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A B S T RA C T The peak rate of systolic wall thicken-
ing (pdT,/dt) in regions of the left ventricle was
determined by biplane roentgen videometry in 60
patients before and a median of 14 mo after aorto-
coronary bypass graft surgery. The left ventricular
ejection fraction, stroke volume, and end-diastolic
volume and pressure did not change significantly after
surgery in the presence of patent or occluded grafts
(P > 0.05).

Statistically significant increases occurred in the
peak rate of systolic wall thickening of regions supplied
by patent bypass grafts, and significant decreases
occurred in regions with occluded grafts (P < 0.01). Of
42 preoperatively hypokinetic regions (pdT,/dt > 0
< 5.0 cmls) supplied by a patent graft, 30 improved by

an average of 2.6 cm/s after operation; 18 returned to
normal. Failure of 24 hypokinetic regions to improve to
normal was associated with myocardial infarction in 11
or with late postoperative graft blood flows of <60 ml/
min, measured by videodensitometry, in 10. All seven
preoperatively akinetic (pdT,/dt = 0) or dyskinetic
(pdT,/dt < 0) regions did not improve after the opera-
tion despite the fact that, in five of the seven,
coronary bypass flows were over 60 ml/min.

All eight preoperatively hypokinetic regions
supplied by coronary artery graft flows of .40 ml/min
failed to improve to normal after operation. All nine
preoperatively hypokinetic regions supplied by coro-
nary artery graft flows of over 60 ml/min improved to
normal after surgery. Late postoperative coronary

Receivedfor publication 16 December 1975 and in revised
form 9 August 1976.

artery bypass graft flows, the functional status of the
myocardium, the status and distribution of the native
coronary circulation, and decreased regional function
elsewhere in the ventricle must all be considered when
regional left ventricular function is interpreted.

INTRODUCTION

Aortocoronary artery bypass graft surgery affords relief
or improvement of angina pectoris in the majority of
patients (1-5). Evidence for improvement of myo-
cardial function has been contradictory (1, 6-14),
especially in late postoperative studies. Decreased
regional left ventricular (LV)' function in segments
supplied by patent grafts has been reported (1). How-
ever, demonstration of graft patency alone does not
necessarily indicate sufficient blood flow to relieve
myocardial ischemia. To date, flow in individual
aortocoronary artery bypass grafts and its relationship
to regional function have been measured only at the
time of surgery with an electromagnetic flow meter
(15). In that study (15), mean flow through the graft
correlated with the effect of its temporary occlusion on
the percentage decrease in myocardial contractile
force, measured by a strain-gauge arch. Recently
developed, quantitative, computer-based videoangio-
graphic methods of analysis allow postoperation
measurement of blood flow through individual grafts
(16-18) and 60 fields determination of LV volumes and

' Abbreviations used in this paper: EJF, ejection fraction;
LV, left ventricular or ventricle; pdT,/dt, peak rate of systolic
wall thickening.
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regional myocardial wall dynamics (19, 20). Not sur-
prisingly, aortocoronary artery bypass graft flow
measured during operation by electromagnetic flow-
meter has correlated poorly with videodensitometric
flows measured at cardiac catheterization and angiog-
raphy soon after the operation (21). It is therefore
essential to assess both regional LV function and graft
flows at the same postoperative study. The present
study was designed to evaluate LV function before
and after aortocoronary artery bypass graft surgery and,
in particular, the relationship between blood flow in a
graft and the peak rate of systolic wall thickening in the
region supplied by the graft.

METHODS
600 patients underwent aortocoronary artery bypass graft
surgery at the Mayo Clinic between April 1972 and December
1974 for angina pectoris due to coronary artery disease. 60
patients (56 males), ranging in age from 34 to 67 yr (median,
54 yr), were selected for study. Preoperative angina
pectoris was considered to be stable in 58 patients. Before
operation, all patients were in functional class III or IV (New
York Heart Association classification) on the basis of angina
pectoris. Transmural myocardial infarction by definite electro-
cardiographic and vectorcardiographic criteria (22) was
present before operation in 21 patients; 2 additional patients
were classified as having a subendocardial infarction before
surgery (chest pain, persistent ST-T wave changes for 48 h,
elevated enzymes). The heart size on chest roentgenograms
was normal except for two patients who had mild cardiomegaly
(cardiothoracic ratio 0.55).

