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Duplex Ultrasound and Magnetic Resonance Angiography
Compared With Digital Subtraction Angiography
In Carotid Artery Stenosis
A Systematic Review

Paul J. Nederkoorn, MD, PhD; Yolanda van der Graaf, MD, PhD; M.G. Myriam Hunink, MD, PhD

Background and Purpose—The purpose of this work was to review and compare published data on the diagnostic value
of duplex ultrasonography (DUS), MR angiography (MRA), and conventional digital subtraction angiography (DSA)
for the diagnosis of carotid artery stenosis.

Methods—We performed a systematic review of published studies retrieved through PUBMED, from bibliographies of review
papers, and from experts. The English-language medical literature was searched for studies that met the selection criteria: (1)
The study was published between 1994 and 2001; (2) MRA and/or DUS was performed to estimate the severity of carotid
artery stenosis; (3) DSA was used as the standard of reference; and (4) the absolute numbers of true positives, false negatives,
true negatives, and false positives were available or derivable for at least one definition of disease (degree of stenosis).

Results—Sixty-three publications on duplex, MRA, or both were included in the analysis, yielding the test results of 64
different patient series on DUS and 21 on MRA. For the diagnosis of 70% to 99% versus <70% stenosis, MRA had
apooled sensitivity of 95% (95% CI, 92 to 97) and a pooled specificity of 90% (95% ClI, 86 to 93). These numbers were
86% (95% Cl, 84 to 89) and 87% (95% ClI, 84 to 90) for DUS, respectively. For recognizing occlusion, MRA yielded
a sensitivity of 98% (95% CI, 94 to 100) and a specificity of 100% (95% CI, 99 to 100), and DUS had a sensitivity of
96% (95% CI, 94 to 98) and a specificity of 100% (95% ClI, 99 to 100). A multivariable summary receiver-operating
characteristic curve (ROC) analysis for diagnosing 70% to 99% stenosis demonstrated that the type of MR scanner
predicted the performance of MRA, whereas the presence of verification bias predicted the performance of DUS. For
diagnosing occlusion, no significant heterogeneity was found for MRA; for DUS, the presence of verification bias and
type of DUS scanner were explanatory variables. MRA had a significantly better discriminatory power than DUS in
diagnosing 70% to 99% stenosis (regression coefficient, 1.6; 95% CI, 0.37 to 2.77). No significant difference was found
in detecting occlusion (regression coefficient, 0.73; 95% Cl, —2.06 to 3.51).

Conclusions—These results suggest that MRA has a better discriminatory power compared with DUS in diagnosing 70%
to 99% stenosis and is a sensitive and specific test compared with DSA in the evaluation of carotid artery stenosis. For
detecting occlusion, both DUS and MRA are very accurate. (Stroke. 2003;34:1324-1332.)
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wo large, randomized, clinical trials, The North Ameri-

can Symptomatic Carotid Endarterectomy Trial See Editorial Comment, page 1331

(NASCET) and the European Carotid Surgery Trial (ECST),
have proved the benefit of carotid endarterectomy in patients
with severe (70% to 90%) symptomatic carotid artery steno-
sis.12 Recent publications have shown that subgroups of
patients with 50% to 69% stenosis may also expect a small
benefit from carotid endarterectomy.3 The diagnosis of severe
stenosis (70% to 99%), however, remains crucial for most
patients. The degree of stenosis in the endarterectomy trials
was established by digital subtraction angiography (DSA),

which has become the standard of reference for selecting
patients for carotid surgery. DSA, however, has a relatively
high risk of morbidity and mortality, ranging from 1% to 4%
in patients with atherosclerosis.4 Even patients without ap-
parent neurological complications after DSA have been
shown to develop minor asymptomatic infarctions resulting
from microembolisms.>

MR angiography (MRA) and contrast-enhanced MRA
(CE-MRA) are increasingly used supplementary to duplex
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ultrasonography (DUS) and conventional DSA in the diag-
nosis of carotid artery stenosis® Many institutions have
published diagnostic studies in which MRA and/or DUS was
compared with DSA. The results suggest that the decision to
perform carotid endarterectomy could be based on one or a
combination of these noninvasive tests. Two meta-analytic
reviews have been published that summarize the literature on
the diagnostic performance of DUS and MRA from before
1996, one reporting an increasing role for noninvasive testing
in carotid artery disease (DUS and MRA),” and the other
concluding moderate test results for MRA.2 Recently, a
review of previous studies on this topic published between
1993 and 1998 criticized the design of the studies and
proposed guidelines for diagnostic studies.®

Accordingly, a recent review summarizing publications
from 1990 to 1999 concluded that MRA seemed an accurate
test in selecting patients for carotid surgery but that evidence
was not yet very robust because of the heterogeneity of the
studies included.’® In the mentioned literature, however,
variables explaining the observed heterogeneity have not
been investigated.

