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Videodensitometric Determination of Minimum
Coronary Artery Luminal Diameter Before
and After Angioplasty

JONATHAN TOBIS, MD, ORHAN NALCIOGLU, PhD, WARREN D. JOHNSTON, MD,
LIAN QU, MS, TIM REESE, BS, DAVID SATO, MD, WERNER ROECK, Eng Grad,
STEVE MONTELLI, CRT, and WALTER L. HENRY, MD

Quantitative measurements of coronary stenoses
were made from digital coronary angiograms in 19
patients before and after percutaneous transluminal
coronary angioplasty (PTCA). Two methods of mea-
surement were compared. Mean stenosis before
PTCA was 67 & 10% by the edge detection meth-
od and 67 + 12% by videodensitometry (difference
not significant). After PTCA, the mean stenosis was
32 + 14% by edge detection and 30 £ 13% by
videodensitometry (difference not significant). In ad-
dition, a new method was developed to rapidly cal-
culate the absolute minimum luminal area and di-

ameter by videodensitometry. The minimum luminal
diameter before PTCA was 1.0 £+ 0.5 mm and after
PTCA increased to 2.4 + 0.5 mm (p <0.001). The
validity of the videodensitometric method was ana-
lyzed in a series of Lucite phantom studies, which
suggested that when there is an irregular angio-
graphic appearance, the densitometric method may
be more accurate than standard edge detection
methods. Digital acquisition of coronary angiograms
provides a means for rapid application of quanti-
tative analysis during coronary interventional
procedures. (Am J Cardiol 1987;59:38-44)

The results of percutaneous transluminal coronary
angioplasty (PTCA) are judged primarily by the
amount of improvement in percent stenosis of the di-
lated coronary segment.! Although the edge detection
method is the standard for measuring percent stenosis,
the stenotic segment may not be circular in ¢ross sec-
tion and may be misrepresented by edge detection
methods.?-® Another problem in assessing the success
of angioplasty by this method is that the procedure
may produce tearing and controlled dissection of
plaque.®!? Consequently, the lumen may not be
smooth or symmetric after angioplasty.
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Videodensitometry is a method of estimating per-
cent stenosis that has the potential advantage of being
independent of geometric assumptions about the
shape of the coronary lumen.!'-** The first purpose of
this study was to compare percent diameter stenosis
measured by the edge detection technique with those
measured by the videodensitometric method before
and after PTCA. The second purpose was to develop a
method of calculating absolute minimum luminal area
by videodensitometry. Because percent stenosis is a
relative value that is dependent on the presence of a
normal segment, changes in absolute minimum lumi-
nal area or diameter may be more meaningful than
changes in percent stenosis.

Methods

Digital angiograms were recorded in the clinical
cardiac catheterization laboratory using a Siemens
Cardioskop-U unit and a Gigantos Optimatic x-ray
generator. Images were exposed onto a 7-inch image
intensifier at a nominal focal spot of 1.2 mm. The im-
ages were converted in real time at either 8 or 30
frames/s by an on-line video image processor (Fischer
DA-100) into a 512 X 512 X 8 bit matrix and stored
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digitally on a 475-megabyte rapid parallel transfer
disk. Computer programs within the system permitted
rapid access to image enhancement algorithms such as
4-fold digital magnification, mask mode subtraction
and software graphics for observer identification of
artery boundaries or measurement of distances on an
x-y coordinate scale as described previously.!® In addi-
tion, software programs were developed to perform
videodensitometric calculations, The digital images
were logarithmically amplified to correct for exponen-
tial x-ray absorption so that the digital number in the 8-
bit deep memory (equivalent to a digital gray scale of
256 shades) corresponded to the thickness of the mate-
rial that the x-rays traversed.'® Phantom studies were
performed to test the capability of the digital angio-
graphic system to determine percent stenosis and min-
imum luminal diameter.

