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Hyperkinesis without the Frank-Starling
mechanism in a nonischemic region of acutely
ischemic excised canine heart
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ABSTRACT To determine the essential mechanism of increased systolic wall motion, i.e., hyper-
kinesis, in a nonischemic region (NIR) during acute ischemia, we simultaneously evaluated global and
regional function ofthe excised, cross-circulated canine left ventricle connected to a volume servo pump
before and after coronary occlusion. Regional areas were determined with pairs of orthogonal suben-
docardial sonomicrometers in the ischemic region (IR) and NIR. After coronary occlusion with left
ventricular end-diastolic and stroke volumes kept constant, the amount of systolic area shrinkage (AA)
in NIR increased by 33 + 41% (p< .05), despite a decrease in end-diastolic regional area by 3 ± 4%
(p<.05). Regional work obtained from the wall tension-regional area (T-A) loop in NIR decreased
by 50 ± 24% due to a similar decrease in afterload despite the presence of hyperkinesis, indicating
regional systolic unloading. When left ventricular end-diastolic volume was subsequently increased
with a constant stroke volume, AA in NIR increased at the expense of a further decrease in AA in IR.
The end-systolic T-A relationship in NIR remained unchanged, whereas that in IR markedly shifted
rightward, suggesting that the contractile state of NIR was constant. These results indicate that
hyperkinesis in NIR during acute ischemia can occur without a utilization of the Frank-Starling
mechanism or an enhancement of regional contractile state, and that the essential mechanism of this
phenomenon is regional afterload reduction due to an intraventricular mechanical interaction between
IR and NIR.
Circulation 77, No. 2, 468-477, 1988.

AN INCREASE in systolic wall motion, i.e., hyper-
kinesis, in a nonischemic region of the left ventricle
during acute ischemia has been shown in experimental
animals'-10 and in patients' 1-13 by assessment of sys-
tolic segment shortening or wall thickening. Three
possible mechanisms responsible for this phenomenon
have been proposed from the results of studies in hearts
in situ: increased sympathetic stimulation, 1 6, 12 a util-
ization of the Frank-Starling mechanism,4' 8 and a
mechanical interaction between ischemic and non-
ischemic regions.9 14 15

Nakano' first described an increase in contractile
force in a nonischemic region and related it to increased
sympathetic activity. Theroux et al. demonstrated

From the Departments of Cardiovascular Dynamics and Internal
Medicine, National Cardiovascular Center, Osaka, Japan.

Supported in part by grants-in-aid for Scientific Research from the
Ministry of Education, Science, and Culture of Japan (60770674), and
from the Mochida Foundation for Medical and Pharmaceutical Re-
search.

Address for correspondence: Yoichi Goto, M.D., Department of
Cardiovascular Dynamics, National Cardiovascular Center, 5-7-1,
Fujishirodai, Suita, Osaka 565, Japan.

Received July 1, 1987; revision accepted Nov. 5, 1987.

468

increased systolic segment shortening in a nonischemic
region that correlated well with an increase in end-
diastolic segment length and interpreted the increased
shortening as a manifestation of a compensatory oper-
ation of the Frank-Starling mechanism. Thereafter, an
increase in systolic segment shortening or wall thick-
ening in a nonischemic region has been shown by many
others5 8i and has been ascribed to either compen-
satory operation of the Frank-Starling mechanism or
increased sympathetic activity. More recent studies by
Lew et al.9 14 and Smalling et al. 15 have attributed the
increased segment shortening to a combination of the
Frank-Starling mechanism and mechanical unloading
due to an intraventricular interaction between the ische-
mic and nonischemic regions.

However, all these studies were performed in hearts
in situ in which acute ischemia is usually accompanied
by compensatory operation of the Frank-Starling
mechanism and myocardial function is regulated by
various neurohumoral mechanisms. This has made it
difficult to separate the effects of the Frank-Starling
mechanism and neurohumoral factors from other
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FIGURE 1. Schematic drawing of heart preparation. Thi
was perfused by arterial blood from a support dog to u
venous blood was returned. A volume servo pump syst
to a left ventricular (LV) balloon, controlled and measur
using the epicardial ECG for a trigger. Anterior and poste
crystals measured LV short-axis diameter. Two pairs
segment lengths were measured with pairs of ultrasonic
on the anterior and posterior wall regions, one of which
ischemic with a snare placed on the coronary artery.

mechanism(s) that might be responsible for
kinesis. Accordingly, this study was unc
excised, volume-controlled hearts to clarify
tial mechanism(s) of hyperkinesis in the n(
region of the acutely ischemic heart, with sp
tion to whether hyperkinesis can occur i
ischemic region without utilization of the ]
ling mechanism, and whether the contractile
region is enhanced during hyperkinesis.