The purpose of this study was to systematically review the
contemporary literature and to compare the diagnostic per-
formance of DUS, MRA, and CE-MRA. Our aim was to
increase precision by combining published studies and to
determine variables that might explain part of the difference
in outcome across studies. Recently published guidelines for
meta-analyses of randomized, controlled trials were followed
when applicable to a meta-analysis on diagnostic tests.1t

Methods
Study Selection

We performed a literature search for publications on the diagnostic
performance of DUS, MRA, or a combination of these 2 modalities
in patients with carotid artery stenosisin whom DSA was used as the
standard of reference. We chose to limit our search to the period
from January 1994 to December 2001. Since 1994, there has been a
rise in publications on MRA. We decided not to go further back in
time because technical possibilities and imaging protocols of these
noninvasive tests have developed considerably over time, making
comparison between new and old studies less meaningful.

To find the studies, we performed a PUBMED search using the
following keywords and all possible related terms: carotid artery and
angiography combined with magnetic resonance and/or duplex or
ultrasound. We limited the search to publications published in the
English language. Reference lists of original and review publications
on this subject were checked, and experts on the subject were
consulted to find additiona studies.

Studies that met the following criteria were included: (1) The
study was published between 1994 and 2001; (2) MRA or CE-MRA
and/or DUS was performed to estimate the severity of carotid artery
stenosis, (3) DSA was used as the reference standard; and (4) the
absolute numbers of true positive, false negatives, true negatives, and
false positives were available or derivable from the presented data
for at least one cutoff criterion for the degree of stenosis based on
DSA. We reconstructed these numbers if sensitivity, specificity, and
prevalence of disease were presented.

Our intent was to collect the absolute numbers for each study as
completely as possible for the following categories of carotid artery
stenosis: 0% to 29%, 30% to 49%, 50% to 69%, 70% to 99%, and
100%. Authors were contacted for 2 reasons. (1) to give them the
opportunity to send us additional data so that we could work with a
complete data set for all described categories, and (2) if neither
absolute numbers or sensitivity/specificity was derivable but the
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study suggested availability of this data. Studies with occlusion as
their main outcome (often describing diagnostic tests only to
determine if occlusion was present or not) were excluded if the
authors did not respond to our request for more precise specification
of the nonocclusion group. We excluded these studies because the
main subject of our meta-analysis was treatment decisions based on
the category of 70% to 99% stenosis and because the cutoff criteria
used in these publications were too diverse to include in the
meta-analysis. We aso excluded studies with a population of <15
patients. If publications used the same or an overlapping population,
we chose the publication from which we could derive the required
datain the most straightforward manner. We contacted the authors if
it was not clear whether separate published populations were
overlapping.

Data Extraction
Two authors (Y .v.d.G.) and (P.N.) independently extracted datafrom
al publications. All abstracts collected from PUBMED through the
described search criteria were evaluated. The full text was studied to
check the inclusion criteria from al studies that could not definitely
be excluded on the basis of the abstract. From the included
publications, the absolute numbers of true positives, false negatives,
true negatives, and false positives of the described test modalities
were extracted as completely as possible for all the different
categories of stenosis: 0% to 29%, 30% to 49%, 50% to 69%, 70%
to 99%, and 100%. Sensitivity and specificity were extracted or
calculated from the data, and absolute numbers were derived if the
prevalence was reported. Additionally, the following variables were
extracted for each study population: mean age and range, percentage
of men and women, percentage of symptomatic patients, and type of
symptoms (amaurosis fugax, transient ischemic attack, or stroke), as
well as whether the tests were studied in a consecutive patient
population. The following test characteristics were determined:
method of stenosis measurement used on DSA (according to
NASCET or ECST criteriaor adifferent method), type of MR and/or
DUS machine, time interval between DUS and/or MRA and DSA,
number of visualized carotid arteries, and whether a different cutoff
was used to define severe stenosis (eg, 60% or 80% instead of 70%).
We converted cutoff values determined according to ECST criteriato
their corresponding NASCET criteria. In studies presenting DUS
results, often >1 velocity parameter (peak systolic velocity, end-di-
astolic velocity, mean velocity) or aratio was used to determine the
degree of stenosis. We chose the parameter that the authors consid-
ered optimal. Single peak systolic velocity (PSV) values referring to
a degree of stenosis of 70% were extracted if available. We
determined whether the DUS thresholds were defined before the
study was performed, or if the optimal thresholds had been analyzed
afterward on the basis of the results (yielding a higher diagnostic
performance). We aso noted whether verification bias was present,
which may occur if the decision to perform the reference standard
procedure depends on the results of the test under investigation.2 (In
practice, DUS is often used as the screening test to select patients for
DSA.) In the MRA studies. use of a contrast-enhanced protocol
versus time-of-flight (TOF) technique was noted. Finally, we deter-
mined whether tests were read with the observer blinded to the
results of the other test(s).

