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Abstract
Objective-To study how asynchronous
left ventricular wall motion changes early
after uncomplicated coronary artery
surgery.
Design-A prospective study done before,
and at 0-5, 1, and 3 hours after coronary
artery grafting, with intraoperative transoesophageal cross sectional guided M
mode echocardiograms, high fidelity left
ventricular pressure, and thermodilution
cardiac output measurements. The extent
and velocity of left ventricular anterior
wall thickening were measured, along
with regional work and power production.
Abnormal thickness changes during the
isovolumic periods were detected, and
their effect on energy transfer quantified
as cycle efficiency.
Setting-Tertiary referral cardiac centre.
Patients-25 patients with a history of
chronic stable angina, mean (SD) age 60
(9) years with three vessel coronary artery
disease, undergoing uncomplicated coronary artery bypass grafting.
Results-14 patients had primary incoordination, as shown by wall thinning during isovolumic contraction and delayed
onset of thickening (group A), and nine
had premature thickening due to incoordination elsewhere (group B). The extent
(thickening fraction 43 (12)% v 73 (19)%)
and velocity (1.7 (0.4) v 2-5 (0.6) cmls) of
thickening were reduced in group A v
group B (P < 0.001), as were regional
stroke work (2-2 (0 8) v 3-3 (0 4) mJ/cm2)
and peak power production (19 (5) v 32 (7)
mW/cm2), P < 0.05. In group A, these values all increased significantly within 30
minutes of operation. In group B, the
extent of wall thickening and peak power
production were unaffected by surgery,
though cycle efficiency and regional
stroke work both improved by 30 minutes
v before operation (73 (9)% v 61 (8)%, 4.5
(0.9) v 3-3 (0-4) mJ/cm2, P < 0.01). Surgery
had no consistent effect on left ventricular
cavity size, shortening fraction, or cardiac output in either group.
Conclusions-Even in the absence of evidence of overt ischaemia, major disturbances of ventricular synchrony-both
regional and generalised-are present in
patients with a history of chronic stable
angina requiring coronary artery bypass
grafting. They regress within 30 minutes
of revascularisation, suggesting that they
are the direct result of coronary stenosis.

(Heart 1997;78:291-297)
Keywords: coronary artery surgery; coordination; left
ventricular function

Regional left ventricular function may be
depressed in patients with coronary artery disease even in the absence of myocardial infarction. The effects of coronary artery surgery are
commonly characterised in terms of changes
in the amplitude of regional wall motion1-4 or
cavity compliance.56 Alterations in the time
sequence of ventricular contraction, in which
amplitude of wall motion may be normal, is a
further important mechanism by which cardiac function may be impaired in such
patients.7-9 However, the early effects of revascularisation on regional left ventricular function have not been studied in detail.
We therefore undertook a comprehensive
study of the early effects of uncomplicated
coronary artery bypass grafting on left ventricular anterior wall function using transoesophageal echocardiography and simultaneous high fidelity left ventricular pressure
measurements.10-12 We were particularly interested in the disturbances of regional myocardial work, power production, and coordination seen in patients with a history of
chronic stable angina in the absence of overt
ischaemia, and in the effects of coronary
bypass surgery on these variables.

