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LABORATORY INVESTIGATION

MYOCARDIAL INFARCTION

Mechanisms of improving regional and global
ventricular function by preload alterations during
acute ischemia in the canine left ventricle

WILBUR Y. W. LEw, M.D., aAND ErRNESTO BAaN-HavasHr, M.D.*

ABSTRACT We examined the influence of left ventricular end-diastolic pressure (LVEDP) on the
mechanical interaction between ischemic and nonischemic areas during acute myocardial ischemia.
Circumferentially oriented ultrasonic segment gauges were implanted in the midwall of the anterior
apex and posterior apex of the left ventricle in seven anesthetized dogs. Stroke volume was measured
with a flow probe around the ascending aorta in five of these animals. We varied LVEDP with vena
caval occlusion and dextran infusions to three matched levels (7, 12, and 19 mm Hg) before and 30 min
after complete occlusion of the mid left anterior descending coronary artery. With acute ischemia, the
anterior apex or ischemic zone demonstrated marked segmental lengthening during isovolumetric
systole (end-diastole to aortic valve opening) and akinesis during the ejection phase (aortic valve
opening to closure). In the posterior apex or nonischemic area, isovolumetric shortening increased and
ejection phase shortening decreased during acute ischemia when compared with those under control
conditions at the same LVEDP. Thus, a portion of the shortening generated by the nonischemic area
was expended in stretching the ischemic zone during isovolumetric systole, thereby reducing the
amount of ejection phase shortening. As LVEDP was increased, there was a parallel decrease in both
the amount of isovolumetric lengthening in the ischemic zone and the isovolumetric shortening in the
nonischemic area. As a result, acute ischemia produced less of a reduction in ejection phase shortening
in the nonischemic area and in stroke volume at high as compared with low LVEDP. We conclude that
the ischemic zone imposes a mechanical disadvantage on the nonischemic area, the magnitude of which
is directly proportional to the amount of isovolumetric lengthening or bulge in the ischemic zone. An
increase in LVEDP during acute ischemia improves regional and global ventricular function by both the
Frank-Starling mechanism in the nonischemic (but not the ischemic) area and by reducing the mechani-

cal disadvantage that the ischemic zone imposes on the nonischemic area.
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IN PATIENTS with acute myocardial infarction,
therapeutic alteration of the left ventricular filling pres-
sure to an “optimal” level improves stroke volume
while minimizing adverse hemodynamic effects.' Al-
though much of this improvement is due to the Frank-
Starling mechanism in nonischemic areas, additional
alterations in regional function may be involved. Ac-
cordingly, this study was designed to examine the ef-
fects of preload manipulation during acute ischemia on
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regional function in the ischemic zone and on the me-
chanical interaction between ischemic and nonisch-
emic areas.

Recently, we postulated that a mechanical interac-
tion between ischemic and nonischemic areas occurs
during acute myocardial ischemia.” After occlusion of
a coronary artery, paradoxical lengthening during iso-
volumetric systole was observed in the ischemic zone.
In nonischemic areas, end-diastolic segmental length
increased due to the increase in left ventricular end-
diastolic pressure (LVEDP), and total segmental short-
ening (from end-diastole to aortic valve closure) in-
creased due to the Frank-Starling mechanism.
However, all of the increase in nonischemic area shor-
tening occurred during isovolumetric systole (from
end-diastole to aortic valve opening), and developed
coincident with the development of paradoxical isovo-
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lumetric lengthening in the ischemic zone. Therefore,
we suggested that a significant portion of the shorten-
ing generated by the nonischemic segments was ex-
pended in stretching the ischemic zone during isovolu-
metric systole. Although there was hyperfunction of
nonischemic areas, there was no significant “compen-
satory” increase in nonischemic area shortening during
the ejection phase (aortic valve opening to closure).

The current study was designed to more completely
explore the mechanical interaction between ischemic
and nonischemic areas and its consequences. First, we
hypothesized that during acute ischemia, the ischemic
zone imposes a mechanical disadvantage on the non-
ischemic areas, due to the regional intraventricular
unloading effect during isovolumetric systole. Howev-
er, this mechanical disadvantage may be masked by
the increased effect of the Frank-Starling mechanism
in nonischemic areas. Thus, we proposed to examine
the effects of acute ischemia under conditions in which
LVEDP and end-diastolic segmental length of non-
ischemic areas do not change. Under these conditions,
we predicted that the shortening expended by the non-
ischemic areas to stretch the ischemic zone during iso-
volumetric systole would result in an actual decrease in
ejection phase shortening by nonischemic areas.

Second, we hypothesized that the magnitude of the
mechanical disadvantage imposed by the ischemic
zone is directly proportional to the amount of its para-
doxical isovolumetric lengthening, which in turn is
inversely proportional to its stiffness. We postulated
that when LVEDP is increased during acute ischemia,
the ischemic segment is placed at a steeper (stiffer)
position on its passive pressure-length curve, and thus
offers greater resistance to passive (paradoxical) iso-
volumetric lengthening. If less shortening is expended
by the nonischemic areas in stretching the ischemic
zone during isovolumetric systole, the reduction in
nonischemic area ejection phase shortening with acute
ischemia would be less severe. This reduction in the
mechanical disadvantage imposed by the ischemic
zone on nonischemic areas would be an additional
mechanism by which an increase in LVEDP to an
“optimal” level improves regional and global ventricu-
lar function during acute myocardial ischemia.

