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In part 1 of a three-part study, 14 novice readers and 6 experi-
enced cardiologists interpreted phantom images of known stenosis
severity. No difference between the interpretations of experienced
and novice readers was detectable. Visual estimates of “*modet-
ately™ severe stenosis were 30% higher than actual percent
diameter stenosis.

In part 2 of the study, visual interpretation of percent diameter
stenosis from 212 stenoses on 241 artcrlugrnms was compared
with I coronary arteriograp! The visual
analysis overestimated disease severity in arteries with 250%
diameter stenosis (except for right coronary lesions) and underes-
timated severity in all arteries with <30% diameter stenosis. OF

the 24t arteriograms. 40 had quantitative and visual analysis of alt
three coranary arteries for assessment of significant disease. In
anly 62% of the cases did visual and quantitative methods agree
on the presence of severe disease; visuad estimates diagnosed
significantly (p < 0.03) mure three-vessel disease.

In part 3 of the study, comparison of percent diameter slenﬁsm
by visual estimate with i coronary i as-
sessment before and after balloon angioplasty of 38 stenoses
showed that visual interpretation significantly (p < 0.001) over-
estimated initial lesion severity and underestimated stenosis sever-
ity alter angiaplasty.

(1 Am Cail Cardiol 1991:18:945-31)

Most studies to date have used viswal interpretation of
coronary arteriograms as the reference standard for deter-
mining the presence or absence of significant coronary artery
disease. Several investig (1-3) have d rated sig-
nificant interobserver and intraobserver variability in visual
estimates of percent diameter stenosis. A recent report (4)
indicates that this variability may not be related to observer
experience. These studies from various geographic regions
suggest that such variability is not due to regional or insti-
tutional differences in visual reporting of arteriograms, but
may be related 1o basic characteristics of visual interpreta-
tions of arteriograms, No previous investigation has deter-
mined whether there arc patierns in visual reporting of
percent diameter stenosis and what the clinical implications
might be.

The accuracy of automated quantitative coronary arlcn-
ography has been validated in three independeni experimen-
tal studies (5-7) and demonsirated to be applicable in hu-
mans (8). Automated quantitalive coronary arteriography
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provides a unique 100l for studying patterns in visval report-
ing of stenosis from arteriograms. Comparing quantitative
coronary arteriographic measures of percent diameter ste-
nosis with visual estimates of percent diameter stenosis, this
study add three related g 1) What role does
experience play in the interpretation of percent diameter
stenosis? 2) Whal is the average error made by visual
estimation of percent diameter stenosis from coronary arte-
riograms and is there a pattern to the crror? 3) What are the
clinical implications of these errors or patterns? For exam-
ple. how many patients are classified as having significant
three-vessel coromary artery disease by visual interpretation
as compared with quantitative coronary arteriography and to
what extent are the severity of stenosis before angioplasty
and the pos y benefit misjudged by visual interpre-
talion in comparison with quantitative coromary arterio-
graphic analysis,

Methods

Experienced versus novice readers of coromary arterio-
grams. Six expericnced cardiologists and 14 cardiology fel-
lows and members of the Department of Cardiology volun-
tarily participated in the reading of phantom images. Each
individual read in a blinded manner the apparenl visual
severity of the stenosis on six cine X-ray films of stenosis
phantoms of known percent diameter nartowing (17% to
83%) filled with 100% contrast scattering medium.

0735-1097:9153.50
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Coronary arteriograms. Two hundred twelve arterial seg-
ments were prospectively collecied on 241 arteriograms.
Stenosis severity by visual interpretation of biplane coro-
nary arteriograms was determined by the physician perfr rm-
ing the catheterization procedure in each case (standard
clinical practice). The lesions were defined by percent diam-
cler stenosis, =50% stenosis and (analyzed separately}
=70% stenosis defined the presence of significant disease.
All lesions were assessed without knowledge of other data
by the cardiologist performing the catheterization procedure
and were graded by at least one of us (more than one if any
doubt existed) to assure correct assignment and subscquent
analysis by quantilalive coronary arteriography.