Methods
PATIENTS

We studied 25 patients (mean (SD) age 60 (9)
years; 15 men, 10 women) undergoing routine
coronary artery bypass grafting for chronic stable angina. All had stenoses of more than 70%
in all three epicardial coronary arteries. Left
ventricular ejection fraction measured by contrast angiography in the right anterior oblique
view was 63 (7)%. The left anterior descending coronary artery was grafted with left internal mammary artery, and the other coronary
arteries with reversed saphenous vein in all
cases. Three patients had old inferior myocardial infarction but none had evidence of
anterior myocardial infarction, either on electrocardiography or from a wall motion abnormality on echocardiography or angiography.
Five patients had inferior wall hypokinesia on
angiography. Two patients were excluded
because of displacement of the catheter tip
manometer. The protocol was approved by
the ethics committee of the Royal Brompton
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With the transoesophageal transducer, a
transgastric view of the left ventricular cavity
in transverse section was obtained and M
mode recordings of the left ventricular cavity
at papillary muscle level made simultaneously
with left ventricular pressure trace (fig 1). All
recordings were made at paper speed of 100
mm/s. All measurements were made when the
patient was in a stable condition at the following times: before bypass, and 0-5, 1, and 3
hours after cross clamp release. The presence
of regional wall motion abnormalities or mitral
regurgitation on colour flow mapping was also
noted in the four chamber view. The transoesophageal probe was left in situ from the
time of insertion until the final recording.
After the study, sedation was discontinued and
the patients were weaned off the ventilator.
SO"
77
The endocardial and epicardial boundaries
of the anterior and posterior wall of the M
mode echograms were digitised offline,
Figure 1 Tran?soeso)phageal M;I ode echocarO1diogtramJ of the left vent7ricular cavityl in?
r-temy surgery, showing the anlterior
transverse section in a patiett Iun1cdergoinlg corona
together with the left ventricular pressure
wall nd simzZultaneouslyi record7ced left veztricular pressutre t race. A WI, anterior wall; PW
trace. The digitising system had a sampling
posteror zwall; L Vpress, left vent ric-ular pressu re tra ce.
rate of 100/s and three cardiac cycles were
digitised. For measurements of left ventricular
Hospital and informed consent was obtained dimensions, the onset of the Q wave of the
from all patients. There were no complications electrocardiogram was taken as left ventricular
during the study.
end diastole, and end systole was taken as the
point of maximum rate of decline of left venOPERATIVE PROCEDURE
tricular pressure.13 Left ventricular pressureThe patients were operated on by the same wall thickness loops were constructed using a
surgeon (JRP). General anaesthesia was
computer software program. The following
induced by alfentanyl and maintained with were calculated: end diastolic and end systolic
enflurane. Cardiopulmonary bypass was estab- wall thickness, peak wall thickening and wall
lished with ascending aortic and single right thinning velocities, and thickening fraction.
atrial cannulation with systemic hypothermia The area of the left ventricular pressure wall
(320C nasopharyngeal temperature), haemodi- thickness loop was taken as an index of
lution (packed cell volume 20-25%), perfu- regional external work, expressed in mJ/cm2 of
sion flow rate between 1 6 1/min/m2 at 32°C endocardium. 14 Myocardial power was derived
and 2-2 1/min/M2 at 370C. Antegrade and ret- from the product of instantaneous thickening
rograde cold blood cardioplegia was used for velocity and pressure, expressed in mW/cm2 of
myocardial protection. The patients were endocardium and plotted continuously. Cycle
maintained on continuous sedation using efficiency, calculated from the ratio of the left
intravenous propofol for at least three hours ventricular pressure loop area to the area of
after release of the aortic cross clamp.
the rectangle which encloses it and expressed
as a percentage, represents the ratio of the usePROTOCOL
ful external work done to the maximum possiA 5 MHz biplane transoesophageal probe was ble by myocardium working over the same
inserted after induction of anaesthesia and range of pressure and wall thickness.10-'2
connected to a Hewlett Packard Sonos 500
Haemodynamic measurements including
echocardiographic system. A pulmonary artery heart rate, peak systolic blood pressure, pulcatheter was inserted and cardiac output mea- monary artery wedge pressure, cardiac output,
sured by thermodilution. After pericardectomy left ventricular stroke volume index, and left
a 4F catheter tip manometer was inserted into
ventricular stroke work index, were also
the left ventricular cavity through the roof of recorded.
the left atrium, having first been passed
through the chest wall at a site just above the STATISTICAL ANALYSIS
manubrium. The output was filtered (1 kHz), Results are presented as mean (SD). A one
preamplified, and transferred to the auxiliary way analysis of variance with respect to time
channel of the echocardiographic system. was performed for each variable. If a signifiElectrical calibration of the pressure trans- cant effect was demonstrated, variables at
ducer was performed before initial measure- individual time points were compared using
ment and was checked with an air operated paired t tests. We used unpaired t tests to comdead weight balance (Budenberg Gauge pare differences between groups. The X2 test
a

a

,
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Company, Altringham, Cheshire, England)
after the study. The zero point was taken as
atmospheric pressure. After the study, the
catheter tip manometer was removed by withdrawing it through its exit site in the supraster-

Early changes in left ventricular anterior wall dynamics and coordination after coronary artery surgery
Table 1 Haemodynamic data. Values are means (SD)
After surgery
Before

surgery

OS h

lh

3h

Heart rate (beats/min)
Mean systolic BP (mm Hg)
PCWP (mm Hg)
CI (1/min/m2)
LVSVI (ml/min/m2)
LVSWI (g.m/m2)

