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ABSTRACT To evaluate, during cardiac catheterization, what constitutes a physiologically signifi-
cant obstruction to blood flow in the human coronary system, computer-based quantitative analysis of
coronary angiograms was performed on the angiograms of 31 patients with isolated disease of the
proximal left anterior descending coronary artery. The angiographic severity of stenosis was compared
with the transstenotic pressure gradient measured with the dilatation catheter during angioplasty and
with the results of exercise thallium scintigraphy. A curvilinear relationship was found between the
pressure gradient across the stenosis (normalized for the mean aortic pressure) and the residual minimal
area of obstruction (after subtracting the area of the angioplasty catheter). This relationship was best
fitted by the equation: normalized mean pressure gradient = a + b-log [obstruction areal. r = .14. The
measurements of the percent area of stenosis (cutoff 80%) and of the transstenotic pressure gradient
(cutoff 0.30) obtained at rest correctly predicted the occurrence of thallium perfusion defects induced

by exercise in 83% of the patients.
Circulation 71, No. 2, 273-279, 1985.

IT IS UNCLEAR what degree of narrowing of a major
epicardial coronary artery will consistently lead to
myocardial ischemia during exercise.' Under experi-
mental conditions, a 50% reduction in the luminal di-
ameter can diminish the vasodilative reserve of the
coronary vascular bed, but the resting blood flow 1s
unaffected until the diameter stenosis exceeds 80% to
90%.> Moreover, an estimation of the severity ot a
stenosis based on the minimal cross-sectional area of
the vessel is a more accurate descriptor of its hemody-
namic impact than percent diameter narrowing, which
is the traditional method for grading coronary ste-
oses.”* Furthermore, previous investigators have
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demonstrated the value of quantitative coronary angi-
ography in assessing the physiologic significance ot a
coronary artery stenosis.””

In the clinical setting more precise assessment of the
relationship between the arteriographic degree of ste-
nosis and the actual impairment of perfusion 1s ham-
pered by several limitations, the major one being the
large intraobserver and interobserver variability in in-
terpretation of coronary angiograms.” ' Other limita-
tions include inconstant vasomotor tone,'' ' the fre-
quently irregular luminal geometry, and the extent o
which collaterals are present.

To study the relationship between the stenotic diam-
eter of a coronary artery and the pressure gradient
across its stenosis on the one hand and the extent of
myocardial ischemia induced by exercise on the other.
we selected patients with single-vessel disease of the
left anterior descending coronary artery for this study.
In these patients angiograms were obtained after intra-
coronary injection of nifedipine. The severity ot the
residual stenosis was measured by a computerized
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quantitative analysis procedure, while exercise-in-
duced 1schemia was assessed by means of stress thal-
lium scintigraphy.

Methods

Patients selection. Thirty-one consecutive patients with sta-
ble exertional angina pectoris were studied; all were candidates
for percutaneous transluminal angioplasty of an isolated proxi-
mal left anterior descending stenosis. All subjects gave in-
formed consent and no complications resulted from the study.
Details regarding the procedure used in our laboratory have
been previously described.!3- !4

Quantitative coronary angiography. The quantitative anal-
ysis of selected coronary segments was carried out with the help
of a computer-based Coronary Angiography Analysis System
(CAAS) that is described in another report in this issue of the
journal, as well as extensively elsewhere.!>-!% In short, the
boundaries of a selected coronary segment were detected auto-
matically from optically magnified and video digitized portions
of a cine frame. Calibration of the diameter data from the ves-
sels 1in absolute values (mm) was achieved by detecting the
boundaries of a section of the contrast catheter and comparing
the computed mean diameter in pixels with the known size in
millimeters. Strictly speaking, this calibration factor is only
applicable for coronary segments in the plane of the analyzed
catheter segment parallel to the image intensifier input screen.
The change in magnification for two objects located at different
points along the x-ray beam axis i1s about 1.5% for each centi-
meter that separates the objects axially with the commonly used
focus-image intensifier distances. In the present study the axial
distance between catheter and stenosis was short so that the
possible changes in the calibration factor were negligible and no
turther corrections were used. To correct the contour positions
of the arterial and catheter segments for the pincushion distor-
tion, a correction vector was computed for each pixel based on a
computer-processed cine frame of a centimeter grid placed
against the input screen of the image intensifier. 't

