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Many studies have shown the prognostic value of
angiographic data, but few have examined quanti-
tative parameters of wall motion and shape or cor-
onary stenosis severity. To determine whether
these parameters have prognostic importance,
baseline angiograms of 283 patients with up to
11.2 years (mean 8.3) of follow-up were quantitat-
ed. Event-free survival curves were constructed
using log-rank testing. These indexes were also
considered in 2 predictive models (Cox regression
models): 1 with (“‘clinical”) and 1 without (“quan-
titative”’) subjective angiographic analysis and
clinical information. Regional shape (anterior and
inferior walls) and motion (anterior wall only) in-
dexes were predictive of event-free survival when
considered singly. But these parameters were not
of independent prognostic importance in the re-
gression models. The most important independent
parameters in the quantitative model for predict-
ing overall cardiac mortality or an initial lethal
cardiac event were the ejection fraction and the
percent diameter narrowing of each major coro-
nary artery. Myocardial infarction was predicted
by the percent diameter stenosis of the left main
and left anterior descending arteries but not the
ejection fraction. In the clinical model, the factors
of overriding prognostic importance were the ejec-
tion fraction and the subjective determination of
the number of vessels involved with “‘significant”
stenoses. Quantitative coronary arteriography still
contributed independent prognostic value. Thus,
quantification of the ejection fraction and severity
of coronary lesions were of independent, prognos-
tic importance, whereas indexes of regional func-
tion and shape were not.
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ments of global and regional ventricular function

and coronary lesion severity is unquestioned in
research arenas because visual estimates are highly vari-
able.! Although numerous articles have demonstrated
the prognostic importance of a quantitative measure of
the ejection fraction as well as some subjectively deter-
mined measures of wall motion and stenosis severity,2-!!
none have determined whether quantitative methods for
assessing stenosis severity, wall motion or wall shape
have independent prognostic importance. Thus, we set
out to determine the prognostic importance of quantita-
tive measures of regional wall motion, wall shape and
percent diameter stenosis measurements.

T he need for quantitative and reproducible measure-

METHODS

Cineangiograms of 296 patients were randomly se-
lected by investigators at the Montreal Heart Institute
from studies of 3,566 patients in the Coronary Artery
Surgery Study (CASS) Registry.!? Some patients had
follow-up data up to 11.2 years (mean follow-up 8.3
years in the entire group). Clinical information was col-
lated on patient characteristics (sex, age, prior myocar-
dial infarction, bypass surgery or angioplasty, number
of diseased vessels, location of stenoses). The number of
diseased vessels was determined by the original CASS
investigators who considered disease to be present when
a visually apparent stenosis estimated to be =50% was
detected.

Cineangiograms were delivered to the Ann Arbor
Veterans Administration Medical Center for quantita-
tive analysis using previously developed and validated
methods. Cineangiograms were displayed on a Van-
guard XR15 Projector interfaced via a video chain to
an ADAC 4100C Digital Image Processing Computer
(Milpitas, California). Poorly opacified left ventriculo-
grams or studies lacking a non-postectopic beat were
excluded from ventricular analysis (13 cases). The larg-
est (end-diastolic) and smallest (end-systolic) ventricu-
lar images in the right anterior oblique projection were
traced and digitized in a 256 X 256 matrix and stored.
Global ejection fraction was measured using the area-
length method.!? Volumes were not measured due to
absence of routinely available calibration grids.

Regional wall motion was calculated using the cen-
terline method developed at the University of Washing-
ton and previously described in detail.!* Briefly, a cen-
terline is drawn midway between the end-diastolic and
end-systolic outlines, 100 chords are determined perpen-
dicular to this line and the resultant chord lengths are
expressed as a fraction of the end-diastolic silhouette
length. These values are then normalized by comparison
to regional fractional shortening results of a normal
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population and expressed in standard deviations per
chord, averaged over the anterior and inferior regions.