Methods
Heart preparation. Experiments were perform

ventricles of 12 isolated canine hearts. In each exp
mongrel dogs (body weight 13 to 22 kg) were anes
ketamine hydrochloride (5 to 7 mg/kg im) follov
venous a-chloralose (45 mg/kg) and urethane (450
heart donor dog was thoracotomized under artificia
The left subclavian artery and the right ventricle of t
were cannulated and connected to the common ca
and the external jugular vein of the support dog,
with cross-circulation tubes (figure 1). The heart
from pulmonary and systemic circulations and was
the chest.
The left atrium was opened and the left ventric

tendineae were cut. A thin rubber balloon with at
volume of 60 ml tied on a balloon-to-pump connec
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in the left ventricle, and its mouth was secured at the mitral
anulus. Left ventricular pressure was measured with a miniature
pressure gauge (Konigsberg, P-7) placed inside the apical end
of the balloon. The balloon was connected to the same volume
servo pump described previously. 16 17 With this volume servo
pump, we were able to precisely control and accurately measure
instantaneous left ventricular volume.
The arterial blood pressure of the support dog served as the

Aectrodes coronary peifusion pressure of the excised heart. The mean level

etior of this pressure in all 12 experiments averaged 90 ± 19 (SD) mmstalo Hg during the control measurement, and was relatively constant
dsSttalr.throughout each experiment. The support dog was ventilated
)sterior with room air, and supplemental oxygen and intravenous sodium

bicarbonate were given when necessary to maintain arterial pH,
Po2, and Pco2 within their physiologic ranges.

non-ischemic The temperature of the heart was maintained within 350 to 370
region C with a heater placed on the cross-circulation tubes. A pair of

pacing electrodes was placed on the left atrial appendage. A
ventricular epicardial electrocardiogram (ECG) was recorded
with another pair of electrodes to trigger the volume servo pump
and to determine the onset of contraction.

Placement of ultrasonic crystals. Left ventricular short-axis
diameter was measured with a pair of crystals (5 MHz, 2.5 mm

ential in diameter) placed on the endocardial surface of the ventricular
mnt length wall adjacent to the anterior and posterior descending coronary
al arteries (figure 1). These two crystals were on the equatorial
nt length plane perpendicular to the basal-to-apical long axis. Two pairs
e isolated heart oforthogonal segment lengths, one in the left ventricular anterior
vhich coronary wall region and the other in the posterior wall region, were
em, connected measured with pairs of ultrasonic crystals (2 mm in diameter)
red LV volume implanted in the left ventricular subendocardium. The anterior
nrior ultrasonic and posterior wall crystals were placed completely within the

perfusion area of the left anterior descending and circumflexof orthogonal coronary arteries, respectively. The first pair of crystals in each
crystals placed region was placed in the equatorial circumference, and the
1 was rendered
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FIGURE 2. Schematic illustration of experimental protocol in the left
ventricular (LV) pressure-volume diagram. After the control measure-
ment, regional ischemia was produced by coronary occlusion with LV
end-diastolic and stroke volumes kept constant (stage 1 of regional
ischemia). LV end-diastolic volume was then increased with stroke
volume kept constant to a volume at which LV systolic pressure and LV
stroke work regained their control values (stage 2 of regional ischemia).
The end-systolic pressure-volume relationship passing through the left
upper corners of the pressure-volume loops during regional ischemia
indicates that LV contractile state is lower during regional ischemia than
during the control period, but remains constant throughout stages 1 and
2 of regional ischemia.
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second pair was placed in the longitudinal direction, perpen-
dicular to the first pair. Both segments were 1 to 2 cm in length,
crossing each other at their respective midpoints. The suben-
docardial position of each ultrasonic crystal was verified at
postmortem examination. Each pair of crystals was connected
to an ultrasonic dimension system (NEC San-Ei, model 4105). 18

Experimental protocol. In control contractile state, left ven-
tricular end-diastolic and stroke volumes were arbitrarily set with
the volume servo pump at 22.6 + 2.2 ml (range 19.8 to 26.3 ml)
and 6.3 ± 0.6 ml (5.2 to 7.7 ml), respectively. With these left
ventricular volumes, left ventricular end-diastolic and end-sys-
tolic pressures averaged 9.5 +4.3 mm Hg (1.5 to 17.3 mmHg)
and 94 + 15 mm Hg (69 to 122 mm Hg), respectively. In steady-
state contractions with a set of left ventricular end-diastolic and
stroke volumes, the ECG, left ventricular pressure, volume, and
dimensions for short-axis diameter, and orthogonal segment
lengths in both anterior and posterior regions were measured.
After the control measurements, the left anterior (nine experi-
ments) or circumflex (three experiments) coronary artery was
occluded with a snare to produce regional ischemia, with left
ventricular end-diastolic and stroke volumes kept constant with
the volume servo pump. Hereafter, an observed region that was
perfused with the occluded coronary artery was called an ische-
mic region, and the other, a nonischemic region. Fifteen minutes
were allowed to elapse until a new steady state was reached, and
measurements with the same left ventricular volumes as the
control were made during regional ischemia. This was called
stage 1 of regional ischemia (figure 2), in which the compen-
satory Frank-Starling mechanism was not allowed to operate.
Next, left ventricular end-diastolic volume was increased with
the volume servo pump to a volume at which left ventricular
end-systolic pressure, and hence left ventricular stroke work,
regained their control values with stroke volume kept constant.
Measurements were then repeated during steady-state contrac-
tions. This was called stage 2 of regional ischemia (figure 2).
Heart rate was kept constant by atrial pacing throughout the
measurements in seven experiments and was not paced in five
experiments.

