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Summary

As an alternative to visual interpretations of subjects’ angiograms, coronary arteries dilated by per-
cutaneous transluminal coronary angioplasty (PTCA) were evaluated using cinevideodensitometry, and
the results were compared with those obtained by the edge detection method. Coronary arteriograms
were obtained in various projections and suitable frames were selected for analysis. The frames were
transformed to digitized images (512 X 512 x 8 bits) with an image analyzer (MIPRON 1), and cinevideo-
densitometric and edge detection analyses were performed. Phantom models of various shapes were
opacified with contrast medium and were used to test our system. The cineangiograms of 58 patients
with ischemic heart disease, 28 of whom had underwent PTCA, were analyzed.

A highly linear correlation was observed between the cross-sectional areas of the phantoms and
the summed gray levels measured using cinevideodensitometry. Percent area stenosis evaluated by
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the two methods was accurate and reproducible in measuring the symmetrical stenosis models. How-
ever, for the model of asymmetrical stenosis, the measurement by the edge detection method differed
according to various projections. Similar results were obtained measuring asymmetrical stenosis in the
right coronary artery in vivo in various projections. Based on these experimental results, coronary
stenoses dilated by PT'CA were evaluated. Prior to PTCA, coronary arterial stenosis measured using the
two methods closely approximated each other. However, following PT'CA, there were discrepancies be-
tween the measurements by the two methods in six cases. This can be accounted for by asymmetrical
changes in a luminal cross-section, which cannot be accurately assessed using the edge detection method
in single plane projection.

In conclusion, cinevideodensitometric measurements of relative coronary arterial stenosis were
objective, accurate, and reproducible. According to cinevideodensitometric analysis, eccentric lesions
can be measured using a single projection, and tracing arterial borders is unnecessary. It is a useful
means in measuring quantitatively the degree of dilatation of coronary arterial stenosis accomplished

by PTCA.
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Introduction

Visual interpretations of coronary arteriograms
have customarily been performed to assess the
severity of coronary arterial stenosis ; however,
reports of several studies have cited large inter-
observer and intraobserver variabilities which
resulted from such subjective grading of coro-
nary stenotic lesions’®. In addition, relatively
poor correlation has been observed between the
severity of coronary stenosis as estimated from
arteriograms and the degrees of stenosis as mea-
sured in postmortem hearts?. Thus, more
precise and objective means in evaluating the
stenotic lesions are necessary.

Percutaneous transluminal coronary angio-
plasty (PTCA) is now a widely accepted, effec-
tive procedure alternative to coronary revascul-
arization in patients with ischemic heart dis-
ease’. By means of an angioplasty balloon
catheter, PTCA causes mechanical disruption of
the internal arterial wall at the site of which is
angiographically shown as an irregular column
of contrast medium®®. Pertinent post-dilatation
angiograms have not yet been accurately as-
sessed as to the contours of the vessels, even
when the computer-assisted edge detection
methods were used”®.

In the present study, the clinical usefulness
of cinevideodensitometric quantification of coro-
nary arterial stenosis was evaluated by analyzing
cineangiograms of phantom materials and steno-
tic lesions of various shapes in vivo, using a
computer-based coronary angiographic analysis
ststem. This system was used for practical meas-
urements before and after PTCA, and the re-
sults obtained are presented here.

Methods

Radiographic equipment and frame selection

The radiographic equipment consisted of a
biplane cardiovascular angiography system (An-
giorex CP/Q, Toshiba) and a 5/7/9 inch cesium
iodine image intensifier mounted on a U-arm
assembly. Coronary cineangiograms were ob-
tained in multiple and angled projections with
a 7-inch image intensifier field size. Exposures
were made at 30 frames/sec on 35-mm Fuji
Medical Imaging Films of Type CF Fuji Photo
Film which was processed using a Fuji Medical
cine film processor FRM 350XC (Fuji Photo
Film).

The cine-frames of the coronary arteriograms
were selected for analysis in the following man-
ner. The stenotic segment and an adjacent nor-
mal segment had to be displayed clearly with
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good opacification by contrast medium located
in the central regions of the frames to exclude
pin-cushion distortion and a decrease of light
intensity of the projector in the peripheral re-
gions of each frame. Radiographic projections
were selected in which other vessels or vertebrae
were not superimposed.

Each frame for analysis was selected at the R
wave of the electrocardiogram, simultaneously
recorded on the cinefilms, projected with the
ELK CAP-35B projector and transformed to
video signals with a CCD camera. These analog
signals were converted to digital images (acqui-
sition; 512x512x 8 bits) using an image an-
alyzing system (KONTRON, MIPRON 1).