The procedure for contour detection requires the user to indi-
cate a number of center positions with the writing tablet proxi-
mal and distal to the lesion such that the straight line segments
connecting these points are within the artery. The first centerline
position was selected beyond the take off of large daughter
branches. The contours of the vessel were detected on the basis
of the weighted sum of first and second derivative functions
applied to the digitized brightness information with use of mini-
mal-cost criteria.

From the detected contours the diameter function, in absolute
millimeters, was determined. From the minimal value of the
diameter function determined by the computer and the mean
diameter value at the reference position, the percentage area
(% A) stenosis, assuming circular cross sections, was com-
puted as

% A stenosis =
|l — (minimal diameter/reference diameter)?] X 100

A representative example of an image with the detected con-
tours and the diameter function superimposed on the original
video frame is shown in figure |, A.

In arteries with focal obstructive lesions and clearly normal
proximal arterial segments, the choice of the reference region is
straightforward and simple. However, in cases in which the
proximal or distal part of the arterial segment shows combina-
tions of stenotic and ectatic areas, the choice may be very
difficult. Since the functional significance of a stenosis is related
to the expected normal cross-sectional area of the vessel at the
point of the obstruction, we used two methods to define the
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reference region: one is dependent on the user (user-defined
reference), while the other technique is based on the computer
estimation of the original arterial dimensions at the site of the
obstruction (interpolated reference).'®- ' For the latter method,
the computed reterence diameter function allows for tapering of
the vessel. An example of the resulting reference contours is
shown 1n figure 1, B. The interpolated percentage diameter
stenosis 1S then computed by comparing the minimal diameter
value at the obstruction with the corresponding value of the
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FIGURE 1. Detected contours for a representative stenosis of the left
anterior descending coronary artery superimposed on the original video
image. The diameter function is shown on the bottom. A, The reference
diameter (or area) selected was proximal to the stenosis. The calibrated
diameter values (in mm) are plotted along the ordinate starting from the
proximal to the distal part of the analyzed segment along the abscissa. A
percent area stenosis of 84% results. B, The normal size of the artery
over the obstruction has been estimated by the interpolated method. The
resulting reference contours are shown and the difference in area be-
tween this boundary and the detected contours is a measure of the

amount of atherosclerotic plaque (shaded area). A percent area of steno-
s1s of 83% results.
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reference diameter function at this position. As described ear-
lier, the percentage area stenosis can be calculated as well.

The validation of the techniques used has been described
extensively in the companion report.

In this study coronary angiograms were obtained within 5 min
after intracoronary injection of nifedipine (0.1 to 0.2 mg) to
obtain vasodilatation of the epicardial vessels and the relief of
any possible spasm.2- 2! Since the luminal cross section at the
site of the coronary obstruction is frequently irregular in shape,
especially after angioplasty,??: 23 the average obstruction area
and percent area obtained from multiple views were used (mean
of 1.7 views per segment). Since the presence of the dilatation
catheter within the stenotic lumen further reduces luminal area,
the difference between the area measured from the coronary
angiograms and the area of the balloon catheter (0.64 mm?) was
considered the actual residual lumen and related to the pressure
gradient measurements. The mean pressure gradient across the
stenotic lesion was measured with the dilatation catheter (mean
diameter of 0.9 mm, Schneider 20-30 or 20-37) before and
after angioplasty and calculated on-line after a data acquisition
period of 20 sec.*