Data analysis. All data were recorded on a multichannel
thermal pen recorder and processed with a signal processor
(NEC San-Ei, 7T17 with Signal Basic No. 5). The input signals
were digitized at a sampling interval of 2 msec, on-line pro-
cessed, and stored in a floppy disk. End-diastole was determined
at the onset of QRS wave of epicardial ECG. End systole was
defined as the time when the ratio P(t)/[V(t) - V03 became
maximal, where P(t) and V(t) are left ventricular instantaneous
pressure and volume and V0 is the ventricular volume at which
peak isovolumetric pressure is zero.19 To assess left ventricular
global function, a left ventricular pressure-volume loop during
one cardiac cycle was constructed and left ventricular stroke
work was calculated as the integral of left ventricular pressure
with respect to the volume from one end-diastole to the next. The
level of ventricular contractile state was determined in terms of
an index of ventricular contractile state, Emax, as the maximal
or end-systolic value for the ratio P(t)/[V(t) - V0. 19

To assess regional contractile performance in the ischemic and
nonischemic regions, wall tension-regional area (T-A) loops in
the ischemic and nonischemic regions (figure 3) were con-
structed based on reported theoretical and experimental
studies. 16, 20-22 Wall tension of the left ventricle was calculated
according to the force equilibrium relationship23 of a thick-
walled sphere, assuming that the left ventricular contractile force
is supported solely by the endocardial layer.20 Namely, T= 1/4
D P, where T is wall tension (mm Hg-cm, or dyne/cm), D is left
ventricular short-axis diameter (cm), and P is left ventricular
pressure (mm Hg). Wall tension is also called surface or hoop
tension.23 Dimensions of wall tension (mm Hg-cm) indicate
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FIGURE 3. A representative example of left ventricular (LV) pressure-
volume loops (A) and T-A loops in ischemic (B) and nonischemic (C)
regions during the control period (dashed line) and stage 1 (thick solid
line) and stage 2 of regional ischemia (thin solid line). During the control
period, all pressure-volume and T-A loops rotated counterclockwise and
were rectangular. During stage 1 of regional ischemia, however, the T-A
loop in the ischemic region rotated clockwise, and showed a significant
area expansion during the isovolumetric contraction period and area
shrinkage during the isovolumetric relaxation period. Note that the area
shrinkage during the isovolumetric contraction period in the nonische-
mic region corresponds to the isovolumetric area expansion in the
ischemic region. During stage 2 of regional ischemia, when LV end-
diastolic volume was increased with a constant stroke volume, LV
systolic pressure and stroke work regained their control values. However,
reciprocal area expansion and shrinkage during isovolumetric periods
were still observed in both regions.

force per unit circumferential length because 1 mm
Hg-cm = 1.33 x 103 dyne/cm. Regional area was calculated as
A= 1/2 L1 L2, where A is regional area (cm2), and L1 and L2 are
circumferential and longitudinal segment lengths (cm). Re-
gional work of both ischemic and nonischemic regions was
assessed from the integral of wall tension T with respect to the
regional area A of each region from one end-diastole to the next.
This integral yielded the area within a T-A loop. 16' 21 The T-A
loop method has been validated in our previous studies16' 22 and
reliably measures left ventricular regional work with physically
correct dimensions (mm Hg-ml or dyne-cm) in both normal and
regionally ischemic hearts.

Systolic area shrinkage in each region was assessed as the
end-diastolic regional area minus the end-systolic regional area.
We chose area shrinkage rather than segment shortening as an
index to assess multidirectional shortening of a ventricular
region because segment shortening reflects only unidirectional
behavior of the region16' 24 and hence is easily affected by
myocardial fiber orientation.25 26 Therefore, systolic segment
shortening in the circumferential and longitudinal directions,
calculated as the end-diastolic segment length minus the end-
systolic segment length, were used only as supplemental data.
Area shrinkages during isovolumetric contraction and ejection
periods were determined as the end-diastolic regional area minus
the area at the time of peak left ventricular wall tension and the
area at the time of peak wall tension minus the end-systolic
regional area, respectively, because left ventricular wall tension
was considered to be maximal at the onset of ejection when the
pressure-volume loop was rectangular, as in this study (figure 3).

Finally, to assess changes in contractile state in each region,
we analyzed the end-systolic T-A relationship during the control
and regional ischemia periods. Because Emax values during the
two stages (stage 1, 4.7 + 1.5 mm Hg/ml; stage 2, 5.3 + 1.5 mm
Hg/ml) were not significantly different, the global contractile
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state of the left ventricle was considered to be unchanged during
these two stages of regional ischemia. Therefore, we connected
the two end-systolic T-A data points obtained during stages 1 and
2 of regional ischemia, and compared the relative position of the
end-systolic T-A relationship during regional ischemia to the
one end-systolic T-A data point during the control period.

Statistics. Statistical comparisons of data obtained during
control, stage 1 of regional ischemia, and stage 2 of regional
ischemia were performed by two-way analysis of variance.27
When analysis of variance indicated a significant difference
among the three conditions, a paired t test with Bonferroni's
correction was performed to determine the significance of
difference between conditions. Specifically, a significance level
of .05/3=.017 was chosen in conducting each of the three
individual comparisons, so that the p value would be smaller than
.05 for the set. Data are presented as the mean + SD unless
otherwise indicated.