Cinevideodensitometric method

The digitized image of the selected frame
in the memory of the MIPRON 1 was analyzed
to calculate the relative percent area stenosis of
the coronary artery as follows: A rectangular
region of interest (ROI), 10x50 pixels, was
positioned in the stenotic segment perpendicular
to the long axis of the artery, and the gray level
(D1) was measured (Fig.1). This ROI was suf-
ficiently long to extend beyond both margins of
the arterial lumen. The operator moved the
ROI to the two adjacent sites and to both sides
of the stenotic segment which were opposite
in direction and measured the background
gray levels (B1 and B2). The gray levels of
the stenotic segments (Gs) were calculated as
Gs=D1—-(B1+B2)/2. A similar procedure was
used to measure the gray level of the normal
segment (Gc). The percent area stenosis by
cinevideodensitometry (%ASd) was calculated
as %ASd=(1—-Gs/Gc)x100. Lesions with defi-
nite calcification were excluded from the anal-
ysis.

Edge detection method

After the acquisition of a single plane angio-
graphic image of the frame selected, the opera-
tor manually defined a center line of the vessel
using the writing table of the MIPRON 1.
Within the ROI manually positioned by the
operator, arterial contours were detected along
the scanning lines perpendicular to the local
center line on the basis of Ist and 2nd deriva-

Densitometry of coronary arterial stenosis

Gray level of control region:
Gc=D2—(B3+B4)/2

Gray level of stenotic region :
Gs=D1—(B1+B2)/2

% Area of stenosis=(1—Gs/Gc)x 100

Fig. 1. Schematic representation of the cinevi-
deodensitometric method.

D1 and D2 indicate the gray level within the ROI
of the stenotic and control regions, respectively. BI,
and B2, and B3 and B4 are background’s gray levels
of D1 and D2, respectively. Percent area of stenosis is
calculated from the background-corrected gray levels.

tive values of the gray level information. Con-
tours were finally defined using a smoothing pro-
cedure, from which the diameter of the stenotic
segment (Ds) was determined by calculating the
shortest distance between the left and right
sides of the arterial edge positions. The diam-
eter of the normal segment (Dc), the same seg-
ment defined as ‘“ normal > by cinevideodensit-
ometry, was determined in a similar manner.
Assuming cylindrical geometry, percent area
stenosis by the edge detection method (%ASe)
was calculated as 9%ASe=(1—Ds2/Dc?)x 100
(Fig. 2).

Phantom studies

To test the linearity of density information
in our system, the following experiments were
performed. A step wedge phantom filled with
76% Urografin was filmed and analyzed using
the same system. Videodensitometric measure-
ments of the gray level were performed for each
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Fig. 2. Representation of the edge detection method.
From the detected edge information, changes in the diameter and circular area are calculated and

displayed on the monitor screen.

step to investigate the relationship between the
depth of contrast medium and the videoden-
sitometric gray level. Six cylindrical holes,
whose diameters ranged from one to 6 mm,
were drilled in a lucite block, filled with 76%
Urografin. These were analyzed for the rela-
tionship between the cross sectional areas and
the summed videodensitometric gray levels.

To evaluate the accuracy and reproducibility
of the relative percent area stenosis measured
by the videodensitometric and edge detection
methods, 11 phantom models of symmetrical
stenoses, ranging from 30% to 97% of the rela-
tive percent area stenoses, were measured by
the videodensitometry and edge detection meth-
ods, repeated five times by independent opera-
tors, and were compared with actual percent area
stenoses. Phantom models of asymmetric sten-
oses were filmed using multiple projections and
their percent area of stenosis were measured to
determine differences in measured values among
the multiple projections.

Patients categories

Study group A consisted of 30 patients who
had stenotic lesions at the proximal segment of
the right coronary artery with various shapes
and degrees of severity and served as a model
of stenosis in vivo. This coronary segment fa-
cilitated obtaining suitable angiograms in mul-
tiple projections without superimposed arterial
branches or the vertebrae, and the display of the
long axis of the arterial segment without fore-
shortening. The coronary arteriograms were
studied by videodensitometric and edge detec-
tion methods and the relative percent areas of
stenosis were calculated using the right anterior
oblique (RAO) and left anterior oblique (LAO)
projections. The sites of the stenotic and nor-
mal segments were found to be identical in the
RAO and LAO projections.