Phantom study I: The first series of phantoms were
aluminum cylinders that were machine lathed to di-
ameters of 1.0, 1.5, 2.0, 3.0 and 4.0 mm. Aluminum was
chosen because its attenuation coefficient approxi-
mates the iodine x-ray absorption of a 20% concentra-
tion of meglumine diatrizoate (Renografin 76). Digital
angiograms were taken of the aluminum pin phantoms
and a calculation of relative stenosis was derived by
comparing each of the smaller diameter pins with the
4.0-mm-diameter pin. The absolute diameter of the
pins was known so that measurements of relative ste-
nosis by different techniques could be compared with
the actual measurements. Percent stenosis was calcu-
lated from unsubtracted images by the edge detection
method. The digital images were then processed by
mask mode subtraction to diminish background densi-
ties. Percent stenosis between the pin phantoms was
recalculated from the subtracted images by edge de-
tection as well as videodensitometry.

Phantom study II: In this portion of the study, a new
method was evaluated that had been developed to
perform densitometric measurements from unsub-
tracted digital images. This method, called the “back-
ground interpolation method,” calculated the gray
scale density at the 4 corners of a region of interest
(ROI) as outlined by an observer. A smooth curve was
generated to estimate the topographic background
variation within the ROI (Fig. 1). Two algorithms were
tested for fitting the interpolated topographic back-
ground, The first formula assumed a simple linear
variation of background densities between the 4 cor-
ners of the ROl The background profile curve was
created by weighting the background density of each
pixel in the ROI by its linear proximity to each of the
corners. The second algorithm applied a least-mean-
squares fit to a polynomial equation of the density
curve at the corner pixels to estimate the background
component curve within the entire ROI Each of the 2
interpolated background density profiles were then
subtracted from the densities within the ROI. The re-
sulting density value corresponded to the relative vol-
ume of the pin. A comparison of the densities between
phantom pins yielded a measure of relative volumes,
which represents percent area stenosis when it is di-
vided by the height of the ROI. Percent diameter ste-

nosis was then derived by assuming a circular cross
section.

The aluminum pin phantoms were placed inside a
chest phantom that consisted of human ribs and Lucite
comparable to the x-ray density of a human thorax.
Because clinical studies revealed that a significant
amount of misregistration artifact occurred in mask
mode-subtracted digital images due to patient motion,
the second phantom study was performed to deter-
mine the effect of motion and the resulting misregistra-
tion artifact on densitometric calculations. Digital im-
ages were obtained of the thorax phantom alone to be
used as a mask during subtraction and of the thorax
plus the pin phantoms. The thorax was then displaced
1 cm laterally to create misregistration or motion arti-
fact relative to the original thorax mask image. Densi-
tometric calculations of percent stenosis were per-
formed on the mask mode-subtraction images with
and without motion, and were compared with the den-
sitometric measurements by the background interpo-
lation method performed on the unsubtracted images.

Phantom study III: Because the edges of tight steno-
ses may be difficult to measure by boundary recogni-
tion techniques, the third phantom study was per-
formed to assess the ability to determine absolute
luminal diameters from digital images using a com-
combination of edge detection and videodensitometric
methods. A series of phantoms were made from Lucite

. «— REGIONS OF
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FIGURE 1. Method of performing the interpolated background sub-
traction. The operator places a small region of interest at the stenot-
ic and nonslenotic segments. The computer program then estimates
background contribution at each pixel within the region of interest
based on its relative distance from the pixels at the 4 corners of the
region of interest.
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blocks with precision drilled holes at 0.5, 1.0, 1.5, 2.0,
3.0 and 4.0 mm. The tubular holes were filled with
undiluted iodine contrast. An 8Fr coronary angio-
graphic catheter with an external diameter of 2.55 mm
was used to calibrate the pixel size of the digital im-
ages. The edges of each of the phantoms were defined
by the observer and the width in pixels was used to
calculate the absolute diameter by the edge detection
method. In addition, an algorithm was developed that
combined edge detection with videodensitometry to
calculate minimum luminal diameter. In this method,
the edges of the catheter and the 4.0 mm “normal”
lumen were defined by the observer to calibrate the
pixel width and account for x-ray magnification. A
ROI rectangle was positioned over the 4.0-mm “nor-
mal” phantom lumen and over each of the smaller
“stenotic” phantom lumens. The density across the
width of the lumens was calculated by the background
interpolation method relative to the density of the 4.0
mm lumen to derive a percent cross-sectional area
stenosis. The percent diameter stenosis was then cal-
culated assuming that the lumens were circular in
cross section. The absolute diameter of the smaller
“stenotic” lumen was then derived from a ratio of the
relative densities compared with the calibrated diam-
eter of the 4.0-mm lumen:

