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Measurement Error of Percent Diameter
Carotid Stenosis Determined by Conventional

Angiography: Implications for Noninvasive
Evaluation

Joseph E. Heiserman

BACKGROUND AND PURPOSE: Our aim was to quantitate the range of error in measure-
ment of percent diameter carotid stenosis using conventional angiography in order to estimate
the misclassification rate in selecting patients for carotid endarterectomy.

METHODS: A secondary or meta-analysis of published data regarding carotid stenosis
measurement error associated with angiography yielded a narrow range of standard deviation
across several studies using different measurement protocols. A simulation of the measurement
process was developed to model this error and allow estimation of misclassification rates
compared with true values for stenosis.

RESULTS: A standard deviation of 8% describes the average error observed at 60% diameter
stenosis across a number of studies. Using the measurement model, for a population with 30%
prevalence of 60% stenosis, this finding implies a misclassification rate of approximately 4%
overall for conventional angiography.

CONCLUSION: Like all diagnostic tests, angiography is associated with measurement error.
This does not affect the results of carotid stenosis therapy trials using angiography but does
need to be taken into account when evaluating noninvasive alternative tests for carotid stenosis.

Conventional angiography represents the reference
standard for selection of patients for carotid endar-
terectomy, on the basis of its use in multiple efficacy
trials comparing medical management and surgical
therapy for carotid stenosis (1). Despite this fact,
many patients are selected using noninvasive evalua-
tions (2). The underlying assumption favoring angiog-
raphy before surgery is that the very high accuracy of
the invasive procedure offsets the risk of procedure-
related stroke, resulting in better outcomes through
better patient selection. However, every diagnostic
test, including carotid angiography, is subject to vari-
ability and thus is associated with some misclassi-
fication. The work presented here is a secondary or
meta-analysis of published data regarding the re-
peatability and reproducibility of measurements of
percent diameter stenosis on conventional angio-

grams to establish the base rate of misclassification
using angiography.

Methods

Overview
Published measurements of carotid stenosis from carotid

angiograms were reanalyzed to obtain a mean value for stan-
dard deviation as an index of measurement error. A simulation
of carotid stenosis measurement was developed that models
the behavior of the published data and allows the comparison
of simulated measurements to true values of stenosis. From
this, an estimate of the misclassification rate for selection of
patients for carotid endarterectomy based on a diameter ste-
nosis of 60% was obtained.

Data Selection
A systematic search for publications related to measurement

error of carotid stenosis depicted on conventional angiography
was begun with a literature search of the PubMed database for
the time period from January 1980 to May 2004. Multiple
search criteria were used. From this list, articles were selected
that contained data for repeated (either inter- or intraobserver)
internal carotid percent diameter stenosis measurements. Ref-
erence lists for the resulting articles were examined for addi-
tional studies. This process resulted in 18 relevant articles
(3–20).

Studies containing tabular or graphical data of repeated
measurements to the nearest percentage were identified.
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Graphical data were digitized, and a dataset was included if
greater than 90% of stenosis measurements (excluding occlu-
sions) could be quantified. In one case, a dataset was included
because a partial analysis was available in a separate publica-
tion (14), even though the graphical source data in the original
paper (8) could not be completely resolved. The resulting
collection of 4 studies (6, 8, 12, 15) consisting of 8 qualified
datasets composes the source of data used in this secondary
analysis. Summary data for each of these studies are included in
Table 1.

Data Extraction
Data presented in graphical form were digitized (Grab It,

Data Trend Software, Raleigh, NC) to obtain coordinate val-
ues. Each graph was digitized on 2 separate occasions to ensure
repeatability. The standard deviation of these repeated mea-
surements ranged from 0.1%–0.3% diameter stenosis and thus
was not considered to be a significant source of error in this
analysis. The mean of the 2 measurements was used in the
following. The resulting data were next plotted on a transpar-
ency and, by overlay, visually compared with the original
graphed data to ensure that all visualized data points were
included, and as a test of accuracy. For the studies providing
data, all stenosis values less than 100% were included. In 2
datasets, (6) this process resulted in 105 values per dataset.
Seven (6%) of the 112 data points in each of these 2 graphs
were not digitized, likely reflecting symbol overlap that could
not be resolved. In 3 datasets (12), 101/105 points (96%) were
successfully digitized. In 2 datasets (15), tabulated values were
provided.

