Quantitative regional curvature analysis: An
ation of shape determination for the

function in man

All traditional techniques of regional ventricular function analysis depend upon one or more
assumptions about coordinate, reference, or indexing systems, idealized ventricular geometry,
and the uniformity of ventricular contraction. Therefore, a method of shape analysis was
developed that allows the quantitation of regional curvature and is independent of the
assumptions outlined. This was implemented on a commercial image processing unit and applied
to sithouettes of 30-degree right anterior cblique left ventriculograms. Three groups with
abnormal wall motion (anterior abnormality, n = 23; inferior abnormality, n = 23; anterior and
Interior abnormalities, n = 22) were analyzed and compared to a group with normat regional
function (n = 22). Relatively few significant quantitative curvature differences were noted at end
diastole among the groups. These few abnormalities described a slight increase in curvature or
globularity of the anterior and inferior walls. More marked and extensive aberrations were
detected at end systole. The group with anterior wall motion disturbances showed four distinct
areas of curvature abnormality. Excessive curvature was present on either side of the apex
(anterior and inferoapical regions) and apical curvature was less than normal. The fourth region
was in the inferior zone, which showed curvature values that were less than normal, suggesting
increased inward motion contralateral to the anterior abnormality. The group with inferior wall
motion abnormalities also showed excessive end-systolic curvature on either side of the apex
(diaphragmatic and anteroapical zones) and deficient curvature at the apex. A combination of
these regional morphologic abnormalities was noted in the group with both anterior and inferior
dysfunction. Regional shape change (end-diastolic minus end-systolic curvature) largely reflected
the same abnormalities as the analysis of end-systolic curvature alone. In conclusion, shape
abnormatities secondary to regional dysfunction can be quantitated on a segmental basis. This
form of analysis provides a conceptually different approach to. the quantitation of regional
ventricular function that is divorced from the assumptions mandated by traditional techniques.
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Clinicians involved in day-to-day patient diagnosis
and management are frequently called upon to make
an assessment of regional ventricular function.
Moreover, investigations designed to establish the
standards of patient care are heavily dependent
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upon the demonstration of whether or not proposed
interventions significantly alter regional function.!
It is thus important to appreciate that despite the
fundamental need to recognize myocardial dysfunc-
tion, determine its extent, and monitor changes
induced by therapeutic or diagnostic interventions,
controversy continues as to-the optimal method of
measurement of this significant parameter. All tra-
ditional methods of regional function analysis in
patients require assumptions about the coordinate
system (measurement of motion along polar or
rectangular coordinates or changes in areas outlined
by polar or rectangular coordinates), the reference
system (internal or external), and the indexing
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Fig. 1. End-diastolic and end-systolic outlines from
patients with normal wall motion (upper left), anterior
dysfunction (upper right), inferior hypokinesis (lower
left), and global derangement of function (lower right).
Notice that the end-systolic contours are more distinctive
in shape among these examples than the end-diastolic

contours. These digitized outlines were photographed
from the display terminal of the image processing unit.

system (fixed or floating to account for translational
and/or rotational motion).2 These, in turn, are influ-
enced by assumptions regarding the normal geome-
try of the ventricle and the concentricity or unifor-
mity of its contraction pattern. These features pro-
vide the basis for the continuing controversies in
regional analysis. Despite repeated attempts to
determine which combination of assumptions and
approximations results in an optimal wall motion
analysis system, no consensus has yet been
reached.’°

This laboratory has recently attempted to develop
a conceptually different system of ventricular func-
tion analysis that abandons dependency on the
many assumptions mandated by traditional tech-
niques, is applicable to numerous imaging methods
applied in man, and provides quantitative, regional
information. The methodology, which measures
regional shape and not wall motion per se, is based
on the premise that normal and abnormal ventricles
have different shapes, that aberrations of shape
occur by virtue of abnormalities of contraction or
relaxation, and that quantitation of shape abnor-
malities will reflect abnormalities of ventricular
function.

