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Correlation of Minimum Coronary h&n Diameter 
with Left Ventrkular htictional Impairment 

induced by Atrial Pacing 

JONATHAN TOBIS, MD, DAVID SATO, MD, ORHAN NALCIOGLU, PhD, 
WARREN D. JOHNSTON, MD, JOHN MALLERY, MD, JACKIE SEE, MD, 

LIAN QU, MS, TIM REESE, BS, JIM PAYNTER, RCPT, STEVE MONTELLI, CRT, 
arid WALTER L. HENRY, MD 

To understand whether quantitative measurement of 
minimal coronary luminal diameter is a better meth- 
od than percent diameter narrowing for assessing 
tlie functional impairment of mydcardial contractility 
produced by coronary artery stenoses,, measure- 
ments were made from 37 stenotic segments in 27 
patients with coronary artery disease and from cor- 
responding segments in 10 subjjcts without coro- 
nary artery narrowing. An assessment of the reli- 
ability of the 2 types of measurements was made 
by correlating them with the physiologic parameters 
of both segmental wall motion and global ejection 
fraction response induced by atrial pacing. Digitally 
acquired coronary angiograms were used to facili- 
tate quantitative analysis. fvieasurements by edge 
detection and videodensitometry correlated closely 

(r = 0.94). Percent diameter narrowing correlated 
moderately with the change in ejection fraction (r = 
-0.41) or with the change in segmental wall mo- 
tion (r = -0.44). The measurement of minimal lu- 
men diameter correlated with the change in global 
ejection fraction (r = 0.61) and did so,even better 
with the change in segmental wall motion (r = 
0.76, p <0.05). A minimal lumen diameter of 11.5 
mm identified patients likely to have a functionai im- 
pairment during atria1 pacing as assessed by either 
global ejection fraction or segmental wall motion 
defects We conclude that minimal coronary luminal 
diameter provides a better method than percent di- 
ameter narrowing calculations to measure the ana- 
tomic severity of coronary artery narrowing. 

(Am J Cardiol 1966;61:697-703) 

t 
1 he severity of coronary artery disease [CAD] is usu- 

ally graded from angiograms by the percent narrowing 
between the stenotic segment and a more proximal 
normal portion. lp2 Therefore, percent diameter nar- 
rowing is a relative number that depends both on the 
size of the narrowed as well as the presumed normal 
segments. One problem with this method of measure- 
ment is that identification of the presumed normal 
region is arbitrary. In addition, pathologic studies indi- 
cate that atherosclerosis is present to a variable degree 
in a large portion of so-called normal segments3 An 
alternative method of performing quantitative analysis 
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of coronary angiograms is to measure the minimal lu- 
men diameter instead of the percent diameter narrow- 
ing at the region of maximal arterial narrowingS4 Theo- 
retically, this minimal lumen diameter would be a 
more accurate way of comparing studies or interpret- 
ing the results of coronary angioplasty. However, there 
have been no clinical studies demonstrating that mea; 
surements of minimal lumen diameter correlate better 
than ,percent diameter narrowing with functional de- 
terminations of the severity of disease. The purpose of 
this study was to assess the correlation of both percent 
diameter narrowing and minimal lumen diameter 
with functiona measurements of global ejection frac- 
tion and segmental wall motion during ischemia in- 
duced by atria1 pacing. 

Methdds 
Angiographic technique: Coronary angiograms 

were obtained by on-line digital acquisition. Images 
were exposed on a 7-inch image intensifier at a nomi- 
nal focal spot of 1.2 mm. The images were converted 
by an on-line video image processor (Fischer DA-loo] 
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696 STENOSIS DIAMETER AND WALL MOTION IMPAIRMENT 

into a 512 X 512 X 8 bit matrix and stored digitally on a 
475 megabyte rapid parallel transfer disk [Fujitsu]. Se- 
lective coronary angiograms were obtained in orthogo- 
nal right and left anterior oblique projections with cra- 
nial and caudal angulation. A more detailed descrip- 
tion of our digital coronary acquisition and validation 
method as compared with 35mm film cineangiogra- 
phy has been reportedm5 