Methods

Instrumentation. Seven mongrel dogs of both sexes and
weighing between 20 and 33 kg were anesthetized with intrave-
nous pentobarbital (25 mg/kg) and intubated. Respiration was
supported with a Harvard respirator. A midline sternotomy and
bilateral fifth interspace thoracotomy were performed in each
and the heart exposed and supported in a pericardial cradle. An
inflatable occlusion cuff was placed around the inferior vena
cava and a large-bore cannula was placed in a femoral vein for
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administration of intravenous fluids. A fluid-filled pigtail cath-
eter, attached to a Statham P23 DB transducer, was placed into
the left ventricle through a femoral artery. The zero level was
established at the level of the right atrium. A Konigsberg P20
high-fidelity micromanometer catheter was placed into the left
ventricle through a stab wound in the apex and secured in place
with a purse-string suture. After the left ventricular pressure
waveform from the micromanometer was matched to that of the
fluid-filled catheter, the fluid-filled catheter was withdrawn into
the ascending aorta just above the aortic valve for measurement
of central aortic pressure. A limb-lead electrocardiogram was
recorded throughout.

The mid left anterior descending coronary artery was isolated
just distal to the first or second acute diagonal branch and
dissected free over a 3 to 5 mm course. Any large visible
collateral vessels from the right coronary or left circumflex
systems supplying the anterior wall were ligated near the ven-
tricular apex.

Regional ventricular function was measured with ultrasonic
segmental length gauges comprised of two 5 MHz piezoelectric
crystals (2 mm diameter). The crystals were implanted approxi-
mately 1 cm apart through small stab wounds into the midwall
of the left ventricle (4 to 6 mm below the epicardial surface) and
oriented in the circumferential direction of the midwall hoop
axis fibers.® One gauge was placed in the anterior apex within
the perfusion bed of the mid left anterior descending coronary
artery so it would be within the ischemic zone after acute coro-
nary artery occlusion. This gauge was placed at a level approxi-
mately one-third of the distance from the apical dimple to the
bifurcation of the left coronary artery along an external (epicar-
dial) long axis. The second midwall segmental length gauge was
placed in the posterior apex in a region that would remain non-
ischemic. This gauge was approximately one-third to one-half
of the distance from the apex to the inferior pulmonary veins
along the posterior wall. The circumferential orientation and
midwall depth of the gauges were confirmed on postmortem
examination.

In five of the seven animals, a Biotronix electromagnetic flow
probe attached to an electromagnetic flowmeter (Biotronix
Model BL620) was placed around the ascending aorta. The
aortic flow signal was integrated on-line such that the area under
the flow curve was proportional to the stroke volume. The aortic
flow curve was calibrated over several cardiac cycles by deter-
mining the simultaneous stroke volume. Cardiac output was
determined with thermodilution techniques (Instrumentation
Laboratory Cardiac Output System 601) by the use of a No. 7F
balloon-tipped catheter (Instrumentation Laboratory Model
44166) introduced through the right jugular vein, through the
right heart, and placed into the pulmonary artery. Cardiac out-
put was divided by heart rate to obtain the average stroke vol-
ume, which was compared with the average area from the inte-
grated aortic flow curve over the same cardiac cycles. At least
three cardiac output and calibration determinations were made
and the results were averaged.

The electrocardiogram, central aortic pressure, left ventricu-
lar pressure, ultrasonic segmental length signals from the anteri-
or and posterior apexes, and the central aortic flow signal (in
five animals) were recorded on an eight-channel forced-ink
polygraph (Brush Clevite) at a paper speed of 200 mm/sec
(figure 1) and on FM magnetic tape for subsequent playback.
All measurements were obtained under steady-state conditions
with respiration suspended at end-expiration; at least 20 con-
secutive beats were recorded.

Experimental protocol. LVEDP was varied by a combina-
tion of inferior vena caval occlusion by inflatable cuff and
infusion of 6% dextran dissolved in 0.9% saline. Control mea-
surements were obtained under steady-state conditions at three
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FIGURE 1. A typical tracing obtained after 30 min of ischemia including the electrocardiogram (EKG), central aortic (Ao)

pressure, left ventricular (LV) pressure low and high gain, segmental length signals from the anterior (ANT) and posterior
(POST) apexes, and the aortic flow signal (Ao FLOW). The time scale is at the bottom. The vertical lines denote the time of end-
diastole (ED), aortic valve opening (AVQ), and aortic valve closure (AVC). A, Low LVEDP; B, high LVEDP. Note in A that the
anterior apex or ischemic zone demonstrates marked segmental lengthening during isovolumetric systole (from ED to AVO) and

akinesis during the ejection phase (from AVO to AVC). The posterior apex or nonischemic area demonstrates a significant

amount of shortening during early isovolumetric systole. When LVEDP is increased (from A to B), there is a significant decrease

in the amount of isovolumetric lengthening or bulge in the ischemic zone and a parallel decrease in the amount of isovolumetric

shortening in the nonischemic area. Although an increase in LVEDP increased ejection phase shortening in the nonischemic area,

there is no improvement in the akinesis of the ischemic zone during the ejection phase.

levels of LVEDP (7, 12, and 19 mm Hg). After a recovery
period of at least 30 min, acute anterior wall ischemia was
induced by occluding the mid left anterior descending coronary
artery with a Schwartz clamp. Although the majority of changes
in regional function and hemodynamics occurred within the first
5 min, the animals were allowed to stabilize for at least 30 min
after occlusion of the coronary artery to ensure that nearly
steady-state conditions had been achieved. Repeat measure-
ments then were made during ischemia at the three levels of
LVEDP, which were chosen to closely simulate those under
control conditions.

Data analysis. The aortic and left ventricular pressures and
anterior and posterior apical lengths and aortic flow signals were
all played back from FM tape and converted from analog to
digital data at 5 msec intervals. Data from 20 consecutive cardi-
ac cycles were averaged. Thus, in each animal, averaged data
were obtained at the same three levels of LVEDP (7, 12, and 19
mm Hg) under control conditions and after 30 min of ischemia.