Consider Fig. 1. This shows four sets of ventricu-
lar silhouettes, each representing either normal or
abnormal regional function and traced with refer-
ence to stationary ribs and diaphragm (external
reference system). These shapes convey to the expe-
rienced clinician the presence of normal motion
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Fig. 2. The arc labelled p (1 to 100) is drawn to represent
a ventricular silhouette. The circle with radius r that
intersects points a tangentially is illustrated. The rate of
change of the tangent vector (T) with respect to changes
in the arc length is equal in direction and magnitude to %
N, where N is the unit vector perpendicular to T and & is
curvature, which is equal to 1/r.

(upper left), abnormal inferior motion (lower left),
anterior dysfunction (upper right), and global
derangement of function (lower right). As no actual
motion is portrayed by the stationary silhouettes, it
can be argued that it is the shape information shown
that allows inference as to the underlying ventricu-
lar function. Moreover, closer scrutiny suggests that
it is the end-systolic outline that is most revealing
about underlying normal or abnormal function.
Thus, these simple observations are in keeping with
the proposed hypotheses, but quantitation of these
apparent shape abnormalities would be desirable.
The mathematical quantity, curvature, was selected
for this purpose and quantitative, regional shape
characteristics of subjects with normal ventricular
function were recently described.!! The purpose of
this investigation was, therefore, to determine
whether or not distinctive patterns of regional shape
aberration could be detected and quantitated in
patients with localized left ventricular dysfunction.

METHODS

Left ventriculograms obtained in the 30-degree right
anterior oblique projection were retrospectively analyzed
to find patients with studies that were suitably opacified
to allow accurate tracing of the endocardial outline at end
diastole and end systole. Post ectopic beats were not
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Fig. 3. Panels A, B and C show the end-diastolic curva-
ture results of the anterior, inferior, and combined wall
motion abnormality groups, respectively, as compared to
normal results. The points on the abscissa refer to succes-
sive equidistant points on the ventricular silhouettes
progressing clockwise from the anterior aortic valve plane
to the junction of the mitral and aortic valves. Curvature
values on the ordinate are given in dimensionless units
and all graphs are drawn to the same scale. The squares
show results in the abnormal subgroups and the x’s show
the normal mean curvature results. These are redrawn in
each panel for ease of eomparison. Symbols above the
abscissa mark the specific points with statistically signifi-
cant differences. Crosses denote p < 0.05 and diamonds
denote p < 0.01. ANT = anterior; INF = inferior; ABN =
abnormalities.
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considered for analysis, and patients with significant
valvular disease, papillary muscle hypertrophy, or angio-
graphic mitral valve prolapse were excluded. Four groups
of patients were established by consensus: (1) patients
with normal regional function (n = 22); (2) patients with
isolated anterior wall motion abnormalities (n = 23); (3)
patients with isolated inferior wall motion abnormalities
(n = 23}; and (4) patients with abnormalities of both the
anterior and inferior regions (n = 22). In the absence of a
true gold standard for regional wall motion, the group
designations were corroborated by at least three experi-
enced observers and also by retrospectively analyzing the
catheterization reports to ensure that the original angiog-
rapher not involved in the study also gave a similar
designation of the location of regional dysfunction. Twen-
ty of the 22 subjects in the normal group constitute the
study population of a prior report.!! Careful tracings of the
endocardial outlines at end diastole and end systole were
made. Papillary muscles were included within the cavity.
These tracings were photographed on 35 mm film and
projected on a Vanguard viewer that was interfaced by a
video chain to a commercial digital image processing unit
(No. 4100C, ADAC Laboratories, San Jose, Calif.). The
tracings were digitized in a 256 X 256 matrix and stored.