Data Analysis
Before evaluation, percent diameter stenosis (S) was con-

verted to fractional residual lumen (s) according to the formula
s � 1 � (S/100). Statistical analysis was performed using the
StatsDirect analysis package (StatsDirect Ltd, Cheshire, UK).
Following Bland and Altman (21), for each dataset in which 2
readings are compared, we generated the difference and mean
of each paired measurement of s. From these data, plots of
difference and absolute difference versus mean were con-
structed, allowing graphical evaluation of the datasets for bias
and dependence of the difference on mean.

In 2 datasets in which 3 observations per subject were per-
formed (15), the subject and sample standard deviation were
calculated using one-way analysis of variance for correlated
samples with repeated measures. In these cases, the relation-
ship of the standard deviation to the mean was evaluated.

Dependence of standard deviation on mean fractional resid-
ual lumen was modeled using regression of the absolute differ-
ences against the mean, following a method described by Bland

and Altman (21). Assuming a normal distribution with mean
zero for the differences, one calculates the standard deviation
at any given value of the mean as the fitted value times a factor
of (�/2)1/2 to account for the half-normal distribution of the
absolute residuals. In one case, partially analyzed data were
available in the form of a plot of standard deviation versus
mean stenosis for pooled deciles of stenosis (14). These data
were further reduced by linear regression to obtain a relation-
ship for standard deviation versus mean. The results of the
regression were used to calculate values for standard deviation
at s � 0.4 (60% diameter stenosis) for each dataset. A mean
value of the standard deviation for the 7 fully analyzed datasets
was obtained by combining the (unweighted) variances ob-
tained for each study. The assumption of normality was
checked by evaluating normal plots of the standardized resid-
uals from the regression analysis for each case in which raw
data were available (22).

This resulted in data regarding standard deviation derived
from a total of approximately 3000 readings of percent diam-
eter stenosis on 1250 arteries. European Carotid Surgery Trial
(ECST) methods were used for 1136 interobserver compari-
sons. North American Symptomatic Carotid Endarterectomy
Trial (NASCET) style methods were used for 240 interobserver
and 105 intraobserver measurements. Common carotid meth-
ods were used for 202 interobserver and 101 intraobserver
comparisons.

Stenosis Measurement Simulation
A population of carotid stenoses was generated by produc-

ing 3000 random values Ds in a uniform distribution 0 � Ds �
1, using the random number generator in the Excel spreadsheet
program (Microsoft Excel 2000, Redmond, WA). Simulated
measurements ssim incorporating measurement error were gen-
erated as described in Appendix 1, using random values drawn
from a lognormal distribution with a specified parameter (the
lognormal standard deviation) using the LNORMINV subrou-
tine from the Simtools Excel plug-in (Simtools 3.3 by R.B.
Myerson, http://home.uchicago.edu/�rmyerson/addins.htm).
Two sets of measurements were generated for each true value
of stenosis. These 2 sets of data were then compared using
difference and absolute difference plots (Fig 1). Next, the
absolute difference was regressed on the mean, as was done for
the secondary analyses of literature data described previously.
The standard deviation and associated variance at mean s � 0.4
(60% diameter stenosis) were calculated from this fit. This
choice was made on the basis of the observation that 60%
diameter stenosis represents an average of the range of clini-
cally most interesting values. Adjusting the value of the lognor-
mal standard deviation used in LNORMINV allowed a popu-
lation with sample variance equal to the mean value of the
variance determined for the published data described previ-