Similarly, regional ventricular shape was measured
using a previously described and validated method de-
veloped at the University of Michigan.!> Briefly, this
method calculates the curvature at 100 points along the
end-systolic silhouette. Low curvature values denote rel-
atively straight or gently curving regions and high cur-
vature values denote very curved areas such as is seen at
the apex of a ventricular silhouette. The outward bulg-
ing of wall motion abnormalities and aneurysms causes
an abnormal increase in curvature. In a fashion similar
to the wall motion assessment, these curvature values
are normalized by comparison to normal shape parame-
ters of a normal population. The regional shape indexes
are then reported in standard deviations per point, aver-
aged over the anterior and inferior regions. The optimal
threshold values for optimizing sensitivity and specific-
ity of these 2 regional analysis programs have been pre-
viously determined at the University of Michigan.!® Op-
timal concordance between visual and quantitative anal-
ysis of wall motion was achieved by using a critical
value of —1.1 standard deviations/chord to distinguish
between normal or abnormal motion. For shape abnor-
malities, the critical value was —0.4 standard devi-
ations/point. Therefore, all wall motion and shape re-
sults were normalized by these previously determined
values so that the numerical results could be more easily
compared. The wall motion and wall shape parameters
are, therefore, reported in “critical value” units.

The most severe focal lesion in each involved vascu-
lar territory designated by the CASS investigators was
subjected to quantitative analysis using a previously de-
scribed and validated method developed at the Universi-
ty of Michigan.'¢ The projection showing the lesion in
its most severe perspective and without overlapping side
branches was digitized, stored and analyzed. Briefly, the
arterial segment and lesion of interest were digitized us-
ing 2.4:1 optical magnification into a 512 X 512 image
matrix and then magnified X2 by bilinear interpolation.
Density profiles perpendicular to a centerline along the
longitudinal axis of the segment were analyzed to deter-
mine the first and second derivatives of the density pro-
files. Initial edge points were selected at 75% of the dis-
tance between the second and first derivative locations
(i.e., weighted toward the location of the first deriva-
tive). These points were automatically examined for
spatial continuity. Points that were not within a 4 pixel
distance of neighboring edge points were eliminated
automatically and replaced by interpolating between
edge points on either side of the eliminated point. After
this automated process, manual editing of the edge was
performed when necessary to ensure accurate contour
detection. Percent diameter stenosis was calculated by
comparing the minimal diameter to the average diame-
ter of a normal, proximal segment. Normal and occlud-
ed vessels were designated as having 0 and 100% diame-
ter stenoses respectively. Absolute measures of lumen
size were not recorded owing to lack of information
about angiographic catheter size.

Over the term of follow-up, the following complica-
tions were recorded: unstable angina, myocardial infarc-

TABLE | Baseline Characteristics of the Study Group
(n =283)
Men/women 243/40
Age (years) 518
Previous myocardial infarction 184
No. of coronary arteries
narrowed >50% in diameter
0 4
1 85
2 98
3 96
Location of narrowings
Left main 4
Left anterior descending 216
Circumflex 162
Right 189
Ejection fraction (%) 52 + 15
Wall motion (critica! values)
Anterior -1.73+£0.99
Inferior -1.87 = 1.01
Wall shape (critical values)
Anterior -3.20=x2.73
Inferior —1.46 * 2.63
Continuous data presented as mean = standard deviation.

tion, congestive heart failure, arrhythmias, syncope, car-
diogenic shock, peripheral emboli, stroke and death as
well as the cause of death, and need for bypass surgery
or angioplasty.

Kaplan-Meier event-free curves were calculated for
groups with ejection fractions below 55 and =55%, an-
terior and inferior shape or wall motion indexes <—2
and >-2 critical values, and percent diameter stenosis
of <70 and =270% of the left anterior descending, cir-
cumflex and right coronary vascular distributions.!”
Bonferroni adjusted log-rank tests were used to detet-
mine the time at which differences in event-free survival
curves occurred.’® A Cox regression model was used to
determine independent predictors of adverse events.!?
Two specific models were tested. The first, termed the
“quantitative model” incorporated only quantitative pa-
rameters of ejection fraction, wall motion, wall shape
and stenosis severity. The second, termed the “clinical
model” incorporated the quantitative parameters as well
as the following clinical information: sex, age, prior in-
farction, number of significantly stenotic vessels by visu-
al analysis (zero, 1-, 2- or 3-vessel disease) or the pres-
ence of a stenosis considered to be =50% by visual anal-
ysis of the left main, left anterior descending, circumflex
or right coronary arteries. These models were tested for
the prediction of cardiac death at any time during fol-
low-up. In a separate analysis we determined predictors
of an initial major cardiac event causing death, and an
initial fatal or nonfatal myocardial infarction. In this
analysis, we considered the occurrence of arrhythmias,
heart failure and unstable angina as adverse events that
were likely to have initiated therapies with the potential
of altering the patients’ prognosis. Similarly, the occur-
rence of bypass surgery or angioplasty was considered
an adverse event because these therapies may have al-
tered subsequent long-term survival or the occurrence of
subsequent events, or both. These patients were there-
fore excluded in the analysis of an initial major cardiac
event causing death, and an initial fatal or nonfatal
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myocardial infarction to avoid the potential confound-
ing effects of therapy.