Cardiac catheterization was performed by retro- 
grade cannulation from the femoral artery and coro- 
nary angiograms were obtained and reviewed. A base- 
line digital subtraction left ventriculogram was then 
performed.6r7 If there were no contraindications, an 
atria1 pacing study was carried out. Contraindications 
to atria1 pacing included significant left main disease, 
unstable angina, recent myocardial infarction (<3 
months), cardiomyopathy or valvular heart disease. 
Left ventriculograms were performed in the 30’ right 
anterior oblique projection to identify wall motion ab- 
normalities in the distribution of the left anterior de- 
scending and right coronary arteries. To compare re- 
sults of global ejection fraction and segmental wall 
motion in the right anterior oblique projection, no pa- 
tients were included with predominant lesions in the 
circumflex artery (which would require left ventricu- 
lograms in the left anterior oblique projection to visu- 
alize lateral wall motion abnormalities). 

Pacing protocol: After the resting digital left ven- 
triculogram was obtained, 6Fr pacemaker electrode 
was inserted into the femoral vein and passed under 
fluoroscopic control to the lateral wall of the right atri- 
um. The right atrium was stimulated at 2 mA initially at 
a rate of 10 beats/min above the patient’s heart rate at 
rest. The rate was increased in increments of 10 beats/ 
min every minute until chest pain developed or until a 

FIGURE 1. Thisdigital coronary angiogram of a right coronary artery 
demonstrates a severe obstruction in the middle segment. Two 
regions of interest are defined at the obstruction and at a more 
proximal (assumed normal) segment. Because the image is already 
in a computerized format, the density of contrast within the lumen is 
calculated and plotted with the Y axis representiing relative density 
and the X axis corresponding to a 50-pixel wide segment perpendic- 
ular to the long axis of the artery. The densitometric boundary of the 
artery is then chosen and the percent area stenosis is calculated. 

heart rate of 150 beats/min was reached. If atrioven- 
tricular Wenckebach block developed, 1 mg of atro- 
pine was administered intravenously and the pacing 
study continued. When the endpoint was achieved, 
another digital left ventriculogram was performed and 
the pacemaker was then turned off. 

Quantitative analysis: After the catheterization 
was completed, the coronary angiographic images 
were recalled from computer memory. An individu- 
al frame was chosen from either the right anterior 
oblique or left anterior oblique projection which most 
clearly demonstrated the stenotic segment. Studies 
were chosen for analysis if the stenosis involved the 
proximal half of the right coronary artery or the left 
anterior descending coronary artery. This digital im- 
age was in an unsubtracted format, all calculations of 
the severity of coronary artery narrowing being made 
from the unsubtracted image so that measurement er- 
rors due to misregistration would not be introduced. 
The observer chose the stenotic portion of the image 
and the computer digitally magnified the area of in- 
terest &fold. Two different methods of quantifying 
the stenosis were used. The first was an edge-detec- 
tion meihod with the operator choosing the diameter 
boundaries of the prestinied normal and steriotic arte- 
rial segments. The image was magnified so that the 
catheter was displayed on the monitor screen and the 
edges of the catheter were defined by the operator. 
The routine angiographic catheters had been mea- 
sured by Vernier calipers and these known tieasure- 
ments were used to calibrate the pixel dimensions of 
the digital image. Because the image was already in a 
digital X-Y coordinate matrix, the measurements of 
relative percent stenosis as well as absolute lumen 
,dimensions could be quickly derived. 

The second method of measurement of the stenosis 
was by videodensitometry [Figure 1). Because the un- 
subtracted digital images were logarithmically ampli- 
fied to correct for exponential x-ray absorption, the 
digital number in each pixel corresponded to the 
thickness of the contrast material that the x-rays tra- 
versed. The observer chose the normal and stenotic 
segments by placing a rectangular region of interest 
over portions of the coronary image. The underlying 
background densities not due to contrast media in the 
arterial lumen were subtracted out by a linear averag- 
ing method, with the densities at the 4 corners of the 
region of interest used to estimate the underlying back- 
ground.8 In order to assure that a reasonable back- 
ground measurement was obtained, the computer dis- 
played the density profile of the tirt&rial segment 
across the width of the artery. The observer could then 
alter the width of the region of interest so that it was 
just beyond the densitometric edge of the image as 
determined by the sharp inflection of the density pro- 
file. After subtracting out background densities, the 
density within each region of interest corresponded to 
the volume of contrast within the lumen. When divid- 
ed by the height of the region of interest, this number 
corresponds to the cross-sectional area. The ratio of 
the densities at the stenotic and presumed normal seg- 
ments was used to compute the percent area stenosis. 
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In order to compare videodensitometric results with 
the edge detection method, the percent diameter nar- 
rowing was derived from the percent area stenosis by 
assuming a circular cross section for the 2 segments. 
The minimum lumen diameter was then derived by 
using the width of the catheter to calibrate the dis- 
tances in the image. The measurements of all the ste- 
noses were performed by 2 independent observers. 
The first observer identified the regions of the artery to 
be measured and recorded their location with Polar- 
oid@ film so that both observers would derive mea- 
surements from approximately the same segments. 

