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Summary :

The myocardium of the left ventricular wall is not homogeneous, but demonstrates transmural hetero-
geneity in myocardial blood flow, myocardial metabolism, and contraction and relaxation dynamics.
Reimer and colleagues recognized that irreversible injury of the ischemic myocardium develops as a trans-
mural wavefront, occurring first in the subendocardial myocardium, and with longer periods of ischemia,
the wavefront of necrosis moves from the subendocardial zone across the wall to progressively involve
more of the transmural thickness of the ventricular wall, ultimately becoming nearly transmural. This phe-
nomenon was named the “wavefront phenomenon”, and is the morphological counterpart of the transmur-
al heterogeneity of the metabolism and blood flow.

Autoregulation of myocardial blood flow is accomplished by changes in intramyocardial vascular resis-
tance and intramyocardial pressure. It is more difficult to maintain the autoregulation in the subendocardial
myocardium because contraction is greater, oxygen demand is greater, and myocardial pressure is higher in
the subendocardium than in the subepicardial layer.

In the normal myocardium, contraction is greater in the subendocardial layer, as is wall stress, account-
ing for the higher subendocardial energy requirements. Consistent with these findings, higher rates of
metabolic activity and greater oxygen extraction are found in this region. As a consequence, ischemia
becomes more severe and myocardial cells undergo necrosis first in the subendocardium. Under normal
conditions, production and utilization of high-energy phosphates [adenosine triphosphate (ATP) and crea-
tine phosphate] in the subendocardial myocardium are more active than in the subepicardial myocardium,
but decline more easily in the subendocardium during ischemia, which induces the subendocardial
ischemic injury. Lower production of Ca>*-ATPase in the subendocardium might also contribute to the
subendocardial injury. Wavefront necrosis starts from the subendocardium, but the production of high-
energy phosphates in the subepicardium is known to increase and compensate for the reduction in high-
energy phosphate production in the subendocardium.

Animal experiments have shown that systolic thickening of the endocardial half of the ventricular wall is
double that in the epicardial half. Today, this can be confirmed in humans with the tissue Doppler tracking
method which is completely noninvasive. Furthermore, the subepicardial half of the ventricular wall is
known to compensate for the decreased systolic thickening of the subendocardial half in the case of suben-
docardial injury, which is called vertical compensation and is the mechanical counterpart of the concept of
metabolic compensation.

Many new technologies, including the tissue Doppler tracking method, magnetic resonance imaging tag-
ging, and myocardial contrast echocardiography, will give more accurate information about the myocardial
heterogeneity of layer-by-layer motion and blood flow, and will contribute to early detection and quantita-
tive estimation of ischemia and other diseases of which the main lesion is in the subendocardium.
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Table1 Transmural myocardial heterogeneity

High-energy phosphates metabolism
Ca?*-ATPase production
Myocardial blood flow

Distribution of ischemic necrosis
Regional myocardial wall motion
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Fig.1 High-energy phosphates metabo-
lism (Zhang, J et al)®*
Under normal conditions, production and
utilization of high-energy phosphates
(adenosine triphosphate and creatine phos-
phate) in the subendocardial myocardium
are more active than in the subepicardial
myocardium (transmural metabolic hetero-
geneity ; left). However, these processes
decline more in the subendocardium dur-
ing ischemia, and increase in the subepi-
cardium to compensate for the subendocar-
dial injury (right) .
HEP = high-energy phosphates.
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Reimer and colleagues showed that irreversible injury of ischemic myocardium develops
as a transmural wavefront, occurring first in the subendocardial myocardium (left), and
with longer periods of ischemia, the wavefront of necrosis moves from the subendocardial
zone across the wall (middle)to involve progressively more of the transmural thickness of
the ventricular wall, ultimately becoming nearly transmural (right). This phenomenon is

named the “wavefront phenomenon”.

[Cited and modified from Reimer KA et al: Circulation 1977; 56; 786 — 794]%¥
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A single pulsed Doppler crystal

TN

/TN

EEREOLPBERLGH & OFHERLGE 211

Fig. 3 Doppler measurement of myocardial
thickening with a single crystal epi-
cardial transducer (Hartley, CJ et
al)69—1l)

A pulsed Doppler crystal is sutured to the
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Systole

epicardium. With this technique, it is pos-
sible to measure the velocity at any depth
of the left ventricular wall and analyze
systolic motion of the designated sampling
point. However, it is difficult to quantify
the absolute thickness. Systolic thickening
is greater in the subendocardium than in
the subepicardium and displacement is
measured at a fixed depth throughout the
cardiac cycle, so the designated sampling
point at end-diastole moves to the subepi-
cardial side at end-systole.

LV = left ventricle.
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40mm/secX4msec=0.16mm

4msec=0.20mm

Fig. 4 Tissue Doppler tracking system
M-mode echocardiography in the parasternal approach is used after we set one arbitrary point of the wall of the posterior wall at
the end-diastolic phase. The tissue Doppler imaging system measures the velocity of the point, and determines the position of
the point at the next moment. By repeating the process, the system can track the moving line of the target point.

Fig. 5 Clinical application of tissue Doppler
tracking system
In a normal subject (upper), the systolic
thickening of the subendocardial half is
about double that of the subepicardial half.
In a patient with subendocardial ischemia
(lower), the systolic thickening of the
subendocardial half is decreased. In con-
trast, the systolic thickening of the subepi-
cardial half increases to compensate for the
abnormal subendocardium. As a result, the
systolic thickening of the whole wall is
preserved.

J Cardiol 2000; 35: 205-218
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Fig. 6 Magnetic resonance imaging tagging
Magnetic resonance radial tagging planes
are introduced to the left ventricle. The
grids are applied to the myocardium on the
short-axis image when the myocardial wall
thickens in systole. Displacement of the
myocardial tissue in each grid is analyzed
during cardiac cycle. The present limitation
is that the width of the grid is 7mm and
may not be small enough to analyze the
myocardial contraction accurately.
Abbreviation as in Fig. 3.
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