Selection of these 60 patients was based on the following
criteria: (a) There was no evidence of valvular heart disease.
(b) There was no clinical evidence of heart failure. (c) Aorto-
coronary artery bypass grafting was the only surgical pro-
cedure; for example, patients with resection of any part of the
left ventricle were excluded. (d) Left ventriculograms before
and after surgery were technically suitable for videometric
analysis (19, 20). (e) No medication known to influence LV
function was being taken. (f ) In the last year of the study,
patients in whom the preoperative left ventriculogram
demonstrated a regional abnormality were selected for
restudy. (g) Informed consent was required. Patients were
given the opportunity to refuse the study after full explanation
of the risks and objectives.

The patients were restudied 3-36 mo (median 14 mo) after
aortocoronary artery bypass surgery. 15 of the 60 patients
returned because of chest pain. Repeat angiography was
considered clinically indicated. The remaining 45 patients
had been recalled without regard to symptoms as potential
candidates for restudy because of satisfactory analysis of the
preoperative left ventriculogram. Of these 45 patients, 17 had
angina and 24 had an abnormal treadmill electrocardiogram
at the time of postoperative evaluation. The study population
is biased with patients having less favorable results because
many of the patients who were asymptomatic and had
negative treadmill electrocardiograms refused repeat angiog-
raphy when recalled.

Seven men, 36-64 yr of age (median 53 yr), underwent
coronary arteriography and left ventriculography for definition
of the location and severity of coronary disease without
intervening surgery at intervals of 10-29 mo (median 15 mo).
These patients provide a control group with a comparison of
the same measurements of global and regional left ventricular
function in sequential studies. All had stable angina pectoris

(New York Heart Association class II or III) at the time of both
studies. Five patients had had transmural myocardial infarc-
tion before the initial study; none had a myocardial infarction
between the first and second studies.

Cardiac catheterization was performed in the fasting patient
after premedication with 100 mg of pentobarbital given
intramuscularly. No patient received nitrates within the 8 h
preceding the study. The study sequence at the time of
catheterization was as follows: (a) left ventricular pressure
determination, (b) biplane left ventriculography, (c) graft
transit times, (d) spot films for graft dimensions, (e) sublingual
isosorbide dinitrate (Isordil, Ives Laboratories, Inc., New
York) (5 mg), and (f) selective graft and coronary cineangiog-
raphy. Simultaneous biplane left ventricular videoangiograms
were made in orthogonal projections (450 right anterior
oblique and 450 left anterior oblique projections). Meglumine
diatrizoate (Renografin-76, 0.7 ml/kg, E. R. Squibb & Sons,
Princeton, N.J.) was injected over 3-4 s during deep inspira-
tion. The preoperative ventriculogram was always reviewed
before the postoperative study to place the patient in the same
position for both studies. Ventriculography was never
performed during or immediately after an episode of angina.
In two patients, the left ventricle was opacified by injection
of contrast medium into the main pulmonary artery.

Videodensitometric measurements of the mean transit times
in the vein grafts were obtained by the selective injection of
1-3 ml of Renografin at the orifice of each graft. The resulting
fluoroscopic image was recorded on videotape. Graft transit
times were determined 5-10 min after ventriculography by
measuring changes in roentgen density caused by the contrast
medium indicator (17, 18) and recording computer-generated
indicator-dilution curves at the proximal and distal ends of the
graft. Nonspecific changes in roentgen density caused by
cardiogenic motion of the catheter or vessel and changes in
cardiac size and position were compensated for by background
subtraction of the cyclic roentgen density changes of the last
two or three cardiac cycles recorded before injection of
contrast medium. The mean transit time of the bolus of con-
trast medium along the length of the graft was determined
as the difference between the mean transit times measured
at the proximal and distal sampling sites. The volume of the
graft between the two sampling sites was determined from
biplane orthogonal roentgenograms of the grafts obtained after
selective injections of 5-10 ml of Renografin-76 into the graft
orifices (17). Graft blood flow is equal to graft volume divided
by mean transit time of the bolus along the graft (17, 18).
Unsatisfactory measurements were due primarily to poor
patient positioning and inadequate breath holding or tech-
nically unsatisfactory spot film exposure for determination of
graft dimensions.

Graft flows determined from two consecutive Renografin
injections were performed 5-10 min apart at the same
patient study and were very similar: an increase in half and a
decrease in half of the second flow measurements (16 grafts),
a median change of 0.5 ml/min, and a change > 11 ml/min in
only 2 of 16 grafts. This is in agreement with studies in man
(23), wherein the hyperemic response to 3 ml of Renografin
lasted 1 min, and previous studies in dogs, wherein the
hyperemic response to larger-per-kilogram doses of contrast
medium lasted 1-4 min (24).