In 40 of the 241 coronary aneriograms all three coronnry
arterics were compared by both the visual and
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Figure 1. Avtomated quantitalive
o corenary arteriography in a subject

<3 with a 56% diameter stenosis of a
>/ diagonal branch of the left anterior

7/ CFR = 3.3

/ descending coronary artery. The ar-
P, tery is bordered by a broken line,
/ which defines the region of maximal

stenosis. Other information shown
includes an 80% reduction in area,
entry {alpha) and exit (omega) angles

to and from the lesion, and the coro-
nary flow reserve. A = cross-luminal
area: An = normal cross-sectional
area: CFR = calculated coronary
(stenosis) flow reserve; Ce and Ke =
momentum coefficient losses based
on alpha and omega: Cv and Kv =
cocfficients of viscosity losses scce
andary to geomelry of stenosis: D,
and D, = orthogonal single-plane di-
ameters: Dist = distal: L = lesion
length: L/Dn = lengthidiameter ratio:
Min = minimal diameter: Norm =
normal coronary segment: Peor = cor-
onary perfusion pressure; %Red =
percent reduction: Prox = proximal
segment: Q/Qrest = ratio of maximal
to vest flow or coronary flow reserve;
Qr = rest flow: V = intraluminal vol-
ume in the stenotic segment.

|
Q/Qrest 5

paque or lsovue (3 to 16 ml). A Philips Poly Diagnost
C/Lateral ARC systems was used for imaging. The X-ray tube
was a SRC 120 ceramic tube assembly with a 0.3- 10 0.8-mm
focal spot. operating at 4 to 6-ms exposures at 150 keV. The
resolution of Lhe cine system was 4 to 5 line pairs/mm, with
both pincushion and magnification correction carried out in
the analysis according 1o the methods of Brown et al. (9).
Selected end-diastalic cine frames were digitized by a Spatial
Data System frame grabber (640 by 480 matrix) with optical
magnification to obtain a spatial resolution of approximately
0.1 mm/pixel. Subsequent image processing (border recog-
nition. magnification correction and stenosis morphology
determinations) was performed with previously validated
software (i0-13). Hard copy repoits were generated on a

techniques; in the remaining arteriograms, enher one or (wo
vessels were analyzed by both methods. In these remaining
cases, the original arleriographer did not report percent
diameter stenosis of the remaining coronary arleries. Only
the most severe stenosis for any coronary artery was ana-
lyzed. A total of 212 coronary artery stenoses from the 241
arteriograms were compared by eacn method.

Automated quantitative coronary arteriography. Aulo-
mated quantilative coronary arteriography was performed
on the same 241 catheterization films. studying the lesions
identificd by the cardiologist performing the coronary arte-
riogram. Multiple simultaneous biplane views were obtained
after contrast injection with standard doses of either Hy-

Tektronics 4207 graphics terminal. Lesions with =509 and
=70% diameter stenosis were used to define significant
lesions for this study. An example of an automated quanti-
tative coronary arteriogram is demonstrated in Figure 1.

Angioplasty evaluation. Thirly-eight stenotic lesions from
30 subjects were analyzed by both visual estimates of
percent di stenosis and q ive coronary arterio-
graphically determined percent diameter stenosis. The visual
reporting of lesion severity was by consensus agreement of
two angiographers.

Statistical methods. Concordance between visual and
quantitative methods was analyzed. Chi-square analysis was
used to determine if differences existed between the number
of vessels considered significantly diseased (=50% or =70%
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Figure 2, Visual estimates of phantom percent diam- ﬂ, % -
eter (D) stenosis reported by six cardiologists for six i
phantom images. The visual estimates of “moderate- g
ly™ severe stenosis were 309 greater than the tue £ 4% -
percent diameter stenosis, with individual errors of 8 I up 10 60% error
up to 60%. w mean error 30%
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diameter stenosis) by visual and ive methods, Dif-

ferences between the wacan percent diameter stenosis by
visual and i were comp by two-
tailed ¢ tests. F ratio testing was used to detect differences in
variance. Frequency histogrems were used to demonsirate
differences between results obtained by quantilative and
visual methods. Additional comparison was made by graph-
ing visual diameter stenosis against quantitative diameter
stenosis for both the phantoms and the arteriograms.

i ve

Results

The six phantom images. When results of percenl diam-
eler stenosis for the six phantom images were reported.
experienced cardiologists and novice readers reported simi-
far results (p = NS), with a highly positive correlation (r =
0.998), Figure 2 shows the reported results for phantom
images by the experienced cardiologists. For *'moderately™
severe lesions ranging from 40% to 60% slenosis. visual

were 30% higher than the true percent diameter
stenosis, with individual visual errors ranging up to 60%
unrefated to observer experience. Two distinct patterns of
visual readings were detected (Fig. 3). Cardiologist B repre-
sents a frequent charactenistic of interpreting stenosis sever-
ity. in which readers “‘saw™ percent area stenosis and not
percent diameter narrowing. This pattern was manifested by
better agreement with the tru¢ percent area narrowing than
with true percent diameter narrowing. However, readers
experienced in automated quantitative coronary arteriogra-
phy (cardiologist A) and trained in '‘seeing’" arterial borders
on arteriograms visually estimated percent diameter narrow-
ing quite accurately in comparison with true percent diame-
ter narrowing.