Curvature of an arc can be described as the reciprocal of
the radius of the circle that best fits a segment of the arc
centered at any specified point. Consider Fig. 2. The arc p
(1 to 100) is drawn to represent a ventricular silhouette. T
is the unit vector that is tangent to the curve p at point a.
N is the unit vector in a direction normal to the vector T
The Frenet-Serret formulas'*' denote that dT/dp (i.e.,
the rate of change of the tangent vector with respect to
change in arc length) is equal to & N where k is the
curvature of the arc p (1 to 100) at a specified point. In
Fig. 2, r, radius of curvature, is the radius of the circle that
intersects point a tangentially. Thus, curvature (k) which
is equal to 1/r, can be calculated by this method. More-
over, this quantitative parameter describes an intrinsic
praperty of the shape of the arc and is independent of an
external or internal reference system.

Software was developed to measure curvature, by
means of the commercial image processing system as
previously described.”! By convention, curvature analysis
for all outlines was initiated at the anterior aspect of the
aortic valve plane (designated point 1) and proceeded
clockwise in 100 equidistant steps to the junction of the
mitral and aortic valve planes (designated point 100).
Right-handed curves were assigned positive curvature and
left-handed curves were assigned negative curvature val-
ues. Curvature, being the reciprocal of the radius of
curvature, has dimensions of length~. In order to avoid
detection of curvature differences due merely to size
differences and not predominantly to shape differences,
all values were multiplied by the length of the end-
diastolic outline. In this way, curvature could be expressed
in dimensionless units, thus allowing pooling of data from
ventricles of different size and comparison of normal
curvature data to curvature in abnormal patients who
might have enlarged ventricles.

Difficulties arise in the numerical calculation of curva-
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ture in discrete or digital curves. First, statistical noise
inherent in the digitized curve is amplified by differentia-
tion. Second, due to the approximation of a continuous
curve by a discrete digital curve, numerous right-angle
bends occur when positions change in row or column on a
microscopic basis (quantization error). The numerical
approximation for curvature makes use of the fact that the
statistical noise frequency and the quantization noise
frequency are significantly higher than the spatial fre-
quency of ventricular borders, thanks to the use of
256 X 256 pixel digital images. In practice, quantization
error of the 256 X 256 array is first reduced by upward
scaling of the x,y coordinate system by a factor of 50,
thereby providing intermediate locations for the interpo-
lation of the curves and for more accurate division of the
perimeter into 100 equally spaced segments or arc lengths.
Statistical noise is also minimized by the application of a
7-point, equally weighted smoothing kernél. Quantization
error is further minimized by calculating curvature based
not on adjacent points but on every fourth point, thereby
ignoring the many 90-degree bends encountered when
comparing immediately adjacent points. Finally, the cur-
vature results of each point are subjected to a 3-point
smoothing process so that the final value assigned to each
point is an average of the value at the point in question
and the values on either side of it. This methodology
produces smooth, continuous curvature data from the
ventricular tracings.

The software was further developed to allow accumula-
tion of results on a point-by-point basis at end diastole
and end systole so that composite curvature results for
each group could be obtained. Mean and standard devia-
tion data were calculated for all four groups, and the three
abnormal groups were compared to normal results on a
point-by-point basis by means of an unpaired ¢ test.
Differences were considered to be significant when p
<0.05.

RESULTS

Figs. 3, 4, and 5 summarize the results and are
drawn using the same scale factors. Curvature on the
ordinate is given in dimensionless units. The points
(abscissa) correspond to successive points on the
silhouettes and progress clockwise from the anterior
aspect of the aortic valve plane to the junction of the
mitral and aortic valves. For ease of comparison,
normal mean curvature results are duplicated in
each panel. Symbols along the abscissa denote those
points with curvature values significantly different
from normal.