TABLE 1: Summary data for the studies included in the secondary analysis

Study Source Method
No. of

Arteries
No. of

Readers Weighting*

Eliasziw et al, 1994 (6) Fig 5 (upper) NASCET 105 1 Uniform
Fig 5 (lower) NASCET 105 2 Uniform

Young et al, 1996 (12) Fig 3 CC 101 1 Uniform
Fig 4 CC 101 1 Uniform
Fig 5 CC 101 2 Uniform

Stapf et al, 2000 (15) Table 1 ECST 45 3 Mod-sev
Table 1 NASCET 45 3 Mod-sev

Rothwell et al, 1994 (8) —† ECST 1001 2 Uniform

NASCET indicates the North American Symptomatic Carotid Endarterectomy Trial; CC, common carotid; ECST, European Carotid Surgery
Trial.

* Refers to the distribution of carotid stenosis values in the dataset.
† From summary SD plot in Rothwell (14).
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ously to be generated after several iterations. These data were
analyzed to obtain true-positive and true-negative fractions for
cutoff values of s � 0.5, 0.4, and 0.3 corresponding to 50%,
60%, and 70% diameter stenosis. From this, predicted misclas-
sification rates for angiography compared with the true value of
stenosis can be calculated. The process was then repeated to
obtain simulations for values of the sample variance at the
upper and lower bounds of the 95% confidence interval (CI), to
estimate the range of most likely values for misclassification.

Results

Summary data for the analysis of the published
studies are given in Table 2. The mean value for the
standard deviation at 60% stenosis was 0.08 (95% CI,
0.05–0.11). The standard residuals from the regres-
sion analysis computed for each of the 7 full datasets
were approximately normally distributed for mean
values of s not too close to zero, confirming an as-
sumption made in the analysis. There was no signifi-
cant reader bias, and no significant difference in vari-

ance between subgroups consisting of the 3 different
measurement protocols, nor between inter- and in-
traobserver data. The regression parameters for the
fully analyzed datasets were generally consistent with
a mild dependence of standard deviation on mean,
although 2 datasets (15), consisting only of moderate-
to-severe stenoses, did not display this dependence.

Regression of the absolute differences of the sim-
ulation data confirm a dependence of sample stan-
dard deviation on mean stenosis, varying linearly by a
factor of 1.6 between s � 0 and 1 (Fig 1). With the
lognormal standard deviation taken to be 0.05, linear
regression of the simulated absolute differences
against the mean adequately modeled the published
data (Table 2), though the fit to the Rothwell data
derived from partially analyzed published informa-
tion required a larger value for the slope than the
other datasets. False-positive and false-negative rates
obtained by comparing one of the simulated measure-
ment samples to the true stenosis values are listed in
Table 3. From the simulation, at 60% stenosis, 28% of
the false-positives and 33% of the false-negatives dif-
fered by greater than 5% diameter stenosis from the
true value. By assuming a population with 30% prev-
alence of 60% or greater carotid stenosis, we can use
the false-positive and false-negative rates to calculate
an overall misclassification rate of 4.5% for a mea-
surement standard deviation of 0.08. The simulation

FIG 1. Graphs show summary of 500 randomly selected mea-
surements from the simulation run. In A, differences between 2
simulated measurements are plotted versus mean value of s, the
fractional residual lumen. B displays absolute difference versus
mean for the same data. The line in B represents the linear
regression fit. Although not strictly valid because the standard
deviation is derived from a half-normal distribution, 95% limits of
agreement (21) are indicated in A for reference. These plots
illustrate the range of error as well as the mild dependence of
standard deviation on stenosis grade in the simulation. The
standard deviation tends to decrease for higher percentage
diameter stenosis.