Discrepancies between the 2 observers in the extracted data were
discussed and, in all cases, resolved through consensus.

Analyses

The analyses presented are limited to 2 groups: 70% to 99% (severe
stenosis) versus <70% and 100% (occlusion) versus <100%. The
data collected from the other subgroups under the 70% threshold (0%
to 29%, 30% to 49%, 50% to 69%) were not included in the
presented analyses. The data in these groups contained too many
missing values for a meaningful analysis, even though some publi-
cations presented a very complete description of the data and some
of the authors gave enthusiastic replies to our request for additional
data. Furthermore, we thought that the data of the 30% to 49% and
50% to 69% stenosis categories might suffer from selection and/or
verification bias because many institutions use a threshold close to
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TABLE 1. Variables Extracted From Publications and Analyzed
in the Described Models for Each Study Population

1. Test specific positivity criterion (S)*
2. Publication year (with 1994 as reference year)

3. Proportion of carotid arteries studied that were symptomatic
(assuming all symptomatic if not mentioned)

4. Consecutive patients included in the cohort? (Yes vs no or not
mentioned)

5. Verification bias present? (Yes or cannot be excluded vs no)

6. Blinded interpretation of test results? (Yes vs no mention of blinding
or not blinded)

7. Measurement of stenosis by NASCET method? (NASCET scoring
system or NASCET equivalent vs NASCET not used or scoring system
not mentioned)

8. Choice of a cutoff to define severe stenosis other than the
conventional 70%-99% (yes/no)

9. Type of DUS machine used (ATL, Acuson, or Diasonics)
10. CE-MRA technique vs 2- or 3-dimensional TOF-MRA
11. Type of MR machine used (General Electric vs others)
12. Time between noninvasive test and angiography (in days)
13. PSV cutoff value for 70% stenosis on DUS (in cm/s)
14. PSV positivity criterion determined after the study
15. Age

*The positivity criterion of each study was approximated by calculating
S=In[(TPXFP)/(TNXFN).

tMost studies reporting on non-CE-MRA used a combination of 2- and
3-dimensional TOF.

50% stenosis on DUS as their inclusion criterion to perform DSA.
For both reasons, the analyses in these stenosis groups gave very
inconsistent preliminary results.

All analyzed variables arelisted in Table 1. Sex and distribution of
disease (ie, locdlization of the event) were often missing, which
precluded meaningful analysis.

All probability values are approximate. The software package
used was Intercooled Stata version 6.0 for Windows.

Pooled Weighted Analysis

We calculated the pooled weighted results of sensitivity, specificity,
and diagnostic performance. The diagnostic performance was de-
fined as the natural logarithm of the diagnostic odds ratio:
D=In[(TPXTN)/(FPXFN)]. Weighting was done with the inverse of
the variance. We used a random-effects model to account for the
heterogeneity across studies.

Summary Receiver-Operating Characteristic
Curve Analysis
To adjust for the heterogeneity in positivity criteria, @ summary
receiver-operating characteristic (ROC) curve analysis was per-
formed for each test.13 Summary ROC analysis is a meta-analytic
method to summarize true- and false-positive rates from different
diagnostic studies.*4 In this method, the positivity criterion of each
study is approximated by calculating S=In[(TPXFP)/(TNXFN)].
Initially, we applied both a fixed- and a random-effects model in
al analyses. The fixed-effects model assumes that the operating
points from the individual studies lie on one underlying true ROC
curve and that the differences in test results can be explained by
differences in positivity criteria and other definable covariates. The
random-effects summary ROC model assumes that there is always
some residual cross-study heterogeneity even after adjustment for
differences in positivity criteria and study characteristics such as
population size, age, sex, definition of disease, scanner type, MRA
technique used, PSV cutoff criterion, blinded scoring, and verifica-
tion bias.’s In the remaining sections of this article, we present only

’ 900 abstracts from PUBMED‘

|
151 articles studied
!