Results
Figure 3 shows a representative example of left ven-

tricular pressure-volume loops and T-A loops in ische-
mic and nonischemic regions obtained during the con-
trol period and at stages 1 and 2 of regional ischemia.
During the control period, all of the pressure-volume
and T-A loops were rectangular, i.e., there was almost
no increase (expansion) or decrease (shrinkage) in
regional area during the isovolumetric contraction and
relaxation periods in either the ischemic or non-
ischemic region. In addition, all loops rotated counter-
clockwise, so that left ventricular stroke work and re-
gional work in both regions were positive.

During stage 1 of regional ischemia (thick solid
line), left ventricular systolic pressure and wall tension
decreased, while left ventricular end-diastolic and
stroke volumes were kept constant. End-diastolic
regional area in the ischemic region increased despite
the same left ventricular end-diastolic pressure (figure
3, B), suggesting creep or passive stretch of the ische-
mic myocardium. The T-A loop in this region showed
a significant area expansion and shrinkage during the
isovolumetric contraction and relaxation periods,
respectively, i.e., systolic stretch and early diastolic
shortening. As a result, systolic area shrinkage in this
region markedly decreased from 0. 17 cm2 during con-
trol to -0.15 cm2 during stage 1 of regional ischemia.
In addition, the rotation of the T-A loop in the ischemic
region reversed to the clockwise direction, and thus
regional work of this region decreased markedly from
24.0 to -3.0 mm Hg.ml.

In the nonischemic region (figure 3, C), end-dia-
stolic regional area decreased slightly as a reciprocal
change to the increase in end-diastolic area in the
ischemic region, i.e., preload did not increase in this
ventricular region as well as at the level of the whole
ventricle. The T-A loop in this region showed a sig-
nificant area shrinkage during the isovolumetric con-
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traction period and area expansion during the isovol-
umetric relaxation periods. Note that this behavior
corresponded reciprocally to those during isovolumet-
ric periods in the ischemic region. As a result, systolic
area shrinkage in this region increased from 0.20 cm2
during control to 0.28 cm2 during stage 1 of regional
ischemia, despite the apparent lack of utilization of the
Frank-Starling mechanism. Interestingly, regional
work of this region decreased considerably from 24.4
to 8.2 mm Hg.ml, despite the presence of significant
hyperkinesis.

During stage 2 of regional ischemia (thin solid line),
when left ventricular end-diastolic volume was in-
creased with a constant stroke volume, left ventric-
ular systolic pressure regained the level during the
control state. End-diastolic regional area and end-sys-
tolic wall tension in both ischemic and nonischemic
regions increased concomitantly. As a result, regional
work ofthe ischemic region decreased further to - 11.0
mm Hg-ml, whereas that of the nonischemic region
increased to 27.8 mm Hg.ml and exceeded the control
value. In spite of these changes in preload, afterload,
and regional work, area expansion during the iso-
volumetric contraction period and area shrinkage dur-
ing the isovolumetric relaxation period in the ischemic
region, as well as the reciprocal behavior in the non-
ischemic region, remained significant. In this stage of
regional ischemia, systolic area shrinkage in the ische-
mic region further decreased to -0.30 cm2 and that in
the nonischemic region further increased to 0.31 cm2,
despite the constant left ventricular stroke volume.

Similar qualitative changes inT-A loops in the ische-
mic and nonischemic regions were observed in each of
the other 11 experiments. Heart rate was not signifi-
cantly different among the three conditions (control
136 + 15 beats/min, stage 1 of regional ischemia
136 ± 15 beats/min, and stage 2 of regional ischemia
139 ± 16 beats/min).

Table 1 summarizes left ventricular global function
data during the control period, stage 1 of regional
ischemia, and stage 2 of regional ischemia. During
stage 1 of regional ischemia, Emax, an index of left
ventricular contractile state, decreased by 54.2 +

17.0% from the control value, whereas left ventricular
end-diastolic pressure, end-diastolic volume, and
stroke volume were not different from those during the
control period. Left ventricular end-systolic pressure
and stroke work decreased by 53.6 ± 17.2% and
51.8 ± 17.7%, respectively. Peak and end-systolic wall
tensions also decreased by 47.3 ± 15.9% and
54.6 ± 17.4% due to the decrease in left ventricular
systolic pressure. During stage 2 of regional ischemia,
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TABLE 1
Variables of left ventricular global function

Regional ischemia

Control Stage 1 Stage 2

Emax (mm Hg/mi) 10.8±3.2 4.7±1.5B 5.3±1.5B
LVEDP (mm Hg) 9.5 ± 4.3 9.0 ± 4.4 17.9 ± 8.7 C
LVESP (mm Hg) 94.3 ± 14.9 42.5 ± 13.2B 94.8 ± 16.6c
LVEDV (ml) 22.6 ± 2.2 22.6 ± 2.2 31.8 l+4.IB,C
SV (ml) 6.3 ± 0.6 6.3 ± 0.6 6.3 -+0.5
LVSW (mm Hg-ml) 531.9 ± 122.2 247.2 ± 72.3B 525.4 ± 127.7C
Peak T (mm Hg-cm) 66.5+22.0 34.4± 12.4B 76.4+24.7B,C
EST (mm Hg-cm) 58.1±21.2 25.2±8.7B 66.4±24.0A,C

Values are mean ± SD.
LVEDP = left ventricular end-diastolic pressure; LVESP = left

ventricular end-systolic pressure; LVEDV = left ventricular end-dia-
stolic volume; SV = stroke volume; LVSW = left ventricular stroke
work; T = left ventricular wall tension; EST = end-systolic wall
tension.