Regional segmental lengths were determined at three times
during the cardiac cycle: at end-diastole, at aortic valve open-
ing, and at aortic valve closure (figure 1). End-diastole was
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determined from the high-gain left ventricular pressure tracing
by the trough following atrial contraction. If this was not obvi-
ous, the peak of the R wave on the electrocardiogram was used.
In the five animals with aortic flow probes, the time of zero
crossover of the aortic flow tracing was used to time aortic valve
opening and closure (figure 1). In the other two animals, the
central aortic pressures at the onset of ejection and at the dicrotic
notch were transposed onto the high-fidelity left ventricular
pressure tracing to time aortic valve opening and closure, re-
spectively.

Total segmental shortening, defined as the percent change in
segmental length from end-diastole to aortic valve closure, was
subdivided into isovolumetric shortening (from end-diastole to
aortic valve opening) and ejection phase shortening (from aortic
valve opening to closure), as in our previous study.” The times
from end-diastole to aortic valve opening (isovolumetric time)
and from aortic valve opening to closure (ejection time) were
measured from the original tracings, and the intervals from five
cardiac cycles were averaged.

Statistical analysis. Hemodynamic and timing data, seg-
mental lengths, and segmental shortening were compared for
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the same region at the same LVEDP before and after acute is-
chemia by a repeated-measure analysis of variance and Tukey’s
test for comparing mean values. A p value of less than .05 was
considered to indicate statistical significance.

Results

Hemodynamic and timing measurements (table 1). Mea-
surements before and after acute ischemia were ob-
tained at three matched levels of LVEDP (table 1). For
convenience, these levels will be subsequently re-
ferred to as LVEDP 7, 12, and 19 mm Hg. When
compared with control conditions at the same LVEDP,
acute ischemia was not associated with any significant
change in heart rate at any of the three matched levels
of LVEDP. The heart rate was significantly higher at
LVEDP 7 mm Hg than at 12 or 19 mm Hg during acute
ischemia, but not under control conditions. Aortic
pressures at the time of aortic valve opening and clo-
sure at control and during acute ischemia differed sig-
nificantly at only one of the matched LVEDP levels:
the aortic valve closure pressure at LVEDP 7 mm Hg
was significantly lower during acute ischemia than
during control.

When compared with that under control conditions
at the same LVEDP, there was a slight but significant
increase in the isovolumetric time (from end-diastole
to aortic valve opening) after acute ischemia at LVEDP
7 and 19 mm Hg, but not at LVEDP 12 mm Hg. Both
at control and after acute ischemia, isovolumetric time
decreased similarly as LVEDP increased. The left ven-
tricular ejection time (from aortic valve opening to
closure) did not differ under control conditions and
after acute ischemia at any of the matched LVEDP
levels. With increasing LVEDP, ejection time in-

creased similarly both under control conditions and
after acute ischemia.

Regional segmental lengths (table 2). Regional segmen-
tal lengths before and after ischemia were obtained at
three matched LVEDP levels (table 2). In the anterior
apical or ischemic zone, acute ischemia was associated
with a significant increase in segmental length at end-
diastole, aortic valve opening, and aortic valve closure
when compared with those under control conditions at
the same matched LVEDP. In the anterior apex, the
increase in end-diastolic segmental length for the same
increase in LVEDP was significantly less after isch-
emia than under control conditions.

In the posterior apical or nonischemic area, acute
ischemia was not associated with any significant
change in segmental length at end-diastole or aortic
valve closure at any of the three matched levels of
LVEDP. As LVEDP increased, the increase in end-
diastolic segmental length was similar under control
conditions and after acute ischemia. Although the seg-
mental length at aortic valve opening tended to be less
after ischemia than under control conditions (particu-
larly at low LVEDP), this difference was not statisti-
cally significant.

Regional segmental shortening (figures 2 and 3). Re-
gional isovolumetric and ejection phase shortening
measurements obtained at different LVEDPs before
and after ischemia are shown in figure 2. Under control
conditions, segmental shortening occurred predomi-
nantly during the ejection phase, with minimal motion
during isovolumetric systole in both the anterior and
posterior apexes. In both the anterior and posterior
apexes, the ejection phase shortening increased sig-

TABLE 1
Hemodynamic and timing measurements for three levels of LVEDP before (control) and after acute ischemia in seven
animals
LVEDP HR AVO P AVC P [SOVOL T EJECT T
(mm Hg) (beats/min) (mm Hg) (mm Hg) (msec) (msec)
Control
6.8x0.7 11817 94 +11 10810 60£11 185+28
123+1.1 11715 98+7 118= 12 51=10 20727
19.1+2.5 115=12 10311 12618 52+10 227+25
Ischemia
7.3x1.2 124 =23 83=+19 93 + 224 65+ 127 186 =44
12.3+1.3 112+ 14 94+ 19 113+18 55+7 224 +40
19.1+x2.3 109+ 14 10213 122+ 12 58114 240 =40

Measurements are given as mean * 1 SD.