62 articles included

§64 series on DUS ‘

& ‘21 series on MRA

Figure 1. Flow diagram of inclusion of patient series.

the methods and results of the random-effects summary ROC model.
In the Discussion, we elaborate on the differences in outcome
between the random- and fixed-effects models.

Summary ROC Analysis by Diagnostic Test
Summary ROC models were developed for each diagnostic test
separately. In a bivariable analysis, we evauated each covariate
(Table 1) to determineits explanatory valuein explaining differences
across studies in diagnostic performance (D) after adjustment for the
positivity criterion used (S). Variables were considered explanatory
in the random-effects analysis if their inclusion decreased the
estimate of the between-study variance by at least 10% (which was
caculated with 72, the method of moments), if they had a regression
coefficient of at least 1.0 for dummy variables or 1.0 over the range
of the variable, or if they were statistically significant (P<<0.05).16
Subseguently, multivariable summary ROC models were devel-
oped for each diagnostic test separately. The explanatory variables
from the bivariable analysis were evaluated in a stepwise forward-
selection regression model including variables one by one, starting
with the variable that decreased 7> the most, and keeping the variable
in the model using the same selection criteria as above. 7, ie, the
residual between-study variance calculated with the method of
moments, was used as a measure of model fit. A lower 7 value
indicates less residual between-study variance and therefore a better
model fit and a better explanatory power by the model of the
heterogeneity across studies. S (indicating the positivity criterion)
was retained in the model regardless of its significance.

Summary ROC Analysis Comparing MRA and DUS
Finally, we performed a summary ROC analysis for the comparison
between DUS and MRA. The significant variables from the multi-
variable analysis performed for each test separately were included as
test-specific covariates in the multivariable comparative model. A
dummy variable was added to compare the 2 tests. The regression
coefficient of this dummy variable represents the difference in
diagnostic performance (D) of MRA compared with DUS. A positive
regression coefficient indicates better discriminatory power of MRA
compared with DUS; a negative coefficient indicates reduced dis-
criminatory ability of MRA.

To assess whether any individua study was particularly influential
on the final results, we performed a jackknife type of sensitivity
analysis of the final comparative model in which the analysis was
repeated multiple times, each time excluding one study.

Results

Overview of Studies

The PUBMED search yielded a little more than 900 refer-
ences. After evaluating the abstracts, we retrieved 151 pub-
lications for further study. Sixty-two articles met our inclu-
sion criteria completely.”-78 The included 62 publications
yielded 85 separate study populations: 21 series on MRA and
64 series on DUS (Figure 1). Nine publications reported on
both MRA and DUS results.17:24.37.63.66.71.73-75 Fjye publica
tions presented >1 study population and/or multicenter stud-
ies containing data varying from 2 to 10 institu-
tions.24.2547.59.61 Forty-six authors were contacted to obtain
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TABLE 2. Pooled Weighted Sensitivity and Specificity Calculated in a

Random-Effects Model

Pooled Sensitivity, % (95% Cl)

Pooled Specificity, % (95% Cl)

MRA DUS MRA DUS
70%-99% vs <70% 95 (92-97) 86 (84-89) 90 (86-93) 87 (84-90)
<100% vs 100% 98 (94-100) 96 (94-98) 100 (99-100) 100 (99-100)

additional data. Three of these authors were contacted be-
cause different publications suggested the availability of data
on (part of) the same study population. The overall response
rate was 30%. Thirteen authors replied and sent us their more
complete data. Two authors did answer but wrote that they
could not retrieve the necessary numbers. Of the remaining
31 publications, 20 were neverthelessincluded on the basis of
the reported results only. Although several reports are now
available on gadolinium-enhanced MRA, test results vali-
dated with DSA asthe reference standard in a population >15
patients were published in only 4 series.21.24.40.42

Pooled Weighted Analysis

For the diagnosis of 70% to 99% versus <70% stenosis,
MRA had a pooled sensitivity of 95% (95% ClI, 92 to 97) and
a pooled specificity of 90% (95% ClI, 86 to 93) (Table 2).
These numbers were 86% (95% ClI, 84 to 89) and 87% (95%
Cl, 84 to 90) for DUS, respectively. For diagnosing occlusion
(<100% versus 100%), MRA had a sensitivity of 98% (95%
Cl, 94 to 100) and a specificity of 100% (95% ClI, 99 to 100);
for DUS, these numbers were 96% (95% ClI, 94 to 98) and
100% (95% CI, 99 to 100). These pooled data indicate a
better discriminatory power for MRA in diagnosing severe
stenosis (70% to 99%), whereas MRA and DUS are equally
good in recognizing carotid occlusion (100%). The pooled
values of D (the natural logarithm of the diagnostic odds
ratio) were very similar between tests: 4.1 (95% ClI, 3.5 to
4.8) for MRA versus 4.0 (95% ClI, 3.5 to 4.5) for DUS in the
70% to 99% category and 6.5 (95% ClI, 5.7 to 7.4) for MRA
versus 6.5 (95% ClI, 5.9 to 7.0) for DUS in diagnosing
occlusion.