Ap < .05; Bp < .01 compared with each control value; cp < .01
compared with values of stage 1.

when left ventricular end-diastolic volume was in-
creased with a constant stroke volume, left ventric-
ular end-systolic pressure and stroke work regained
their respective control levels. Peak and end-systolic
wall tensions exceeded the respective control values
because left ventricular volume was larger than the
control value.

Left ventricular regional function data during the
control period and stages 1 and 2 of regional ischemia
are shown in table 2 and figures 4 and 5. During stage

1 of regional ischemia, end-diastolic regional area in
the ischemic region significantly increased by
7.3 ±8.9%, whereas that in the nonischemic region
significantly decreased by 3.1 ± 3.7%. End-diastolic
length of the circumferential and longitudinal segments
also increased in the ischemic region and decreased in
the nonischemic region, although these changes were

not statistically significant. Systolic area shrinkage in
the ischemic region markedly decreased by
108.6 + 30.2%, and systolic segment shortening also
decreased, indicating akinesis or dyskinesis due to
regional ischemia. In contrast, systolic shortening of
the circumferential segment and systolic area shrinkage
in the nonischemic region significantly increased by
35.2 ± 42.0% and 32.7 ± 40.9%, respectively, despite
the absence of an increase in preload and a constant
stroke volume; i.e., hyperkinesis occurred without util-
izing the Frank-Starling mechanism (figure 4). The
decrease in systolic area shrinkage in the ischemic
region was attributable mainly to area expansion during
the isovolumetric contraction period, and the increase
in systolic area shrinkage in the nonischemic region
was attributable, in turn, to the reciprocal area shrink-
age during the same period (table 2).

Regional work of the ischemic region obtained from
the T-A loop markedly decreased by 98.7 + 18.3%
(8.7 5.9 to 0.2 ± 1.5 mm Hg ml) during stage 1 of
regional ischemia (figure 5). Regional work of the
nonischemic region during this stage also significantly
decreased by 49.8 24.3% (10.8 ± 3.2 to 4.7 ± 1.5

TABLE 2
Variables of left ventricular regional function

Ischemic region Nonischemic region

Regional ischemia Regional ischemia

Control Stage 1 Stage 2 Control Stage 1 Stage 2

Circumferential segment
EDL (cm) 1.43 0.26 1.48 + 0.28 1.66 + 0.30B,D 1.39 + 0.27 1.37 + 0.29 1.52 0.29B D
AL (cm) 0.17 0.09 0.00±+ 0.07B - 0.05±0.07B,C 0.16 ± 0.08 0.19 ±0.05A 0.22 0.06B, D

Longitudinal segment
EDL (cm) 1.58 ±0.22 1.63 ± 0.21 1.68 ±0.26A.C 1.63 ± 0.27 1.61 ± 0.26 1.67 0.28A.D
AL (cm) 0.06 ±0.12 - 0.01 ±O0.08A - 0.09±0.07B 0.05 ±0.07 0.07 ± 0.08 0.05 0.07

Regional area
EDA (cm2) 1.13 ± 0.24 1.20 ± 0.23A 1.40 ± 0.31B,D 1.15 +0.35 1.12± 0.35A 1.29 + 0.38B D
AA (cm2) 0.18 ± 0.08 - 0.01 ± 0.06B - 0.13 + 0. l 1 B.C 0.15 ± 0.05 0.19±0.06A 0.22±0.05B,D
AAiso (cm2) 0.08 ±0.08 -0.07±0.06B -0.17±0.13B 0.00±0.08 0.05±0.07B 0.05 ±0.07B
AAej (cm2) 0.10+0.05 0.06±0.03 0.05 ±0.04 0.15 ±0.05 0.14±0.06 0.16±0.06

Values are mean + SD.
EDL = end-diastolic segment length; AL = amount of systolic segment shortening; EDA = end-diastolic regional area; AA
amount of systolic area shrinkage; lAiso = area shrinkage during the isovolumetric contraction period; AAej = area shrinkage

during the ejection period.
Ap < .05, Bp < .01 compared with each control value; cp < .05, Dp < .01 compared with values of stage 1.
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FIGURE 4. Comparisons of stroke volume (top) and systolic area
shrinkage in the ischemic (bottom left) and nonischemic (bottom right)
regions during the control period and stages 1 and 2 of regional ischemia.
Means ± SE are indicated.

mm Hg-ml), despite the presence ofhyperkinesis in this
region, because peak and end-systolic wall tensions
decreased due to the decrease in left ventricular systolic
pressure.

During stage 2 of regional ischemia, end-diastolic
segment lengths and regional areas in both regions
significantly increased from the corresponding stage 1
values because of the increase in left ventricular end-
diastolic volume (table 2). Systolic shortening of the
circumferential segment and systolic area shrinkage in
the ischemic region decreased further to negative val-
ues (-47.8±73.6% and -85.3+60.8% of the
respective control values), whereas those in the non-
ischemic region increased further to 159.9 + 56.4%
and 153.6 + 47.8% of the respective control values,
despite the constant stroke volume (figure 4). Regional
work of the ischemic region also decreased further to
a negative value ( - 1.7 + 3.1 mm Hg.ml) (figure 5),
indicating that work was performed on the ischemic
region by the surrounding nonischemic myocardium.
In contrast, regional work of the nonischemic region
significantly increased to 14.4 ± 6.3 mm Hg.ml,
exceeding the control value by 30.6±28.2% despite
the same left ventricular stroke work as at control.