RESULTS
Chinical characteristics: Of the original 296 studies,
complete angiographic data were obtained in 283. Table

TABLE Il Number of Patients with Designated Quantitative
Index (n = 277)

Quantitative Diameter

Stenosis
Visually
Artery Insignificant <70% >70%
Left main 273 3 1
Left anterior descending 65 68 144
Circumflex 116 50 111
Right 92 45 140

> —2 Critical Values < —2 Critical Values

I summarizes characteristics of the study group. At en-
try, ages ranged from 30 to 68 years, and ejection frac-
tions ranged between 6 and 80%. When visually identi-
fied and quantitated, the least severe left main, left an-
terior descending, circumflex and right coronary lesions
were 50, 41, 41 and 43%, respectively. The most severe
left main stenosis was 75%, whereas in the other territo-
ries total occlusions occurred. The average severity of
the quantified lesions were as follows: left main (n = 4),
61 + 15%; LAD (n = 212), 81 * 18; circumflex (n =
161), 82 £+ 17%; and right coronary artery (n = 185),
86 + 18%. Despite a normal mean ejection fraction in
this population, mean regional wall motion and shape
indexes were abnormal, reflecting the high proportion of
patients with prior infarctions (184 of 283). In 6 cases,
the exact timing of the first significant cardiac event
was unknown. Therefore, all subsequent statistical anal-
yses were based on 277 cases. Quantitative cineangio-
graphic findings in these patients are further summa-

Anterior motion 174 103 rized in Table II. One hundred forty-three of the 277
Inferior motion 148 129 cases had ejection fractions =>55%.
Anterior shape 86 191 For f this stud trok (16 d
Inferior shape 140 137 For purposes of this study, stroke (1 events) an
>55% 31-54% <30% peripheral emboli (3 events) were considered noncar-
Ejection fraction 143 111 23 diac events. One hundr_ed_ two patients had an event-free
follow-up. In the remaining patients, the most frequent
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FIGURE 1. Event-free survival curves were constructed for groups of patients having normal or abnormal quantitative indexes
of ejection fraction (E.F.) and percent diameter stenosis (DS) of the left anterior descending (LAD), circumflex (Cx) and right cor-
onary (RCA) arterial beds. N refers to the mamber of patients with the quantitative index value at the time of the baseline angio-
gram. The y axis designates the percent of the original number of patients with event-free survival. The x axis is given in years.
Significant overall differences are designated by the p values which are based on log-rank tests. Symbols between curves desig-
nate specific time points when the curves are statistically different based on Bonferroni adjustments of the log-rank test.

NS = not significant; *p <0.05.
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event was the onset of unstable angina in 63 patients
(85 occurrences) followed by bypass surgery in 74 pa-
tients (77 occurrences) and myocardial infarction in 53
(73 occurrences). Congestive heart failure events were
documented 44 times. Sudden death occurred in 25
patients. Significant arrhythmias excluding ventricular
tachycardia were noted on 14 occasions and there were
5 episodes of ventricular tachycardia. Cardiogenic shock
was noted 13 times. A single percutaneous coronary an-
gioplasty reflects the emergence of the technique after
the time of patient enrollment and during the course of
the follow-up.

In addition to the 25 sudden deaths, there were 19
fatal myocardial infarctions (14 of which were the ini-
tial event after angiography), 7 deaths due to congestive
heart failure, 6 deaths ascribed to cardiogenic shock and
2 ascribed to ventricular tachycardia. Stroke accounted
for 7 deaths. In 18 cases the cause of death was not
specified.

Event-free survival curves were constructed for the
quantitative indexes and are demonstrated in Figures 1
and 2. The event-free survival curves were significantly
different with respect to each of the quantitative param-
eters except in the case of inferior wall motion, and per-
cent diameter stenosis of the right coronary artery. Sig-
nificant overall differences in the event-free survival
curves (p <0.02) between patients with and without a
normal ¢jection fraction (=55%) were found, but these
curves were not significantly different at any specific