End-diastolic curvature (Fig. 3). Relatively few dif-
ferences in end-diastolic curvature were noted
between normal and abnormal groups. No differ-
ences were seen in patients with isolated anterior
abnormalities (Fig. 3, A). In patients with isolated
inferior abnormalities, curvature in the inferior wall
was greater than normal (Fig. 3, B). This was
significant at points 67 to 70 and 78 to 80. This is in
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Fig. 4. End-systolic curvature results. Format and sym-
bols are the same as in Fig. 3.

keeping with a more globular appearance of the
end-diastolic inferior region in patients with region-
al dysfunction of this zone. Patients with combined
abnormalities of regional function in the anterior
and inferior walls showed a quantitative increase in
curvature in only a very short zone (points 10 to 18)
of the anterior region (Fig. 3, C). This again is a
quantitative documentation of the characteristic
increase in globularity of the heart when extensive
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Fig. 5. Change in curvature (end-diastolic minus

end-systolic). Format and symbols are the same as in Fig.
3.

dysfunction is present. It is clear, however, that
shape analysis at end diastole provides relatively few
diagnostic differences between normal and abnor-
mal groups.

End-systolic curvature (Fig. 4). Analysis of end-
systolic curvature demonstrated the greatest and
most extensive regional shape differences among the
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Fig. 6. Distribution of curvature abnormalities due to
regional dysfunction.

groups. Patients with isolated anterior wall motion
disturbances demonstrated four distinct areas of
shape abnormalities. In the region spanning the
anterior wall (points 17 to 34), curvature was exces-
sive at end systole compared to normal results.
Thus, with normal inward motion, this region.has a
low curvature and is therefore straighter or less
globular than when inward motion is impaired. The
second region of abnormality occurred between
points 38 and 46. This region corresponds to the
apical zone, which characteristically has the highest
curvature. Two features are evident in this zone.
First, the curvature of the group with abnormal
anterior function is depressed relative to controls,
and second, the peak curvature in the abnormal
group is shifted rightward. There are two reasons for
these findings. First, anterior wall motion abnormal-
ities frequently extend around the apex and cause it
to appear more bulbous, thereby accounting for the
lower curvature and rightward shift of the apical
curvature peak. Second, because the analysis soft-
ware divides the perimeter into 100 equally spaced
segments, it is anticipated that the increased region-
al perimeter length due to the anterior wall motion
abnormality mandates that more points will be
assigned to this elongated segment than in normal
patients. This effect would also tend to cause a
rightward shift of the peak curvature in the presence
of an anterior abnormality. The third regional
abnormality noted in this group occurred at points
50 to 58. In this zone, curvature was greater than
normal, again reflecting the fact that anterior abnor-
malities can extend around the apex to the inferoa-
pical region. Although the first and third regions
have curvature that is greater than normal and the
second (apical) region has curvature that is less than
normal, taken in concert they all quantitatively
connote the characteristic bulbous or globular
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nature of this region when an anterior abnormality
is present. The fourth zone of significant shape
difference occurred at points 64 to 68. This region is
well within the inferior zone. In contrast to the first
and third regions described, this segment shows
curvature values that are less than normal. Indeed,
the mean curvature value in this segment is nega-
tive, suggesting a marked, inward displacement of
the zone. This can be ascribed to the quantitative
shape difference that occurs when contralateral
hyperkinesis accompanies an anterior wall motion
abnormality. .

Fig. 4, panel B shows the end-systolic curvature of
the group with isolated inferior abnormalities com-
pared to normal results. As with the anterior abnor-
mality group described above, this group has several
regions of distinct abnormalities. Excessive curva-
ture (points 33 to 36 and 67 to 77) occurs on either
side of the apex and deficient end-systolic curvature
(points 42 to 47) occurs in the apical zone. Taken as
a whole, these abnormalities quantitate the fact that
isolated inferior abnormalities deform end-systolic
ventricular shape over a substantial length that can
extend beyond the apex to the anteroapical region.
Second, this abnormality constitutes an increase in
globularity. In contrast to the anterior wall motion
group, no evidence for contralateral shape changes
suggesting hyperkinesis was demonstrated. In addi-
tion, no shift in the apical curvature peak was noted.
This latter phenomenon may be due to the fact that
the normal inferior wall has very low and often
negative curvature. A mild bulging of this zone
might not significantly lengthen the perimeter and
may, in fact, shorten the perimeter length. Hence,
little shift in the apical curvature peak would
occur.