76 (13)
100 (24)
12 (4)
2-1 (0 4)
28 (8)
34 (7)

82 (10)
93 (14)
11 (3)
2-5 (0 4)
31 (6)
34 (8)

79 (8)
92 (14)
12 (3)
2-5 (0 4)
31 (10)
33 (6)

82 (9)
95 (12)
11 (4)
2-4 (0 5)
29 (6)
33 (6)

BP, blood pressure; CI, cardiac index; PCWP, pulmonary capillary wedge pressure; LVSVI,
left ventricular stroke volume index; LVSWI, left ventricular stroke-work index.

Table 2 Echocardiographic data for left ventricular cavity and anterior wall. Values are
means (SD)
After surgery
Before

Variable
LVEDD (cm)
LVESD (cm)
Fractional shortening (%)
Shortening velocity (cm/s)
Lengthening velocity (cm/s)
Wall thickness ED (cm)
Wall thickness ES (cm)
Thickening fraction (%)

surgery

05 h

1h

3h

4-4 (0 6)
3-2 (0-5)
36 (5)
6-8 (2)
5-9 (1)
1-2 (0 2)
1-6 (0 3)
55 (12)

4-6 (0 8)
3-3 (0 6)
35 (5)
9 4 (2)*
8-2 (2)*
1-2 (0 2)
1-6 (0 2)
57 (15)

4-6 (0-9)
3-2 (0-8)
41 (7)
9-5 (2)*
8-2 (2)*
1-2 (0 2)
1-6 (0 3)
62 (26)

4-5 (0-9)
3-1 (0 7)
38 (7)
8-3 (2)t
7-3 (1)*
1-2 (0 3)
1-5 (0 3)
57 (10)

LVEDD, left ventricular end diastolic dimension; LVESD, left ventricular end systolic dimension; ED, end diastolic; ES, end systolic.
*P < 0-01; tP < 0 05 v before operation.
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Figure 2 The components of a left ventricular pressurewall thickness loop are shown. The upstroke represents
isovolumic contraction (IC) and the downstroke,
isovolumic relaxation (IR). The sections of the loop
representing ventricular ejection (EJY) andfilling (FL) are
also marked. A rectangular configuration, as shown,
denotes coordinate anterior wall motion with wall thickness
remaining constant during the isovolumic periods.
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Figure 3 (A) Left ventricular (LV) pressure-wall thickness loop showing the pattern seen
in group A with wall thinning during isovolumic contraction and thickening during
isovolumic relaxation, causing the loop to lean to the left. (B) LVpressure-wall thickness
loop showing the reverse pattern seen in group B, with waUl thickening during isovolumic
contraction and concomitant thinning during isovolumic relaxation resulting in the loop
leaning to the right.

was used to compare non-parametric data
between groups. A P value of less than 0 05
was considered significant.
REPRODUCIBILITY

Reproducibility was assessed by redigitising
traces from a random sample of 10% of the
beats after a period of three to six months. The
variables assessed include wall thickness,
thickening and thinning velocities, left ventricular end diastolic and end systolic dimensions,
and cycle efficiency. The root mean square
difference between duplicate measurements
and the values for coefficient of variation
derived from the ratio of the root mean square
difference and absolute value were determined.

Results
Full revascularisation was performed in all
patients. The left anterior descending coronary artery was grafted with the left internal
mammary artery as a pedicle graft in all cases.
No patient required either inotropic support
or pacing postoperatively. Mitral regurgitation
was not detected on colour flow mapping preor postoperatively in any of the patients studied. There were no new regional wall motion
abnormalities in the anterior, lateral, or inferior walls after operation, as assessed from the
four chamber and transgastric views. There
was no evidence of intraoperative myocardial
infarction in any patient on the basis of electrocardiography or creatine kinase levels.
Major conduction abnormalities were not
detected on the monitoring electrocardiogram
in any patient.
HAEMODYNAMIC DATA, LEFT VENTRICULAR
AND ANTERIOR WALL ECHOCARDIOGRAPHIC
VARIABLES