Noninvasive testing. Exercise thallium-201 myocardial
scintigraphy was performed before angioplasty in seven pa-
tients, after angioplasty in 13 patients, and before and after the
procedure in 11 patients. Sequential imaging was performed
according to a standard protocol immediately after a symptom-
limited exercise test and again 4 hr later. Scintigraphy was
performed during the week before angiography (n = 18) and in
the 3 weeks after successful angioplasty (n = 24). No patient
had a recurrence of angina pectoris during this time interval.
During exercise three orthogonal leads (X, Y, and Z) were
monitored and analyzed as previously described.> The scinti-
graphic images were processed on a DEC gamma-11 system.=°
Basically, circumferential profiles were computed in three pro-
jections (anterior, 45 degree left anterior oblique, and 65 degree
left anterior oblique) within the automatically detected contour
of the left ventricle after background subtraction according to
Watson et al.2” The circumferential profiles, the processed 1m-
ages, and the analog Polaroid images were interpreted by three
independent observers who were unaware of the angiographic
data. The myocardial uptake of thallium was scored in 13 seg-
ments both for early and late exercise scintigrams in the follow-
ing manner: 0 = no thallium uptake; 1 = severely abnormal; 2
= definitely abnormal; 3 = doubtfully abnormal; 4 = normal.
These scores were summed per patient and the difference be-
tween late and early postexercise sums was taken as a measure
of the amount of redistribution. By this approach, ischemia was
considered to be present if at least two observers found that the
redistribution score was 2 or more points higher than the early
postexercise score. Since only patients with single-vessel dis-
ease were included. stenosis of the left anterior descending
artery was assumed to be responsible for the regional defects
observed in the anteroseptal, anterior, and anterolateral as well
as apical segment.-®

Statistical analysis. Simple regressions were used to find the
best-fit relationship between the pressure gradient and the ob-
struction area. The Student t test for paired data and linear least
squares regressions were used to compare the interpolated and
user-defined percent area of stenosis. One-way analysis of vari-
ance followed by multiple comparisons was used to compare the
angiographic measurements among three subgroups of patients.
Data are expressed as mean = SD.

Results

The absolute dimensions of the minimal obstruction
area are listed in table 1 and are ranked from the mini-
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TABLE 1
Results of quantitative angiography and exercise testing/

Patient Time Obstr Inter User
No. oftest area A st. A st. AP/AoP AP ECG *°'Tl

l b 0155898 96 0273 = == o1z
2 b 0:30°7:98 94 0.49 5 + —
3 b 0:361 19 97 0.87 + +
A b 0.45 96 84 0.46 + 5
> b 0:38 96 94 0.54 = = +
6 b 0:58 " 92 91 0:55 = = =
7 b 0I6>" 93 90 0.74 = o IF
8 b 0.80 90 &) 0.38 =R DL e —
9 b 0.88 89 89 0.63 = +- +
10 b 0.92 90 75 0.73 + = +
| ] b 0.98 80 85 0.67 = = b
12 d 15230 70 7 0.29 = = =

3 a 558 2 55 0.16 = 2 =
4 b RG89 84 0.43 = e +
1S b Val4! 91 89 0.65 + + +
16 b .77 89 (—) 0.60 + = +
17 b 2.06 88 90 0.39 0 BB -k
18 b 2.09 88 87 0.72 = s +
19 b 2:38: | 62 69 0.39 = BBR %t
20 a P e] T T 5. 12 0.10 S NB B —
21 a 2.83 38 03 0.13 = = —
22 a 2.95 34 50 0.18 + = =
23 a 3:00:5 " 5 65 0.10 = = =
24 a 3.11° 54 64 0.13 = +- —
23 a 3.14 60 (—) 0.09 = = =
26 a 3.14 44 32 0.06 = = =
21 a 34T V66 635 0.28 = = =
28 b 33301516 035 0.15 = = +
29 a 3.70 .. 6 54 0.34 =i A +
30 a 394 ol 30 0.16 = = =
31 a 4.12 48 39 O.11 = = =
32 a 4.16 66 48 0.16 = + =
33 a 4.26 - 31 45 0.21 = g ==
34 a 4.34 65 56 0.04 = = =
35 a 4.95 ;.37 52 0.00 = = =
36 a 5.68 44 43 0.16 = = =
37 a 6.20 62 67 0.18 o = —
38 a 7.07 64 53 0.21 = = 5
39 a 7.9005 " 60 57 0.10 = = =
40 a 8.29 6 |4 0.21 = + =
41 a 9.90 30 21 0.07 = — —
42 a 17.87 6 6 0.06 = — =

H

b = before PTCA: a = after PTCA: Obstr. area = area of obstruc-
tion (in mm?); A st. = percent area stenosis; inter = interpolated

l

reference region; user = user-defined reference region; (—) = missing

data;: AP/AoP = mean pressure gradient normalized for mean aortic
pressure; AP = angina pectoris; ECG = ST depression =0.1 mV:
20171 = redistribution from exercise to rest scintigram; + = present:
— = absent; BB = bundle branch block.

