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Regional variation in the timing and extent of left
ventricular wall motion in normal subjects*
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VALVULAR HEART DISEASEt
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SUMMARY Right anterior oblique cineangiograms from 19 subjects without evidence of heart
disease were analysed to assess regional non-uniformity in the time of onset of systolic inward
motion, amplitude of systolic motion, time of peak inward motion, and wall motion during the
isovolumic relaxation period. The left ventricular silhouette was digitised frame by frame for a
full cardiac cycle. These four wall motion variables were quantitatively measured along 40 chords
drawn from equally spaced points on the end diastolic silhouette to the nearest point on the end
systolic silhouette. Onset of systolic inward motion was significantly non-uniform, being delayed
by up to 120ms in the anterior apical chords compared with the areas of earliest inward motion
near the base of the heart. More uniformity was noted in time of peak inward motion; the
differences between regions were not statistically significant. Amplitude of systolic motion was
significantly less at the apical and mid-anterior segments than elsewhere in the heart. Wall motion
during the isovolumic relaxation period is outward and greatest in the mid-anterior segments, but
inward in the proximal inferior segments and mitral valve region.
These data suggest that contraction of muscle fibres in the anterior apical segments is initially

isometric due to the considerable afterload at the onset of contraction, this afterload being the
result of earlier contraction elsewhere in the ventricle. This may partly explain the propensity for
aneurysms to be located in the anterior apical region. When the timing and extent of wall motion
in disease states are analysed, account must be taken of the non-uniformity in the normal heart.

Most angiographic studies of human left ventricular
wall motion have examined the extent of wall motion
from end diastolic and end systolic frames. This
technique does not allow an assessment of the timing
of wall motion, the implied assumption being that
the onset of systolic and diastolic motion is syn-
chronous in all segments. There is, however, infor-
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mation available to indicate that wall motion is
neither synchronous nor uniform.'l Furthermore,
if this is correct, similar pathological lesions in
different segments of the ventricle might have
differing effects on wall motion because the afterload
at the onset of wall motion would be different.4 This
study, in which a computer based frame by frame
quantitative analysis of left ventricular angiograms
was performed in 19 normal subjects, documents
and quantitates the non-uniform nature of both
extent and onset of systolic and diastolic wall
motion.

Patients and methods

tA list of participants is available from Dr K E Hammermeister. Patients from the participating hospitals in the Vet-
Accepted for publication 21 April 1986 erans Administration Cooperative Study on Valvu-

226

 on M
ay 22, 2023 by guest. P

rotected by copyright.
http://heart.bm

j.com
/

B
r H

eart J: first published as 10.1136/hrt.56.3.226 on 1 S
eptem

ber 1986. D
ow

nloaded from
 

http://heart.bmj.com/


Coordination of left ventricular wall motion

Table 1 Characteristics of the 19 normal subjects

Indication for
Patient Age catheter Echo ETT EDV (ml) EF

1 36 ACP NL 213 054
2 52 Angina TU NL 164 0-62
3 28 ACP NL NT 82 0-67
4 47 Angina NL NL 156 0-80
5 61 Angina NL 110 0-65
6 47 Angina +TL 206 0-71
7 59 Angina NL 119 0-51
8 55 Angina TU NL 127 0-62
9 44 Angina TU NL 149 055
10 40 ACP NL NL 158 0-65
11 38 Angina TU Eq 115 0-72
12 52 ACP NL 169 0-66
13 60 ACP NL 149 0-69
14 47 ACP NL NL 166 0-73
15 50 ACP NL NL 152 0-74
16 53 Angina NL +TL 148 0-65
17 46 Angina 209 0-69
18 25 ACP NL 145 059
19 47 ACP 143 0-69
Mean (SD) 467 152 0-66