Ventricular volumes (end-diastolic and end-systolic volume
indexes), together with the calculated stroke volume and
ejection fraction (EJF), were determined from the biplane
ventriculograms by roentgen videometry. The operator-inter-
active video system interfaced with a CDC3500 computer
(Control Data Corp., Minneapolis) has been previously
described (19). The volume-computing program was based on
Simpson's rule (25). Only regular beats were analyzed. In
eight patients, biplane determinations of LV volume were not
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TABLE I
Grouping and Location of Segments Analyzed (Grafted and Ungrafted) in Paired

(Preoperative and Postoperative) Left Ventriculograms

Segments

A 2A 3A L 2L A,L 2A,L A,2L I,L,2A I,A,2L I,A,L

No. of patients (57 total) 16 5 1 5 2 16 6 3 1 1 1
No. of paired segments (108 total) 16 10 3 5 4 32 18 9 4 4 3

Regional left ventricular function was analyzed in as many segments as technically possible in each
patient. In 57 patients an average of 1.9 paired segments per patient were analyzable; in 3 patients poor
epicardial definition prevented analysis. A, anterior segment (high, mid, or low); L, posterolateral segment
(high, mid, or low); I, inferior segment. Number preceding letter designates number of segments in each
location.

possible either before or after operation because of ectopic
beats or X-ray exposure unsuitable for analysis.

The same videometric, computer-interfaced system was
used to determine and display 60 fields measurements of
wall thickness throughout several cardiac cycles and to
calculate and display the peak rate of systolic wall thickening
as previously described (20). Although the thickness of the
wall was computed as the shortest distance between the endo-
cardium and the epicardium, even with accurate definition of
these borders, the shortest distance is not necessarily the
true wall thickness of the segment (26). Nonetheless, for con-
venience, the measured value will be referred to as "wall
thickness."

Up to three segments in each of the anterior and postero-
lateral walls are analyzable, depending on the magnification
and orientation of the cardiac silhouette and the definition of
the epicardium (Table I). Because of previously noted (20)
difficulties in obtaining optimal orientation of inferoseptal
segments and because of the superimposed diaphragm, only
three patients had a single inferoseptal segment that was
analyzable before and after surgery.

Segments were classified quantitatively as "normal" when
the peak rate of wall thickening (fxdTw/dt) was greater than
or equal to 5.0 cm/s, "hypokinetic" when the pdTw/dt was
less than 5.0 cm/s, "akinetic" when the pdTw/dt was equal
to 0, and "dyskinetic" when the pdTw/dt was less than 0 be-
cause of systolic wall thinning (20).

Heart rate was measured from the simultaneous electro-
cardiogram recorded while the ventriculogram was being
videotaped. Aortic diameters were measured at end-systole on
all ventriculograms with the same videometric system to
verify that appropriate magnification factors had been used for
studies both before and after operation.

Coronary cinearteriograms before and after operation were
compared in multiple views by at least two observers (Drs.
Frye, Rutherford, and Davis) to determine whether there
were any changes in the native coronary circulation. The
reported percent stenosis of a coronary artery is the visually
estimated maximum narrowing in arterial diameter.

The operative techniques utilized in all patients were mild
to moderate hypothermia (15-35°C); venting via the left
atrium (27 patients), pulmonary veins (10 patients), or left
ventricular apex (23 patients); and blood flow on cardio-
pulmonary bypass of 2.0-2.4 liters/min per M2. Ventricular
fibrillation was not established deliberately. The aorta was
clamped for 10-20 min/graft. A reversed segment of auto-
genous saphenous vein was used for all grafts. In the entire
study population, 21 patients had single grafts, 27 had double
grafts, 10 had triple grafts, and 2 had four grafts.

The patients were divided into two groups according to the

patency of the aortocoronary artery bypass grafts for compari-
son of indices of global LV function before and after operation.

Validation of methods. The reliability, accuracy, and
reproducibility of the videometric techniques (27) and com-
puter analysis of wall thickness determination by the same
observer (20) have been reported. The reproducibility of
pdTW/dt by the same observer was within 0.6 cm/s in 13
segments supplied by normal or diseased coronary arteries at
two different studies (a median of 14 mo apart) in six un-
operated patients with no significant change in the coronary
angiogram (Fig. 1). The comparison of the EJF in six un-
operated patients with coronary artery disease at two different
studies (a median of 14 mo apart) was within a range of
+11% (EJF units).