ASee National Auxiliary Publication Service document No. 04255 for
2 pages of supplementary material. Order from NAPS c¢/o Microfiche
Publications, P.O. Box 3513, Grand Central Station, New York, NY
10163. Remit in advance in U.S. funds only $7.75 for photocopies or
$4.00 for microfiche. Outside the U.S. and Canada add postage of
$4.50 for the first 20 pages and $1.00 for each additional page; $1.50 for
microfiche postage.
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mal obstruction of 0.15 mm- to the maximal value of
[7.9 mm-°. The interpolated and user-defined percent
areas stenosis are shown as well. The user-defined
reference region was proximal to the stenosis in all but
10 patients in whom 1t was distal because of the take-
oft of the left circumflex artery just before the stenosis.
There was no significant difference between the inter-
polated and user-defined percent area stenosis: the dif-
ference between paired data was 1.7 = 10 and the
correlation coefficient was .91 (interpolated percent
area of stenosis = 0.95 user-defined area + 4.8; SEE
= 10). When the mean pressure gradient across the
stenosis normalized for the mean aortic pressure was
compared with the residual obstruction area after sub-
tracting the balloon area (figure 2), a nonlinear rela-
tionship was found that can be described by the
equation

AP/AoP = a + b-log |obstruction areal

wherea = 0.35andb = —0.12 (r = .74). There is a
steep increase in pressure gradient once a critical value
of 2.5 mm- of the stenotic segment is reached. In seven
cases, the catheter used for angioplasty almost totally
obstructed the vessel. The computed reduction in
cross-sectional area 1s also related to the pressure gra-
dient (figure 3). Here, the steep increase in pressure
gradient is observed once a critical reduction of 80% of
cross-sectional area 1s reached.

During the exercise test, the maximal workload
averaged 85 = 17% of the predicted value. According
to the results of thallium scintigraphy, three types of
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FIGURE 2. The relationship between the mean pressure gradient nor-
malized for the mean aortic pressure and the residual obstruction area (in
mm-) (after subtraction of the area of the angioplasty catheter) is nonlin-
car: the best fit is obtained by the logarithmic function (r = .74). Filled
symbols represent stenoses in which the catheter totally obstructed the
vessel.
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FIGURE 3. The relationships among mean normalized [;rcssure gradi-
¢nt, percentage area stenosis, and the results of thallium scintigraphy
are shown. Open circles represent patients with normal scintigrams
(group I, n = 25), half-filled circles represent patients with abnormal
thallium but normal exercise tests (group I, n = 7)., and filled circles

represent patients with both abnormal thallium and exercise tests (group
[Il, n = 10).

responses are observed. In group I patients (n = 25),
scintigrams were normal, with either a normal or ab-
normal exercise electrocardiogram. In group II pa-
tients (n = 7), thallium scintigrams were abnormal
while exercise test results were normal. In group III
patients (n = 10), both thallium scintigrams and exer-
cise test results (angina and/or ST segment changes)
were abnormal. The percent area stenosis was 55 =+
23% n group I, 74 = 17% in group I, and 90 *+ 4% in
group IIl. The mean pressure gradient was 0.18 =
0.131n group I, 0.44 = 0.23 in group II, and 0.62 =+
0.15 1n group III. The pressure gradient measurements
discriminated better between the groups than the area
stenosis measurements (table 2). When both param-
eters were used, two groups of data points were delin-
eated, as shown 1n figure 3. With use of cutoft values
of 0.30 for the pressure gradient and 80% for the re-
duction in cross-sectional area, the results of exercise
thallium scintigraphy were correctly predicted from