9-9 34 0-07

ETT, exercise tolerance test (ST segment response except where indicated); EDV, left ventricular end diastolic volume; EF, ejection
fraction; ACP, atypical chest pain; NL, normal (for ETT <1 mm ST depression); TU, technically unsatisfactory; +TL, exercise
thallium image interpreted as abnormal; Eq, equivocal ST segment response to exercise.

lar Heart Disease were included if they met the fol-
lowing criteria: right anterior oblique contrast left
ventricular angiogram of satisfactory technical
quality to outline the ventricular silhouette on each
frame for a full cardiac cycle, ejection fraction
> 50%, no segmental wall motion abnormality on
subjective analysis, normal coronary arteriograms,
and no other objective evidence ofheart disease. The
indication for cardiac catheterisation was evaluation
of chest pain in all patients. Table 1 lists some char-
acteristics of these 19 patients. Technically satis-
factory echocardiograms were available in nine and
were normal in all. Exercise tests (Bruce protocol)
were performed by 14 patients. One patient had an
equivocal ST segment response and two had exer-
cise thallium myocardial images that were reported
to be abnormal. These three patients were included
because all other cardiac characteristics were nor-
mal. Mean heart rate at the time of left ventricular
angiography was 65 beats per minute (SD 17, range
42-110).

Left ventricular angiography was performed in
the 300 right anterior oblique projection at frame
rates of 30-60 per second. In six patients simulta-
neous filming in the 600 left anterior oblique
projection was also obtained. The silhouette of the
left ventricular cavity was digitised frame by frame
for a full cardiac cycle from a well opacified sinus
beat at least one beat removed from a premature
beat.5 Left ventricular volume was calculated by the
area-length method.6 Curves of left ventricular vol-
ume versus time were smoothed by means of a nine
point polynomial best fit; the first derivative was cal-
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Fig 1 Display of the first derivative of left ventricular
volume (DVol/DT), shape index, and volume versus time for
afull cardiac cycle in a normal subject.
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versus time.9 Figure 2 shows an example of one of
these displacement curves smoothed by a three point

*,. moving average. If each of the plots of displacement
* . versus time for the forty chords about the ventricu-

* D lar circumference are stacked one above another and
offset, a visual display of wall motion versus time is

_ : . obtained, such as that shown in fig 3. The two heavy
lines mark end systole (MCA, minimum cavity area)
and mitral valve opening (MVO), defined as the
frame in which unopacified blood first appears in the
left ventricle. The period between these two points
is an approximation of the isovolumic relaxation
period. Upward motion in the display represents
inward wall motion. The same data can be displayed
in a more quantitative sense if an isocontour plot is

0% used as shown in fig 4. Each contour line represents
% 1 mm of wall motion.

Because of our interest in a critical examination of
the timing of onset of systolic and diastolic left ven-
tricular wall motion we felt it important to develop
an algorithm which would objectively define the
beginning of wall motion; in abnormal states this
might be outward (dyskinesis) as well as inward.
To avoid confusion between diastolic and systolic

0Ti 0.6 0.8 motion, both window (time period) and slope
Time (s) criteria were used. The results from the computer
(upper graph) from end determined mathematical algorithms were com-
ofone of40 equally spaced pared with a visual subjective assignment of onset of

points on the end diastolic silhouette of the left ventricle in the
right anterior oblique projection. Displacement is measured
along a chord to the nearest point on the end systolic
circumference. Smoothed left ventricular volume curve
(lower graph) is shownfor comparison. The vertical lines
mark the time of end diastole and end systole (maximum and
minimum volumes on the smoothed volume curve). The
arrows mark the time of onset ofinward motion and time of
peak motionfor this segment on the anterior wall. The circled
points indicate the time of mitral valve opening.