D, = (DEN,)”: X D, (DEN,):

where Dy = diameter of the stenotic segment, D, =
diameter of the normal segment, DEN; = density of
stenotic segment and DEN,, = density of the normal
segment.

Phantom study IV: To assess the ability of edge
detection and densitometric techniques to accurately
quantitate asymmetric arterial lumens, a fourth phan-
tom model was made. This Lucite model had 2 pairs of
machine-drilled holes, each 1.0 mm in diameter. Two
holes were oriented with their long axis in a plane
parallel to the image intensifier face and 2 holes were
placed in front of each other relative to the plane of the
image intensifier. The holes were filled with contrast

FIGURE 2. In this digital image of a Luclte phantom filled with
radlopaque contrast, the large lumens are 4.0 mm in diameter and
the small lumens are 1.0 mm. The small lumens (/eft) are positioned
side by side, but the 2 other lumens (right), are placed in front of the
other. This model was used to assess the abllity of the densitometric
method to determine stenoses that could not be readily visualized
by the edge detection technique.

media and digital images were obtained (Fig. 2). Al-
though the suerimposed lumens had the same density
as the other 2 lumens combined, the apparent diame-
ter (by edge detection) of the superimposed lumens
was 50% less.

Clinical study: Digital coronary angiograms of 24
patients who were undergoing PTCA were recorded
before and after the procedure in orthogonal right and
left anterior oblique projections with caudocranial an-
gulation. The images were obtained at 8 or 30 frames/s
in a 512 X 512 X 8 bit matrix. A detailed description of
our digital acquisition technique and validation stud-
ies compared with 35-mm film has been reported.!®
After the procedure, the unsubtracted coronary im-
ages both before and after PTCA were recalled from
the digital disk, magnified 4 times and displayed on the
computer monitor for quantitative analysis. Five pa-
tient studies were excluded because the stenosis was
not well visualized in both projections either before or
after PTCA. One of the 5 patient studies was excluded
because the metal wires in the sternum from previous
coronary bypass surgery obscured the stenosis in 1
projection and interfered with the densitometric
measurement.

Nineteen remaining sets of digital coronary angio-
grams were analyzed by 2 independent observers us-
ing the edge detection and background interpolation
videodensitometric algorithms (as already described).
To have both observers measure the same normal and
stenotic coronary segments, the first observer took a
Polaroid picture of the placement of the ROI boxes
over the 2 segments. In this manner, the second ob-
server knew which segments were analyzed from the
coronary angiogram, and yet the individual determi-
nation of edge boundaries and the specific placement
of the ROI was independently performed. The mea-
surements of percent stenosis by the edge detection
and videodensitometric techniques were compared by
linear regression analyses both before and after PTCA
in both right anterior oblique and left anterior oblique
projections.

Results

Phantom I results: Five repetitive measurements
were made by each observer with the edge detection
technique on the subtracted and unsubtracted images.
Subtracted phantom images were also measured by
the videodensitometric method. Mean values for the
calculated percent stenosis are shown in Table I

Phantom II results: Densitometric measurements
of percent stenosis were performed 5 times for each of
the 3 techniques: mask mode subtraction without mo-
tion artifact, mask mode subtraction with motion arti-
fact and background interpolation on unsubtracted
images. Results of the different measurements com-
pared with the actual relative stenoses are shown in
Table II. Of note, the 2 methods for estimating back-
ground by the interpolation method (i.e., the linear or
polynomial curve fit) yielded similar results in the
phantom models and in later clinical studies.