Heart rate, mean systolic blood pressure, and
pulmonary capillary wedge pressure did not
change significantly after operation. Cardiac
index, left ventricular stroke volume, and left
ventricular work index were also unchanged
throughout the study (table 1), and the same
applied to ventricular end diastolic and end
systolic dimensions and fractional shortening
(table 2). However, peak shortening velocity
increased at 05 hours (9 4 (2) cm/s) and was
sustained at 3 hours (8-3 (2) cm/s) compared
to the value before operation (6-8 (2) cm/s, P
< 0 05). Peak lengthening velocity also
increased after operation at 0 5, 1, and 3 hours
(8-2 (2), 8-2 (2), 7*3 (1) cm/s) compared to
the value before operation (5 9 (1) cm/s, P <
0 001), though left ventricular anterior wall
end diastolic and end systolic thickness values
were unchanged at 0 5, 1, or 3 hours.
LEFT VENTRICULAR ANTERIOR WALL
THICKENING AND THINNING DURING
ISOVOLUMIC CONTRACTION

The initial rapid rise in left ventricular pressure from its end diastolic value occurs during
isovolumic contraction and is normally not
associated with a significant change in either
left ventricular dimension or wall thickness.

Heart: first published as 10.1136/hrt.78.3.291 on 1 September 1997. Downloaded from http://heart.bmj.com/ on January 9, 2023 by guest. Protected by copyright.