HR = heart rate; AVO P = aortic pressure at the time of aortic valve opening; AVC P = aortic pressure at aortic valve
closure; ISOVOL T = isovolumetric time interval; EJEC T = ejection phase time.
ASignificantly different from control measurements at the same LVEDP (p < .05). See text for additional statistical analysis

and discussion.
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TABLE 2
Regional segmental lengths (mm)

Anterior apex Posterior apex

LVEDP
(mm Hg) ED AVO AVC ED AVO AVC
Control
7 12.7£2.6 12.5+2.4 10.5+2.7 15.0+4.5 14.9+4.6 13.3+4.0
12 14.7+2.2 14.8+2.2 11.8%+2.6 16.3+5.0 16.4+5.0 14.2+4.4
19 15.7+1.7 15.8%+1.6 12.6+2.1 17.0+5.2 17.0£5.1 14.6+4.4
Ischemia
7 15.0%2.44 16.9+2.3~ 16.7 2.3~ 14.9+3.8 14.2+3.7 13.0+3.5
12 16.5+2.54 17.6+2.4% 17.4+2.47 16.4+4.6 16.1x£4.5 14.2+4.0
19 17.1+2.34 17.9+2.34 17.6+2.3A 17.1£5.0 16.9+4.9 14.7+4.2

Segmental lengths (mean * 1 SD) from the anterior apex and posterior apex are given at three levels of LVEDP before
(control) and after acute ischemia in seven animals.

ED = end-diastole; AVO = aortic valve opening; AVC = aortic valve closure.

ASegmental lengths during ischemia that are significantly different from control values at the same LVEDP (p < .01). The
trends also differed in the anterior apex. For the same increase in LVEDP, end-diastolic segmental length in the anterior apex

increased significantly less after ischemia than under control conditions (p < .01).

nificantly when LVEDP increased from 7 mm Hg to 12
or 19 mm Hg. In neither region was there a significant
difference in ejection phase shortening at LVEDP 12
and 19 mm Hg. Isovolumetric shortening in both re-
gions tended to decrease as LVEDP inreased, but this
was not a statistically significant change.

After acute ischemia, there was virtual akinesis dur-
ing the ejection phase in the anterior apex or ischemic
zone and most of the changes in segmental length
occurred during isovolumetric systole, with marked
paradoxical lengthening or bulge (figure 1). With
acute ischemia, ejection phase shortening in the anteri-
or apex decreased significantly for all three levels of
LVEDP. During ischemia, there was no significant
change in ejection phase shortening of the ischemic
zone as LVEDP increased. However, there was a sig-
nificant decrease in the amount of isovolumetric
lengthening or bulge in the ischemic zone as LVEDP
increased from 7 mm Hg to 12 or 19 mm Hg. The
amount of isovolumetric lengthening in the ischemic
zone was not significantly different between LVEDP
12 and 19 mm Hg.

In the posterior apex or nonischemic area, acute
ischemia was associated with a significant increase in
isovolumetric segmental shortening when compared
with that under control conditions at the same LVEDP.
This was true at all three levels of LVEDP. During
ischemia, the amount of isovolumetric shortening in
the nonischemic posterior apex decreased significantly
as LVEDP increased from 7 mm Hg to 12 or 19 mm
Hg. There was no significant difference in isovolu-
metric shortening at LVEDP 12 and 19 mm Hg.

The amount of isovolumetric shortening in the non-
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FIGURE 2. Regional segmental shortening in the seven animals. Val-
ues are with error bars denoting one standard deviation. The filled bars
represent isovolumetric shortening (measured as the fractional change
in segmental length from end-diastole to aortic valve opening) and the
open bars are ejection phase shortening (from aortic valve opening to
closure). Within each panel, three sets of bars are given for the three
levels of LVEDP of 7, 12, and 19 mm Hg. The two top panels represent
shortening in the anterior apex and the two bottom panels illustrate
shortening in the posterior apex. In each case, the panel on the left is
during control conditions and the panel on the right is after 30 (or more)
min of acute ischemia when the anterior apex becomes the ischemic
zone (top right) and the posterior apex is the nonischemic area (lower
right). See text for statistical analysis and discussion.
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FIGURE 3. The simultaneous isovolumetric lengthening in the ische-
mic zone and isovolumetric shortening in the nonischemic area during
acute ischemia are shown individually for each of the seven animals
with the use of seven different symbols. For each animal, the symbols
are connected by lines to demonstrate the change in isovolumetric shor-
tening or lengthening as LVEDP is increased from 7 to 12 to 19 mm Hg.
See text for discussion.

ischemic area directly paralleled the amount of isovol-
umetric lengthening in the ischemic zone. Figure 3
illustrates the regional isovolumetric data during acute
ischemia for each of the seven animals at three levels
of LVEDP. At LVEDP 7 mm Hg, the animals with the
greatest amount of isovolumetric lengthening in the
ischemic zone also had the greatest amount of isovolu-
metric shortening in the nonischemic areas (as shown
with the filled and open triangles). Conversely, the
animals with the least amount of isovolumetric length-
ening in the ischemic zone were the same ones with the
least amount of isovolumetric shortening in non-
ischemic areas (as shown with the filled and open
boxes). As LVEDP increased, there was a significant
decrease in isovolumetric lenthening of the ischemic
zone that was directly paralleled by a significant de-
crease in isovolumetric shortening in nonischemic
areas in each of the seven animals. An example of
these changes is shown in figure 1.

The relationship between changes in isovolumetric
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length in the anterior and posterior apexes was exam-
ined by linear regression analysis. We defined x as the
change in fractional isovolumetric shortening or
lengthening in the anterior apex as LVEDP increased
from 7 to 12 mm Hg, or from 12 to 19 mm Hg, and y as
the change in fractional isovolumetric shortening in the
posterior apex, also as LVEDP increased from 7 to 12
mm Hg or from 12 to 19 mm Hg. During the control
period, there was no statistically significant correlation
between x and y, i.e., between the fractional changes
in isovolumetric shortening in the anterior apex and
posterior apex. The correlation coefficient was .44.
After acute ischemia, there was a significant (p < .01)
correlation between the change in isovolumetric
lengthening or bulge in the ischemic zone and the
change in isovolumetric shortening in the nonischemic
area. This was defined by the regression equationy =
—0.32x + 0.49. The correlation coefficient was
—.64. Thus, during acute ischemia, there was a direct
correlation between the decrease in isovolumetric
lengthening or bulge in the ischemic zone and the
decrease in isovolumetric shortening in the nonisch-
emic area as LVEDP increased.