Study group B consisted of 28 patients who
had underwent successful PTCA. Suitable cor-
onary angiograms in a single projection ob-
tained before and immediately after PTCA were
analyzed using videodensitometric and edge
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detection methods. The cine-frames for analysis
were selected according to the criteria described
above. The positions of patients, X-ray tube
projections and resulting PTCA radiographs
were selected for their similarity to those made
before PTCA. Patients’ exercise tolerance was
evaluated using the treadmill test to determine
which method for quantifying stenosis was con-
sistent with improvement in exercise tolerance.

Results

1. Linearity of density information in this
system

Panel A of Fig.3 shows the relationship be-
tween the depth of contrast medium and the
densitometric gray level in the step wedge phan-
tom, as measured with the digital analyzer sys-
tem. The relationship was essentially linear (r=
0.99) over a range of depth of contrast medium
from 0.5 mm to 6 mm, which was sufficiently
wide for analyzing human coronary arteries.
The correlation between the cross-sectional areas
of the cylindrical holes and the summed densito-
metric gray levels is shown in panel B. The
summed gray levels correlated linearly (r=0.99)
with the actual cross sectional areas within a
range of diameters from one to 6 mm.
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2. Accuracy and reproducibility of the
videodensitometric and edge detection methods

Percent area stenosis was measured in the
models of symmetrical stenosis to evaluate the
accuracy and reproducibility of these two meth-
ods. This experiment revealed a highly linear
correlation between the actual and measured
values of relative percent area stenosis for both
videodensitometric (r=0.98) and edge detection
(R=0.99) methods (Fig. 4). This system, includ-
ing both the videodensitometric and edge detec-
tion methods for measuring symmetrical steno-
sis, was found to be accurate and sufficiently
reproducible for clinical use with the X-ray
conditions ordinarily used. However, the mea-
sured values for the asymmetrical stenosis model
differed by the two methods. One of the asym-
metrical stenosis model is shown in Fig. 5. The
values obtained by the videodensitometric meth-
od were nearly the same as the actual values;
namely, 87.5%, for both projections, as shown
in the figure. However, the values obtained
using the edge detection method were differ-
ent by the frontal (A in Fig. 5) and lateral (B
in Fig. 5) projections. This indicated that the
videodensitometric measurement was identical
to the values obtained from each of the other
projections.
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Fig. 3. Correlations of the two methods of density information.

A: Linear relationship between the depth of contrast medium and background-corrected videodensi-
tometric gray level in step-wedge phantoms. B: Linear relationship between the actual cross-sectional
area and summed background-corrected gray level in cylindrical hole phantoms.

— 355 —



AZUMA, FURUKAWA, KATSUME, et al.

(%) (%)
1004 1001 >
80 80 /’/-
2 . B
g <RI
g j:f 5 60 $% E 604 _/
w B0 w Z = o
o g o 99 o
0 9 P o3 -
SEE 40 S35 a0 .
gge £33
Q g % [ £ o
& 9 g @ r=0.99
o 20 v 201 y = 0.99x + 0.38
> SEE = 1.66
0 20 40 60 80 100 0 20 40 60 80
(%) 100(7)
Percent area stenosis of Percent area stenosis of
cylindical phantoms cylindrical phantoms

Fig. 4. Measurements of symmetrical stenosis model using videodensitometric and edge
detection methods.

There are high degree of correlations between the actual percent areas of stenosis and measured
values with both methods. Error bars indicate standard deviation of each method measured repeatedly

five times.
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Densitometry 87.2% 87.7%
Edge detection 86.49%, 92.6%

Fig. 5. One of the asymmetrical stenosis phantom models.
The values obtained using the videodensitometric method are similar to the actual ones; namely,
87.5%, for each projection. However, the edge detection method provides different values for the

frontal (A) and lateral (B) projections.
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Fig. 6. Measurements of right coronary artery stenosis using RAO and LAO projections.
There is good agreement between the RAO and LAO projections in videodensitometric measure-
ments. However, in several cases, the edge detection method yields different values for the RAO and

LAO projections.
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Fig. 7. Representation of a case with different percent area stenosis using the edge detection
method for the RAO and LAO projections.
Asymmetrical stenosis is observed in the coronary arteriograms.
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3. Measurements of coronary artery stenosis
in vivo