TABLE 2: Summary of slope and intercept parameters derived from
linear regression analysis of absolute differences of s, the fractional
residual lumen, versus mean from published data

Study Slope Intercept SD

Eliasziw et al, 1994: Fig 5 (upper) (6) 0.016 0.11 0.12
Eliasziw et al, 1994: Fig 5 (lower) (6) 0.077 0.047 0.08
Stapf et al, 2000: Table 1 (ECST) (15) 0.000 0.044 0.04
Stapf et al, 2000: Table 1 (NASCET) (15) �0.003 0.047 0.05
Young et al, 1996: Fig 3 (12) 0.034 0.093 0.11
Young et al, 1996: Fig 4 (12) 0.024 0.062 0.07
Young et al, 1996: Fig 5 (12) 0.017 0.079 0.08

Average 0.023 0.072 0.08
Rothwell et al, 1994 (8) 0.16 0.022 0.08

Simulation 0.036 0.062 0.08

The SD is the value predicted by the regression analysis at s � 0.4
(60% diameter stenosis). For Rothwell et al (8), this represents linear
regression of SD data pooled by decile obtained from Figure 6 of
Rothwell et al (14). The average SD (0.08) was obtained from the
unweighted average of the variance for each of the studies above this
line. The 95% CI for the average is 0.05–0.11. For the simulation, the
values in the table reflect the fit after iteration to match the variance of
the simulation to the mean variance for the published data.

TABLE 3: False-positive and false-negative classification of carotid
stenosis derived from the simulation

% Stenosis True � Fraction True � Fraction

50 0.96 0.96
60 0.92 0.97
70 0.92 0.98

For all entries, 95% CI is approximately �0.01.
Simulation used SD of 0.08 for selected cutpoints of clinical interest

expressed as true-positive and true-negative fractions.
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was also used to calculate misclassification rates cor-
responding to the lower and upper bounds of the 95%
CI for the measurement standard deviation; these are
found to be 2.6% and 5.1%, respectively.

Discussion
This work examines measurement error of carotid

angiography across a variety of studies, with the aim
of producing an estimate for misclassification of pa-
tients being considered for surgical treatment of ca-
rotid stenosis. To accomplish this, one needs the true
value of stenosis. In a comparison study, the mean of
the measured values is the best estimate of the true
value and could be used. Previous studies have com-
pared measurements made by 2 observers rather than
comparing one set of measurements with the mean or
true value, reporting a range of 3%–26% for clinically
important misclassifications at angiography (11, 12,
15). To use data from multiple studies in a standard-
ized way, we used a simulation of the measurement
process to generate estimates of misclassification.
This approach also sheds light on the measurement
process itself and the source of variability in measure-
ment error as a function of stenosis value. The study
group is heterogeneous in 2 principal ways: first, 3
methods of determination of stenosis were used; sec-
ond, both intra- and interreader comparisons were
included. The selection of studies for inclusion is also
biased by the requirement that greater than 90% of
plotted data be identifiable, which tends to exclude
larger studies from the sample. Nonetheless, a small
interval for measurement error describes the obser-
vations drawn from several studies.

All diagnostic tests are imperfect. Subjective eval-
uation of carotid stenosis from angiograms has been
shown to result in increased rates of misclassification
(23). Furthermore, the results obtained in general
practice may not equal those achieved in controlled
research protocols (23). As has been noted previously
(11, 14), unavoidable errors associated with quantita-
tive measurements from angiograms will result in
misclassification of patients evaluated for surgical in-
tervention on the basis of angiography. This is illus-
trated in Fig 2, in which a population of 1000 patients

being considered for carotid endarterectomy with a
30% prevalence of 60% or greater diameter carotid
stenosis is analyzed using the data in Table 3 derived
from the simulation. Of the 300 patients with true
stenosis, 24 (8%) are misclassified as nonsurgical, and
these patients will consequently receive suboptimal
therapy. Of the 700 individuals with less than 60%
stenosis, 21 (3%) are incorrectly classified as surgical,
using the 60% cutoff. Although some of these indi-
viduals with stenosis values near 60% could derive
some benefit from surgery, these still represent clas-
sification failures. This misclassification does not af-
fect the results of therapy trials using angiography for
selection of surgical candidates because benefit was
measured against the standard of angiography, al-
though more accurate selection could result in even
more robust benefits. The misclassification rate of
angiography does have a significant effect on the
results of studies evaluating the efficacy of noninva-
sive methods for determining carotid stenosis.