Summary ROC Analysis by Diagnostic Test

In the multivariable model for the diagnosis of 70% to 99%
stenosis, type of MR scanner was a significant predictor for
the diagnostic performance of MRA. Of note, the regression
coefficient for CE-MRA versus non—CE-MRA techniques
(practically always a combination of 2- and 3-dimensional
TOF) was close to 0 and nonsignificant (—0.35; 95% ClI,
—1.80 to 1.10). The presence of verification bias and choice
of a different cutoff to define severe stenosis were associated
with better DUS performance. In recognizing occlusion, no
significant heterogeneity was demonstrated among the MRA
studies. Presence of verification bias and type of DUS
scanner were significant predictors for DUS.

Summary ROC Analysis Comparing MRA

and DUS

The multivariable comparative model with adjustment for
significant predictors demonstrated a regression coefficient

for MRA versus DUS of 1.6 (95% ClI, 0.37 to 2.77; P=0.01)
for 70% to 99% versus <70% stenosis, indicating that MRA
discriminates significantly better than DUS. The jackknife
sensitivity analyses, in which each study was excluded one by
one from the final model, did not demonstrate any dispropor-
tionate influences of individual studies (regression coefficient
for MRA versus DUS varied from 1.25 to 1.87 and was
aways significant). The 7 value for the finad comparative
model for severe stenosis was 1.29, indicating a moderate
model fit and some residual between-study variance. The
multivariable summary ROC curves for severe stenosis pre-
sented in Figures 2 and 3 were based on the final comparative
model. The summary ROC curve for DUS was adjusted to
reflect a cutoff of 70% for severe stenosis and the absence of
verification bias (Figure 2). The summary ROC curve for
MRA was adjusted to reflect the most commonly used types
of MR scanners (Figure 3). The dots represent the origina
true-positive and true-negative rates of the individual
publications.

In differentiating occlusion from <100% stenosis, the regres-
sion coefficient for MRA versus DUS was 0.73 (95% ClI,
—2.06 to 3.51; P=0.51), indicating no difference in diagnos-
tic performance. The jackknife sensitivity analysis demon-
strated that the results were not influenced by any particular
study (range regression coefficient, 0.42 to 1.12; never
significant). The 7 value for the final model for occlusions
was 0, indicating excellent model fit and no residual between-
study variance. The summary ROC curves for the diagnosis
of occlusion (100%) were both close to perfect (not shown).

DUS 70-99%

True positive rate

0 0,2 0.4 0,6 0,8 1

False positive rate

Figure 2. Multivariable summary ROC model (line) for diagnos-
ing severe stenosis on DUS and original data from individual
studies (dots). Summary ROC curve is adjusted to reflect a cut-
off of 70% for severe stenosis and the absence of verification
bias.
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MRA 70-99%

0,6 -

0,4

True positive rate

0,2 4

0,0 v ™ T T
0,0 0,2 0,4 0,6 0.8 1,0

False positive rate

Figure 3. Multivariable summary ROC model (line) for diagnos-
ing 70% to 99% versus <70% stenosis on MRA and original
data from individual studies (dots). Summary ROC curve is
adjusted to reflect the most commonly used types of MR
scanners.

Discussion

In this article, we systematically reviewed and compared the
diagnostic value of DUS and MRA with DSA for the
diagnosis of carotid artery stenosis. Our results suggest that
for the distinction of <70% versus 70% to 99% stenosis,
MRA has a significantly better discriminatory power than
DUS, whereasfor the distinction between occlusion versus no
occlusion, there is no significant difference in diagnostic
performance. According to our random-effects model, the
difference between DUS results across studies for diagnosing
70% to 99% stenosis can be explained in part by the presence
of verification bias and choice of a different cutoff to define
severe stenosis. For MRA, the type of MR scanner was an
explanatory variable. For diagnosing 100% versus <100%
with DUS, the presence of verification bias and type of DUS
scanner were explanatory variables;, for MRA, no heteroge-
neity was found among the different studies.