Arteriograms with three coronary arteries invelved (Tables
1 and 2). Of the 40 arteriograms in which all three coronary
arteries were analyzed by both visual and quantitative
methods, there was agreement in only 27 {6765) of the cases
as to the number of significantly (=50% diameter stenosis)

100% x 100% %,
x .
% B0%
2 x 2
Figure 3, Two patterns of stenosis ¥ . 3
detection. Cardiologist A (left panel) & H
was trained in border recognition by < ™% - hied
quanlitative coronary aneriography. 3 £
Results are similar to the actual per- & * 2 *
cent diameler stenosis. Cardiologist € . =y,
B (right panel) had no prior Iraining ] ]
with quantilalive coronary arteriogs @ ]
raphy and read percent area stenosis, @ 2
not percent diameter. Z % (9 candiologisi A "sees” s x tcamhokogist 6 “5605"
% diamater sienosis % erea sianosis
o 1 L 1 i 3 1 1 1 L J
0 X% Eh e BO% % 100% 0 2% A 6% &% 100%
True % Diameter Stenosis True % Area Stencsis
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Tabe 1. Concordance Between Visual and Quantitative Analysis
of Coronary Arteriograms

Visual and Visual and Concordance
QCA Agree QCA Disagree (%)
All three arteries 25 15 82
Right coronary 33 7 82
artery
Left anterior 35 s 87
descending artery
Left circumflex 34 6 8
artery

QCA = quantitative coronary asteriography.

diseused vessels, However. in two of these cases in which
single-vessel disease was reported, the visual and quantita-
tive methods did not agree on which vessel was significantly
diseased. Therefore. in only 25 {62%) of the 40 cases did both
methods agree on the presence or absence of significant
disease in all three coronary arteries (Table 1). The two
methods agreed in 82%. 85% and 87% of instances on the
presence of disease in. respectively, the right, the left
circumflex and the left anterior descending coronary ariery.
The number of cases in which no significant stenosis was
detected or in which only one coronary artery was consid-
ered significantly diseased was the same for visual and
quantitative analysis (p = NS} (Table 2). Each methed
reported two-vessel disease in 25% of subjects (p = NS).
However, the visual method reported more patients with
ignifi (=50% di stenosis) th | coronary
artery disease than did quantitative analysis (p < 0.05).
Analysis of 212 stenotic segments. When all 212 coronary
artery segments were compared by the two methods, there
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size was ad to rep the pop as a whole.
The visual method revealed a trimodal grouping of data (0%,
40% 1o 60%, and 100%), which can be seen both on the
frequency histogram (Fig. 4B) and in the comparison graph
(Fig. 5). Figure 5 compares percent diameter stenosis by
visual versus quantitative reporting. There is a plateau in the
relation of steriosis severity by visual estimates compared
with quantitative estimates in the severity range from 20% to
80% that is seen visually as 40% to 60% diameter stenosis,
This relation between quantitative and visual estimates of
severity held true for the left anterior descending. left
circumflex and right coronary arteries.

Nonsignificant versus significant stenosis, Table 3 shows
the severity classification based on visual compared with
quantitative estimates for lesions considercd nonsignificant
(<50%) and significant (=50%) by arterial distribution.
Visual estimate of disease overestimated the extent of
significant disease. This overestimation was statisticaily
significant for the left anterior descending (p < 0.05) and
circumflex (p < 0.005) arteries. Additionally, visual variance
was significanily greater for the left circumflex artery (p <
0.01). Furthermore. visual estimates of disease always un-
derestimated nonsignificant disease. This difference was
statistically significant for all three coronary arteries (p <
0.000).