The digital left ventriculograms were analyzed by 
standard area-length methods for calculating volumes 
and ejection fraction.g The images were recalled from 
computer memory and processed by mask mode sub- 
traction using a 10 to 15 frame blurred mask to enhance 
contrast.lO The operator outlined the boundary of the 
end-diastolic and end-systolic images using the cursor 
of the computer graphics system. A separate wall mo- 
tion analysis was performed on the ventricular bound- 
aries using the method developed by Alderman et all1 
In this analysis, the perimeter of the left ventricle in 
the right anterior oblique projection was divided into 5 
segments (anterobasal, anterior, apical, diaphragmatic 
and posterobasal]. The wall motion in these segments 
along radians was calculated and a percent of area 
segmental motion derived. 

The relative amount of radial area shortening can 
be compared to a graph of wall motion based on nor- 
mal subjects. For the purpose of this study, the percent 
of segmental area shortening was calculated at rest 
and during atria1 pacing. The value at rest was sub- 
tracted from the value during pacing so that an in- 
crease in contractility during pacing would appear as a 
positive number and a decrease in contractility as a 
negative number. Similarly, the change in global ejec- 
tion fraction was calculated as the value at rest sub- 
tracted from the value during pacing; thus, a fall in 
ejection fraction during pacing would appear as a neg- 
ative value. 

Statistical analysis: The measurements of percent 
diameter narrowing by the edge detection and video- 
densitometric techniques were compared by a linear 
regression analysis. The measurements of percent di- 
ameter narrowing and minimal lumen diameter were 
correlated to the change in global ejection fraction as 
well as to the change in segmental wall motion by 
separate linear regression analyses. Volumetric pa- 
rameters at rest were compared with the values during 
pacing by a paired t test. Differences between groups 
of patients were compared with an unpaired t test. 

Results 
There were 41 patients who underwent atria1 pac- 

ing studies. Four of these studies were excluded be- 
cause either the resting or pacing left ventriculogram 
was not sufficiently opacified or it had multiple pre- 
mature ventricular contractions which could have af- 
fected the wall motion analysis. There were 10 patients 
with chest pain syndromes who were found to have 
normal coronary angiograms and had atria1 pacing 

TABLE I Patients with Coronary Artery Disease 

Atrial 
Rest Pacing 

Clinical 
Variables (n = 27) (n = 27) 

Heart rate (beatslmin) 
End-diastolic volume (ml) 
End-systolic volume (ml) 
Stroke volume (ml) 
Ejection fraction (%) 
Segmental wall 

radial shortening (%) 

69 f 9 137 f 13” 
153 f 43 103 f 33’ 

59 zt 37 51 f 36t 
90 f 30 52 f 20” 
64f 15 54 f 20” 

60 f 22 48 f 28+ 

* p <o.ooi; t p <0.02. 

studies performed. In the 27 patients with coronary 
artery narrowing, 22 were men and 5 women. The 
mean age was 54 f 10 years. There were 35 narrowed 
coronary segments measured. There were 19 patients 
with l-vessel disease and 8 with narrowed segments 
in both the left anterior descending and right coro- 
nary arteries; however, the second stenosis measured 
<5O% and was judged not to be significant angio- 
graphically. Patients with c.omplete occlusions or those 
with evidence of collateral blood supply were exclud- 
ed. Of the 27 primary stenoses analyzed, 18 were in the 
left anterior descending, 8 in the right coronary artery 
and 1 was in a large diagonal artery. In the 27 patients 
with stenoses, the atria1 pacing study induced chest 
pain in 15 (56%) and positive electrocardiographic cri- 
teria for ischemia was induced in only 8 (35%). 