In the posterior apex or nonischemic area, acute
ischemia was associated with a significant decrease in
ejection phase shortening when compared with that
under control conditions at the same LVEDP. This was
true at all three levels of LVEDP. However, the reduc-
tion in ejection phase shortening was less at high than
at low LVEDP. When compared with that under con-
trol conditions at the same LVEDP, the reduction in
ejection phase shortening in the nonischemic area with
acute ischemia was 10 = 8% at LVEDP 19 mm Hg,
significantly less than the 21 = 10% reduction at
LVEDP 7 mm Hg.

Stroke volume and cardiac output (table 3). Stroke vol-
ume and cardiac output were measured in five of the
seven animals (table 3). When compared with control
conditions at the same LVEDP, acute ischemia was
associated with a significant reduction in stroke vol-

TABLE 3

Stroke volume and cardiac output (mean = 1 SD) at three levels of
LVEDP before (Control) and after acute ischemia (Ischemia) in five
animals

Stroke volume (ml/beat) Cardiac output (I/min)

LVEDP
(mm Hg)  Control Ischemia Control Ischemia
24+3 164 2.9x0.5 1.9+0.3
12 40=8 306 49+x1.0  3.3=x0.7
19 49+11 38=10 5915  42=x1.1

See text for statistical comparisons.
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ume and cardiac output. However, the magnitude of
this reduction was less at high than at low LVEDP.
When compared with that under control conditions at
the same LVEDP, there was a reduction in stroke vol-
ume of 21 * 16% during acute ischemia at LVEDP 19
mm Hg, which was significantly less than the 32 +
15% reduction at LVEDP 7 mm Hg. This milder im-
pairment of stroke volume with acute ischemia at high
as compared with low LVEDP occurred in each of the
five animals.

Discussion

The characteristic alterations in regional ventricular
function that develop with acute ischemia include
paradoxical systolic lengthening or bulge in the isch-
emic zone®>* and an increase in segmental shorten-
ing,'> 14 1619 wall thickening,?®>? or endocardial wall
motion® in nonischemic areas. The concept that the
ischemic zone may impose a mechanical disadvantage
on the nonischemic area has evolved from theoretical
studies of regional ischemia,>? studies placing hy-
poxic and normal muscle strips in series,””- ** and stud-
ies of ventricular aneurysms.? It has been proposed
that the magnitude of the mechanical disadvantage im-
posed by a “weak” ischemic?*? or aneurysmal mus-
cle? is directly proportional to its size and inversely
proportional to its stiffness.

Recently, we postulated that a mechanical interac-
tion between ischemic and nonischemic areas occurs
during acute ischemia in the intact ventricle.” We
found an increase in segmental shortening in nonisch-
emic areas during acute ischemia due to the increase in
LVEDP and the Frank-Starling mechanism. However,
all of the increase in nonischemic area shortening oc-
curred during isovolumetric systole (end-diastole to
aortic valve opening) and developed with a time course
that paralleled the development of paradoxical isovol-
umetric lengthening or bulge in the ischemic zone.
These findings suggested that all of the increase in
nonischemic area shortening was expended in stretch-
ing the ischemic zone during isovolumetric systole.
Although the hyperfunction of nonischemic areas has
been thought to “compensate” for the loss of systolic
function in the ischemic zone, we did not find any
significant “compensatory” increase in ejection phase
shortening (aortic valve opening to aortic valve clo-
sure) in the nonischemic areas.

The current study was designed to further examine
the mechanical interaction between ischemic and non-
ischemic areas. We used techniques to measure re-
gional ventricular function similar to those used in our
previous study.” Ultrasonic segmental length gauges
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were implanted in the midwall and oriented in the
circumferential direction. Thus, gauges were in line
with the direction of local midwall fibers® and could
detect the maximal amount of midwall segmental
shortening.*® Measuring regional function in the cir-
cumferential direction is important since there are
many more circumferential than longitudinal fibers
across the ventricular wall® and the predominant direc-
tion of left ventricular shortening and work is circum-
ferential.’! 32 This is also a sensitive method for the
detection of alterations in regional function, as occurs
with ischemia. For example, a circumferentially ori-
ented segmental gauge in the subepicardium will be
more sensitive to impairments in subendocardial blood
flow and function than a segmental gauge placed in
line with the local subepicardial fiber direction.*
Thus, midwall circumferential segmental length
gauges measure maximal midwall segmental shorten-
ing under normal conditions, and provide a sensitive
measure of functional alterations induced by even mild
degrees of myocardial ischemia.

The first hypothesis examined in the current study
was that the ischemic zone imposes a mechanical dis-
advantage on the nonischemic areas. We postulated
that this was due to the regional intraventricular un-
loading effect during isovolumetric systole that was
observed in our prior study.” However, the increase in
LVEDP with acute ischemia increases end-diastolic
segmental length in the nonischemic area and may
mask any mechanical disadvantage. Thus, to examine
the first hypothesis, we compared regional function
before and after acute ischemia at the same matched
LVEDP. We found a significant increase in isovolu-
metric shortening and a decrease in ejection phase
shortening in the nonischemic area under these condi-
tions of acute ischemia at a matched LVEDP. These
findings were present at each of the three matched
levels of LVEDP (7, 12, and 19 mm Hg). The reduc-
tion in ejection phase shortening in the nonischemic
area was primarily due to the significant amount of
shortening that had been expended in stretching the
ischemic zone during isovolumetric systole. Thus, the
regional intraventricular unloading effect during iso-
volumetric systole resulted in a decrease in ejection
phase shortening in the nonischemic area, a manifesta-
tion of the mechanical disadvantage imposed by the
ischemic zone.