Figure 6 shows the end-systolic T-A relationships
during the control and regional ischemia periods
in the ischemic and nonischemic regions. Because
the control T-A relationship consisted of a single
data point, we assessed only the relative position
rather than the slope of the two relationships. During
regional ischemia, the end-systolic T-A relationship in
the ischemic region shifted markedly to the right
of the control point, whereas that in the nonisch-

Vol. 77, No. 2, February 1988

emic region remained almost unchanged from the con-
trol data point.

Discussion

In the present study we have shown that hyperkinesis
in the nonischemic region of an acutely ischemic heart
can occur without utilization of the Frank-Starling
mechanism. We made five major observations that
point to the essential mechanism of hyperkinesis in the
nonischemic region: (1) a significant increase in sys-
tolic area shrinkage in the nonischemic region without
an increase in preload of the region, but with a sig-
nificant decrease in afterload, (2) a further increase in
systolic area shrinkage in the nonischemic region at the
expense of a further decrease in systolic area shrinkage
in the ischemic region when left ventricular end-dia-
stolic volume was increased with a constant stroke vol-
ume, (3) a significant decrease in regional work of
the nonischemic region despite the presence of hyper-
kinesis, (4) an almost constant end-systolic T-A
relationship in the nonischemic region throughout
the control and regional ischemic periods, and (5)
demonstration of hyperkinesis in an excised heart prep-
aration that is free of systemic neurohumoral influence.
These findings indicate that the essential mechanism
for hyperkinesis in the nonischemic region during acute
ischemia is regional afterload reduction due to an intra-
ventricular mechanical interaction between the ische-
mic and nonischeyiic regions, rather than compensa-
tory operation of the Frank-Starling mechanism or
increased sympathetic activity.
The first observation was that hyperkinesis occurred
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FIGURE 5. Comparisons of left ventricular stroke work (top) and
regional work in the ischemic (bottom left) and nonischemic (bottom
right) regions during the control period (C) and stages 1 and 2 of regional
ischemia. Means + SE are indicated.
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in the nonischemic region during stage 1 of regional

ischemia even when left ventricular end-diastolic and
stroke volumes were kept constant. The increase in
systolic area shrinkage in the nonischemic region was

accompanied by a reciprocal decrease in area shrinkage
in the ischemic region. This finding indicates that the
Frank-Starling mechanism is not an essential mecha-
nism for the hyperkinesis and suggests an intraventric-
ular mechanical interaction between the ischemic

EDV = 22.6 m1
iSV = 6.3m1,

EDA =38.7 cm2
ESA=31.1 cm2
AA = 7.6 cm2

%ED

EDV=31.8m1
SV = 6.3m1

EDA = 48.5 cm2
ESA =41.9 cm2
AA = 6.6 cm2

FIGURE 7. Calculation of total systolic area shrinkage of the left
ventricular endocardial surface in a spherical model without intraven-
tricular regional interaction. With end-diastolic volume (EDV) of 22.6
ml and stroke volume (SV) of 6.3 ml, as in stage 1 of the present study
(left), total end-diastolic area (EDA) is calculated as 38.7 cm2, total
end-systolic area (ESA) as 31.1 cm2, and total systolic area shrinkage
(AA) as 7.6 cm2. When EDV is increased to 31.8 ml with a constant
SV of 6.3 ml, as in stage 2 of the present study (right), total AA is
calculated as 6.6 cm2, which is 13% smaller than the initial AA.
ED = end-diastole; ES = end-systole.
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and nonischemic regions as the responsible mechanism.
The second observation was that systolic area

shrinkage in the nonischemic region increased further
during stage 2 of regional ischemia when left ventric-
ular end-diastolic volume was increased with a constant
stroke volume. This is of interest because in a normal
heart without intraventricular regional interaction, an

Left lschemic Non-ischemic
Ventricle Region Region

V A A

FIGURE 8. Schematic illustration for explanation of the mechanism of
hyperkinesis without utilization of the Frank-Starling mechanism. Left
ventricular pressure-volume (P-V) loops (left) and T-A loops in the
ischemic (middle) and nonischemic (right) regions during control and
regional ischemia periods are shown. End-diastolic and stroke volumes
are constant under both conditions. Open and shaded arrows indicate
stroke volume (AV) and the amount of systolic area shrinkage (AA)
during the control period (open arrows) and regional ischemia (shaded
arrows). The lines passing through the left upper corners of the loops
indicate end-systolic P-V or T-A relationships. During regional ische-
mia, AA in the ischemic region becomes negative (systolic bulge) with
a marked rightward shift of the end-systolic T-A relationship, whereas
AA in the nonischemic region increases (hyperkinesis) without any