An earlier meta-analysis published by Blakeley et a” in
1995 concluded that DUS and MRA had similar diagnostic
performance in predicting carotid artery occlusion and >70%
stenosis. In our study, we found a better discriminatory power
for MRA compared with their results. In the study by
Blakeley et a, the literature from 1977 to 1993 was reviewed,
whereas our literature search started with 1994. Improved
MRA technology might explain an increase in diagnostic
performance of MRA. Kallmes et al® reviewed MRA studies
published between 1990 and 1994 and found lower sensitivity
for MRA in recognizing severe carotid artery stenosis than
we did.8 Furthermore, they discussed whether the asymptom-
atic arteries should be excluded from the results. Exclusion of
the asymptomatic side in their analyses gave even lower
sensitivities. Finaly, a recent review by Westwood et al©
summarizing publications of 1990 to 1999 concluded that
MRA seemed test in selecting patients for carotid surgery but
that evidence was not yet very robust because of the hetero-
geneity of the studies included.®® This study also applied a
ROC analysis, and their results on MRA are very similar to
ours. Our article differs substantially from the literature in
that we performed a systematic review of both MRA and

DUS and compared them. Despite the introduction of MRA
for imaging the carotid artery, DUS remains very important in
the initial workup of patients suspected of carotid artery
stenosis. Furthermore, our article differs in that we present
variables that explain the heterogeneity observed in
literature.o.10

A limitation in the collection of our data was the fact that,
to be able to perform a summary ROC analysis, we could
include only those studies from which absolute numbers (true
positives, false positives, true negatives, false negatives) for
at least one defined threshold were available or derivable.
Often, only sensitivities and specificities were presented.
When we were unable to reconstruct the absolute numbers or
when authors did not reply to our request for additional data,
we had to exclude the study. Therefore, it was possible to
include only a selection of the contemporary literature in this
analysis. Furthermore, in the included papers, we often found
incomplete or missing data concerning population baseline
characteristics, distribution of disease, and technical aspects
of the imaging protocols. For some of the variables, these
omissions precluded meaningful anaysis.

Another limitation of our study is that we used angiogra-
phy as the reference standard test. Angiography has several
limitations related to the fact that it consists of a limited
number of projections of the vessel lumen. The true lumen
can be more severely stenosed, and information regarding the
extent of plaque and plague morphology is more readily
available from ultrasonography and MR imaging.72° The
vast mgjority of studies evaluating DUS and MRA, however,
used angiography as the reference, and in reviewing these
studies, we were therefore compelled to do so aso.

In the meta-analysis, we first calculated the pooled sensi-
tivities and specificities. This method provides a relatively
crude estimate of the overall diagnostic performance of the
different tests. The pooled weighted analysis showed that
both DUS and MRA are highly sensitive and specific for
diagnosing carotid artery occlusion. For the diagnosis of
occlusion, only the absence of signal needs to be determined,
whereas judgment of the severity of a stenosis is not neces-
sary. For detecting the 70% cutoff, MRA showed better
sensitivity and dlightly better specificity than DUS. MRA
probably gives a more precise estimate of the degree of
stenosis because it provides a direct measurement of the
stenotic lumen (NASCET method), whereas DUS allows only
an indirect estimate through measurement of parameters
based on blood flow velocities. Therefore, DUS gives awider
dispersion in results compared with DSA, resulting in lower
sensitivities and specificities. The pooled sensitivity and
specificity of 95% and 90%, respectively, for MRA in
detecting severe stenosis are very high, and this technique
may improve even further in the near future.

In addition to calculating pooled weighted sensitivities and
specificities, we performed a summary ROC analysis, which
is especially useful to evaluate overal diagnostic perfor-
mance. The main advantage of this method is that it adjusts
for different positivity criteria, which cannot be achieved with
pooling sensitivities and specificities. Initialy, we studied
both a fixed- and a random-effects model in the summary
ROC analyses. Although the random-effects model seems
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more elegant in a meta-analysis combining the results from
diverse studies, a fixed-effects model can also be justified in
a diagnostic meta-analysis. Study populations selected for a
specific test and disease often have comparable baseline
characteristics, which supports the assumption of a true
underlying ROC curve. Because of the stricter assumptions,
the fixed-effects model can potentialy identify additiona
explanatory variables. In our study, the fixed- and random-
effects models showed good consistency in finding signifi-
cant variables that explain part of the heterogeneity of the
different publications. For DUS, publication year was found
as an additional explanatory variable for the diagnosis of
severe stenosis (70% to 99%) when the fixed-effects model
was applied. Earlier studies showed better diagnostic perfor-
mance, indicating a possible effect of publication bias.
Alternatively, this finding may indicate the selection bias that
commonly occurs in early studies of new diagnostic technol-
ogies. In the diagnosis of occlusion, a consecutive study
population was found to be an additional significant variable
for MRA.