The second hypothesis examined in this study was
that the magnitude of the mechanical disadvantage im-
posed by the ischemic zone is directly proportional to
the amount of its paradoxical isovolumetric lengthen-
ing, which in turn is inversely related to its stiffness.
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We found a direct parallel between the isovolumetric
behavior of the ischemic zone and the nonischemic
area in this study (figure 3). As LVEDP increased
during acute ischemia, the amount of isovolumetric
lenthening or bulge in the ischemic zone and the
amount of isovolumetric shortening in the non-
ischemic area decreased in parallel. Since less shorten-
ing generated by the nonischemic area was expended
in stretching the ischemic zone during isovolumetric
systole at a high LVEDP, relatively more shortening
was available during the ejection phase. Therefore, the
reduction in ejection phase shortening in the nonisch-
emic area during acute ischemia was less severe at high
than low LVEDP. This was also reflected by a less
severe reduction in stroke volume with acute ischemia
at high than at low LVEDP (when compared with that
under control conditions at the same matched
LVEDP). These findings support the concept that the
magnitude of the mechanical disadvantage imposed by
the ischemic zone is directly related to the amount of
its isovolumetric lengthening or bulge.

The mechanism for the reduction of the mechanical
disadvantage imposed by the ischemic zone by an in-
crease in LVEDP may be related to the passive proper-
ties of the ischemic zone. At higher LVEDP, the isch-
emic segment is at a steeper (stiffer) position on its
passive pressure-length relationship. Less isovolumet-
ric shortening would be expended by the nonischemic
area in stretching an ischemic segment that offers
greater resistance to passive (paradoxical) isovolumet-
ric lengthing. Thus, the reduction in nonischemic area
ejection phase shortening with acute ischemia would
be less severe at high than at low LVEDP. This inverse
relationship between the stiffness of the ischemic zone
and its mechanical disadvantage supports the conclu-
sions drawn from the theoretical studies examining
“weak” and “strong” muscles in series.>*** %

The ischemic zone may also be particularly sensitive
to changes in LVEDP since the end-diastolic pressure-
length relationship is steeper after acute ischemia. Our
findings are consistent with prior studies that have
demonstrated an increase in ischemic zone stiffness
with acute regional ischemia'® '* % 3 and an increase
in global left ventricular stiffness with global hypoxia®*
or global ischemia.”” However, these findings remain
controversial because some investigators have found
no change® * or a decrease® *° in left ventricular stiff-
ness with acute ischemia. Furthermore, it is difficult to
use measurements of regional segmental length to as-
sess regional myocardial stiffness or its change with
ischemia. Elastic stiffness is more precisely defined by
the stress-strain relationship than by the pressure-
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length relationship. Estimates of regional wall stress
frequently are derived from mathematic models that
require several assumptions that are controversial and
difficult to validate. *> These calculations require a
measure of the local radius of curvature, which cannot
be accurately assessed from local measurements of
segmental length. Furthermore, with myocardial isch-
emia, there are local shape changes that will signifi-
cantly alter the local radius of curvature, particularly in
the ischemic zone. Thus, segmental length data cannot
be used reliably to describe changes in regional shape
or wall stress that occur with ischemia, or the resultant
change in myocardial wall stiffness.

The ischemic zone may not behave as a strictly
passive tissure during isovolumetric systole. Studies
with theoretical models* - and in the intact ventri-
cle® suggest that the ischemic zone retains some resid-
ual contractile function. If this were the case, then an
increase in LVEDP could conceivably improve residu-
al contractile function in the ischemic zone. A Frank-
Starling effect has been demonstrated in the ischemic
zone in a model of coronary stenosis,* but not with
complete coronary occlusion.® If the ischemic zone is
able to generate active tension during early isovolu-
metric systole, as in the model of Elings et al.,* then
greater tension may develop with an increased
LVEDP. This would be an additional mechanism by
which the ischemic zone resists passive stretch during
isovolumetric systole at high LVEDP. However, an
increased LVEDP did not improve the akinesis of the
ischemic zone during the ejection phase. Therefore, it
is unlikely that the ischemic zone can utilize the Frank-
Starling mechanism sufficiently to make any direct or
effective contribution to ventricular ejection.

The results of our study can be related to the clinical
setting of acute myocardial infarction. Bedside hemo-
dynamic estimates of left ventricular filling pressure
are frequently obtained in patients with acute myocar-
dial infarction to guide therapy and to provide prog-
nostic information.> % %47 At an “optimal” left ven-
tricular filling pressure, stroke volume is optimized
while adverse hemodynamic effects are minimized.'-
Ventricular filling pressures above this optimal level
are associated with pulmonary venous congestion, ex-
acerbation of myocardial perfusion deficits, a possi-
ble decrease in stroke volume, and a poor progno-
sis.? 678464748 When ventricular filling pressure is
below the optimal level, a significant increase in stroke
volume can be obtained by therapy designed to in-
crease LVEDP. The current study demonstrates that
therapeutic preload manipulations to increase LVEDP
to an optimal level during acute ischemia results in
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increased utilization of the Frank—Starling mechanism
in the nonischemic area but not in the ischemic zone.
In addition, at an optimal LVEDP, the ischemic zone
imposes less of a mechanical disadvantage on the non-
ischemic area. As a result, acute ischemia is associated
with a less severe reduction in nonischemic area ejec-
tion phase function and in stroke volume at high as
compared with low LVEDP.