culated as previously described to give maximum
filling and ejection rates.7 Left ventricular shape
index was calculated as 4n(area)/(perimeter)2 where
a value of 1 describes a circle and lesser values
describe increasing eccentricity.8 Figure 1 shows
plots of left ventricular volumes-shape index, and the
first derivative of volume versus time (D vol/DT)
from a normal subject.
To quantify timing and extent of wall motion 40

equally spaced points (excluding the aortic valve
plane) were identified on the end diastolic left ven-
tricular silhouette (frame with largest area). A refer-
ence line was constructed from each of these points
to the nearest point on the end systolic frame (frame
with minimum cavity area). The intersection of the
cavity silhouette from each frame throughout a car-
diac cycle with one of these reference lines can be
displayed as distance from the end diastolic position

Normo(
MCAMVO

0 05
Time (s)

Fig 3 A display of overall ventricular wall motion created
by stacking and offsetting each of the 40 separate
displacement curves of wall motion versus time, one of which
is shown in the upper part offig2. Each light nearly vertical
line Fepresents the time ofone cineframe. The two heavier
nearly vertical lines-are end systole (MCA, minimun cavity
area) and mitral valve opening (MVO).
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Fig 2 Plot of displacement
diastolic position versus time
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Coordination of left ventricular wall motion
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Fig 4 An isocontour plot of wall motion displaying the same
datafrom the same patient shown infig3. Each pair of
isocontour lines represents wall motion of I mm.

a visual subjective assignment of onset of systolic
motion from unsmoothed displacement curves.

Several slope and window criteria were compared
with the subjective visually determined onset of
systolic wall motion in 20 displacement curves from
10 patients. The following criteria gave the best
correlations and are those used in this study. For
inward motion (positive slope) the onset of motion
was defined as the beginning of a 100ms period dur-
ing all of which the slope was > 1-0 cm/s and which
occurred within the window from 50 ms before end
diastolic volume on the smoothed volume curve to
mitral valve opening. If these criteria were not met,
important systolic outward motion was sought: this
was defined as a slope of at least -10 cm/s persis-
ting for at least 100 ms that occurred within the win-
dow from the time of end diastolic volume plus

Fig 5 End diastolic and end systolic left ventricular cavity
silhouettes superimposed to show the location of the five
standard ventricular regions in the right anterior oblique
projection.

30ms to the time of end systolic volume. If neither
of these criteria was met onset of systolic motion was
not determined. For identification of timing of onset
of inward and outward wall motion, zero time was

defined as the time of maximum volume from the
smoothed volume curve.
The time of maximum systolic motion was

identified as the time of maximum inward motion if
the criteria listed above for onset of inward motion
were met, or the time of maximum outward motion
if the above criteria for onset of outward motion
were met. The amplitude of systolic motion is the
net wall motion occurring between the time of onset
and time of peak systolic motion. Similarly, wall
motion during the isovolumic relaxation period is
the net wall motion between end systole (the frame
of minimum cavity area) and mitral valve opening.
Outward motion, the usual direction during the iso-
volumic relaxation period, carries a positive sign.
The wall motion data were presented in two ways.

Table 2 Quantitative wall motion variables (mean (SD)) for five standard regions of the right anterior oblique left
ventricular angiogram

Intervalfrom TEDV (ms) Amplitude of motion (cm)

Region Onset of systolic motion Peak systolic motion Systolic motion IVR motion

Proximal anterior (chords 33-39) 27 (28) 376 (64) 1-24 (0 30) 0-29 (0-17)
Mid-anterior (chords 26-32) 57 (44) 375 (64) 0-85 (0-25) 0-25 (0-16)
Apical (chords 19-25) 102 (61) 405 (63) 1 11 (0 39) 0-22 (0 25)
Mid-inferior (chords 13-18) 37 (47) 405 (77) 1-15 (0 30) 0-24 (0-17)
Proximal inferior (chords 6-12) 28 (35) 426 (64) 1-14 (0-36) 0-02 (0-15)

One way analysis of variance:
F 9-17 1-40 3-96 6-09
df 4, 90 4, 90 4, 90 4, 90
p <0-001 0-240 0-005 <0-001

TEDV, time of first left ventricular end diastolic volume from smoothed left ventricular volume curve; IVR, isovolumic relaxation period
(see text for definitions).
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Fig 6 Mean time of onset of systolic motion and time of
peak systolic motion are plotted against segment numberfor
the 19 normal subjects (heavy lines). Cross hatched area
shows one standard deviation about the mean. Zero time is
the time of end diastolic volume on the smoothed volume
curve.