increase in preload or enhancement of contractile state of the region. See
text for more discussion.
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increase in end-diastolic volume with a constant stroke
volume inevitably results in a decrease in systolic area
shrinkage. For example, according to a spherical model
in which left ventricular volume (V) and endocardial
surface area (A) are given as V = (4/3)wr3 andA = 4-r2,
where r is the radius of the sphere, an end-diastolic
volume of 22.6 ml and stroke volume of 6.3 ml as the
average values in stage 1 of the present study yield a
total endocardial systolic area shrinkage of 7.6 cm2
(figure 7). When this end-diastolic volume is increased
to 31.8 ml with a constant stroke volume as in stage 2,
the total endocardial systolic area shrinkage is calcu-
lated as 6.6 cm2, which is 13% smaller than that during
stage 1. If we use total systolic shortening around the
circumference of the sphere instead of total endocardial
systolic area shrinkage in this model, it also decreases
by 23% from 1.14 cm during stage 1 to 0.88 cm during
stage 2. When these results are taken into account, the
observed increase in systolic area shrinkage in the
nonischemic region during stage 2 is a large change.
Because this hyperkinesis was again accompanied by
a reciprocal decrease in systolic area shrinkage in the
ischemic region, the phenomenon of intraventricular
mechanical interaction between the ischemic and
nonischemic regions was clearly demonstrated.

The third observation was that regional work of the
nonischemic region obtained from the T-A loop area
decreased during stage 1 of regional ischemia despite the
significant hyperkinesis. This reduction ofregional work
was attributable to the decrease in left ventricular systolic
pressure and systolic wall tension (i.e., reduction of
afterload) with constant left ventricular end-diastolic and
stroke volumes rather than a decreased contractile state
of the region. Similar findings (increased segment short-
ening and decreased segmental work index) have been
reported by Sasayama et al. 13 using cineangiography in
patients with coronary artery disease, although the di-
mensions of their segmental work index (mm mm Hg or
dyne/cm) are different from the physical dimensions of
work (mm Hg rnl or dyne.cm) and left ventricular vol-
ume was not controlled. The reduction of regional work
of the nonischemic region suggests that hyperkinesis is
not a "compensatory" mechanism for the decreased con-
tractile performance of the ischemic region, but a natural
consequence of mechanical unloading of the nonische-
mic region. This situation is analogous to an unloaded
whole ventricle in which a decrease in arterial pressure
(afterload) results in an increase in stroke volume (short-
ening) and a decrease in stroke work.28 Thus, hyperki-
nesis in the nonischemic region does not always indicate
"hyperfunction" in terms of work performance.
The fourth observation was that the end-systolic T-A

relationship in the nonischemic region remained almost
unchanged throughout the control and regional ische-
mia periods despite the evolving hyperkinesis, whereas
this relationship in the ischemic region shifted mark-
edly to the right of control. Because the end-systolic
T-A relationship is practically linear and shifts leftward
during global enhancement of contractile state with
dobutamine and rightward during global ischemia with
a lower perfusion pressure,16, 22, 29 this relationship
may reflect regional contractile state independent of
both preload and afterload, by the analogy of the end-
systolic pressure-volume relationship in the whole
ventricle. 19 The shift of this relationship in the present
study, therefore, seems to indicate that the contractile
state of the nonischemic region remained almost con-
stant, whereas that of the ischemic region was markedly
depressed during regional ischemia. This is evidence
that hyperkinesis is not caused by an enhanced con-
tractile state of the nonischemic region due to increased
sympathetic stimulation.
The fifth observation was that hyperkinesis was dem-

onstrated in an excised heart that was independent of
a reflex increase in sympathetic nerve discharge or
circulating catecholamines after coronary occlusion.
Although an excised, cross-circulated heart could be
influenced by circulating catecholamines from the sup-
port dog, blood pressure and heart rate of the support
dog remained unchanged after coronary occlusion of
the excised heart in the present study, indicating con-
stant sympathetic activity of the support dog. Pashkow
et al.6 considered reflex sympathetic activity to be
responsible for the increased contractile force in the
nonischemic region, because an increase in contractile
force was abolished after transection and cannulation
of the proximal circumflex coronary artery and its peri-
vascular neural fibers. However, their result might have
been affected by the brief period of ischemia in the
"nonischemic" region during the cannulation proce-
dure, which was performed between the control and
postcannulation measurements. Thus, our demonstra-
tion of hyperkinesis in an excised heart indicates that
an increased sympathetic activity is not a primary
mechanism for hyperkinesis in the nonischemic region.
Our hypothetical explanation of the mechanism of

hyperkinesis without utilization of the Frank-Starling
mechanism is illustrated in figure 8. During the control
period, both the ischemic and nonischemic regions are
able to generate and support wall tension, resulting in
neither area shrinkage nor expansion during isovolu-
metric contraction and relaxation periods. During
regional ischemia with constant left ventricular end-
diastolic and stroke volumes, the end-systolic T-A

Vol. 77, No. 2, February 1988 475

D
ow

nloaded from
 http://ahajournals.org by on M

arch 13, 2022



GOTO et al.