The mean percent diameter narrowing of the 27 
primary lesions was 60 f 16% when measured by the 
edge detection technique and it was not significantly 
different when measured by videodensitometry (60 f 
18%]. The minimal lumen diameter was calculated to 
be 1.4 f 0.6 mm by the edge detection method and 1.4 
f 0.7 mm by the densitometric technique (p = not 
significant]. There was a close correlation (r = 0.94) 
between measurements of individual stenoses by edge 
detection and videodensitometry over the 0.4 to 2.8 
mm range. In addition, interobserver variability was 
very close with either edge detection (r = 0.90) or 
videodensitometric technique (r = 0.89). There was no 
difference in the mean measurement of minimal lu- 
men diameter for the left anterior descending artery 
obstructions (1.2 f 0.4 mm] versus the right coronary 
artery obstructions (1.6 f 0.6 mm). 

The mean age of the 10 patients without CAD was 
53.6 years (range 36 to 651, which was not different than 
the mean age of the patients with CAD. ‘The mean 
ejection fraction at rest was 66 f 7% and increased to 
72 f 5% at peak pacing (p <O.OOl]. The results of the 
ventricular volumetric measurements for the 27 pa- 
tients with CAD are listed in Table 1. The mean resting 
global ejection fraction was 64 f 15%. At the peak 
heart rate achieved during atria1 pacing, the mean 
ejection fraction fell to 54 f 20% (p <O.OOl). 

Segmental wall motion was quantified for the por- 
tion of the ventricular perimeter in the right anterior 
oblique projection expected to be affected by the ste- 
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notic artery: the anterobasal or anterior wall for lesions 
in the left anterior descending and diaphragmatic or 
posterobasal segments for patients with right CAD. For 
the wall section affected by the stenotic artery, the 
mean segmental radial area shortening was 60 f 22% 
at rest; during pacing, this value decreased to 48 f 28% 
(p <O.Oi). This segmental wall motion response to pac- 
ing was significantly different from the increase ob- 

EFFECT OF ATRIAL PACING 

I = -6.44, SEE = l&1 
50 

240 

-50 ! I I I, I I I 
0 20 40 60 60 100 

DIAMETER PERCENT STENOSIS 

FIGURE 2. Measurements of percent diameter narrowing correlated 
moderately (r = -0.44) with the change in segmental (SEG) wall 
motion from rest to peak pacing. The primary stenosis in each of the 
27 patients with coronary disease was measured and compared 
with the effect of atrial pacing on the corresponding wall segment. 
SEE = standard error of the estimate. 

EFFECT OF ATRIAL PACING 

-so! ,,,,,,,,,,,,,,1 
0.00 0.40 0.60 1.20 1.60 2.00 2.40 2.50 

MINIMUM LUMEN DIAMETER (mm) 

FIGURE 3. The minimum lumen diameter In millimeters correlated, 
more closely with the change in segmental (SEG) wall motion (r = 
0.78) than did measurements of percent diameter narrowing over a 
wide range of mild to severe stenoses. SEE = standard error of the 
estimate. 

served in the segmental area shortening of patients 
without CAD (from 61 f 11% at rest to 79 f 9% during 
peak pacing, p <O.OOl). 

The ‘correlations between percent diameter nar- 
rowing or minimal lumen diameter and global ejection 
fraction or segmental radial wall motion are demon- 
strated in Figures 2 through 6. The percent diameter 
narrowing correlated moderately with the change in 
global ejection fraction from rest to peak pacing rate (r 
= -0.41). There was a similar correlation between per- 
cent diameter narrowing and the change in segmental 
radial wall motion (r = -0.44) [Figure 2). The determi- 
nation of minimal lumen diameter yielded a closer 
correlation with the change in global ejection fraction 
(r = 0.61). However, the closest correlation was be- 
tween the minimal lumen diameter and the change in 
segmental radial wall motion: r = 0.78 (Figure 31. The 
effect of atria1 pacing in patients with CAD was com- 
pared with the effect of anterior and diaphragmatic 
segmental wall motion in the 10 normal subjects (Fig- 
ure 4). 