An excellent correlation (r = 0.95) has been demonstrated
between graft flow values less than 150 ml/min determined
by simultaneous videodensitometric and electromagnetic
flowmeter measurements (17, 18).

RESULTS

Clinical. The left anterior descending artery was
bypassed in 53 patients (16 grafts were occluded); the
left circumflex artery was bypassed in 24 patients (7
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FIGURE 1 Reproducibility of peak rate of systolic wall
thickening in two studies (median, 14 mo apart) of six un-
operated control patients with no significant change in
coronary angiogram was within 0.6 cm/s in 13 segments. 0, seg-
ments supplied by normal or <50%o stenosed coronary
arteries; 0, segments supplied by _50% stenosed coronary
arteries.
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FIGuRE 2 Indices of global LV functional status (left ventricular end-diastolic pressure
[LVEDP], stroke volume index, and ejection fraction) before operation (top) and late after opera-
tion (bottom) are shown for a group of patients with all grafts patent and a group with one or more
grafts occluded. No statistically significant changes (P > 0.05) occurred after operation compared
with before operation. Note, however, that only about 30%o of patients had abnormal values before
operation. Pt, number of patients.
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FIGURE 3 Peak rate of systolic wall thickening in segments supplied by patent grafts, a compari-
son of fdT,/dt before operation and a median of 14 mo after operation. Left panel: segments
supplied by graft flows of >40 mllmin (circles) and segments to which graft flows were not tech-
nically feasible (squares). Right panel: segments in regions of infarction (before or during opera-
tion) or segments without infarction supplied by grafts with blood flows of _40 ml/min. Note that
the coordinates start at (-1, -1) and that in the right panel there are six akinetic segments and one

dyskinetic segment, none of which changed after surgery. Changes observed after operation were
statistically significant (P < 0.01). 0, 0, segments associated with no decrease in regional function
elsewhere in LV. *, E, segments associated with decreased regional function elsewhere in LV
(graft occlusion or decreased postoperative regional wall dynamics). x, preoperative infarc-
tion. *, Intraoperative infarction. Lines connect segments from same patient at same studies.
Pt, number of patients.
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grafts were occluded); the right coronary artery was
bypassed in 31 patients (11 grafts were occluded); and
the diagonal branch was bypassed in 5 patients (2 grafts
were occluded). This high graft-occlusion rate may
reflect a bias, in the greater likelihood of patients to
consent to restudy if they had postoperative angina or
an abnormal treadmill exercise electrocardiogram.

At the time of the postoperative study, 33 patients
were free of angina, 22 had class II (New York Heart
Association) angina, and 5 had class III angina.

Three patients had an early postoperative (within 30
days) transmural myocardial infarction by definite
electrocardiographic and vectorcardiographic criteria
(22); two infarcts were in the region of an occluded
graft, and one was in the region of a patent graft. Two
patients had a late postoperative (>30 days) myocardial
infarction in the region of an occluded graft.

Patent graft group. In 33 patients, all 54 grafts were
patent. Only six patients in this group were completely
revascularized; that is, they had no other coronary
arteries or major branches with .50%/o stenosis that
were not grafted. Five patients had coronary arterial
narrowing of .50%o which was not bypassed in a
coronary branch artery (diagonal branch, an obtuse
marginal branch, or a nondominant left circumflex
atrioventricular groove branch). The remaining 22
patients in this group had at least one major coronary
artery with .50%o stenosis that was not graftable. 12
of the 33 patients had angina at the time of the post-
operative study.

Occluded graft group. In these 27 patients, 36 of
59 grafts were occluded; 9 patients had all grafts
occluded. 15 of the 27 patients had angina at the time
of the postoperative study.

Total ventricular functional status. Compared
with measurements before operation, the groups with
patent and occluded grafts showed no statistically
significant (P > 0.05) changes after operation in resting
left ventricular end-diastolic pressure, stroke volume,
EJF, or end-diastolic or end-systolic volume index
(Fig. 2). No statistically significant (P > 0.05) post-
operative changes in these same parameters occurred
in patients with abnormal preoperative values, with all
grafts occluded, or with an occluded graft of the left
anterior descending coronary artery.