Variable

293

Koh, Pepper, Gibson

294

(group B), anterior wall thickening began prematurely during isovolumic contraction (fig
3B), causing the upstroke of the loop to lean
Variable
to
the right. Abnormal motion during the iso63 (9)
60 (10)
Age (mean (SD)) years
5/4
10/4
Sex (M/F)
volumic contraction period was almost always
Angina grade
accompanied by reciprocal abnormalities in
3 (33)
3 (22)
NYHA class I (%)
9 (64)
5 (56)
class II (%)
the isovolumic relaxation period. Thus when
1 (11)
2 (14)
class III (%)
onset of thickening is delayed in those patients
Previous MI
0 (0)
0 (0)
with wall thinning during isovolumic contracAnterior (%)
1 (11)
2 (14)
Inferior (%)
tion (group A), all except two-in whom this
Medication (%)
7
11 (79)
was the sole abnormality-also showed conblockers
(77)
9 (64)
6 (66)
Calcium antagonists
comitant thickening during isovolumic relax8 (57)
3 (33)
Nitrates
9 (100)
14 (100)
Three vessel disease (%)
ation due to delayed thinning. Similarly, in the
2 (14)
1 (11)
Left main disease (%)
nine patients with premature wall thickening
65 (8)
60 (6)
LVEF (mean (SD)) %
3-4 (0 5)
3-3 (0 5)
No of grafts/patient (mean (SD))
during isovolumic contraction (group B) all
68 (12)
63 (10)
Cross clamp time (mean (SD)) min
showed premature wall thinning during isovo97 (17)
90 (14)
Bypass time (mean (SD)) min
lumic relaxation.
NYHA, New York Heart Association; MI, myocardial infarction; LVEF, left ventricular ejecTable 3 summarises the patient characteristion fraction.
tics in groups A and B. There was no difference in clinical variables (age, sex distribution,
Table 4 Left ventricular anterior wall dynamics in group A and B before operation.
angina grade, or the presence of inferior
Values are means (SD)
infarction) between the two
myocardial
Group B
Group A
Variable
groups. No patient had previous anterior
2-8 (0-6)
1-7 (0-4)t
Thickening velocity, cm/s
myocardial infarction. Preoperative treatment
2-8 (0 7)
1-7 (0-3)t
Thinning velocity, cm/s
with ,B blockers, calcium antagonists, and
73 (19)
43 (12)t
Thickening fraction, %
32 (7)
19 (5)t
Peak power, mW/cm2
nitrates was similar in the two groups. The
2 2 (0 8)*
3-3 (0-4)
Regional work, mJ/cm2
extent of coronary artery disease was the same
61 (8)
48 (12)*
Cycle efficiency, %
for
both groups, assessed both from the num*P < 0 05; tP < 0-005 between groups.
ber of vessels involved and the number of
grafts necessary for complete revascularisaTable 5 Effect of revascularisation on left ventricular anterior wall dynamics in group A.
tion. Left ventricular ejection fraction from
Values are means (SD)
contrast angiography was similar for the two
After surgery
with no evidence of anterior wall damgroups,
Before
1h
3h
Variable
surgery
O5 h
age in any patient, though three patients in
group A and two in group B had inferior wall
3-0 (0Q5)*
3-2 (0.9)*
1-7 (0-4)
3-2 (0.5)*
Thickening velocity, cm/s
3-0 (1.0)*
3.3 (1 0)*
1-7 (0-3)
3 0 (0.6)*
Thinning velocity, cm/s
Cross clamp and bypass times
hypokinesia.
54 (12)*
58 (13)*
56 (10)*
43 (12)
Thickening fraction, %
did not differ between the groups.
33 (9)*
36 (12)*
Peak power, mW/cm2
19 (5)
37 (7)*
3.5 (0.9)*
4 0 (1.0)*
3-7 (0.6)*
2-2 (0 8)
Regional work, mJ/cm2
Apart from loop morphology, there were
71 (5)*
72 (6)*
48 (12)
67 (11)*
Cycle efficiency, %
significant differences between group A and
*P < 0 01 v before operation.
group B before operation (table 4). Peak wall
thickening velocity (1-7 (0-4) v 2-8 (0-6)
Table 6 Effect of revascularisation on left ventricular anterior wall dynamics in group B.
cm/s), peak thinning velocity (1-7 (0-3) v 2-8
Values are means (SD)
(0-7) cmls), and thickening fraction (43 (12)%
After surgery
v
73 (19)%) were all lower in group A than in
Before
group B (P < 0-005 for all). Peak myocardial
1h
Variable
3h
05 h
surgery
power (19 (5) v 32 (7) mW/cm2) and regional
3 2 (1-0)
3-2 (0 9)
3 0 (0 9)
2-8 (0 6)
Thickening velocity, cm/s
myocardial work (2-2 (0-8) v 3-3 (0-4) mjI
2-9 (0 4)
3-1 (0-8)
2-9 (0-9)
2-8 (0 7)
Thinning velocity, cm/s
59 (12)
68 (17)
60 (20)
73 (19)
Thickening fraction, %
cm2, P < 0-05) were also lower in group A
38 (11)
Peak power, mW/cm2
38 (13)
40 (11)
32 (7)
than in group B. This reduction in work not
4-1 (1 0)*
4.5 (1 0)*
4-5 (0-9)*
3-3 (0 4)
Regional work, mJ/cm2
73 (6)*
76 (7)*
73 (9)*
61 (8)
Cycle efficiency, %
only reflected decreased amplitude of wall
movement but also reduced coordination,
*P < 0 01 v before operation.
with cycle efficiency in group A significantly
less than in group B (48 (12) v 61 (8) %, P <
Therefore in the normal heart, a rectangular 0-05).
shaped loop is obtained when pressure and
wall thicknesses are plotted against one EFFECT OF REVASCULARISATION ON LEFT
another (fig 2). The initial upstroke of the VENTRICULAR ANTERIOR WALL DYNAMICS
pressure-length or pressure-thickness loop In group A, peak wall thickening (3-2 (0-5) v
from the end diastole, representing isovolumic 1-7 (0-4) cm/s) and thinning (3-0 (0-6) v 1-7
contraction, is approximately vertical.'5 In our (0-3) cm/s) velocities, thickening fraction (43
patients, two distinct patterns in the morphol- (12)% v 56 (10)%), and peak power proogy of the pressure-thickness loops could be duction (37 (7) v 19 (5) mW/cm2) had all
identified, based on whether there was abnor- increased by 0-5 hours after revascularisation
mal thinning or thickening during the isovolu- (v before operation, P < 0-01), and this
mic contraction period, respectively. In 14 increase was sustained at 3 hours for all these
patients (group A), the anterior wall thinned variables (table 5). By contrast, the correduring isovolumic contraction (fig 3A) so that sponding measurements were unaffected by
the onset of thickening was delayed. This revascularisation in group B (table 6).
caused the upstroke of the pressure wall thickAsynchrony regressed in both groups. This
ness loop to lean to the left. In nine patients
was reflected in an increase in cycle efficiency
Table 3 Patient characteristics of group A and B

Group A
(n = 14)