time point during the follow-up period. The curves
based on anterior wall motion were also significantly
different (p <0.003) and, in contrast to the ejection
fraction curves, diverged significantly from the fourth
year to the end of the follow-up period. Anterior shape
abnormalities were also associated with a worse, overall
event-free survival (p <0.004) and the curves were
specifically divergent from the third year on. Inferior
wall shape abnormalities also imparted a worse, overall
event-free survival (p <0.007), but the curves did not
diverge significantly at any specific time except at the
end of the follow-up period. Patients with left anterior
descending territory stenoses that were <70% had a bet-
ter event-free survival than those with more severe ste-
noses (p <0.002). These curves diverged significantly
from the fourth year on, except in year 6 when the
curves did not quite reach statistically significant differ-
ences. Patients with stenoses of the circumflex that were
<70% also had a better event-free survival (p <0.03),
but these curves were not statistically divergent at any
specific time point. There were 59 cardiac deaths occur-
ring during the entire follow-up period, and 37 of these
deaths were in fact the initial cardiac event during fol-
low-up. Myocardial infarction was the initial significant
cardiac event during follow-up in 42 cases and 14 of
these were fatal. In the “quantitative” model (Table
I1I), the ejection fraction was of overriding importance
in predicting overall cardiac death and an initial, lethal
cardiac event. However, all of the quantitative percent
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FIGURE 2. Event-free survival curves were constructed for groups of patients having normal or abnormal

quantitative indexes

of regional wall motion or regional shape on their baseline ventriculogram. ANT = anterior; INF = inferior; C.V.’S = critical val-

ues; +p <0.01; other abbreviations and format as in Figure 1.
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TABLE lll Summary of Factors Predicting Clinical Outcomes,
Ranked in Order of Importance, for the Quantitative Mode!
Parameter Coefficient p Value
Cardiac death
Ejection fraction 2.82 0.0001
% diameter stenosis:
Circumflex 1.51 0.005
Left main 4.06 0.03
Left anterior descending 1.52 0.02
Right 1.42 0.02
Initial lethal cardiac event
Ejection fraction 2.56 0.00001
% diameter stenosis:
Left anterior descending 2.16 0.0001
Right 1.68 0.02
Circumfiex 1.54 0.03
Left main 3.81 0.04
Myocardial infarction
% diameter stenosis:
Left main 4.11 0.04
Left anterior descending 1.48 0.04

diameter stenosis variables were also independently pre-
dictive. In contrast, none of the wall function indexes
was predictive. Myocardial infarction was predicted by
the percent diameter stenosis of left main and left ante-
rior descending lesions but not the ejection fraction.
Results of the “clinical” predictive model demon-
strated the overriding importance of the quantitated
ejection fraction in predicting overall cardiac death (co-
efficient = 3.08, p <0.00001), followed by the number
of vessels diseased (coefficient = 2.03, p <0.0001) and
the patients’ age (coefficient = 1.05, p <0.009). An ini-
tial, lethal cardiac event was predicted, in order of im-
portance, by the ejection fraction, the number of vessels
diseased and the quantitative percent diameter stenosis
of the left anterior descending artery (coefficients =
2.78, 2.16, 1.69, p <0.00001, 0.0006, 0.05, respective-
ly). Myocardial infarction was predicted by both the
qualitative presence of a significant stenosis in the
left anterior descending artery (coefficient = 3.88, p
<0.002) and the quantitative percent diameter stenosis
of the left main artery (coefficient = 3.79, p <0.05).

DISCUSSION

Many prior analyses have shown the prognostic im-
portance of the quantitative ejection fraction, but the
purported value or lack of value of other parameters of
regional function and stenosis severity were uniformly
based on qualitative assessments.>-2 This study was
motivated by a desire to put into perspective several of
the currently available quantification methods that are
applied to cineangiograms and to determine whether
such parameters have prognostic power. We assessed
this in a population with well-defined, long term, clini-
cal follow-up. Our a priori expectation was that sophis-
ticated parameters of ventricular function and shape
would be of overriding clinical importance and that
quantitative coronary arteriography would provide little,
if any, prognostic power. But the results were quite dif-
ferent, In general, the simple ejection fraction remained
the prime determinant of most cardiac syndromes, and
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sophisticated measures of regional wall motion and
shape were not of independent prognostic value. Sur-
prisingly, quantitative coronary arteriography was of in-
dependent prognostic value in both the clinical and
quantitative regression models.

Groups dichotomized with respect to most quantita-
tive parameters showed significant differences in event-
free survival over the decade of follow-up. Exceptions
occurred in the case of percent diameter stenosis of the
right coronary artery and inferior wall motion. The
most highly divergent curves were associated with ante-
rior shape analysis, anterior wall motion analysis and
percent diameter stenosis of the left anterior descending
coronary artery territory.