Remarkably, the type of MR scanner but not the type of
DUS scanner was shown to be an explanatory variable in the
diagnosis of a70% to 99% stenosis. It isgenerally known that
different DUS machines with different technologists in dif-
ferent institutions show variable test results, even if the same
thresholds for the test parameters are used.8* Although we
showed a difference across MRA scanners, the results did not
indicate a difference in diagnostic performance depending on
the imaging technique used. Technically there is a major
difference between non—CE-MRA and CE-MRA. In practi-
cally all studiesreporting on non—-CE-MRA, a combination of
2- and 3-dimensional TOF was used. We evaluated the effect
of MRA technique in the summary ROC analysis and found
the regression coefficient for CE-MRA versus TOF to be
close to 0 and nonsignificant. Thus, according to the results
published so far, the technical difference between CE-MRA
and TOF techniques does not seem to trandate into a
significant difference in diagnostic performance. A caveat is,
however, that only 4 of the 21 MRA series were based on
CE-MRA.

The fact that verification bias plays an important role in
detecting 70% to 99% stenoses on DUS is a plausible and
important finding. Verification bias may exist if the decision
to perform the reference standard procedure depends on the
results of the test under investigation. In the included studies,
DUS has often been used as a screening test to decide whether
to perform DSA.

In conclusion, our results suggest that MRA has a better
discriminatory power compared with DUS in recognizing
70% to 99% stenosis and is a sensitive and specific test
compared with DSA in the evaluation of carotid artery
stenosis. For detecting occlusion of the carotid artery, both
modalities are very accurate. To determine whether noninva-
sive tests can replace DSA in clinical practice, however, not
only the test results but also the associated costs and effec-
tiveness should be taken into account.
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Editorial Comment

Funeral for a Friend

This editorial is not written by Elton John, and the funeral is
not for Marilyn Monroe. We are neuroradiologists, and it is
probably time to say farewell to diagnostic digital substrac-
tion angiography (DSA) in patients with carotid artery
stenosis.

Moniz, a Portuguese neurol ogist, brought cerebral angiog-
raphy to life in 1927, and since then, techniques have
improved continuously up to ultrasoft catheters and high-
resolution biplane angiography equipment. However, despite
al these improvements, it is still risky to inject a contrast
agent into the cerebral circulation.2 We al are hopeful that
visualization of supra-aortal vessels might be possible some
day without any risk to the patient.

Ultrasound with its variants was a major step forward
toward noninvasive imaging of the carotid bifurcation.34
Depending on the person who did the examination, it became
a perfect screening tool and replaced DSA for presurgical
workup in those institutions in which experienced “ultra-
sounders” and vascular surgeons had the opportunity to work
and learn together. However, it is highly observer dependent,
and DSA remained the gold standard. As a consequence, we
al perform many diagnostic angiographies in patients with
internal carotid artery (ICA) stenosis who had at least 1
Doppler ultrasound examination previously.

In 1985, a Science article by Wedeen and colleagues®
established the next milestone: Projective imaging of pulsa-
tile flow was possible with MR, and it works without contrast
agent injection. At that time, image quality was bad; temporal
and spatial resolution was far beyond from being satisfactory.
But since then, MR angiography (MRA) became an ultrafast,
high-resolution imaging method. It still works without con-
trast agent injection (time-of-flight technique), but the faster
variant is based on intravenous bolus injection of a paramag-
netic agent. With the latter technique, supra-aortal vessels
from the aortic arch to the circle of Willis can be visualized
in a 10-second shot. Despite these fantastic technical possi-
bilities, there is ongoing debate about the diagnostic power of
MRA, and in many institutions, MRA is used as an add-on
tool. During the first years of MRA, we all had atendency to
overestimate the degree of stenosis, but after a while, we
learned to look at the images the right way. However, many
scientific articles dealt with this overestimation problem, and
neurologists and vascular surgeons, despite increasingly en-
joying the image quality, had remaining doubts about the
diagnostic power.