Group B
(n = 9)
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from 05 hours onwards in group A (67 (1 1)%
v 48 (12)%) and group B (73 (9)% v 61
(8)%): P < 0 01 v before operation (fig 4). As
synchrony improved, so regional work
increased, both in group A (3-7 (06) v 2-2
(08) mJ/cm2) and group B (4-5 (09) v 3-3
(O 4) mJ/cm2) at 0 5 hours: P < 0 01 v before
operation. These changes after revascularisation remained significant at 3 hours. After
operation, groups A and B no longer differed
significantly in any of the variables measured.
REPRODUCIBII=TY

The coefficient of variability of the measurements for cycle efficiency, wall thickening and
thinning rates, wall thickness, and thickening
fraction ranged between 3-4% and 6-4%.
Myocardial power and pressure-thickness loop
area and had a variability of 7 0% and 9 4%
respectively.
Discussion
Synchronous left ventricular contraction and
relaxation is a feature of normal left ventricular
function. If the time sequence of local ventricular contraction is disturbed, it can influence
the function of the whole ventricle.7 Although
abnormal timing may occur at any time in the
cardiac cycle,89 its major effects are seen when
the periods of isovolumic contraction or relaxation are affected.'0 In normal subjects left
ventricular dimension remains almost
unchanged during these two periods. A
change in dimension in one part of the cavity
at a time of constant volume causes a reciprocal
change elsewhere, and thus a secondary
change in cavity shape. This means that the
effects of incoordination become generalised
and are not confined to the site of the original
disturbance. These changes have been studied
in detail in patients with coronary artery disease by echocardiography'6 and angiography."7-20 In patients with single vessel coronary
artery disease, the region subtended by the

diseased vessel characteristically showed prolonged inward movement and wall thickening
during isovolumic relaxation.'7 In the present
study, we used echocardiography and simultaneous left ventricular pressure measurements
to document the acute effects of uncomplicated surgical revascularisation, not only to
demonstrate the time relations between the
restoration of coronary flow and their resolution, but also to serve as a baseline for adopting
the method as a monitoring technique in high
risk patients.
The left ventricular pressure-thickness loop
for the anterior wall showed major distortion
in all patients undergoing revascularisation for
three vessel coronary disease. In over half the
patients studied (group A) there was thinning
during isovolumic contraction. This thinning
is the direct cause of the dimension increase
during isovolumic contraction and thickening
during isovolumic relaxation previously documented by echocardiography and angiography
in such patients'617 Its basis is the delay in
onset, due to local ischaemia, of local tension
development with respect to regions with
more normal function, and it thus represents a
primary abnormality in the region subtended
by a stenosed coronary artery.
In the remaining patients (group B) we
observed secondary effects of the change in
cavity shape. Here the wall thickened during
isovolumic contraction and thinned during
isovolumic relaxation. These changes represent the reciprocal effects in otherwise normal
regions, of primary (group A) disturbances
elsewhere in the ventricle at times of constant
ventricular volume.'8 21 Although all our
patients had three vessel disease, it would not
be surprising if in some patients, the primary
abnormality affected the anterior wall while in
others it was elsewhere. Coronary artery disease influences regional function in a heterogeneous way, depending on the extent of
stenoses in different vessels, the development
of collateral supply, and dynamic factors that
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Figure 4 (A) Loop area represents useful work transferred
to the circulation, while the area of the rectangle that just
encloses it (ABCD) represents the maximum possible work
that could have been done over the same range of pressure
and wall thickness. The ratio, expressed as a percentage is
the cycle efficiency, represents the efficiency of energy
transfer between the myocardium and circulation.
(B) Sequence of left ventricular pressure-wall thickness
loops, showing the loops becoming progressively more
rectangular in configuration after revascularisation,
resulting in an increase in cycle efficiency, as anterior wall
motion becomes more coordinate. Note that total loop area
has also increased after operation.
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current pattern of disease referred for surgical
revascularisation, so we were unable to investigate patients with single vessel disease. We
were limited in this clinical setting to leaving
the probe and transducer tip catheter in situ
for three hours, and therefore any later
changes could not be documented. We used
M mode rather than cross sectional echocardiography, since our aim was to study regional
function, and since its high repetition rate
allows abnormalities in timing to be delineated
in detail. Our patients were at low risk of
adverse clinical events and the study design
was therefore inappropriate to investigate
whether or not there was any relation between
adverse clinical outcomes and the regional
abnormalities we describe. However, in
patients with unstable angina or poor left ventricular function, in whom the abnormalities
are more profound, such an association may