We conclude that during acute myocardial ische-
mia, the ischemic zone imposes a mechanical disad-
vantage on the nonischemic area due to the regional
intraventricular unloading effect during isovolumetric
systole. This mechanical disadvantage results in a re-
duction in ejection phase shortening in the non-
ischemic area, a finding that may be masked if the
increase in LVEDP that normally accompanies acute
ischemia occurs. The magnitude of the mechanical
disadvantage of the ischemic zone is directly related to
the amount of its paradoxical isovolumetric lengthen-
ing. Increases in LVEDP to an optimal level during
acute ischemia improve regional and global ventricular
function as a result of the Frank—Starling mechanism in
the nonischemic (but not the ischemic) area, and by
reducing the mechanical disadvantage that the isch-
emic zone imposes on the nonischemic area.

We gratefully acknowledge the assistance of Ms. Elizabeth
Gilpin in the statistical analysis and Ms. Janeen McCracken for
word processing.

References

1. Russell RO Jr, Rackley CE, Pombo J, Hunt D, Potanin C, Dodge
HT: Effects of increasing left ventricular filling pressure in patients
with acute myocardial infarction. J Clin Invest 49: 1539, 1970

2. Broder MI, Cohn JN: Evolution of abnormalities in left ventricular
function after acute myocardial infarction. Circulation 46: 731,
1972

3. Crexells C, Chatterjee K, Forrester JS, Dikshit K, Swan HIC:
Optimal level of filling pressure in the left side of the heart in acute
myocardial infarction. N Engl ] Med 289: 1263, 1973

4. Chatterjee K, Parmley WW, Ganz W, Forrester J, Walinsky P,
Crexells C, Swan HJC: Hemodynamic and metabolic responses to
vasodilator therapy in acute myocardial infarction. Circulation 48:
1183, 1973

5. Forrester JS, Diamond G, Chatterjee K, Swan HJIC: Medical ther-
apy of acute myocardial infarction by application of hemodynamic
subsets. N Engl J Med 295: 1356; 1404, 1976

6. Forrester JS, Diamond GA, Swan HJC: Correlative classification
of clinical and hemodynamic function after acute myocardial in-
farction Am J Cardiol 39: 137, 1977

7. Lew YW, Chen Z, Guth B, Covell J: Mechanisms of augmented
segment shortening in nonischemic areas during acute ischemia of
the canine left ventricle. Circ Res 56: 351, 1985

8. Streeter DD Jr, Spotnitz HM, Patel DP, Ross J Jr, Sonnenblick EH:
Fiber orientation in the canine left ventricle during diastole and
systole. Circ Res 24: 339, 1969

9. Tennant R, Wiggers CS: The effect of coronary occlusion on myo-
cardial contraction. Am J Physiol 112: 351, 1935

10. Prinzmetal M, Schwartz LL, Corday E, Spritzler R, Bergman HC,
Kruger HE: Studies on the coronary circulation VI: Loss of myo-
cardial contractility after coronary artery occlusion. Ann Intern
Med 31: 429, 1949

Vol. 72, No. 5, November 1985

11.

12.

13.

14.

15.

16.

17.

18.

19.

20.

21.

22

23.

24.

25.

26.

27.

28.

29.

30.

31.

32.

33.

34.

Tatooles CJ, Randall WC: Local ventricular bulging after acute
coronary occlusion. Am J Physiol 201: 451, 1961

Tyberg JV, Forrester JS, Wyatt HL, Goldner SJ, Parmley WW,
Swan HJC: An analysis of segmental ischemic dysfunction utiliz-
ing the pressure-length loop. Circulation 49: 748, 1974
Theroux P, Franklin D, Ross J Jr, Kemper WS: Regional myocar-
dial function during acute coronary artery occlusion and its modifi-
cation by pharmacologic agents in the dog. Circ Res 35: 896, 1974
Theroux P, Ross J Jr, Franklin D, Covell JW, Bloor CM, Sasayama
S: Regional myocardial function and dimensions early and late
after myocardial infarction in the unanesthetized dog. Circ Res 40:
158, 1977

Ringertz HG, Carlsson E, Tyberg JV: A method for the study of
regional ischemic dysfunction in the intact dog. Invest Radiol 11:
556, 1976

Nakano J: Effect of changes in coronary arterial blood flow on the
myocardial contractile force. Jpn Heart J 7: 78, 1966
Heyndrickx GR, Baig H, Nellens P, Leusen I, Fishbein MC,
Vatner SF: Depression of regional blood flow and wall thickening
after brief coronary occlusions. Am J Physiol 234: H653, 1978
Pashkow F, Holland R, Brooks H: Early changes in contractility
and coronary blood flow in the normal areas of the ischemic porcine
heart. Am Heart J 93: 349, 1977

Molaug M, Geiran O, Kiil F: Compensatory cardiac mechanisms
evoked by septal ischemia in dogs. Am J Cardiol 51: 201, 1983
Kerber RE, Marcus ML, Wilson R, Ehrhardt J, Abboud FM: Ef-
fects of acute coronary occlusion on the motion and perfusion of the
normal and ischemic interventricular septum: an experimental
echocardiographic study. Circulation 54: 928, 1976

Savage RM, Guth B, White FC, Hagan AD, Bloor CM: Correla-
tion of regional myocardial blood flow and function with myocardi-
al infarct size during acute myocardial ischemia in the conscious
pig. Circulation 64: 699, 1981

Nakamura M, Sasayama S, Takahashi M, Ohyagi A, Yamamoto
A, Lee JD, Kawai C: Regional dysfunction of the interventricular
septum during acute coronary artery occlusion. Cardiovasc Res 16:
144, 1982