The results of measurements of stenosis in
the right coronary artery using the RAO and
LAO projections were similar to those obtained
in the phantom study described above. A linear
correlation was observed between the measure-
ments of relative stenosis by the videodensito-
metric method by each projection (r=0.95, left
panel, Fig.6). However, using the edge detec-
tion method, in several cases, different values
were obtained according to the RAO and LAO
projections (right panel in Fig. 6) : consequently,
the correlation coefficient (r=0.69) was less
compared with that by the videodensitometric
method. These cases had asymmetrical lesions,
one of which is shown in Fig.7. In this case,
it was shown that the grade of stenosis accord-
ing to the RAO projection using the edge detec-
tion method was relatively low. It is suggested
that accurate values for percent area stenosis of
asymmetrical lesions cannot be obtained using
the edge detection method and a single projec-
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tion.

4. Quantification of reduction of coronary
artery stenosis by PTCA

Before PT'CA, the values obtained according
to the videodensitometric method were nearly
the same as those determined by the edge de-
tection method ; namely, 88.7+6.6% and 83.0+
6.19% (mean+SD), respectively (left panel in
Fig.8). Immediately after PTCA, the percent
area of stenosis was reduced to 54.9+17.8%
and 66.8+12.9% according to each method,
respectively. However, there were differences
according to these two methods (right panel,
Fig. 8). Before PTCA, the standard deviation of
the difference between the two methods was
6.1%-area stenosis, but this increased to 19.9%-
area stenosis following PTCA. In six of 28 pa-
tients, the percent area of stenosis after PTCA
differed by more than 20% between these two
methods of measurements, although these values
were similar prior to PTCA. In these six pa-
tients, improvement in exercise capacity by
PTCA was compared with the reduction of the
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Fig. 8. Quantitative measurements of percent area of stenosis before and after PTCA.

Before PTCA (left panel), stenotic lesions are severe (most of them exceed 75%); good agree-
ment exists between videodensitometric and edge detection measurements. After PT'CA, however, dif-
ferent values are obtained for each method in several cases.
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Fig. 9. Comparison between the reduction of stenosis and the improvement of exercise ca-
pacity by PTCA in 6 patients with different percent areas of stenosis exceeding 209% according
to videodensitometric and edge detection methods.

There is better correlation between the improvement of exercise capacity and the videodensitometric
measurement as opposed to the edge detection method. (@ ; before PTCA, O ; after PTCA).

percent area of stenosis as calculated by the
videodensitometric and edge detection methods.
As shown in Fig.9, the reduction in percent
area of stenosis as measured by the videoden-
sitometric method corresponded to improve-
ment in exercise capacity by PTCA but not as
measured by the edge detection method.

Discussion

A computerized and objective method for
quantitating coronary arterial stenosis is neces-
sary for evaluating progression or regression of
atherosclerotic lesions, and for assessing coro-
nary flow dynamics after pharmacologic or other
interventions. Conventional means of quantify-
ing arterial dimensions using contrast angio-
grams are based on manual or computer-assisted
tracings of the arterial margins on projected an-
giograms®~ 1V, These methods are limited to
two-dimensional analysis and their accuracy is

limited by incomplete details of contours on
arteriograms. With the videodensitometric meth-
od, three-dimensional information concerning
the cross-sectional area of the artery is obtained
from the density of the arteriogram!2~14, On
comparing these principles, it is clear that cine-
videodensitometric quantification has an advan-
tage in providing more accurate measurements
of relative stenosis.

In the phantom study, the cinevideodensi-
tometric signals varied linearly with the depth
of the contrast medium within a range from 0.5
to 6 mm (Fig. 3, panel A). The integrated video-
densitometric signal measured over the contrast-
filled cylinders correlated linearly with the cross-
sectional areas of the cylinders (Fig. 3, panel B).
In the mode!l of symmetrical stenosis, relative
stenosis measured using the two methods cor-
related well with the actual reduction in cross-
sectional area (Fig.4). In the measurement of
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model of asymmetrical stenosis, similar results
were obtained using the videodensitometric
method and multiple projections, but not with
the edge detection method. Videodensitometric
analysis of coronary arteriograms resulted in
comparable values for relative stenosis of asym-
metrical lesions in various angiographic projec-
tions. These in vitro and in vivo studies sug-
gested that the videodensitometric method al-
lows accurate evaluation of stenosis using a
single projection, even when the stenosis has
complex geometry such as eccentric lesions.