Regional ventrticular functional status. In contrast
to the lack of statistically significant changes in global
LV functional status, significant (P < 0.01) increases
occurred in pdT,/dt of segments supplied by patent
grafts (Fig. 3) and significant (P < 0.01) decreases
occurred in segments with occluded grafts (Fig. 4).

Segments supplied by patent grafts (57 segments).
Preoperatively, 42 were hypokinetic segments (Fig. 3,
pdT,/dt > 0 < 5 cm/s on the abscissa), 7 were akinetic
or dyskinetic, and 8 were normal. Of the 42 preopera-
tively hypokinetic segments, 30 improved subsequent
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FIGURE 4 Peak rate of systolic wall thickening before and
after operation in 20 segments (from 17 patients) supplied by
occluded grafts; a statistically significant decrease in pdTW/dt
occurred after operation (P < 0.01). V, no change in native
coronary circulation supplying this segment. A, total occlusion
of part or all of native coronary artery supplying this segment.
O, anterior wall segment with native left anterior descending
coronary artery occluded, diagonal branch unchanged.
x, preoperative infarction. *, postoperative infarction. Lines
connect segments from same patient at same studies.

to operation (average increase 2.6 cm/s); 18 of the 30
improved to normal (>5 cm/s on the ordinate). Failure
of the remaining 24 hypokinetic segments to improve
to normal after operation was associated with infarc-
tion before or after surgery (11 segments) or a graft
blood flow of <60 ml/min (10 segments) in 21 of 24
segments; in the 3 other segments, associated graft
blood flow measurements were not technically satis-
factory.

All seven preoperative akinetic or dyskinetic
regions did not change after operation (Fig. 3, right),
despite graft blood flows of >60 ml/min to five of the
seven regions where flow measurements were tech-
nically satisfactory. Six of these seven regions had
documented preoperative transmural myocardial in-
farction.

Of eight preoperatively normal segments, six re-
mained normal after surgery; and two were hypo-
kinetic at the late postoperative study in association
with graft flow of <40 ml/min (see Regional ventricular

functional status versus graft flow).
Segments supplied by occluded grafts (20 segments).

Inadequate blood supply results in decreased fdT,/dt,
as documented by the analysis of segments supplied by
occluded grafts (Fig. 4); 17 of these 20 segments
showed a decrease. The largest decreases in segmental
function occurred when both the native coronary
circulation and the graft were occluded (Fig. 4, solid
triangles). Smaller decreases occurred in segments in
which the grafts were occluded but the native circula-
tion was unchanged (Fig. 4, open triangles). In the
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FIGURE 5 Peak rate of systolic wall thickening before and
after operation in 24 segments (20 patients) supplied by un-
grafted coronary arteries. Statistically significant increases
occurred in segments supplied by normal or <50%o stenosed
ungrafted coronary arteries (O) and significant decreases
occurred in segments supplied by ungrafted arteries with
-500o stenosis (U), (P < 0.01). Lines connect segments from
same patient at same studies.

one region supplied by new collateral circulation,
pdTw/dt increased 1.2 cm/s.

Segments supplied by ungrafted arteries (25 seg-
ments). In 13 segments supplied by ungrafted arteries
with <50%o stenosis, pdTw/dt increased an average of
1.3 cm/s after surgery. In 12 segments supplied by
ungrafted arteries with .-50% stenosis, pdTw/dt
decreased an average of 1.6 cm/s after surgery (Fig. 5).

Segments supplied by ungrafted arteries with <50%o
stenosis appeared capable of a compensatory increase
in regional wall dynamics subsequent to operation if
there was deterioration of circulation or wall motion
elsewhere in the LV. However, ungrafted coronary
arteries with _50%o stenosis appeared to preclude a
compensatory increase in wall dynamics of the region
they supplied (Fig. 6).

Regional ventricular functional status versus graft
flow. Independent measurement of pdTw/dt and graft
flows were performed by different observers. Regional
wall dynamics before and after operation were plotted
for segments supplied by three levels of graft flow:
_40 ml/min, 41-60 ml/min, and >60 ml/min (Fig. 7).
Two of three preoperatively normal segments with
graft flows of <40 ml/min were hypokinetic at the late
postoperative study without evidence of myocardial
infarction. These two segments had normal pdTw/dt at
catheterization study 7 and 8 days after surgery when
graft flows were 120 and 73 ml/min, respectively; how-
ever, they were hypokinetic 16 and 11 mo later when
flows were 39 and 32 ml/min (33% and 44%of the early
postoperative flows), respectively (Fig. 7). All eight
preoperatively hypokinetic segments failed to improve
to normal after operation with graft flows of _40
ml/min. With graft flows of 41-60 ml/min, three of five

1344 Chesebro et al.

hypokinetic segments improved to normal after opera-
tion (Fig. 7). With graft flows of >60 ml/min, all nine
hypokinetic segments improved to normal after opera-
tion and increases in pdTw/dt were the largest (Fig. 7).