Although a meta-analysis published in 1995 con-
cluded that noninvasive evaluation at that time was
not adequate for presurgical evaluation of carotid
stenosis (24), the use of noninvasive methods in this
application has been and remains controversial (25–
30). The cross-sectional noninvasive methods, includ-
ing MR angiography and CT angiography, are partic-
ularly appealing. Among the many potential benefits
is the possibility of quantitative evaluation of residual
lumen at the point of stenosis, a measurement that
can also be made with 3D rotational angiography
(20). Note however that even these direct measure-
ments would be subject to some degree of measure-
ment error. There is general agreement that eventu-
ally with expected technical improvements, some
form of non- or minimally invasive technique will
replace carotid angiography. Ultimately, the accept-
ability of any alternative technique in a given institu-
tion will need to be evaluated by comparison with
angiography as performed at that particular site.
What is currently lacking is a clear statement of what
standard a noninvasive evaluation needs to meet to
replace angiography. Although misclassification rate
is a reasonable standard, most technique comparison
studies evaluate misclassification rates for the nonin-
vasive technique compared with angiography and do
not take into account the variability associated with
the angiographic measurement itself. The result ob-
tained here can be used to form a benchmark for
repeatability required before acceptance of an alter-
native to angiography.

Conclusion
The standard deviation associated with percent di-

ameter stenosis measurement for 60% stenosis at
carotid angiography across several published studies
using 3 measurement protocols is approximately 8%.
This variability necessarily implies the existence of
false-positive and false-negative determinations and
thus of a certain base rate of misclassification of
candidates for carotid endarterectomy. The accept-

FIG 2. Analysis of 1000 individuals evaluated for 60% diameter
carotid stenosis using carotid angiography, is from data gener-
ated using the simulation described in the text. Prevalence is
taken to be 30%, and the data from Table 3 are used to estimate
outcomes, assuming these data are independent of prevalence.
Of the 300 individuals with stenosis, 24 (8%) were false-negative
(FN), and of the 700 individuals without stenosis, 21 (3%) were
false-positive (FP). The overall misclassification rate is approxi-
mately 4%. TP indicates, true-positive; TN, indicates true-neg-
ative.
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ability of alternative methods for the determination
of carotid stenosis should be judged by evaluating
associated measurement error and bias compared
with this standard.

Appendix 1
Although differing in clinically important ways in

detail, for purposes of evaluating measurement error,
the methods used for determining percent diameter
stenosis of the internal carotid artery from an angio-
gram using ECST(31, 32), NASCET (33), or common
carotid (34) methods are essentially the same. All
measure the minimum linear dimension at the level of
maximum stenosis (Ds) identified on the available
angiographic projections as well as the linear dimen-
sion of a vessel at a reference location (Dr). These 2
measurements are used to calculate the fractional
residual lumen s � Ds/ Dr, which can then be con-
verted to percent diameter stenosis S � (1 � s) �
100.

Historically, the ECST method has been criticized
because of vagueness in the definition of the refer-
ence diameter, which is chosen as the extrapolated
diameter of the carotid bulb at the level of the steno-
sis, although studies have confirmed that the repro-
ducibility of this method is comparable with that of
the NASCET protocol (8, 9, 35). At very high grades
of stenosis, flow reduction can result in a decrease in
the size of the distal internal carotid artery and re-
duce the reference diameter in the NASCET mea-
surement. In the presence of distal narrowing (near
occlusion), the NASCET stenosis is arbitrarily as-
signed a numerical value of 95% (33, 35). This con-
vention has an effect on determination of measure-
ment error because these arbitrarily assigned values
are not subject to this form of error.