Stenoses =70%. A comparable analysis was carried out
for a threshold of =270% or <70% diameter stenosis as the
criterion of significant coronary anery disease. No siatistical
difference was detected between the visnal and guantitative
approaches for stenoses with =70% dlameler narrowing.
Visual of disease und d the extent of
stenosns for lesions with <70% diameter stenosis. This

was no statistical diffcrence between the mean percent
diameter stenosis (Table 3); however, F ratio analysis dem-
onstrated a greater visual variance (p < 0.01). Figure 4
shows the frequency histograms for both quantitative and
visual reporting of percent diameter stenosis from the same
212 stenotic segments. Frequency histograms were reported
for 10% intervals because the visual reporting of percent
diameter stenosis was almost always expressed in 10%
increments until percent diameter stenosis exceeded 90%.
The two approaches gave different results for the same
sample. The itative method d ated a more gavs-
sian distribution of disease. which suggests that the sample

Tahle 2, Comparison of the Number of Vessels With >50%
Diameter Stenosis as Di ined by Visua! and Q1
Analysis of Ce-onary Arteriograms

No. of Vessels With >30% Diameter Stenosis

was statistically significant for the right (p <
0.025), left anterior descending and left circumfiex (p <
0.001) coronary arteries,

Stenoses before and after angioplasty. Table 4 shows
stenosis severity by visual and quantitative estimates from
coronary arteriograms oblained before and after angioplasty
of 38 stenoses. The results are significantly different (p <
0.001). d ing the visual overestimation of lesions
with =50% di: slenosis and und of lesions
with <50% diameter stenosis.

Discussion

Errors in visual interpretatlon of coronary stenoses. Prob-
lems in visual estimation of disease from coronary arterio-
grams have been reported since the mid 1970s (1-3). Re-
cently, Beauman and Vogel (4) suggested that these
problems may not be related to observer experience. Our

1 1 2 3
Visual 7 12 0 1
Qca 9 15 10 6
p value NS N§ N§ <0.0§

QCA = quantilative coromary arteriography.

pt study d d a high correlation (r = 0.998)
between reported results from experienced cardiologists and
novice readers. This agreement would suggest that errors in
visual reporting are dug to a characteristic trend or pattern in
visual interpretations of coronary arteriograms unrelated to
observer experience. Furthermore, these errors are not
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Table 3. Comparison of the Severity of Disease by Visual and Qualitative Analysis of Coronary Arteriograms

Mo, of No. of
Vessel/Method Segments Mcan and p Valee Segments Mean and p Value
All Disease
All three
Visual 22 488
} NS
QcA 20 nmn
Disease <50°% Disease >30%
RCA
Visual 2 16.3 } £ .53 }
p < 0.001 NS
QCA 3 .53 3 T8
LAD
Visual k] 1880 5 7794
}p((\(lﬂ }p<005
QcA 3 236 55 .67
LCx
Visual 5 W } 12 w2 }
p <000l P <0005
QcA I 3151 2 66.50
Disease <70 Disease >70%
RCA
Visual ) ny } ] FEI
p < 0028 NS
QcA 54 B30 13 95.69 i
LAD
Visual a3 0 » w19
} R } NS
Qra 57 s.32 ki) 8%.30
LCx
Visual 40 2125 } % B5.32 }
p< 0001 NS
QCA 60 W 5 86.60

LAD = left anterior descending coranary artery: LCx = left circumiiex cotanary artery: QUA = quantikative coranary artericgraphy: RCA = right coronary

artery.

limited 1o single-plane interpretations of coronary arterio-
grams because 50% of the studies involved biplane images.
Because the clinical interpretation of lesions by the cardiol-
ogist performing the cathelerization procedure was made
using the same views as those anmalyzed by quantitative
coronary arteriography. errors cannot be attributable to the
angle of reference to the lesion. One of the characteristic
errors of visual interpretation is shown in Figure 3 as the
1endency for many readers t0 “'see’ percent area stenosis
rather than percent diameter stenosis. However. as cardiol-
ogist A in Figure 3 demonstrates, cxperience with berder
recognition training can result in more accurate visual esti-
mates of “true’* percent diameler slenosis.

Diagnosis of triple-vessel coronary disease. The results
obtained by analysis of the subgroup of patients in whom all
three coronary arteries were examined by visual interpreta-
tion and quantitative mcthods provided additional insight
into how the severily of disease on coronary arteriograms is
reported. There was agreement between visual estimates of

percent diameter stenosis and quantitative estimates in only
slightly >50% of the cases. This study demonstrated a
statistically larger number of patients considered by visual,
as comparcd with quantitative, assessmeat ‘0 have three-
vessel coronary artery disease. This larger number may
reflect a bias that significant disease in one or two coronary
arteries is associated with significant disease in the third.
Patients frequently are referred for coronary artery bypass
operations rather than medical management on the basis of a
diagnosis of three-vessel disease.