There was no significant (P > 0.05) change in arterial
pressure between the two studies. The heart rate was
slightly increased (4 beats/min average) at the time of
postoperative study (P < 0.01) and was comparable in
the patent and occluded graft groups.

DISCUSSION

The present study demonstrates an improvement in
hypokinetic segments of the left ventricle in patients
after aortocoronary artery bypass graft surgery for relief
of angina pectoris. The amount of graft flow and the
functional status of the regional myocardium are
important modifiers of the response observed. The
observed improvement in regional myocardial function
was unaccompanied by significant changes in global
LV function.

Regional function of the left ventricle late after aorto-
coronary artery bypass graft surgery has been reported
as unchanged or deteriorated (1, 2, 14) or improved
(28, 29). The reasons for these reported differences are
not entirely clear but may relate in part to the following
factors: (a) different methods of regional LV function
measurement, (b) lack of graft blood flow measurement
at the time of postoperative study, (c) imprecise
correlation of coronary artery distribution with specific
myocardial segments and incomplete revasculariza-
tion of major arterial branches, (d) functional status of
the myocardium before and after operation, and (e)
variable surgical technique and experience.
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operation are shown for three levels of graft flow: -_-40 ml/mmn,
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with normal rates of wall thickening before surgery and 7-8
days after operation, when graft flows were 120 and 73 mg/min,
respectively, were noted to be hypokinetic 16 and 11 mo later
when reduced flows of 39 and 32 ml/min, respectively, were

noted. Lines connect segments from same patient at same

studies.

Regional wall dynamics are most often determined
by assessing endocardial motion from superimposition
of end-diastolic and end-systolic LV cineangiographic
silhouettes and measuring changes in minor axes of the
ventricle. This method is sensitive to changes in posi-
tion of the heart during the cardiac cycle. The assess-

ment of wall motion has been demonstrated to differ
significantly according to the method of superimposing
the silhouettes (30). The relative sensitivity of these
methods in sequential studies and whether these
methods contributed significantly to the differences
noted in sequential studies in the same patient are not
known. Wehave applied computer-assisted roentgen
videometry to the analysis of biplane left ventriculo-
grams to quantitate regional wall thickening during
systole. With this method, which is less sensitive to
changes in cardiac position and adjacent myocardial
motion, it was found that the peak rate of systolic wall
thickening best separated apparently normal and ab-
normal segments of the left ventricle (20).

All angiographic measurements of regional LV func-
tion, including wall thickness, are limited in accuracy

by the inherently ambiguous relationship between a

three-dimensional structure and its roentgen projection
image (26). The accuracy of the relationship between
projected and true wall thickness is greatest when the
wall is thin, has a smooth surface, and has a radius of
curvature that is large in comparison with the wall
thickness. In addition, the trabeculae carneae and
papillary muscles may squeeze together during
systolic contraction so that the contrast medium is
extruded from between these structures, apparently
thickening the wall. Both of these mechanisms cause

the wall thickness measurement to be most accurate in
the diastolic, poorly contracting, and distended ven-

tricular wall. The wall thickness tends to be in-
creasingly overestimated with the vigor of contraction.

Therefore, it is most likely that the large increases in
computed wall thickness noted in some normal regions
represent an overestimate. This effect is least likely in
the hypokinetic regions. Fortuitously, the rate of wall
thickening in the hypokinetic regions, where an in-
creased rate of thickening is of particular interest, is
most likely to be the most accurate measurement of
true wall thickening. High rates of computed wall
thickening, although likely to be an overestimate of the
true rate, occur in vigorously contracting and normally
functioning myocardium.

The use of dynamic measurements of wall thickness
as an index of regional myocardial ischemia is sup-
ported by De Jong and Goldstein's study of open-chest
pigs (31). A negative correlation was demonstrated
between coronary venous inosine concentration (a
metabolic index of myocardial ischemia) and myo-
cardial systolic wall thickening during experimentally
induced myocardial ischemia.