TABLE 2
Noninvasive test results and angiographic estimates of severity of
stenosis

90 Area Mean pressure
Stenosis gradient
Group I (Tl —) 25 ¢ 09285 0.18+0.13—
i NS B A
Group II (TI+/ET —) 7 14+ 173 0:44 +0:23=
NS NS
Group III (TI+/ET+) 10 —90+4— —0.62+0.15-

ET = exercise test result; + = abnormal: — = normal: NS =
nonsignificant; other abbreviations are as in table 1.
Ap < .005; Bp < .001.
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the angiographic data in 83% of the patients. An ab-
normal scintigram was obtained in 13 of the 16 patients
with pressure gradients of at least 0.30 and percent
areas stenosis greater than or equal to 80% (sensitivity
of 81%). Two of three patients with normal thallium
uptake and exercise tests had important collaterals ap-
parent on their angiograms. Conversely, thallium up-
take was normal in 22 of the 24 patients with pressure
gradients less than 0.30 and areas stenosis less than
80% (specificity 92%). Similar figures were found
when the user-defined percent area was used instead of
the interpolated values (sensitivity 85%, specificity
87%).

Discussion

[n this study, we selected the simplest human prep-
aration available to assess the relationship between the
angiographic severity of stenosis and the inducibility
of regional perfusion defects during exercise thallium
scintigraphy. Attempts to correlate closely the anato-
my of a coronary stenosis and its physiologic signifi-
cance are hampered by the large intraobserver and
interobserver variability” '’ that results from subjective
visual scoring of coronary angiograms and from incon-
stant vasomotor tone. To circumvent these limitations,
coronary angiograms were obtained in this study atter
intracoronary injection of nifedipine and cine films
were quantitated with a computerized edge-detection
technique. Since part of the results are expressed 1n
terms of percent area (or diameter) of stenosis, a criti-
cal point is the one at which the user chooses an ap-
propriate reference area (or diameter). When a large
vessel gives rise to a major daughter branch, the cross-
sectional area of the main vessel distal to the branch
point is significantly less than its area proximal to the
branch point; hence, the choice of a proximal reference
would not be appropriate. Conversely, the choice of an
appropriate distal reference is often hampered by the
presence of poststenotic ectasia and by anatomic taper-
ing. Therefore, an alternative method was developed,
similar to that used by Crawford et al.,*” which is based
on the computer estimation of the ‘‘original contour of
the preatherosclerotic lumen’’ and allows for tapering
of the vessel.

The difference in area between the original lumen
and the contours of the obstruction is a measure ot the
atherosclerotic plaque. Crawford et al. have demon-
strated that such angiographic assessment of amounts
of atherosclerotic plaque by computer densitometry
correlated with the cholesterol content in the corre-
sponding human arterial specimen. Their approach in-
cludes use of both density and edge measurements:

Vol. 71, No. 2, February 1985

among these, the computer-detected luminal size with
taper yields the best correlation with the pathologic
data.” The data of Crawford et al. pertain to non-
branching segments of temoral arteries; their method
has not been validated in coronary arteries in which
changes in luminal caliber occur predictably at branch-
iIng points and not as a result of tapering.” In the
present as well as in earlier studies,* *' the user-de-
fined and interpolated measurements are closely corre-
lated. However, for the analysis of repeated angio-
grams,’> * the knowledge of the exact location of the
reference region (either proximal or distal to the
stenosis) 1s not required when the interpolated method
1s used. For these theoretical and practical reasons, we
favor the use of an automated definition of the
reference area (or diameter) with the interpolated
technique.’* %