The four wall motion variables were plotted against
the serial number of each of the forty equally spaced
chords about the ventricular circumference. Also the
data for the six or seven chords in each of the five
standard ventricular segments in the right anterior
oblique projection'0 were averaged (table 2). Figure
5 shows the location of these five regions.
To assess the statistical significance of non-

uniformity of left ventricular wall motion, one way
analysis of variance was used to compare the five
ventricular segments with one another.

Results

Figure 6 shows the data for time of onset and time of
peak systolic motion (mean (1 SD)) for each ofthe 40
chords about the ventricular circumference for the
19 subjects. The time of onset of systolic motion
varies by 126 ms from 18 (56) ms after end diastolic
volume for chord number 13 in the mid-inferior
segment to 144 (72) ms for chord number 23 in the
apical segment. Table 2 shows the data for the five
ventricular segments obtained by averaging the data
from the six or seven chords within each segment.
Although the averaging of chords reduces the
differences, the non-uniformity of time and ampli-
tude is still apparent. The time of onset of systolic
motion varies from 27 (28) ms for the proximal
anterior segment to 102 (61) ms for the apical seg-
ment (p < 0 001).
The time of peak systolic motion is more uniform

than time of onset (fig 6). The earliest time of peak
systolic motion (358 (75) ms) occurs in chord num-
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Fig 7 Mean amplitude of systolic wall motion (heavy line)
plus or minus one standard deviation (cross hatched area)
plotted against segment number for the 19 normal subjects.

ber 36 in the proximal anterior segment, a region
showing relatively early onset of motion. The latest
time of peak motion (435 (92) ms), however, occurs
in chord number 10 in the proximal inferior seg-
ment, a segment in which onset of motion is also
relatively early. When the chord data are averaged to
give values for the five segments, the time of peak
systolic motion varies only from 375 (64) ms for the
mid-anterior segment to 426 (64) ms for the prox-
imal inferior segment (p = 0-240; table 2).
The amplitude of systolic motion also appears to

be non-uniform by this technique, which makes no
attempt to correct for shift in the major axis of the
ventricle with systole (fig 7). Amplitude varies from
1-35 (0-30)cm in chord number 38 in the proximal
anterior segment to 0-73 (0-36)cm in chord number
25 in the apical segment. The values for the five
segments vary from 1 24 (0 30) cm for the proximal

Prox inf Mid inf J Apical Mid ant |Prox anti

Segment number

Fig 8 Mean wall motion (heavy line) plus or minus one
standard deviation (cross hatched area) during the
isovolumic relaxation period (defined by minimum cavity
area and mitral valve opening) plotted against segment
number for the 19 normal subjects. Outward motion is plotted
as a positive value.

 on M
ay 22, 2023 by guest. P

rotected by copyright.
http://heart.bm

j.com
/

B
r H

eart J: first published as 10.1136/hrt.56.3.226 on 1 S
eptem

ber 1986. D
ow

nloaded from
 

http://heart.bmj.com/


Coordination of left ventricular wall motion

anterior segment to 0-85 (0-25) cm for the mid-
anterior segment (table 2). The differences in ampli-
tude of motion between segments are highly
significant (p = 0 005).
Wall motion during the isovolumic relaxation

period is also non-uniform (fig 8), varying from 0-38
(0 22) cm (outward) for chords number 33 and 34 in
the proximal anterior segment to -0-16 (0-34)cm
(inward) for chord number 6 in the proximal inferior
segment. Displacement for chords 1-5 in the mitral
valve region is also generally inward. When exam-

ined by segments, motion during the isovolumic
relaxation period is relatively uniform for all seg-

ments (0-22-0-29 cm) except the proximal inferior
segment (0-02 (0-15) cm). This non-uniformity of
motion between segments is statistically significant
(p < 0-001; table 2).