The relation between minimal lumen diameter and 
change in ejection fraction due to atria1 pacing also 
was categorized as shown in Figure 5. h-r this figure, the 
results in the 10 normal subjects are compared with the 
patients whose primary stenoses were divided be- 
tween those with a minimal diameter 11.5 mm (17 
patients) and those with >1.5 mm (lo]. A minimal lu- 
men diameter 11.5 mm tended to separate those pa- 
tients who had a positive outcome in their atria1 pacing 
study (defined as >4% fall in ejection fraction] from 
those who had a normal response (p <O.OOl). A similar 
analysis of the relation between minimal lumen djam- 
eter and change in segmental radial wall motion is 

EFFECT OF ATRIAL PACING 

--I I I I , 
0.00 l.bO 2.bo 3.00 4.bO 

MlNlMUkj LUMEN DIAMETER (mm) 

FIGURE 4. The effect of atrial pacing in 27 patients with coronary 
disease ( n ) and in 10 subjects with angiographically normal coro- 
nary arteries (i) is demonstrated. The measurement of the stenotic 
lumen or the normat arterial diameter in normal subjects is com- 
pared with the effect of pacing on the change in segmental (SEG) 
wall motion shortening. 
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shown in Figure 6 for the segmental areas perfused by 
the left anterior descending coronary artery and in 
Figure 7 for the areas perfused by the right coronary 
artery. A minimal arterial diameter of 11.5 mm tended 
to identify those patients likely to have an abnormal 
response in segmental wall motion during atria1 pac- 
ing. The normal response to pacing revealed a mean 
increase in segmental area shortening of 18 f 11% in 
the area perfused by the left anterior descending arery 
and 8 f 9% in the area perfused by the right coronary 
artery (p <0.05]. The minimal lumen diameter of 11.5 
mm significantly separated the patients with abnormal 
responses for both the right coronary artery and left 
anterior descending artery. However, there was some 
overlap among patients with left anterior descending 
artery narrowing between 2.2 and 1.6 mm. Moreover, 
there was no difference from normal segmental mo- 
tion in the patients with right coronary artery narrow- 
ing between 2.2 and 1.6 mm. 

EFFECT OF LUMEN DIAMETER ON GLOBAL 
EJECTION FRACTION RESPONSE 
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FIGURE 5. The 27 primary stenoses were separated into 2 groups- 
those with lumens from 0.5 to 1.5 mm and those from 1.6 to 2.2 mm. 
All were compared with normal lumen dimensions (2.3 to 4.4 mm) 
to assess the effect of atrial pacing on global ejection fraction. 
Coronary arteries with minimal lumen diameters <1.5 mm mani- 
fested a significant reduction in ejection fraction during pacing. 

Discussion 
Assessment of the severity of coronary artery nar- 

rowing is made primarily by angiographic determina- 
tion of the percent of diameter narrowing relative to an 
assumed normal portion of the artery. This determina- 
tion may be misleading for several reasons. Of greatest 
importance, pathologic studies have demonstrated that 
atherosclerosis is a diffuse process and even when the 
angiogram only demonstrates a single stenosis, <25% 
of the length of the arteries will be free of disease and 
truly norma13J2 In addition, stenoses commonly occur 
at bifurcations so that it may be difficult to identify a 
normal proximal portion of the same arterial segment. 
Consistent with these observations, the study of White 
et all3 reported that measurements of percent diameter 
narrowing correlate very poorly with a physiologic 
assessment of stenosis severity determined by hyper- 
emit flow response after temporary coronary occlu- 
sion during open heart surgery. Legrand and cowork- 
ers14 found a similar poor correlation between mea- 

EFFECT OF LAD LUMEN DIAMETER ON 
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FIGURE 6. The severity of the stenoses in the left anterior descend- 
ing (LAD) artery demonstrated a progressively impaired response 
to atria1 pacing as measured by the change in segmental anterior 
wall shortening. The group of patients with a minimal lumen diame- 
ter of 1.5 mm or less had a more severe functional response to 
stress induced by atrial pacing. 
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surements of percent stenosis and coronary blood flow 
reserve, as measured by digital flow maps after a hy- 
peremic stimulus. 