Factors other than myocardial ischemia that might
influence the rate of systolic wall thickening have
been considered in the present study. Arterial pressure
did not significantly change at studies before and after
surgery. Even though heart rate was slightly increased
in both the patent and occluded graft groups, the post-
operative changes in rates of wall thickening correlated
with graft patency (Fig. 8). On the basis of our pre-
liminary unpublished studies in dogs, the slight heart
rate increase after surgery appears insufficient to
account for the differences in rates of wall thickening.
The consistent pdT,/dt noted in our control patients
(Fig. 1) makes it unlikely that the differences noted in
the patients after operation result from other factors not
considered in this study.
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FIGURE 8 Changes in peak rate of systolic wall thickening
(postoperative minus preoperative) vs. change in heart rate
(postoperative minus preoperative) in segments without
infarction supplied by patent grafts (40 segments, 28 patients)
(left panel) and segments without preoperative infarction
supplied by occluded grafts (19 segments, 16 patients) (right
panel). Lines connect segments from same patient at same
studies.
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A more significant potential influence on the
mneasured postoperative rate of wall thickening is the
effect of changed dynamics elsewhere in the ventricle
as a result of infarction, graft occlusion, or progression
of coronary artery disease. Clinical studies in our
laboratory have documented unusually high rates of
thickening in normal segments, associated with ab-
normalities of regional function elsewhere in the same
ventricle, suggesting a compensatory response (20).
Studies of experimental canine myocardial infarction
have also demonstrated a compensatory increase in
regional myocardial function in the uninvolved
myocardium (32, 33). Thus, improved regional blood
supply may not be the only reason for the higher rates
of regional wall thickening in the patent graft group.
For these reasons, the segments supplied by a patent
graft were further classified into segments with or
without reduction in circulation or wall motion else-
where in the ventricle (Fig. 3).

Our studies indicate that graft flows at the time of
late postoperative study may be sufficiently diminished
to preclude normal regional function, even though the
graft is patent. By measuring the blood flow in in-
dividual grafts supplying the segment of myocardium
under study, a positive correlation was noted between
the amount of flow provided by the graft and the post-
operative increase in the peak rate of systolic thicken-
ing in regions with preoperative hypokinesis (Fig. 7).
It is apparent that conclusions on effects of aorto-
coronary artery bypass graft surgery on regional left
ventricular function should ideally include quantita-
tion of flow to the region under study.

Revascularization of a region with an ungrafted
>50% stenosis of a branch of the major grafted
artery also may preclude improvement in postopera-
tive regional LV function. For example, a patent graft
to a left anterior descending coronary artery with
residual disease in a large ungrafted diagonal branch
may account for lack of improvement in regional wall
thickening noted in five of our patients. Also related is
the lack of absolute precision in locating the specific
region supplied by a single coronary branch artery by
subjectively relating a small number of X-ray pro-
jections (26).

The status of the myocardium in the region of the
left ventricle supplied by the graft must also be con-
sidered in assessing results of surgery on regional
function. Half of grafted LV regions with new post-
operative electrocardiographic evidence of transmural
infarction are supplied by patent grafts (34). It is
possible that perioperative damage to the myocardium
may explain the lack of improvement or deterioration
of segments supplied by patent grafts. An example is
one of our patients who sustained a perioperative
anterior transmural myocardial infarction. 28 mo after
operation, a patent left anterior descending coronary
artery graft with 82 ml/min blood flow was found in
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association with deterioration in anterior regional wall
dynamics (Fig. 3). Increasing experience with the
operation appears to reduce the frequency of post-
operative myocardial infarction, and reports on
regional myocardial function based on early surgical
experience may thus bias postoperative results (34).

Regional wall motion abnormalities with normal
indices of global LV function may occur in coronary
artery disease. It appears that normal regions coIml-
pensate for regions of decreased contractility to main-
tain overall perfonnance of the LV. However, improved
regional function after operation did not always
result in measurable improvement in global LV func-
tion, at least with the indices employed. This may be
related to the small size of the regions studied in rela-
tion to the rest of the LV. Most indices of global LV"
function in our patients were normal before surgery and
would not be expected to improve; however, even
patients with abnormal indices of global LV function
did not improve significantly after surgery. This may be
related in part to the large number of patients with
preoperative infarction and to incomplete revasculari-
zation in these subsets.
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