In the current issue of Stroke, Nederkoorn and his team
present an excellent meta-analysis comparing MRA, duplex
ultrasound (DUS), and DSA. In total, 62 articles were
analyzed. MRA had a pooled sensitivity and specificity of
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95% and 90% in detecting severe ICA stenosis. The discrim-
inating power of MRA for the distinction of <70% versus
70% to 99% stenosis was significantly better than the power
of DUS. Most MRA studies were based on non—contrast-
enhanced techniques, but overall, the authors did not find a
significant difference in diagnostic power between different
MRA techniques. It was the same group that recently found
that the mean difference between stenoses at MRA and DSA
in corresponding projections was 0.4% (95% confidence
interval, —2.0t0 2.7). If corresponding MRA and intraarterial
DSA projections are compared, 3-dimensional time-of-flight
MRA does not overestimate carotid stenosis.®

What is the conclusion? The authors are pretty cautious
and state only that MRA has better discriminatory power than
DUS in recognizing 70% to 99% stenosis and is a sensitive
and specific test compared with DSA in the evaluation of
carotid artery stenosis.

From a clinical point of view (and this is our interpreta-
tion), this could be trandated as the following: We do not
need diagnostic DSA in patients with carotid artery stenosis.
DUS is dready excellent; MRA is better. If MRA and DUS
really leave anything open, CT angiography, specificaly if
multirow CT machines are available, is another excellent
minimally invasive tool to visualize vessel pathology. An-
other future gimmick of MR imaging will become “plague
imaging” and with high-resolution techniques, which might
give us totally new insights into the pathology of the vessel
wall and the clinical impact of different types of ICA
bifurcational disease. There will always be patients with
contraindications to MRI, previously stented patients and
probably some rare clinical situations (occlusion of ICA with
ongoing ipsilateral transient ischemic attacks), that will allow
ustodoaDSA. Long et a7 just reported that in France >60%
of carotid endarterectomies are still based on DUS and DSA
findings. Lack of access to MRA is the limiting factor. And
this may be another circumstance justifying DSA in these
patients.

However, for those who like to be part of the angio suite,
it is much too early to retire. Interventional neuroradiology is
growing rapidly. The International Subarachnoid Aneurysm
Tria Collaborative Group just figured out that endovascular

therapy of ruptured intracranial aneurysms is better than
clipping in terms of patient outcome.? Single-center experi-
ences suggest that stenting of ICA stenosis might be at |east
equal to surgery. Currently, a couple of studies on the way are
attempting to randomize patients into an endovascular and a
surgical treatment arm. What will become more difficult is
training people if they are not alowed to do diagnostic
angiographies any more. But we have to manage this training
problem the way that Nederkoorn and his colleagues man-
aged to figure out what the right answer to an important
question is. And they did a good job.

Michael Forsting, MD, Guest Editor

Isabel Wanke, MD, Guest Editor

Institute of Diagnostic and Interventional Radiology
Department of Neuroradiology

University of Essen

Essen, Germany

References

1. Moniz E. L’encephalographie arterielle, son importance dans la local-
isation des tumeurs cerebrales. Rev Neurol. 1927;34:72—-89.

2. Hankey GJ, Warlow CP, Molyneux AJ. Complications of cerebral
angiography for patients with mild carotid territory ischemia being con-
sidered for carotid endarterectomy. J Neurol Neurosurg Psychiatry. 1990;
53:542-548.

3. Paulat K, Pauschinger P, Popp M, Schiebe M, Widder B. A new sensitive
method for the quantification of interna carotid stenoses by means of
ultrasound Doppler signal processing. Cardiovasc Res. 1985;19:
714-720.

4. Garth KE, Carroll BA, Sommer FG, Oppenheimer DA. Duplex
ultrasound scanning of the carotid arteries with velocity spectrum anal-
ysis. Radiology. 1983;147:823-827.

5. Wedeen VJ, Meuli RA, Edelman RR, Geller SC, Frank LR, Brady TJ,
Rosen BR. Projective imaging of pulsatile flow with magnetic resonance.
Science. 1985;230:946—948.

6. Nederkoorn PJ, Elgersma OE, Mali WP, Eikelboom BC, KappelleLJ, van
der Graaf Y. Overestimation of carotid artery stenosis with magnetic
resonance angiography compared with digital subtraction angiography. J
Vasc Surg. 2002;36:806—813.

7. Long A, Lepoutre A, Corbillon E, Branchereau A, Kretz JG. Modalities
of preoperative imaging of the internal carotid artery used in France. Ann
Vasc Surg 2002;16:261-265.

8. Molyneux A, Kerr R, Stratton I, Sandercock P, Clarke M, Shrimpton J,
Holman R, for the International Subarachnoid Aneurysm Tria (ISAT)
Collaborative Group. International Subarachnoid Aneurysm Tria (1SAT)
of neurosurgical clipping versus endovascular coiling in 2143 patients
with ruptured intracranial aneurysms: a randomised trial. Lancet 2002;
360:1267-1274.

Downloaded from stroke.ahajournals.org by on October 26, 2007


http://stroke.ahajournals.org