Phantom III results: Five repetitive measurements
of the absolute luminal diameter of the contrast-filled
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TABLE | Edge Detection Versus Videodensitometry Phantom TABLE Il Densitometric Phantom Study (Motion Present)
Study (Aluminum Pins) (Lucite Block Holes Filled with Contrast)
Edge Detection Mask Mode Subtraction Interpolated
Actual % Videodensitometry Actual % - BECKW!:M
Stenosis Subtracted Unsubtracted Subtracted Stenosis No Motion Motion Subtraction
50% (2.0/4.0 mm) 523+ 0.7 533 + 0.0 55.8 + 1.8 50% (2.0/4.0 mm) 522+ 07 64.7 £ 10.2 57.7 : :‘1
63% (1.5/4.0 mm) 66.8 + 1.8 61.3 £+ 3.0 69.1 £ 3.3 63% (1.5/4.0 mm) 66.8 = 1.8 50.4 + 19.6 64.3 A
75% (1.0/4.0 mm) 80.3 + 0.9 69.3 £ 6.0 882+ 4.0 75% (1.0/4.0 mm) 80.3 + 0.9 35.0 + 26.7 783 + 6.8

Lucite phantoms were made by 2 independent observ-
ers by the edge detection and videodensitometric
methods. Mean values are shown in Table III.

Phantom IV results: For the first pair of Lucite
block holes, which were 1 mm apart and grarallel to the
plane of the image intensifier, the edge detection
method detected 2 separate lumens; each one was 25%
the diameter of the representative normal 4.0-mm lu-
men, to yield a 50% total diameter stenosis (Fig. 2). The
second pair of holes was superimposed, and thus the
edge detection method yielded a 75% stenosis relative
to the 4.0-mm lumen. The ROI for the videodensitome-
tric method was placed across both holes of the first
pair in the image of the phantom and a diameter steno-
sis of 50% was calculated relative to the 4.0-mm-diam-
eter lumen. The ROI was then placed over the super-
imposed second pair of holes and an effective
diameter stenosis of 50% was also measured.

Clinical results: A comparison of the edge detection
and videodensitometric techniques for measuring per-
cent diameter stenosis before and after PTCA is shown
in Figure 3. For the purpose of this comparison be-
tween techniques, the measurements from the 2 ob-
servers were averaged and measurements from both
left anterior oblique and right anterior oblique projec-
tions were included. The correlation coefficient be-
tween the techniques was 0.90, with a standard error of
the estimate (SEE) of 9.9%. Before PTCA the mean
percent stenosis was 67 £+ 10% by edge detection and
67 £+ 12% by videodensitometry (difference not signifi-
cant). After PTCA the mean percent stenosis was 32 +
14% by edge detection and 30 + 13% by videodensito-
metry (difference not significant) When measure-
ments of percent stenosis made from the differentpro-
jections were separated out, there was still no
significant difference between the edge detection and
videodensitometric techniques. In the right anterior
oblique projection, edge detection and densitometry
were closely correlated (r = 0.88, SEE = 11.7); in the
left anterior oblique projection the 2 techniques were
similarly correlated (r = 0.88, SEE = 11.5). _

The absolute minimum luminal diameter was cal-
culated by the combined edge and densitometric
method to be 1.0 £ 0.5 mm before PTCA and 2.4 £ 0.5
mm after PTCA (p <0.001). The mean measurement of
the normal segment was 3.3 + 0.6 mm before PTCA
and was unchanged at 3.3 £ 0.6 mm in images taken
after completion of PTCA.