Variability in visual estimates of percent diameter stenosis.
When all 212 lesions were compared, a trimodal patiern for
the visual reporting of percent diameter stenosis was de-
tected. The qualitative visual grouping of data reported
lestons as **mild™ (0% 1o 10% stenosis), **moderate™ {40% 1o
60 stenosis) and *‘severe™ (90% lo 100% stenosis). Visual
eslimates of percent diameter stenosis were associated with
significantly greater variance (p < 0.01). Although previous
studies (1-4) have alluded to this variability in visual inter-
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Figure 4, A, Frequency histogram of percent diameter stenasis as
measured by quantitative coronary arteriography. (A) and the visual
method (B). A, The bar graph shows a gaussian type distribution of
disease over the 212 coronary artery studied. A si
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Figure 5. Percent diameter stenosis by the visual method ploited
against percent diameter stenosis by quantitative coronary arteriog-
raphy (QCA). There is good agreement between the two methods at
0% and 100% diameter stenosis. However, visual estimates tend to
cluster disease between 40% and 68% (50% peak) when quantitative
coronary arteriogeaphy (QCA) reports percent diameter stenosis
ranging from 20% to 80%.

coronary artery, the difference between 70% and 100%
diameter narrowing reflects onty a 0.9-mm diffesence, which
is not readily visually observed. Visual underestimation of
stenosis severily was also found when stenosis severity by
quantitative analysis was <70%.

Thus, “'severe” lesions are overestimated and "‘mild”
lesions underestimated. An ple of the i clinical

ramlﬁca(mns of this observation is demonstrated by the

number of arteries are totally occluded, reflecting the high preva-
leace of disease in the patients examined. B, The bar graph
reprezents three distinct peaks at 0%, 50% and 100% diameter
stenosis. Detection of disease between the peaks is less frequent and
is found at 10% intervals. Visual reporting of percent diamcter
stenosis is trimodal and not gaussian.

pretation of percent diameter stenosis, our siudy demon-
strates that it cannot be explained by inexperience or angle
of reference. The clustering of data into mild, moderate and
severe categories suggests that a nonverbal mode of training
by example has been occurring in the education of cardiol-
ogy fellows without objective comparison or training in
proper visual interpretation of percent di narrowing.

Mild versus severe coronary lesions, Finally, we observed
a significant overestimation of percent diameter stenosis by
the visual method when quantitative arteriographically as-
sessed stenosis was 250% and visual underestimation of
stenosis severity when diameter stenosis by quantitative
assessment was <50%. No visnat overestimation of stenosis
severity was deiected for lesions with =70% diameter ste-
nosis. This observation may partially reflect the smaller
number of lesions that were included in this analysis. Addi-
tionally, ing an average di of 3 mm for a

lasty data, in which the visual scoring significantly
overestimated the improvement in stenosis as a result of the
intervention. These data suggest that the current visual
approach does not provide the accuracy needed to detect
true changes resulting from angioplasty. Some of the prob-
fems with restenosis may be related to initial failur¢ not
apprecuated by the current visual estimates.
The results obtained from the p and
anerlographlc sludies suggest the followmg observatiuns

Table 4, Comparison of Reported Percent Diameter Stenosis by
Visual Interpretation and Automated Quantitative Coronary
Arteriography (QCA) of 38 Lesions Before and After Angiopl

Before After
Angioplasty Angioplasty p Value
Visual % stenosis 85+ 12 EERH < 0.001
Automated QCA % [ ) 4912 < 0.001
s1enosis.
QCA % aren stenosis Ro+ 8 87213 < 0.001
QCA minimal L1=04 17204 < 0.001
diameter (mm)
QCA minimal srea 11 =07 5=l < 0.001
(mm}
QCA stenosis flow b=z 37 =07 < 001
reserve
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that have not been previously reported: 1) visuai estimates of
stenosis severity tend to aggregate into qualitatively “*mild,”
“moderate” and ‘‘severe’ catepories: 2) visual methods
overestimate the number of significantly stenosed vessels:
3) visual estimates of stenosis severily for moderate stenosis
are on average 0% preater than the percent diameter
assessed by the quantitative method: and 4) most readers
‘‘see” percent area stenosis, but with experience in border
recopnition can accurately assess percent diameter stenosis.

Coronary angiog-aphy has been a reference standard
because of its unique ability to provide direct information
about coronary luminal anatomy. The increased resolution
and objectivity of automated quantitative coronary arteriog-
raphy provide substantial improvements in the intcrpretation
of coronary arteriograms. Quantitative coronary arteriogra-
phy can provide the accuracy and reproducibility that are
particularly necessary to detect changes in coronary anat-
omy associated with risk factor modification or resulting
from angioplasty. Visual estimates of percent diameter ste-
nosis follow characteristic patterns that can be altered with
appropriate training to reduce some of the error encountered
in clinical practice.
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