Measurements of relative coronary arterial
stenosis in patients who had underwent success-
ful PTCA demonstrated a good agreement be-
tween the values by the videodensitometric and
edge detection methods before PTCA. Relative
stenosis was severe before PT'CA, exceeding 80%
in most cases. In these patients, the difference
in diameter was relatively small by various pro-
jections, therefore the errors in measurements
were small using the edge detection method by
any projections used before PTCA. After PTCA,
severe stenosis was resolved. However, the
differences in measurements of stenosis in-
creased between these two quantitative methods.
From the results of the asymmetrical phantom
study described above, it is clear that any dis-
crepancy between the measurements by these
two methods is caused by asymmetry of
lesions. Consequently, it is suggested that
PTCA (dilates stenotic lesions with increas-
ing asymmetrical geometry, which was dem-
onstrated by earlier reports of postmortem
morphological examinations of arterial stenosis
after PTCA~19_ [t was also reported that the
balloon dilatation of stenotic lesions makes
the contours of coronary arteriograms to be
irregular!®~20, This makes blunting of the bor-
ders of the coronary arteries, which can con-
tribute to inaccuracies using the edge detec-
tion method to measure relative stenosis im-
mediately after PTCA?.

The videodensitometric method has two ma-
jor problems. The first involves the linearity
between the depth of the contrast medium and
videodensitometric gray levels as measured with

the digital analyzer system. The linearity pro-
blem with the cinevideodensitometric method
involves numerous factors affecting the rela-
tionship between the cross-sectional area of the
arterial lumen and the summed gray levels as
measured by the analyzer, such as the concen-
tration of contrast medium, X-ray energy, char-
acteristics of an image intensifier, the chara-
cteristic curve of films, film developing, light
intensity and lens characteristics of a film
projector, and photocell sensitivity of an image
analyzer. Densitometric gray levels depend on
these factors, but the effects of many of these
factors were negligible for measuring relative
density within the central areas of single cine
frames. Rutishauser?” and Nichols et al2?,
reported that a linear relationship is observed
without correction of gray levels under ordinary
conditions during coronary angiography provid-
ing the sensitivity of photocells of an image
analyzer is logarithmical: Thus they developed
this theoretical basis. Likewise, in our study,
without corrections, a highly linear relationship
was observed between the depth ot contrast
medium and gray levels measured with the
digital analyzer, or between actual cross-sec-
tional areas and summed gray levels. There-
fore, no modification of gray levels was made
in the present study. Some investigators have
corrected gray levels in accord with the Lam-
bert-Beer’s law, governing X-ray absorption,
and Hunter-Driffield’s function, determining
the characteristic curve of films%2%29, Such
corrections of gray levels can improve the ac-
curacy of measurements of relative percent areas
of stenosis.

The second problem involves the method of
subtracting background gray levels. The video
densitometric measurements over an arterial
segment must be corrected for adjacent back-
ground density in the system. Background
density is a relatively large component of total
videodensitometric density. This relatively large
gray level of a backgrond’s ROI cause limita-
tions in analysis of severely stenotic lesions,
because gray levels of stenotic segments will be
slightly different from those of the background,
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and these errors would increase with back-
ground corrections. Background density should
be measured for two ROIs located on opposite
sides of a selected arterial segment because
radiographic density often differs, particularly
in the radiographic projection which displays
the left ventricle on one side of the artery, but
not on the other. Moreover, the sites of the
background ROI should be selected carefully
to avoid superimposing small branches and the
vertebrae.

The significance of absolute cross-sectional
areas of stenotic segments has been reported
earlier?®). One limitation of the present study
was that an absolute cross-sectional area could
not be provided. However, our method with
modifications may permit calculation of abso-
lute values. Using a catheter as a marker for
calibration, radiographic magnification of a
digitized coronary arteriographic frame can be
calculated, and the diameter of the normal ar-
terial segment can be measured instantaneously
from a digitized image. From the calculated
cross-sectional area of the normal segment and
the percentage reduction in cross-sectional area
as determined by videodensitometry, the cross-
sectional area of stenosis may be determined.
However, the validity of this procedure requires
confirmation by further investigation.

In conclusion, in the present study, a means
quantifying relative stenosis of the coronary ar-
tery by cinevideodensitometric and edge detec-
tion methods was introduced. The results were
sufficiently accurate and reproducible to evalu-
ate symmetrical stenosis. Accurate cinevideo-
densitometric analysis is possible using a single
projection, even when the stenosis is asymmet-
rical. Therefore, the cinevideodensitometry
should be a useful means of quantifying the
degree of dilatation of target lesions post PTCA.
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