Discussion

Our objective analyses of left ventricular wall
motion in normal subjects indicate that both ampli-
tude and timing of wall motion are non-uniform
about the circumference in the right anterior oblique
projection. The onset of systolic motion in the apical
chords is delayed by up to 126 ms compared with the
chords with the earliest onset. In the apical and ante-
rior chords, the amplitude of systolic motion is
reduced to as little as 54% of that in the chords with
the greatest amplitude. The distribution of chords
with reduced amplitude, however, does not corre-

spond to that with delayed onset of systolic motion.
Wall motion during the isovolumic relaxation period
is also non-uniform with the mitral valve region and
proximal inferior segment demonstrating inward
motion, while the other segments show outward
motion.

ONSET OF SYSTOLIC MOTION
As shown in fig 6 and table 2, the onset of systolic
motion is relatively synchronous for the proximal
inferior, proximal anterior, and the mid-inferior
segments. In the apical and mid-anterior segments,
however, onset of systolic motion is significantly
delayed. Artefact of the method due to shift of the
axis of the ventricle during contraction, delay in
electrical activation, and initial isometric contraction
are possible explanations for this delay.
With systole the major axis of the left ventricle

appears to shift anteriorly and laterally (vide infra).
Various schemes of realignment have been proposed
to correct for this shift, none of which are entirely
satisfactory. Rather than make any assumptions
about major axis shift, the motion of the left ventric-
ular cavity silhouette was analysed in the present
study without realignment. If an anterolateral major

231

axis shift occurs this could result in apparent hypo-
kinesis of the mid-anterior segment and hyper-
kinesis of the mid-inferior segment. While ampli-
tude of systolic motion of the mid-anterior segment
(085 cm) is less than that of the other segments
(1 1 1-1 24 cm), the amplitude of motion of the mid-
inferior segment (1 15 cm) is not increased com-
pared with other segments except for the mid-
anterior segment.
An anterior-lateral long axis shift producing

apparent hypokinesis might also produce an appar-
ent delay in onset of inward motion in the mid-
anterior segment. This mechanism, however, cannot
account for the delay in the apical segment because
wall motion in this segment is generally parallel to
the shifting long axis. In fact the delay in the apical
segment is almost three times the delay observed in
the mid-anterior segment (75 ms vs 30 ms). Some of
the observed hypokinesis in the mid-anterior seg-
ment could be the result of axis shift, but the axis
shift cannot explain the delay in onset of inward
motion in the apical segment. We conclude that the
delay in onset of systolic motion at the apex is not an
artefact of the method.

In 1978 Gibson et al noted the asynchrony in
onset of inward motion in normal subjects.3 Sub-
sequently Clayton et al and Klausner et al have also
reported delayed onset of contraction at the apex.2 l
The maximum asynchrony in their study was 25 ms,
however, much less than the 126 ms in the present
study. There are significant differences in methods
that may account for this discrepancy: Clayton and
Klausner and colleagues constructed a major axis for
each frame (that is the equivalent of realigning on
the long axis), and time of onset was taken as the
longest chord or radius rather than as a specified
slope. Use of the longest chord rather than a slope to
indicate onset is much more sensitive to noise, such
as incorrect identification of the silhouette position
in a single frame. The magnitude of the asynchrony
in the present study is similar to that previously
reported from this laboratory based on analysis of
contour plots only3 (for example fig 4).
The mechanism of the delay in apical systolic

