left ventricular
end-diastolic pressure. Data for these curves were
derived from atrial pacing and the response to con-
trast medium.

Results

Eight of the 39 patients, designated group 1, had no
evidence of heart disease and their response to atrial
pacing and contrast serves as control. All remaining
31 patients had significant coronary artery disease.
A normal atrial pacing test was defined as a normal
resting left ventricular end-diastolic pressure (12
mmHg or less), a decrease or no left ventricular end-
diastolic pressure increase during pacing, and an
overshoot after pacing no greater than 6 mmHg
above the baseline. This definition is based on data
from other reports on atrial pacing ventricular
function curves (Sowton et al., 1967; Linhart et al.,
1969; Linhart, 1971; Parker et al., 1971) and this
study's controls. Nineteen coronary disease patients
(group 2) had a normal atrial pacing test. The re-
maining 12 patients (group 3) had an abnormal
atrial pacing test. The results are listed in the Table.
Ventricular function curves for each group were
constructed from the 3 points obtained from atrial
pacing and from the 2 points derived at the time
of angiography (Fig. 1, 2, and 3).
The data were analysed by the paired and un-

paired t test and discriminate analysis using the
Statistical Package for the Social Sciences (SPSS)-
Version 650 (Nie et al., 1975).

Fig. 1 depicts the curves obtained in the control
patients (group 1). During pacing, left ventricular
end-diastolic pressure fell from 9 to 6 mmHg, with a
corresponding decrease in stroke work index from 49
to 41 g/m per M2. Immediately after pacing, stroke
work index increased to 50 g/m per m2 and left
ventricular end-diastolic pressure to 10 mmHg.
Three to 5 minutes after left ventricular angio-
graphy, left ventricular end-diastolic pressure
increased from 8 to 18 mmHg and stroke work
index from 50 to 66 g/m per M2.

Fig. 2 compares the ventricular function curve of
patients with normal pacing tests (group 2) with that
of the control patients (group 1). Because of the
selection process, the atrial pacing ventricular
function curves do not differ from normal. However,
the ventricular function curve developed from the
response to angiography in group 2 is depressed
when compared with group 1. Left ventricular end-
diastolic pressure is the same for both groups after
angiography (18 mmHg), but stroke work index is
significantly lower in group 2 (53 vs 66 g/m per m2,
P < 0 025).

Patients in group 3 had an abnormal atrial pacing
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Table Results of haemodynanic response to atrial pacing and contrast medium

Patient Prepacing During pacing Postpacing Pre-angio Post-angio

LVEDP SWI LVEDP SWI LVEDP SWI LVEDP SWI LVEDP SWI

11 61
12 51
5 48
12 56
4 28
12 50
10 52
4 44
8-75 48-75
1-32 3-47

10 56
6 44
5 51
1 42
2 21
12 41
10 49
4 38
6-25 40 75
1-42 3 40

8
10
10
7
9
15
10
9
9.75
0-84

56
57
44
51
38
60
49
44
49-88
2-68

7
8
10
6
4
11
12
6
8-0
0-98

72
56
46
56
31
49
48
45
50-38
4-14

12
18
18
20
18
22
20
16
18-00
1-07

77
60
58
68
38
72
70
81
65-50
4.79

Group 2: coronary artery disease, normal atrial pacing test

1

2
3
4
5
6
7
8
9
10
11
12
13
14
15
16
17
18
19
Mean
SE

5

12
12
12
12

10
9
12
10
7
10
6
12
8
3
12
8
8
10
9.37
0-62

52
36
62
63
54
49
34
60
45
35
47
26
57
42
34
38
42
45
54
46-05
2-44

1

10
1

8
8
8

6
3
6
2
7
3
7
2

1

1

2
8
11
5*00
0-78

35
22
48
38
46
30
25
47
36
30
32
18
38
29
24
40
34
27
49
34*11
2-09

Group 3: coronary artery disease, abnormal pacing test
1 13 39 9 32
2 13 43 12 28
3 13 47 6 50
4 22 49 14 35
5 15 64 11 40
6 15 35 9 24
7 19 52 14 52
8 6 70 4 54
9 8 39 10 32
10 6 57 12 56
1 1 26 41 35 37
12 20 27 12 31