The Cox regression models, however, serve to put
these univariate results into perspective by demonstrat-
ing the overriding importance of the ejection frac-
tion.3-10.20 Despite this, other factors were also of inde-
pendent, prognostic importance. These were generally
not related to more detailed or sophisticated measures
of regional function or shape and this is almost certainly
because these parameters are highly correlated with the
less complex ejection fraction calculation. Instead, the
quantitative measures of percent diameter stenosis, es-
pecially of the left anterior descending coronary bed or
the left main coronary artery were the parameters that
contributed additional and independent prognostic val-
ue. This was particularly the case when considering ini-
tial, lethal cardiac events or myocardial infarction.

A recent study has made the provocative observation
that severe lesions are often not the sites of subsequent
occlusion and causation of myocardial infarctions.?!
Others have shown an association between lesion sever-
ity and infarction.?? The current study suggests that
over a long follow-up period, the quantitative severity of
coronary lesions, especially of the left main or left ante-
rior descending artery, is indeed predictive of infarction.
Whether these severe lesions are actually the sites of
occlusion leading to infarction cannot be established
from the current study because follow-up angiograms
were not available. One can only conclude that the pres-
ence of severe lesions portends a higher risk of subse-
quent infarction.

Regional function and shape indexes are often used
in studies of thrombolysis. These studies often focus on
segmental effects and minimize attention to either arte-
riographic findings or overall ejection fraction measure-
ments. However, because these parameters were elimi-
nated in both the clinical and quantitative models, one
must question the use of isolated measures of wall func-
tion as surrogate end points in many clinical trials. Our
results suggest that these parameters should not be eval-
uated separately from the quantitative coronary arterio-
graphic results and that the overall ejection fraction re-
sults in such studies should never be deemphasized.??

The clinical model was chosen because it approxi-
mates the cognitive aspects of clinical decision making
that take into account many factors influencing the in-
terpretation of test results.?* Thus, this model included
patient age, sex, the presence of prior infarction and
subjective assessments of the number of vessels with
“significant™ stenoses, and their location. These are not
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the only factors and perhaps not even the main factors
that a practicing cardiologist would use to make an
overall clinical assessment of risk or a clinical decision
regarding therapy. For example, results of exercise test-
ing and especially functional radionuclide studies com-
monly sway clinical decisions, and such results were not
incorporated into this study. In this context, although
the ejection fraction and the number of diseased vessels
are the most consistent and important determinants of
adverse clinical outcomes, quantitative coronary arteri-
ography was of independent, prognostic power, whereas
wall motion and shape analyses were not.

The percent diameter stenosis parameter, even mea-
sured meticulously, has been roundly criticized in recent
years based on (1) recognition of the diffuse nature of
atherosclerosis and the resultant difficulty in selecting
normal reference diameters?’; (2) the fact that such
measurements do not take into account other important
morphologic features such as length or entrance and
exit angles?%; (3) the realization that many stenoses are
eccentric and cannot be accurately represented by a sin-
gle plane measurement?’; (4) the new knowledge that
remodeling and dilatation of vessels occurs in response
to atherosclerosis?’; and (5) the imprecise relation be-
tween this parameter and other directly measured in-
dexes of functional stenosis severity.282° Whereas all of
these arguments are cogent, this study suggests that
percent diameter stenosis, much like the ejection frac-
tion with its well-recognized limitations, is still of tre-
mendous prognostic importance and is an appropriate
parameter upon which to base routine clinical judg-
ments.2* Much greater experience and long-term follow-
up analyses, such as the one presented in this study, will
need to be undertaken with the alternative proposed in-
dexes of stenosis severity before replacing the simple
quantification of percent diameter stenosis.

This study should not be interpreted to imply any
potential “superiority” of quantitative arteriography
over subjective stenosis assessment. However, neither
should the visual assessment of presence and severity of
stenoses by the original CASS investigators be equated
with the more casual day-to-day assessments used in
practice. Nevertheless, because only the quantitative
methods are associated with a high degree of reproduc-
ibility, and because these parameters have now been
shown by this study to have prognostic importance, one
may conclude that such quantitative measures would
be suitable not solely for research purposes, but also
for clinical decision-making if the indexes could be ob-
tained expeditiously and within practical constraints.
This study therefore provides a clinically relevant rea-
son, beyond merely that of enhanced reproducibility, to
promote the development of quantitative and verifiable
methods that can be used easily in clinical practice.3?
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