From these data, obtained in a clinical setting, a
curvilinear relationship was found between the pres-
sure drop across the stenosis and the minimal obstruc-
tion area as well as the percent cross-sectional area
reduction. Both relationships are similar to those cal-
culated on theoretical grounds by Brown et al.** as well
as to those experimentally derived from isolated hu-
man arteries® or in canine experiments.” Such a curvi-
linear relationship i1s expected from the general equa-
tion of fluid dynamics showing that a pressure drop
across a stenosis is influenced mainly by viscous losses
in the stenotic segment and separation losses at the exit
of the stenosis. For a given level of flow, the single
most important determinant of stenosis resistance 1s its
minimal cross-sectional area, which appears as a sec-
ond-order term in both viscous and separation loss
equations. In the animal laboratory, a coronary steno-
sis can be characterized precisely by simultaneous
measurements of flow and stenotic gradient and related
to the quantitative assessment of geometry of stenosis.
[n such an experimental setting, blood flow velocity
and pressure drop across the stenosis are correlated 1n
an exponential fashion.™

Recently, coronary blood flow velocity measure-
ments were obtained in patients during heart surgery
and related to the results of computer-based analysis of
their coronary angiograms.* ‘" It was shown that the
minimal cross-sectional area was the best predictor of
the physiologic significance of a coronary stenosis.
During cardiac catheterization, the pressure-flow rela-
tionship across a coronary stenosis cannot be deter-
mined, although the feasibility of transluminal mea-
surements of coronary blood flow velocity has been
reported recently.* However, the pressure distal to a
coronary stenosis is measured routinely during the
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transluminal angioplasty procedure. This has stimulat-
ed the development of very small catheters for the
Investigation in vivo of the tunctional significance of
pressure gradient measurements.”” The physiologic
value of these measurements, even those obtained with
the smallest catheters, must be questioned since the
catheter impedes flow through the obstruction. Experi-
mental data obtained 1n canine femoral arteries suggest
that the ““true’’ lesional gradient 1s overestimated in a
predictable manner dependent on the ratio of the diam-
eter of the catheter over that of the stenosis.* In addi-
tion, the mean pressure gradient 1s affected by phasic
changes in flow velocity.’ The distal coronary pres-
sure may be aftected by collaterals and 1s entirely de-
termined by collateral flow when the catheter used for
angioplasty totally obstructs the vessel. In spite of
these limitations, Vogel et al.*' have shown that the
mean pressure gradient measured across the stenosis
during angioplasty predicted accurately the coronary
flow reserve measured by digital angiography, as the
ratio of hyperemia over control myocardial contrast
appearance time. In the present study, the gradient was
related in a curvilinear way to the actual luminal area
obtained by subtracting the area of the deflated balloon
catheter from the minimal obstruction area as assessed
by quantitative angiography.

The major finding of this study was that the combi-
nation of pressure drop measurements across the steno-
s1s, with quantitative assessment of luminal narrow-
ing, predicted the occurrence of exercise thallium
perfusion abnormalities better than did the measure-
ment of the stenotic area alone. With the cutoff values
of 0.30 for the pressure gradient and 80% for the per-
cent reduction 1n cross-sectional area, the results of
exercise thallium scintigraphy were correctly predicted
from the angiographic data in all but six patients. In
four of these, thallium perfusion abnormalities oc-
curred without signs of ischemia in the presence of a
noncritical cross-sectional stenosis area of about 60% .
These discrepancies are not surprising since many oth-
er factors, such as blood density, viscosity, length of
stenosis, and divergence angle were not accounted
for.”* > Two patients had normal scintigrams and exer-
cise test results although ischemia was expected from
the angiographic measurements. This could be the re-
sult of the presence of coronary collaterals, as apparent
on their angiograms, since previous work suggests that
their presence can prevent the occurrence of thallium
perfusion defects during exercise.** *

In summary, the functional significance of coronary
stenosis can be evaluated in patients at rest by quantita-
tive analysis of coronary dimensions and transstenotic
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pressure gradient measurements. In patients with sin-
gle-vessel disease of the left anterior descending coro-
nary artery this allowed i1dentification, while they were
at rest, of those lesions responsible for thallium perfu-
sion defects induced by exercise.

We thank Nella Speelman and Gusta Koster for expert and
patient preparation of the manuscript. The angiograms were

analyzed by Pauli van Eldik. We acknowledge Jan G. P. Tijssen

for his statistical advice.
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