For these reasons, percent diameter narrowing 
measurements are flawed as a quantitative method of 
assessing the severity of CAD. In addition, there is 
frequent disagreement between observers about the 
severity of a stenosid5J6 and it has been suggested that 
minimum lumen dimensions [either cross-sectional 
area or linear diameter) would be preferable to using 
percent diameter narrowing to assess the severity of 
CAD.17 Harrison et al found that the minimal lumen 
diameter correlated better with the hyperemic flow 
velocity response after 20 seconds of occlusion of the 
left anterior descending artery.17 Our data, using the 
changes in wall motion during atria1 pacing in con- 
scious patients, are very similar to their results. In ad- 
dition, both studies found that an arterial diameter of 
<l.5 mm was predictive of an abnormal physiologic 
response. Our data extend these findings to the right 
coronary artery as well as the left anterior descending. 
In addition, the data show that measurements of mini- 

EFFECT OF RCA LUMEN DIAMETER ON 
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FIGURE 7. The right coronary artery (RCA) stenoses appeared to 
have a higher threshold than the left anterior descending stenoses 
for demonstrating a functional impairment to atrial pacing as mani- 
fested by a reduction in segmental wall motion. Only stenoses of 1.5 
mm or less had a significant response to atrial pacing. 

ma1 lumen dimensions predict clinical results better 
than does percent diameter narrowing. 

In the present study, atria1 pacing stress tests were 
used as a functional assessment of stenosis severity for 
comparison with coronary angiographic determina- 
tions of stenosis severity .18Jo In the 27 patients with 
CAD, measurements of percent diameter narrowing 
and lumen diameter by edge detection or videodensi- 
tometry correlated closely (r = 0.94). Both percent di- 
ameter narrowing and minimal lumen diameter corre- 
lated with the change in global ejection fraction (r = 
-0.41 and I: = 0.61, respectively]. However, it was rec- 
ognized that the correlation may have been reduced 
when using global ejection fraction as the measured 
parameter because the myocardial wall supplied by 
the normal nonstenotic segments may compensate for 
diminished motion in the affected myocardium. Local- 
ized segmental wall motion was analyzed to isolate the 
effect of ischemia due to a specific stenosis. The result 
was a correlation of percent diameter narrowing with 
segmental wall motion (r = -0.44), similar to that ob- 
tained with global ejection fraction (r = -0.41). This 
result may be explained because percent diameter 
narrowing is a relative number that does not truly rep- 
resent the functionally effective resistance to coronary 
flow. The Pouiselle equation for laminar flow indi- 
cates that resistance to flow is inversely proportional to 
the fourth power of the radius. Thus, a 50% reduction 
of a &mm vessel will have a much greater resistance to 
flow than a 50% reduction in a 4-mm vessel. When the 
effect of atria1 pacing on segmental radial wall motion 
was analyzed, there was a clear difference between 
the 2 methods of measurement of CAD. Whereas per- 
cent diameter narrowing was correlated with segmen- 
tal wall motion with a coefficient of r = -0.44, mini- 
mum lumen diameter correlated much more closely (r 
= 0.78, p <0.05]. The improved correlation suggests 
that the lumen diameter predicts more accurately the 
functional impairment induced by pacing because the 
absolute diameter is more directly related to the resis- 
tance to flow than percent narrowing. 

With regard to the amount of narrowing, our data 
indicated that the narrowing of an epicardial coronary 
artery to a diameter <1.5 mm increased the likelihood 
of a functional impairment induced by atria1 pacing in 
the myocardium supplied by the narrowed artery. 
Narrowing of the artery to <1.5 mm in diameter in- 
creased the probability of a positive study both by 
global ejection fraction and segmental wall motion. 
Thus, a minimum lumen diameter <1.5 mm may be 
useful as a predictor of which patients will be’symp- 
tomatic during stress. 

As demonstrated in Figure 3, there was a close lin- 
ear correlation between the minimal lumen diameter 
and the affected segmental wall motion for the pa- 
tients with CAD. As the stenotic lumen diameter in- 
creased, the effect on wall motion leveled off into the 
range of normal subjects. Our data emphasize the 
finding that patients with mild disease may not have a 
functional impairment induced during stress. An exact 
linear relation between lumen diameter and function- 
al impairment should not be expected because other 
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influences such as the length of coronary narrowing, 
vasomobility and the presence of sequential stenoses 
also impede blood flow.21-23 
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