Fig. 4, panel C compares the end-systolic curva-
ture results in the normal group and the subgroup
with abnormalities of both the anterior and inferior
regions. This abnormal group shows regional shape
aberrations that are a combination of those in Fig. 4,
panels A and B. Hence, excessive curvature is noted
in the anterior (points 15 to 26 and 31 to 34) and
inferior regions (points 52 to 56 and 68 to 76), while
an abnormal decrease in curvature is noted in the
apical zone (points 39 to 47). A minimal rightward
(clockwise) shift of the apical curvature peak is
noted.

Change in curvature (end-diastolic minus end-systolic
curvature) (Fig. 5). The comparison of the change in
curvature (end-diastolic minus end-systolic curva-
ture) is summarized in Fig. 5. In general, the location
of the regional shape abnormalities in this analysis
are very similar to those found in the analysis of
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end-systolic shape alone. Similarly, the deviations
from normal are different when the apical shape
abnormalities are compared to those on either side
of the apex; i.e., in this comparison, shape change
abnormalities involving the apex are designated
above the normal curve and shape change abnormal-
ities in the anterior and inferior regions show up
below the normal curve. All of these abnormalities,
however, simply reflect deficient shape changes in
the abnormal patient subgroups and these, in turn,
reflect the deficiency in regional shortening. In a
mathematical sense, normal shape changes in the
anterior region are generally of a low, positive value.
This implies that end-systolic curvature is normally
less than end-diastolic curvature, and this is in
keeping with a flattening of the anterior wall during
normal contraction. In contrast, with anterior
abnormalities the anterior wall maintains an exces-
sive degree of curvature at end-systole—i.e., it fails
to “flatten” in a normal fashion. Hence, the change
in curvature from end diastole to end systole is of
lesser magnitude and the quantitative values occur
below the normal shape change curve. Similar argu-
ments apply to the inferior wall. In contrast, the
normal apex becomes much more curved at end
systole so that the difference between end-diastolic
and end-systolic curvature is a very negative num-
ber. A deficient curvature increase at end systole in
the presence of regional dysfunction therefore
results in less negative quantitative curvature
changes in the apical zone. This feature was noted in
all three abnormal subgroups (Fig. 5).

Finally, it is of interest to note in Fig. 5, A that the
region spanning points 64 to 68 shows a greater
shape change than normal. This likely reflects an
excessive contralateral shape change due to hyperki-
nesis of the inferior wall in the setting of anterior
regional dysfunction, as also noted in Fig. 4, A.

Fig. 6 provides a schematic summary of the areas
demonstrating quantitative shape abnormalities.

DISCUSSION

The importance of shape characteristics of ven-
tricular chambers has been appreciated for many
centuries.'> Much of the current work, however, has
been either of a qualitative nature,'*® restricted to
postmortem analyses,'”** or applicable mainly to
instrumented animals®*? and patients with myocar-
dial markers,* or they are based on assumptions
regarding coordinate systems® and the geometry of
the ventricle. %

McDonald® studied the shape and movements of
the human left ventricle during systole with cinean-
giography and also by tracking epicardial markers.
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The study focused primarily on the timing and
extent of anteroposterior narrowing, descent of the
ventricular base, and rotation of the apex in patients
with relatively normal ventricular function. Gould et
al.¥” concentrated on the diameter to length ratios of
the left ventricle. Vokonas et al.® studied the
dynamic geometry of the left ventricle in mitral
regurgitation by determining the eccentricity of the
end-diastolic and end-systolic ventricular silhou-
ettes assuming an ellipsoid model. The results indi-
cated a greater globularity of the ventricle in
patients with mitral regurgitation, which was worse
when ventricular function had decompensated.
While the eccentricity measurement is appropriate
for quantitating diffuse disease processes, it does
not allow for regional shape assessment. Secondly,
subsequent investigators have clearly shown that
the shape of the normal left ventricle does not
conform to the properties of an ellipse.® This criti-
cism also applies to the work of Dumesnil et al.,*
who described a mathematical model of dynamic left
ventricular geometry that was based on the assump-
tion that the ventricle could be described by a
thick-walled cylinder contracting both radially and
longitudinally.