The comparison between observers for the percent
stenosis before and after PTCA is shown in Figure 4

TABLE Il Absolute Luminal Diameter Edge Detectlon Versus
Videodensitometry (Lucite Block Holes Filled With Conirast)
Actual Diameter (mm) Edge Detection Videodensitometry

0.5 0.6 £+ 0.1 0.6 + 0.1

1.0 1.0 £ 0.2 1.0 £ 01

1.5 1.6 £ 0.1 1.6 + 0.1

2.0 21+ 01 1.9 £ 0.1

3.0 3101 2.8 £ 0.0

for the videodensitometric method and in Figure 5 for
the edge detection method. The correlation coefficient
was 0.88 between observers for the densitometric
method and for the edge detection technique it was
0.87.

The comparison of percent stenosis measured by
edge detection in the 2 orthogonal projections is dem-
onstrated in Figure 6. The correlation coefficient was
0.80 and the SEE was 12.8%. The data for percent
stenosis measured by videodensitometry from the 2
orthogonal projections are shown in Figure 7. The cor-
relation coefficient was 0.79 and SEE was 14.3%.

CORRELATION OF TECHNIQUES
1= 0.90, SEE = 9.9
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FIGURE 3. Comparison of the videodensitomelric and edge detec-
tion methods for measuring percent stenosis. The measurements
from both observers were averaged and data from both right anteri-
or oblique and left anterior oblique projections were included. in this
and subsequent figures, the line of identity is provided. The regres-
sion equation was y = 0.97x + 0.2,
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Several conclusions drawn from the results of the
phantom studies influenced our software develop-
ment and our approach to performing quantitative
coronary analysis with digital acquisition. The first
phantom study indicated that videodensitometry has
accuracy comparable to edge detection methods down
to a luminal diameter of 1.0 mm. However, when the
edge detection method was applied to subtracted im-
ages, a significant overestimation of percent stenosis
occurred,

The second phantom study documented that mis-
registration artifact significantly interferes with the

VIDEODENSITOMETRIC METHOD
r = 0.88, SEE = 10.6
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FIGURE 4. Interobserver correlation of measurements of percent
stenosis by the videodensitometric method. The regression equa-
tion wasy = 0.8x + 7.2.
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FIGURE 6. Comparison of the measurements by edge detection in
the orthogonal projections revealed some scatter, which would be
expected due to asymmetry of some obstructions. The regression
equation was y = 0.8x + 10.1. LAO = left anterior oblique; RAQ =
right anterior oblique.

densitometric determination of percent stenosis. How-
ever, the interpolated background subtraction tech-
nique corresponded closely with the known actual ste-
noses of the phantom. This suggested that for analysis
of clinical coronary angiograms it would be more fea-
sible to perform densitometric studies from unsub-
tracted images. The acquisition of digital images in an
unsubtracted mode permits panning with the image
intensifier during coronary angiography. If angiogra-
phy is obtained without motion, then digital subtrac-
tion can be applied optionally during postprocessing to
enhance contrast. The method for calculating the in-

CORRELATION BY EDGE DETECTION
r = 0.87, SEE = 10.5
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FIGURE 5. Interobserver correlation of measurements of percent
stenosis by the edge detection method compared closely (r = 0.87)
with that obtained by videodensitometry (r = 0.88). The regression
equation was y = 0.8x + 13.8.

CORRELATION BY VIDEODENSITOMETRY
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FIGURE 7. A similar correlation was found (r = 0.79) when the
videodensitometric measurements were compared in the 2 orthog-
onal projections. The regression equation wasy = 0.8x + 10.0. LAO
= |eft anterior oblique; RAO = right anterior oblique.
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terpolated background was also simplified by the find-
ing that the assumption of a linear change in back-
ground densities across the vessel width gave similar
results to more complicated estimates using polynomi-
al curve fitting.

Because percent stenosis is a relative number that is
strongly influenced by where the normal segment of a
coronary artery is chosen, the absolute minimum lumi-
nal diameter may be a more appropriate method to
compare the results of quantitative analysis studies.
The third phantom study demonstrated that minimum
luminal diameter could be readily calculated from
digitally acquired images either by standard edge de-
tection or in combination with the densitometric
algorithm.