motion is of considerable interest. Although delay
in electrical activation may be contributory, this
should account for only a fraction of the 126 ms
delay observed. Durrer and colleagues report that
the apex was activated 45 to 50ms after the earliest
site of ventricular activation.12 Of course, asyn-
chronous electrical activation of the ventricle has
long been known.13 14 Dissociation between elec-
trical activation and mechanical contraction has
been reported in experimental intact heart prepara-
tions. In an experimental study electrical activation
of the anterior papillary muscle occurred 6 ms before
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the anterior epicardial site, but mechanical con-
traction of the anterior papillary muscle was delayed
27 ms in relation to anterior epicardium, a discrep-
ancy of 33 ms.1 16 If delay in electrical activation
was the prime reason for the asynchronous onset
of inward wall motion, then some regions of the
ventricle should be moving outward as others move
inward because unactivated regions cannot develop
tension as pressure is beginning to rise. Such
"paradoxical" motion has been observed in patients
with coronary artery disease,3 but was not seen in
our normal subjects.
We believe isometric contraction occurring in

early systole at the apex is the most likely expla-
nation to account for the discrepancy between elec-
trical asynchrony of about 50 ms and mechanical
asynchrony of up to 126 ms. The delay in electrical
activation (40-50ms) means that the apical myo-
cardium is initiating contraction against a consid-
erable afterload because of earlier contraction else-
where. Furthermore, the relatively thin myo-
cardium at the apex may require a longer time of
isometric contraction to overcome the afterload and
shorten. Myocardial architecture and fibre orien-
tation as well as wall thickness probably also have a
role. Motion of the anterior and inferior regions is
due to circumferentially directed fibres, while that of
the apex is due to longitudinally directed fibres. The
physiological significance of these two types of fibres
was lucidly discussed by Sir Arthur Keith as early as
1918.17

AMPLITUDE OF WALL MOTION
The amplitude of systolic wall motion is relatively
uniform in the proximal inferior and mid-inferior
chords (1 1-1-3 cm), falls markedly to about 017cm
in the anterior apical and adjacent mid-anterior
chords, and returns to 1-1-1-3cm in the proximal
anterior chords (fig7). If this non-uniformity were
to be explained solely by a shift in the major axis
anteriorly and laterally, one would expect the ampli-
tude in the mid-inferior region to be increased by an
amount equivalent to the decrease in the mid-
anterior region. This is not the case; amplitude in
the mid-inferior segment is essentially the same as
that of other segments, except for the mid-anterior
segment which exhibits a 3-4mm decrease in ampli-
tude of motion. The failure to see increased ampli-
tude in the mid-inferior segment suggests that the
angular shift of the long axis of the left ventricle in
the 300 right anterior oblique projection is substan-
tially less than the 40 previously reported,'8 19 since
an angular shift of this magnitude would produce an
increase of approximately 4mm in amplitude in the
mid-inferior segment. In fact the absence-oinferior
hyperkinesis suggests that the apparent shift of the

Hammermeister, Gibson, Hughes
long axis may be an illusion caused by the normal
hypokinesis of the apical and mid-anterior region.
Endocardial motion is closely related to changes in
wall thickness,20 again indicating that displacement
of the entire ventricle cannot be used to explain
endocardial wall motion.

Finally, we considered whether translation of
the ventricle along the major axis toward the apex
during systole could contribute to the reduced wall
motion at the apex. The aortic valve plane descends
in systole (1-30 (0-32)cm in these 19 normal sub-
jects) as was described by Keith in 190721; but this is
the same as the amplitude of motion seen in apical
chords 19-22. Thus at the very apex and the aortic
valve the ventricular silhouette seems to move
equally towards its centre of mass. Nevertheless, the
descent of the aortic valve over the bolus of blood in
the left ventricle undoubtedly contributes energy to
aortic blood flow by virtue of passive elastic recoil
during diastole. The descent of the aortic valve
plane, however, does not seem to contribute to the
reduced wall motion amplitude, which is greatest
anterior to the major axis.