Mean 15-25 46-92 12-93 39-25
SE 1-86 3-56 2-23 3-18

38
18
10
13
16
10
10
12
10
9
11
8
15
9
10
15
8
12
10
11-26
0-67

17
23
15
34
18
22
26
25
18
19
29
19
22-08
1-61

40
31
57
42
58
45
26
54
56
40
43
34
58
49
44
49
51
42
70
46-79
2-46

43
36
42
49
48
23
64
66
41
54
52
30
46-50
3-27

9
13
12
10
15
8
10
5

11
6
10
4
12
6
8
13
6
7
10
9-21
0 70

18
20
13
14
14
20
21
11
13
6
10
12
14-17
1-29

49
35
72
49
49
54
22
73
47
38
52
30
47
42
38
51
45
42
60
47-11
2-88

38
44
40
65
58
32
57
86
38
76
61
33
52-33
5-08

15
20
23
23
20
14
20
20
19
18
13
10
22
18
18
25
12
23
11
18-11
1-02

22
30
18
29
20
36
28
30
22
25
35
27
26-83
1-63

48
36
58
39
62
60
25
83
70
43
56
37
56
52
43
54
58
52
76
5305
3-28

49
46
56
60
69
41
74
77
38
70
38
27
53-75
4-73

LVEDP, left ventricular end-diastolic pressure; SWI, stroke work index.

test (Fig. 3). These patients, compared with the before pacing. The resultant pacing ventricular
normals (group 1), had an abnormal resting left function curve is shifted to the right ofnormal and is

ventricular end-diastolic pressure (15 vs 9 nunHg, flattened, indicating significant depression of

P < 0-02), which decreased with pacing (12 mmHg). ventricular function in this group. The ventricular

Post-pacing left ventricular end-diastolic pressure function curve from the haemodynamic response to

increased an average of 7 mmnHg above baseline in contrast was likewise abnormal.

this group. This overshoot was the most distinct of Because we had to reuse some measurements to

any group (Table). There was a decrease in stroke compare the 3 patient groups, multiple t tests can

work index with pacing (47 to 40 g/m per m2), but produce erroneously optimistic significant differ-

post-pacing stroke work index was the same as ences (Zar, 1974). Therefore, stepwise discriminate
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Fig. 1 Comparison of contrast medium and atrial pacing
ventricular function curves in patients with no evidence of
heart disease (group 1).

0 5 10
LVEDP (mm Hg)

15 20 25 30

Fig. 3 Comparison of contrast medium and atrial pacing
ventricular function curves in group I and group 3
patients.

o Response to pacing
* Response to corntrast
Normals (groupl)
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((group 2)

40
I
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Fig. 2 Comparison of contrast medium and atrial pacing
ventricular function curves in group 1 and group 2
patients.

analysis was applied to see which technique, atrial
pacing or the response to contrast medium, was most
powerful in discriminating between normal and
coronary artery disease patients. Atrial pacing data
alone did not distinguish normal from coronary
artery disease patients (x2 = 10 01, P = 0.188). How-
ever, data from the response to contrast could sig-
nificantly (x2 = 11X40, P = 0 044) separate normal
and coronary artery disease patients. Also, stroke
work index after angiography was the single most
potent discriminator (Wilks' A = 0 900, P = 0 050,
change in Rao's V = 4<10, P = 0 043) between the
two groups.

Discussion

Ventricular function curves derived from the
cardiac response to atrial pacing have been reported
by others (Linhart, 1971; Parker et al., 1971).
Because cardiac output remains constant during
atrial pacing, stroke volume decreases with increase
in rate. This is accompanied by a decrease in left
ventricular end-diastolic pressure. After the abrupt
termination of pacing, stroke volume and left
ventricular end-diastolic pressures return to base-
line values, or there is a small overshoot. These
changes make it possible to construct a ventricular
fumction curve. More recently, function curves have
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been constructed from the haemodynamic response

to contrast media used during ventriculography
(Brundage and Cheitlin, 1974). This is possible
because 3 to 5 minutes after left ventriculography,
left ventricular end-diastolic pressure and stroke
volume increase, with little change in blood pressure

(Brundage and Cheitlin, 1974). These changes are

the result of increased plasma osmolarity
(Giammona et al., 1963), and blood volume (Iseri
et al., 1965) caused by the hyperosmotic contrast
medium. These events produce increased venous

return, which increases ventricular end-diastolic
dimension and, by the Frank-Starling mechanism,
stroke volume is increased (Brundage, 1976; Tyberg
et al., 1976; Hamby et al., 1977).

Since both techniques depict part of the Frank-
Starling curve, we investigated the relative sensi-
tivity of the 2 tests in detecting abnormal ventricular
function which accompanied coronary artery disease.
Fig. 1 shows that in normal patients (group 1),
before each intervention, the stroke work index and
left ventricular end-diastolic pressure were essen-

tially the same. Atrial pacing produced movement
down and up one ventricular function curve. The
haemodynamic response to contrast produced move-
ment up the curve. The slopes of the 2 curves are

similar, indicating that each intervention charac-
terises a different part of the same curve.

Atrial pacing has been said to depict a steeper than
normal ventricular function curve because of the
Bowditch phenomenon (Linhart et al., 1969; Parker
et al., 1969). However, Noble et al. (1969) and Hig-
gins et al. (1973) found little or no positive inotropic
effect from pacing at physiological heart rates. Our
results are in agreement with the latter findings.