Gibson and Brown® provided an interesting
assessment of global shape change during contrac-
tion based on the relation between the volume of a
solid and the nature and extent of the boundary that
surrounds it. This approach was extended to ven-
triculographic analysis by the use of an analogous
relation between area and perimeter of ventricular
outlines. The change in shape index from end dias-
tole to end systole was shown to be related to
ejection fraction. Moreover, although the index was
similar at end diastole in patients compared to
normal subjects, end-systolic shape was clearly
abnormal in patients with mitral regurgitation, con-
gestive cardiomyopathy, mild regional wall motion
abnormalities, and left ventricular aneurysms. The
method assumed no idealized geometry and did not
require selection of coordinate, reference, or index-
ing systems. However, the main drawback is that the
proposed shape index is a global one and does not
allow for regional ventricular assessment. A subse-
quent investigation by this group'® analyzed regional
shape (curvature) of ventricular outlines. It was
argued that since only concave surfaces are compat-
ible with an ellipsoidal geometry, then only positive
curvature values should be present for the geometric
assumption to be valid. Two important points were
demonstrated by the study. First, in the normal
ventricle, curvature in the inferior wall was fre-
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quently negative (i.e., the surface is convex), and
second, positive curvature in this zone, while more
compatible with ellipsoidal geometry, was most
often associated with regional ventricular dysfunc-
tion in patients with coronary disease. Therefore,
the study demonstrated that ellipsoidal cavity
geometry is not characteristic of the normal ventri-
cle and that regional shape aberrations are related to
underlying ventricular dysfunction. The study was
limited, however, by the qualitative nature of shape
analysis over rather broad regions of the ventricle.

The current investigation further develops the
concept of shape analysis to extract information
about ventricular function. The proposed method is
devoid of assumptions regarding idealized geometry
and does not require selection of arbitrary coordi-
nate, reference, or indexing systems. No assump-
tions are made about the concentricity or uniformity
of normal ventricular function, and the measure-
ments are not invalidated by the presence of wall
motion abnormalities. The technique can be extend-
ed to the characterization of three-dimensional
shapes and rates of shape change. Of major impor-
tance is that the technique is quantitative and
provides specific regional information. Perhaps the
greatest significance of this investigation is that it
provides a conceptually different approach to the
assessment of regional function and this concept is
applicable to many imaging techniques.

While the mathematical formulation of this meth-
od and the results in the figures may appear complex
from a traditional perspective, the technique merely
measures a very simple perameter, i.e., curvature,
and abnormalities simply reflect regions of
increased globularity, a feature that is well recog-
nized clinically and is common to nearly all wall
motion abnormalities in the setting of coronary
disease. This methodology merely quantitates the
sharpness of the bends in the ventricular outlines.
The complexity of the analysis is, in fact, a conse-
quence of the extremely complex morphology of the
normal left ventricle. This factor is usually ignored
or simplified by traditional analyses, thereby foster-
ing the numerous assumptions outlined above.

This investigation establishes the quantitative
shape abnormalities that accompany anterior and
inferior wall motion disorders and determines their
specific locations. It is interesting to note that the
regions shown in Fig. 6 correspond closely to the
regions suggested by other investigators as those
that demonstrate regional dysfunction by the cen-
terline method.*® This close agreement further sup-
ports the hypothesis that quantitative regional
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shape aberrations do indeed reflect underlying ven-
tricular dysfunction and that such parameters can
be used as the basis for alternative, assumption-free
methods of assessing ventricular wall motion. It is
also extremely interesting to note that contralateral
hyperkinesis as documented by the centerline meth-
od may be artifactual, because that method employs
an external reference system.® The current investi-
gation, which is based on neither an external nor
internal reference system, demonstrates a contralat-
eral shape change that can be interpreted as a
reflection of contralateral hyperkinesis in the setting
of anterior wall dysfunction. Therefore, this phe-
nomenon, which clearly occurs in experimental
preparations, also appears to occur in man, although
the functional significance of it with respect to
ventricular performance during ejection has been
questioned.®