The densitometric method has an advantage: The
observer does not need to define exactly the boundary
of the vessel. The fourth phantom model demonstrated
that the densitometric method was more accurate com-
pared with the edge detection method when the
boundary of the phantom lumen was superimposed
and not readily visualized. The phantom study docu-
mented that the densitometric method is independent
of irregular shapes that would be misleading with edge
detection methods. This observation may be important
when there is a disparity between the 2 measurement
techniques in clinical studies, and it is not clear which
measurement represents the true luminal size.

When the algorithm was applied to clinical digital
angiograms in patients who are undergoing angio-
plasty, it was found that there was a close correlation
between the edge detection and videodensitometric
methods for calculating percent diameter stenosis.
There were also close correlations between 2 indepen-
dent observers for calculating percent stenosis using
either of the 2 techniques. The close interobserver cor-
relations may be due in part to the attention paid to
ensure that both observers measured the same normal
and stenotic segments.

The usual method of quantifying stenoses by per-
cent diameter narrowing is dependent on the size of an
apparently normal segment. However, the functional-
ly significant hemodynamic measurement, resistance
to flow, is proportional to lesion length and viscosity
but varies inversely with the fourth power of the abso-
lute luminal diameter.'” A 50% diameter stenosis of a
2-mm vessel has a significantly higher resistance to
flow than a 50% diameter stenosis of a 4-mm vessel.
Therefore, absolute minimum luminal diameter or
area may be a more reliable method of stenosis quanti-
tation.!® In this series of patients who were undergoing
PTCA for symptomatic angina, the mean stenotic lu-
minal diameter was 1.0 % 0.5 mm before PTCA and 2.4
+ 0.5 mm after PTCA. Therefore, approximately a 21%-
fold increase in luminal diameter occurred. These cal-
culated dimensions are consistent with the quantita-
tive study from 35-mm film of McMahon et al'9; in
their group of 10 patients with unstable angina without
myocardial infarction, the mean minimum luminal di-
ameter was 0.9 mm, while in 5 other patients who had
evidence of non-Q-wave myocardial infarction during

their unstable angina syndrome, the mean minimum
luminal diameter was 0.6 mm. Minimum luminal di-
ameter is also readily obtainable by a densitometric
technique that is independent of luminal geometry
and may be a preferable method for measuring the
severity of coronary stenoses,

As suggested by the fourth phantom model study,
the benefit of the videodensitometric method for cal-
culating stenosis dimensions independently of luminal
irregularities would be expected to be helpful after
PTCA when luminal irregularities with unclear
boundaries are observed. An initial hypothesis, there-
fore, was that videodensitometric measurements from
orthogonal projections after PTCA would correlate
more closely than measurements by edge detection.
However, it was found that the correlation between
the 2 orthogonal angiographic projections for both
techniques was similar both before and after PTCA.
There are several possible explanations for this, in-
cluding the effects of the method of x-ray acquisition
on densitometric calculations, overlap of vessels, fore-
shortening of the normal or stenotic segment in 1 of the
projections or the possibility that most of the lesions
were nearly circular in cross section even after PTCA.

Digital acquisition provides immediate recall of
coronary angiograms during PTCA. Reproducible and
dimensionally precise measurements can be made at
the area of stenosis within 2 minutes of acquisition.
The densitometric measurements are linearly propor-
tional to the digital pixel depth, unlike film-based sys-
tems, in which densitometry is limited to the linear
portion of the film characteristic curve. Edge detection
or videodensitometric techniques can be used with
comparable results. However, in individual cases, dis-
crepancy between the 2 techniques implies that there
may be adventitial dissections. A more complete clini-
cal assessment of stenosis severity requires both a
quantitative angiographic analysis as well as a func-
tional assessment.

Acknowledgment: We thank Ellen Mansour, BA,
Eunice Henderson, LVN, Jim Paynter, CPT, and Carol
DeBoer, RN, for their assistance in the performance of
this study.
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