occur.
In the clinical context, our results show that
in a substantial proportion of patients with
chronic stable angina and normal ejection
fraction, and in the absence of overt
ischaemia, regional myocardial function may

be significantly depressed. This depression
could not be consistently defined in terms of
any reduction in overall amplitude of endocardial motion or wall thickening, the two measurements that form the basis of the subjective
wall motion scores that are widely used to
assess ventricular function in patients with
coronary artery disease. The 95% normal limits
of measures of amplitude are very wide, and in
some regions of the ventricle include akinesis.22 In order to demonstrate depression, it
was necessary to describe function objectively,
in clearly defined mechanical terms. When this
was done, it was apparent that regional work
and power production were both substantially
reduced, and that coordination-a major
determinant of energy transfer from the
myocardium to the circulation-was impaired
both locally and in more distant regions of the
ventricle. Regional myocardial tension-time
development correlates well with oxygen consumption,2' so distortion of local dimension or
pressure-wall thickness relations implies widespread mechanical inefficiency.'012 14 These
changes are reversed within 30 minutes of
revascularisation, both locally and also in their
indirect effects. It has recently become apparent
that wall motion abnormalities, assessed subjectively, are common perioperatively and may
have an important impact on the outcome of
coronary artery surgery.'4 We believe that the
increased sensitivity of objective measurements such as the present ones may give clinically useful information in high risk patients.
Although catheter tip manometry and offline
digitisation increase the complexity of the
method, we believe that this is outweighed by
the sensitivity of objective measurements in
detecting depressed myocardial function.
They may give information of direct clinical
value in higher risk patients, allowing deterioration to be detected earlier and appropriate
action to be instituted more promptly, as well
as assessing drugs25 or other manoeuvres
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control myocardial oxygen supply and
demand.
Our findings are also compatible with the
acute study of Sasayama et al, who used pressure-length loops derived from angiography
and showed that overt ischaemia induced by
rapid atrial pacing produced the equivalent
pattern of change in loop morphology as was
shown in group A patients-segment lengthening during isovolumic contraction corresponding to wall thinning in ours.19 Our
additional finding that thickening and thinning
velocities, along with thickening fraction, were
also reduced in this group is in line with the
finding of reduced excursion shown by
Sasayama et al. We conclude, therefore, that
regions identified by wall thinning during isovolumic contraction have profoundly depressed function under control conditions. This
represents the behaviour of myocardium supplied by a critically stenosed coronary artery.
By contrast, the behaviour of segments showing wall thickening during isovolumic contraction, but where the wall dynamics are
otherwise maintained (group B), is exactly
what would be predicted when the primary
disturbance is elsewhere in the ventricle.
When the coronary arteries are grafted, the
synchrony of regional myocardial function
improved within 30 minutes in all patients,
whether they showed group A or group B
abnormalities. Coronary artery grafting did
not affect the extent of wall thickening and its
systolic and diastolic rates in group B, but they
consistently increased in group A. These findings are again consistent with the idea that
preoperative disturbances were the direct
result of coronary artery narrowing in group A,
and the indirect result in group B. All our
patients had stable angina preoperatively and
none had electrocardiographic evidence of
ischaemia at the time that the preoperative
observations were made. We conclude that
even without classical evidence of myocardial
ischaemia, many aspects of regional myocardial function are chronically depressed in
patients with stable coronary artery disease,
and that these changes improve within 30
minutes of revascularisation.
Our study has limitations. The need for
simultaneous transoesophageal and left ventricular pressure measurements meant that the
most suitable time for introduction of the
probe and catheter tip manometer was when
the patient was under general anaesthetic.
Though any additional direct effect of the
anaesthesia on ventricular function, or effect
of interaction between anaesthesia and coronary stenoses, cannot be excluded, the early
regression of the abnormalities while the
patient was still under anaesthesia suggests
that the changes reflect improvement in
myocardial blood supply as a result of coronary artery surgery. However, an interaction
between anaesthesia and surgery has not been
excluded. Patients served as their own controls
since for obvious ethical reasons normal values
are not available. With the increase in percutaneous interventional procedures for ischaemic
heart disease, triple vessel disease reflects the
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designed to optimise myocardial protection,
and monitoring patients in whom the main
indication for revascularisation is to restore
myocardial function rather than treat symptoms.
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