It should be emphasized that the calculations in
Fig. 5 assume that the points designated at end
diastole correspond to the same ventricular seg-
ments at end systole. While this may be a reasonable
assumption in normal ventriculograms,* the same is
not likely to be true in the presence of wall motion
abnormalities. Absolute concordance can only be
ensured by implantation of radiopaque markers.
The point of Fig. 5 is merely to illustrate the regional
heterogeneity of shape change in both normal and
abnormal ventricles. Other investigators® *® have
shown that abnormalities in parameters of shape are
to be found mainly at end systole. This was antici-
pated and also demonstrated in this study. More-
over, the extent and location of these abnormalities
at end systole were very similar to those noted when
change in curvature was analyzed. Thus, the final
formulation of the current curvature analysis may
well entail comparison of normal and abnormal
ventricles at specific phases of the cardiac cycle and
not with respect to overall shape changes from end
diastole to end systole, as shown in Fig. 5. If it can be
shown that this approach provides the greatest
accuracy in distinguishing normal from abnormal
ventricles, then one can effectively overcome any
assumptions regarding the comparability of ventric-
ular segments throughout the cardiac cycle. Alterna-
tively, consecutive assessment of shape over very
short periods of time would minimize potential
errors in segmental concordance during the cardiac
cycle and would allow measurement of continuous
shape changes on a regional basis. This could be
reasonably achieved with frame-by-frame analysis
of cineventriculograms and would allow determina-
tion of shape abnormalities throughout systole and
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diastole. This possibility requires further investiga-
tion to determine whether the approach is superior
to detection of shape abnormalities at end systole
alone.

A second important issue relates to the well-
known limitations of angiocardiography in defining
the endocardial surface of the ventricular chamber
due to papillary muscles and trabecular infolding.?
The usual methods of minimizing this problem were
employed. Care was taken to include all visible
contrast and papillary muscles within the ventricu-
lar outlines. This is a general limitation that affects
all quantitative techniques applied to cineangio-
grams. Nevertheless, the concept proposed in this
study can be applied to other imaging methods, such
as echocardiography or cine-computed tomography,
that may more accurately delineate endocardial
surfaces.

A third important consideration is that for com-
parability from patient to patient the method does
require the designation of uniform starting and
ending points for the curvature calculations. The
points selected for this purpose were the anterior
aspect of the aortic valve and the junction of the
mitral and aortic valves, respectively. These points
are easily identified in cineventriculograms and are
not expected to be influenced by regional wall
motion abnormalities. These starting and ending
points have been successfully used by other investi-
gators to overcome potential indexing problems that
occur when less constant morphologic features, such
as those of the apex in the presence of wall motion
disorders, are used.®® Application of the technique to
other imaging methods will require similar decisions
as to where to begin and end the curvature calcula-
tions. Depending on the imaging technique and
views, papillary muscles may also provide suitable
alternatives to valve planes. Applications in com-
puted tomography and magnetic resonance imaging
of the heart would allow extension of these concepts
to characterization of shape in three dimensions.

In conclusion, this study describes a conceptually
new approach to the assessment of ventricular func-
tion that is applicable in man, can be performed on
commercially available image processing systems,
may be useful in several imaging methodologies, and
abandons numerous assumptions mandated by tra-
ditional methods. The study demonstrates that nor-
mal shape can be quantitatied on a regional basis
and aberrations caused by localized dysfunction can
be detected. Furthermore, the study delineates the
specific shape abnormalities and their locations.
These encouraging initial results provide impetus



334 Mancini et al.

for further studies analyzing the detailed relation-
ship between quantitative shape parameters and
regional function as well as a determination of the
sensitivity and specificity of this method compared
to traditional wall motion analysis measurements.
Shape changes in the different phases of ejection
and filling will also be important to establish.
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