In addition, it is reported that ventricular function
curves produced from the response to contrast
media are depressed, compared with those produced
by other osmotic loads, suggesting a negative
inotropic effect on the myocardium (Cohn et al.,
1973). However, others have failed to show any
depressant effect of contrast medium on myocardial
contractility lasting more than 1 minute after
injection, and the measurements in our study were

performed 3 to 5 minutes after angiography (Tyberg
et al., 1976). Moreover, the data from group 1 sug-
gest that atrial pacing and the response to contrast
are depicting different portions of the same function
curve in normals.

Fig. 2 compares the 19 coronary disease patients
with normal atrial pacing tests (group 2) with the
normals (group 1). The values for left ventricular
end-diastolic pressure and stroke work index at each
phase of the pacing procedure do not differ sig-
nificantly, so the pacing ventricular function curves

are similar. However, in group 2 the fumction curve

Bruce H. Brundage and James E. Farr

produced from the response to contrast media is
distinctly depressed, compared with group 1.
Though the change in left ventricular end-diastolic
pressure is almost the same, increase in stroke work
index is less in group 2 (53 vs 66 g/m per m2,
P < 0 025). These results indicate that the response
to contrast media in these coronary disease patients is
more sensitive than atrial pacing in detecting abnor-
mal ventricular function. The discriminate analysis
we performed confirms this observation.
The third group were coronary disease patients

with abnormal atrial pacing tests (Fig. 3). Col-
lectively, stroke work index and left ventricular end-
diastolic pressure decreased with pacing, as in the
other 2 groups. However, because resting left
ventricular end-diastolic pressure was raised, the
pacing curve was shifted to the right. After pacing,
the overshoot of left ventricular end-diastolic pres-
sure was most pronounced in this group, though
stroke work index was unchanged. These results
produced a flattened ventricular function curve.
Similarly, the curve constructed from the response to
contrast was depressed and shifted to the right (Fig.
3).

Both interventions show depressed ventricular
function curves in group 3, but such tests may not
be necessary to detect abnormal function, since rest-
ing haemodynamics, such as left ventricular end-
diastolic pressure, are often abnormal. It is patients
of the type described in group 2 who often require
some form of stress test, in order to detect abnormal
ventricular function. It is here that this study
indicates that the function curves derived from the
response to contrast media are more sensitive than
pacing curves. Our results are similar to those of
Khaja et al. (1970), who found exercise function
curves superior to pacing curves in coronary disease
patients.

Atrial pacing is most successful in detecting
abnormal ventricular function in coronary disease if
angina is induced by the tachycardia. None of our
patients developed angina during pacing, though
many had angina sufficient to require coronary by-
pass surgery. The explanation for this finding is not
apparent, as adequate heart rates were achieved in
our patients. However, Rios and Hurwitz (1974)
also found atrial pacing to be a poor stress for pro-
ducing symptomatic ischaemia.

It is expected that the angina state will produce
measurable deterioration of ventricular function.
However, there is a need for a means of evaluating
ventricular function in coronary artery disease in the
absence of symptomatic ischaemia. Does coronary
bypass surgery improve ventricular function? This
controversy is, in part, the result of the differences in
methods used to measure ventricular function. If the
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measurements are performed during acute sympto-
matic ischaemia preoperatively, and are compared
with postoperative data obtained in the absence of
ischaemia, it is not surprising that the conclusion is
reached that surgery has improved ventricular
function. It may be just as important to assess pre-
operative ventricular function in the absence of
angina for comparison with postoperative function,
particularly if it is to be determined if the operation
can improve ventricular function by relieving a state
of chronic asymptomatic ischaemia. Techniques,
such as measuring the response to contrast medium,
may be useful in clarifying this problem (Brundage,
et al., 1977).
The portion of the ventricular function curve

defined by each intervention may explain, in part,
why the response to contrast medium is better than
atrial pacing in detecting abnormal function in
coronary disease. Atrial pacing defines a lower seg-
ment of the function curve than contrast medium
and differences may be more readily recognised in
the upper portion of function curves, particularly if
coronary artery disease decreases left ventricular
compliance. The ventricular pressure-volume rela-
tion is curvilinear and diminished compliance would
be most apparent at larger ventricular volumes. The
haemodynamic effect of contrast media is to increase
ventricular volume, whereas atrial pacing decreases
volume. Therefore the response to contrast would
be the more sensitive to changes in compliance.
While an altered ventricular pressure-volume

relation may, in part, explain the different sensitivi-
ties of contrast and atrial pacing, some data indicate
that myocardial contractility is also impaired in
coronary patients with depressed function curves
(Brundage, 1976).
Whatever the mechanism, the haemodynamic

response to contrast is superior to atrial pacing in
detecting altered ventricular function in coronary
disease.
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