relationship in the ischemic region shifts markedly to
the right, whereas that in the nonischemic region
remains constant because the contractile state of the
nonischemic region remains unchanged. Because of
depressed contractile function, the ischemic region is
no longer able to support the wall tension that is gen-
erated by the nonischemic myocardium during the iso-
volumetric contraction period.3 This results in area
expansion of the ischemic region and hence reciprocal
area shrinkage of the nonischemic region during the
isovolumetric contraction period (intraventricular
regional interaction). Since the ischemic region is
unable to generate an adequate amount of tension until
end-systole, systolic wall tension of the left ventricle
(which acts as afterload on the nonischemic region)
decreases, allowing the nonischemic region to shorten
to a greater extent without any increase in preload. This
decrease in systolic wall tension also results in a
decrease in regional work of the nonischemic region,
defined as the area within the T-A loop. Thus, intra-
ventricular afterload reduction in the nonischemic
region results in both hyperkinesis without utilization
of the Frank-Starling mechanism and a decrease in
regional work of the region due to a decrease in systolic
wall tension. If preload is allowed to increase, however,
regional work will increase due to an increase in sys-
tolic wall tension, as in stage 2 of the present study.
We prefer the T-A loop method to the conventional

pressure-length loop method for three major reasons.
First, the pressure-length loop method can provide only
unidirectional assessment of regional function,
whereas myocardial fibers are variously oriented within
the left ventricle30 and the extent and time course of
segment shortening are different depending on the ori-
entation of the segment. 16, 24-26 Second, the dimen-
sions of the pressure-length loop area (mm Hg.cm or
dyne/cm) differ from those of work or energy (dyne cm
or joule).16' 21 In contrast, the T-A loop area (mm
Hg.ml) has the same dimensions as work or energy
because 1 mm Hg.ml = 1.33 x 10 J. Third, we can-
not directly compare two pressure-length loop areas
from different-sized hearts, since force acting on the
two wall segments is different because of the different
radii even when left ventricular pressure and segment
length are the same. Thus, the conventional pressure-
length loop method cannot be used to assess regional
work in a physically sound manner.
One potential source of error in our assessment of

regional work by the T-A loop method is related to the
calculation of wall tension based on the force-equi-
librium relationship for a spherical model. Our use of
short-axis diameter as the diameter of the sphere might
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result in a small underestimation of regional work. 16
In addition, in a regionally ischemic heart, changes in
regional radius of curvature, which were not measured
in the present study, would occur in the ischemic
region, and hence might affect wall tension of this
region .31 However, our previous study22 has shown that
the global integral of regional work determined by the
T-A loop method closely agrees with measured total left
ventricular work both before and after coronary occlu-
sion, suggesting that the influence of changes in
regional wall tension on the measurement of regional
work during regional ischemia is very small.
An increase in preload has been reported to reduce

the mechanical disadvantage imposed by the ischemic
or weak myocardium, leading to an increase in total
effective shortening and hence forward stroke
volume,'4 because the steep portion of the passive
pressure-length relationship may limit the excessive
lengthening during the isovolumetric contraction
period of the ischemic myocardium. 14, 32 However, in
the present study, an increase in left ventricular end-
diastolic volume resulted in further decreases in sys-
tolic area shrinkage and regional work in the ischemic
region. This suggests that the ischemic region does not
always behave as a completely passive material. In
other words, the extent and severity of ischemia, and
hence the amount of inhomogeneously distributed via-
ble tissue within the ischemic region, may be more
dynamically varied by changes in ventricular loading
conditions than previously thought.

There seems to be some disagreement among inves-
tigators as to whether hyperkinesis is an isovolumetric
or ejection phase phenomenon.2' 9 l 14 15 Although
our results are compatible with previous studies of
Sedek and Lewartowski2 and Lew et al. ,9 14 i.e., the
increase in segment shortening in the nonischemic
region occurred during the preejection (isovolumetric)
period, Smalling et al.15 and Akaishi et al. ' have
reported a significant increase in segment shortening
during the ejection period and no increase during the
preejection period. Type of preparation (isolated heart
in the present study, open-chest dog,2' 9, 10 14 and
"chronically" instrumented closed-chest dog15) and
duration of coronary occlusion (15 sec, 2 min, 3
min,9 15 min in the present study, 30 min, 14 and graded
coronary stenosis10) vary among the studies. In addi-
tion, the timing of end-ejection of the heart in situ
differs from that of end-systole defined in the present
study.33 These factors may account for the discrepancy
of results between the studies.

Although it is difficult to directly apply our results
obtained in excised and volume-controlled hearts to a
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clinical setting in which compensatory responses such
as the Frank-Starling mechanism or increased sympa-
thetic stimulation can be used, some points of interest
should be discussed. In patients with acute myocardial
infarction, left ventricular end-diastolic volume usu-
ally increases, whereas stroke volume remains constant
or decreases because end-systolic volume also in-
creases due to a depressed left ventricular contractile
state.11 In some patients, hyperkinesis in the non-
ischemic region may be observed.11 12 This situation
is very similar to stage 2 of regional ischemia in the
present study. Under this condition, nothing but intra-
ventricular interaction between ischemic and non-
ischemic regions can explain the hyperkinesis because,
without regional interaction, an increase in end-dia-
stolic volume with aconstantordecreased stroke volume
inevitably results in a virtual decrease in systolic area
shrinkage or segment shortening, as discussed above
(figure 7). Even an enhancement of contractile state of
the nonischemic region due to increased sympathetic
activity cannot increase segmental shortening with a
constant or decreased stroke volume unless ischemic
and nonischemic regions interact with each other. Thus,
even in the clinical setting, regional afterload reduction
due to an intraventricular mechanical interaction
between ischemic and nonischemic regions rather than
the Frank-Starling mechanism should be the primary
mechanism for hyperkinesis in the nonischemic region.

We thank Drs. Martin M. LeWinter and Bryan K. Slinker for
their helpful suggestions in the revision of the manuscript.
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