Rigaud M, Rocha P, Boschat J, Farcot JC, Bardet J, Bourdarias JP:
Regional left ventricular function assessed by contrast angiography
in acute myocardial infarction. Circulation 60: 130, 1979

Elings VB, Jahn GE, Vogel JHK: A theoretical model of regionally
ischemic myocardium. Circ Res 41: 722, 1977

Laird JD, Vellekoop HP: Time course of passive elasticity of myo-
cardial tissue following experimental infarction in rabbits and its
relation to mechanical dysfunction. Circ Res 41: 715, 1977
Bogen DK, Rabinowitz SA, Needleman A, McMahon TA, Abel-
mann WH: An analysis of the mechanical disadvantage of myocar-
dial infarction in the canine left ventricle. Circ Res 47: 728, 1980
Tyberg JV, Parmley WW, Sonnenblick EH: In-vitro studies of
myocardial asynchrony and regional hypoxia. Circ Res 25: 569,
1969

Wiegner AW, Allen GJ, Bing OHL: Weak and strong myocardium
in series: implications for segmental dysfunction. Am J Physiol
235: H776, 1978

Parmley WW, Chuck L, Kivowitz C, Matloff JM, Swan HIC: In
vitro length-tension relations of human ventricular aneurysms: rela-
tion of stiffness to mechanical disadvantage. Am J Cardiol 32: 889,
1973

Freeman GL, LeWinter MM, Engler RL, Covell JW: Relationship
between myocardial fiber direction and segment shortening in the
midwall of the canine left ventricle. Circ Res 56: 31, 1985
Rankin JS, McHale PA, Arentzen CE, Ling D, Greenfield JC Jr,
Anderson RW: The three-dimensional dynamic geometry of the left
ventricle in the conscious dog. Circ Res 39: 304, 1976

Phillips CA, Grood ES, Schuster B, Petrofsky JS: Left ventricular
work and power: circumferential, radial and longitudinal compo-
nents. Mathematical derivation and characteristic variation with
left ventricular dysfunction. J Biomechanics 15: 427, 1982
Gallagher KP, Osakada G, Hess OM, Koziol JA, Kemper WS,
Ross J Jr: Subepicardial segmental function during coronary steno-
sis and the role of myocardial fiber orientation. Circ Res 50: 352,
1982

Edwards CH II, Rankin JS, McHale PA, Ling D, Anderson RW:
Effects of ischemia on left ventricular regional function in the
conscious dog. Am J Physiol 240: H413, 1981

1133



2202 ‘ST Yo |\ uo Aq Bio'sjeusno feye//:dny wouy papeojumoq

LEW and BAN-HAYASHI

35.

36.

37.

38.

39.

40.

41.

Hess OM, Osakada G, Lavelle JF, Gallagher KP, Kemper WS,
Ross I Ir: Diastolic myocardial wall stiffness and ventricular relax-
ation during partial and complete coronary occlusions in the con-
scious dog. Circ Res 52: 387, 1983

Serizawa T, Vogel WM, Apstein CS, Grossman W: Comparison of
acute alterations in left ventricular relaxation and diastolic chamber
stiffness induced by hypoxia and ischemia. J Clin Invest 68: 91,
1981

Wong BYS, Toyama M, Reis RL, Goodyer AVN: Sequential
changes in left ventricular compliance during acute coronary occlu-
sion in the isovolumic working canine heart. Circ Res 43: 274,
1978

Palacios I, Johnson RA, Newell JB, Powell WJ Jr: Left ventricular
end-diastolic pressure-volume relationships with experimental
acute global ischemia. Circulation 53: 428, 1976

Forrester IS, Diamond G, Parmley WW, Swan HJC: Early increase
in left ventricular compliance after myocardial infarction. J Clin
Invest 51: 598, 1972

Pirzada FA, Ekong EA, Vokonas PS, Apstein CS, Hood WB Jr:
Experimental myocardial infarction XIII: Sequential Changes in
left ventricular pressure-length relationships in the acute phase.
Circulation 53: 970, 1976

Huisman RM, Sipkema P, Westerhof N, Elzinga G: Comparison of

1134

42.

43.

44.

45.

46.

47.

48.

models used to calculate left ventricular wall force. Med Biol Eng .
Comput 18: 133, 1980

Yin FCP: Ventricular wall stress. Circ Res 49: 829, 1981

Yoran C, Sonnenblick EH, Kirk ES: Contractile reserve and left
ventricular function in regional myocardial ischemia in the dog.
Circulation 66: 121, 1982

Wyatt HL, da Luz PL, Waters DD, Swan HJC, Forrester JS:
Contrasting influences of alterations in ventricular preload and
afterload upon systemic hemodynamics, function, and metabolism
of ischemic myocardium. Circulation 55: 318, 1977

Wyatt HL, Forrester JS, da Luz PL, Diamond GA, Chagrasulis R,
Swan HJC: Functional abnormalities in nonoccluded regions of
myocardium after experimental coronary occlusion. Am J Cardiol
37: 366, 1976

Ratshin RA, Rackley CE, Russell RO Jr: Hemodynamic evaluation
of left ventricular function in shock complicating myocardial in-
farction. Circulation 45: 127, 1972

Weber KT, Janicki IS, Russell RO, Rackley CE: Indentification of
high risk subsets of acute myocardial infarction: derived from the
Myocardial Infarction Research Units Cooperative Study data
bank. Am J Cardiol 41: 197, 1978

Kjekshus JK: Mechanism for flow distribution in normal and isch-
emic myocardium during increased ventricular preload in the dog.
Circ Res 33: 489, 1973

CIRCULATION