Several other experimental and clinical studies
have also shown reduced amplitude of wall motion
in the apical region despite various realignment
schemes. 18 19 22 23 We conclude that the reduction
in wall motion amplitude in the anterior apical
region cannot be satisfactorily explained by an axis
shift. For the reasons given in the discussion of time
of onset of systolic motion it seems likely that con-
traction here must be initially isometric.

TIMING OF PEAK SYSTOLIC MOTION
The time of peak systolic motion is somewhat earlier
in the mid and proximal anterior regions than
elsewhere. As shown in fig 6, there is no relation
between time of onset of systolic motion and time of
peak systolic motion. This provides further evidence
for a dissociation between electrical and mechanical
events, since repolarisation generally occurs in a
reverse sequence from depolorisation, with
repolarisation occurring earliest at the apex.

WALL MOTION DURING ISOVOLUMIC
RELAXATION
Our data indicate apparent outward wall motion
during isovolumic relaxation for most of the circum-
ference of the left ventricle in the right anterior
oblique projection (fig 8, table 2). Since ventricular
volume cannot change during the true isovolumic
relaxation period, several methodological expla-

--nations must.-be considered: (a) overestimation of
the true isovolumic relaxation period; (b) opposite

* cmpepnsatory s.hape change in the orthogonal plane
(that is, inward motion in the left anterior oblique
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Coordination of left ventricular wall motion

projection); and (c) inward movement of the mitral
valve before actual mitral valve opening.
True isovolumic relaxation time measured from

aortic valve closure to mitral valve opening by pho-
nocardiography and echocardiography in normal
subjects is 58-65 ms.24 25 When the angiographic
definition (time of minimum volume of the
smoothed volume curve to first appearance of
unopacified blood in the left ventricle) was used,
however, isovolumic relaxation was 116 (41-5)ms.

In the six patients in whom simultaneous left
anterior oblique filming was available, we examined
motion during isovolumic relaxation in five seg-
ments about the circumference of the ventricle. In
no segment was mean motion inward. Average
motion over all five segments was 0-17 cm outward,
indicating that there was not net inward motion in
the orthogonal plane. Inward motion during iso-
volumic relaxation does occur in the mitral valve
region (fig 8, chords 1-5), but is of insufficient mag-
nitude to account for outward motion during iso-
volumic relaxation over most of the remaining cir-
cumference of the ventricle in the absence of volume
change. Thus our angiographic definition of iso-
volumic relaxation probably included early diastolic
filling, a conclusion supported by the observation of
Marier and Gibson that peak inward wall motion
does not coincide with aortic valve closure.26

Nevertheless, the distribution of outward motion
during isovolumic relaxation is of interest. It is
greatest in chords 29-37 on the anterior wall (fig 8),
the same segments in which abnormal degrees of
outward movement are most commonly seen in
patients with ischaemic heart disease.9 27-31 This
appears to be the region in which the early release of
passive elastic restoring forces is most likely to
occur.

PHYSIOLOGICAL AND CLINICAL IMPLICATIONS
Delay in onset of motion at the apex implies that
cavity volume falls because the minor axis shortens;
this results in the cavity becoming less spherical, as
previously reported.8 A portion of this minor axis
shortening occurs before aortic valve opening.32
These observations can be related to the physiology
of energy transfer. The major portion of energy
transfer from the left ventricle to the ejected bolus of
blood occurs in the first third of systole, as this is
when blood is being accelerated to overcome
inertia.33 3 Thus it is the circumferential fibres in
the basal and mid-ventricular regions that are
largely responsible for energy transfer. The apex
starts to move inward at a time when blood flow is
largely inertial and requires little additional energy
to maintain flow.