Percent stenosis obtained by NASCET style mea-
surements is less than (or equal to) the ECST mea-
surement and less than the common carotid value:
conversion factors have been published (6, 7, 12, 36,
37). When differences in measurement protocols are
corrected for, the surgical benefit is comparable be-
tween the major studies, and to avoid confusion, most
authorities now recommend the use of the NASCET
style measurement for angiography going forward
(37, 38). The advent of 3D rotational angiography
(20) and noninvasive cross-sectional methods has
made possible absolute diameter measurements. This
may well be the future of carotid stenosis evaluation;
however, these measurements are also subject to
measurement error.

To quantitate Ds and Dr, we use a measuring in-
strument, typically graduated in 0.1 mm increments.
The error in a given properly performed measure-
ment will be the result of several factors, such as
location and projection chosen for the measurement,
various geometric factors such as indistinctness of the
margins of the projection image of the vessel, and
estimation or round off of the measured value.

To gain insight into the measurement process, we
assume that a measurement of fractional residual

lumen s is made in an idealized case where Dr � 1.
Then

s � �Ds � �s	/�1 � �r	.

Here Ds is the exact, but in practice unknown,
diameter at the stenosis and can take values between
0 and 1, and �s and �r are errors associated with the
measurements at the stenosis and reference location.
If we assume that error terms are independent of the
size of the associated measurement, are small com-
pared with 1, and are drawn from the same error
distribution (�s � �r � �), then using error propaga-
tion methods (39), we determine that the error in the
measurement 
s is


 s � �2�1 � Ds
2	1/ 2�.

At Ds � 1, this is �2 � 1.4 times larger than at Ds
� 0, close to the factor of 1.6 observed in the com-
plete simulation and the average of 1.3 from the
published data. Near s � 1 (0% stenosis), the diam-
eter at the stenosis and the reference diameter are
about equal, and measurement errors from both mea-
surements contribute equally to the observed differ-
ence. As the percent stenosis increases and Ds be-
comes smaller, the fractional error at the stenosis
becomes larger and errors in measurement of the
reference diameter become less important (decreas-
ing linearly in the full simulation). Finally, near s � 0
(100% stenosis), the small errors in the measurement
of the reference diameter are negligible compared
with errors in the measurement of the (very small)
diameter at the stenosis Ds. This qualitative relation-
ship has also been noted by Young et al (11). The
overall effect of this is that errors in measurement
tend to be larger for mild stenosis than for severe
(Fig 1).

For Ds substantially larger than the measurement
error, the same (approximately normal) error distri-
bution is associated with measurement of either Ds or
Dr. This approximation fails for severe stenoses be-
cause Ds are nonnegative, and thus the error distri-
bution for very small Ds must be bounded by zero.
Errors associated with values of s greater than about
0.1 (�90% diameter stenosis) will be approximately
normally distributed. To model these behaviors, we
selected the lognormal distribution, which is bounded
by zero and approximates a normal distribution for
standard deviation small compared with the mean or
mode, for the stenosis simulation, with the true value
equal to the mode.

Simulation of the measurement process begins by
generating a set of random numbers between 0 and 1
to represent a population of true fractional residual
lumen values, strue � Ds / Dr. Any desired distribution
of values of percent stenosis can be generated, simu-
lating a particular study population with a given prev-
alence and distribution of stenosis. A measurement is
simulated by drawing 2 suitable values from lognor-
mal distributions with modes equal to Ds and Dr
(taken equal to 1, which, because we are interested in
ratios, represents a scale change). The distribution of
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size of the error terms is determined by the value of
the lognormal standard deviation. This is a free pa-
rameter, constant for all error terms, chosen to model
the average measurement variance derived from the
published datasets.
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