Early diastolic motion is probably in part the
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result of the release of stored potential energy
accumulated during systole by deformation of elastic
components in the ventricular wall. The rate and
magnitude of such energy release would be highly
dependent of myocardial fibre architecture and
overall wall geometry, which is both complex and
non-uniform. Thus a close relation between onset of
outward motion and inward motion would not be
expected and was not found.
The normal delay in onset of inward motion and

the reduced amplitude of motion in the anterior api-
cal region may be a partial explanation for the pro-
pensity for aneurysm formation in this region. The
reduction in radius of curvature with reduction in
cavity size is a mechanism for reducing myocardial
fibre stress during systole. The normal delay in
onset of inward motion in the anterior apical region
implies that myocardial fibre stress may be increased
in early systole here (that is to the extent that iso-
metric contraction occurs). The reduced amplitude
of inward motion results in maintenance of high
systolic stresses for a prolonged period in normal
subjects, as the increase in wall thickness and reduc-
tion in radius of curvature that reduce systolic stress
elsewhere are delayed at the apex. It appears that
myocardial fibre systolic stress is much more hetero-
geneous throughout the ventricle than most mathe-
matical models imply; this has important impli-
cations for the response to pathological processes.
With only a modest degree of myocardial damage
the initial isometric contraction may be prolonged
throughout systole resulting in akinesis. With
greater myocardial damage the anterior apical fibres
are unable to maintain even a constant length during
systole and systolic bulging or dyskinesis occurs.

In coronary artery disease the generally larger
infarct size with anterior infarctions is another
explanation for the location of aneurysm in the ante-
rior apical region. On the other hand, the normally
prolonged high systolic stresses in this region may
contribute to increased myocardial necrosis because
myocardial fibre stress is a major determinant of
myocardial oxygen demand.

In the earlier stages of Chagas's disease,
aneurysms are seen primarily in the anterior apical
region,4 although there is no reason to believe that
the initiating infectious process is similarly localised.
The inferior hypokinesis that we observed in
patients with early Chagas's disease4 and the obser-
vation that late stages of the disease give a diffuse
dilated cardiomyopathic pattern are further evi-
dence of the generalised nature of the infectious
process. Here too, the normal non-uniformity of
myocardial architecture, timing, extent of motion,
and myocardial stress offer an explanation for
localisation of aneurysm formation to the apex.
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Finally, the normal non-uniformity of wall

motion makes subjective assessment of lesser
degrees of segmental dysfunction difficult, if not
impossible. Systolic wall motion in the anterior api-
cal region of 0 5 cm or one half of that elsewhere in
the ventricle falls within one standard deviation of
the normal mean for this region (fig 7). Thus subjec-
tive interpretation might result in a diagnosis of
anteroapical hypokinesis, when wall motion is no
different from normal. More importantly, abnor-
malities in timing of wall motion both at the onset of
systole and during relaxation often occur in clinical
heart disease, but their possible effect on prognosis
have been little explored. Abnormal coordination of
wall motion depends upon the recognition of the
asynchronous nature of wall motion in normal
subjects.

In conclusion, careful quantitative analysis of left
ventricular wall motion in normal subjects showed
that both the timing and extent of wall motion are
non-uniform. The normal delay in electrical activa-
tion of the apex means that afterload is already
considerable when contraction begins. The obliga-
tory electrical delay superimposed on regional
differences in myocardial fibre structure and
orientation35 results in initial isometric contraction,
which further delays the onset of inward wall motion
in the anterior apical region by as much as 126 ms
over the area of earliest wall motion and reduces the
amplitude of inward motion. The non-uniformity of
structure and function of the left ventricle implies
that the many models used to calculate wall stress,
compliance or stiffiess, and many other variables,
which are based on the assumption of uniformity,
are not necessarily tenable. With the pronounced
differences in timing and amplitude of motion
between regions of the normal ventricle, it could be
expected that similar pathological processes might
produce different wall motion patterns depending
on the regions involved, as we have observed in
patients with Chagas's disease.4 Finally, the assess-
ment of regional left ventricular function requires a
recognition of the normal regional non-uniformity
of timing and amplitude of motion. The present
study provides a basis for comparing the timing and
extent of wall motion in various diseases.

This research was supported by Veterans Adminis-
tration institutional funds and by the British Heart
Foundation.
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