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Combined Use of Color Duplex Ultrasonography
and B-Flow Imaging for Evaluation of Patients

with Carotid Artery Stenosis

Muharrem Tola, Mehmet Yurdakul, and Turhan Cumhur

BACKGROUND AND PURPOSE: Color duplex ultrasonography (CDU) is a standard method
of noninvasive evaluation of internal carotid artery stenosis (ICAS). B-flow imaging (BFI), on
the other hand, is a newer method. We investigated the accuracy of the two noninvasive
tests—CDU and BFI—each separately and as a combination of the two tests by comparing with
digital subtraction angiography as a reference standard.

METHODS: We performed CDU, BFI, and digital subtraction angiography on 95 consecutive
patients with ICAS. Separate and combined test results of CDU and BFI were compared with
digital subtraction angiography results.

RESULTS: For identifying 70% to 99% ICAS, as CDU criterion, the ratio of internal carotid
artery to common carotid artery peak systolic velocity had the highest diagnostic accuracy (sensi-
tivity, 94%; specificity, 96%). The sensitivity and specificity of BFI were 65% and 98%, respectively.
With CDU and BFI, results were concordant in 144 (89%) cases for 70% to 99% ICAS. Sensitivity
and specificity of combined CDU and BFI results for identification of ICAS were 95% and 99%,
respectively. The misclassification rates of CDU and BFI were 4.7% and 8.1%, respectively. When
combined test results were concordant, the misclassification rate decreased to 1.4%.

CONCLUSION: CDU showed a slightly better accuracy than did BFI in the diagnosis of carotid
artery stenosis. Combined use of CDU and BFI is more accurate than use of either test alone.

The results of the North American Symptomatic Ca-
rotid Endarterectomy Trial, the European Carotid Sur-
gery Trial, and the Asymptomatic Carotid Atheroscle-
rosis Study trials have shown the importance of
detecting and grading symptomatic and asymptomatic
internal carotid artery stenosis (ICAS) (1–4). Those
studies, which showed that severity of carotid stenosis is
a fundamental criterion for surgical intervention, were
based on the use of angiography. Angiography has as-
sociated neurologic and systemic risks, although less so
in experienced hands (5), which decreases the benefit
obtained from surgical operation (5–9). Noninvasive
tests, such as color duplex ultrasonography (CDU), MR
angiography, and, most recently, CT angiography have
been used without the use of digital subtraction angiog-
raphy in screening for carotid disease and in indicating
carotid endarterectomy (10–19). Invasive diagnostic
methods are necessary in only a small proportion of
patients, mainly because of poor quality or inadequacy

of noninvasive tests (19–23). The most widely used
method among these is CDU. Although the accuracy of
CDU in diagnosis of carotid stenosis is satisfactory (13–
15, 24–33), benefit could be gained by pursuing further
improvement.

A novel imaging technique for the detection of
blood flow by using sonography (B-flow) has been
developed (34–37). B-flow uses digitally encoded
sonography techniques to boost blood echoes and to
preferentially suppress non-moving tissue signals. B-
flow imaging (BFI) provides real-time visualization of
blood flow by directly visualizing blood reflectors and
presenting this information in grayscale. BFI has
higher spatial and temporal resolution than does
Doppler imaging because of the clearer definition of
the vessel lumen. The aim of this study was to assess
the accuracy of the two noninvasive tests—CDU and
BFI—each alone and as a combination of the two
tests, by comparing their results with the results of
digital subtraction angiography as a reference stan-
dard in the diagnosis of ICAS.

Methods
From April 2002 to July 2003, before undergoing coronary

artery bypass grafting, 95 consecutive patients who were
screened for carotid artery stenosis with CDU and who were
sent for digital subtraction angiography after being diagnosed
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as having carotid artery stenosis were examined with BFI be-
fore digital subtraction angiography. The study group included
67 men and 28 women with a mean age of 66 years (age range,
46–85 years). Patients were excluded from this study if they
had any of the following: 1) previous ipsilateral carotid endar-
terectomy; 2) calcification extensive enough to obscure sonog-
raphy signal intensity in the stenotic area; 3) high bifurcation of
the carotid artery or a short neck, which would mean that the
more normal distal portion of the ICA beyond the post-stenosis
dilation could not be observed; or 4) a situation that had no
role in duplex velocity measurement, such as occlusion or string
sign. All patients provided oral informed consent. The institu-
tional review board approved the study.

All CDU and BFI examinations were performed by the
same radiologists (M.T. and M.Y., respectively). The radiolo-
gists were unaware of each other’s test results. CDU and BFI
were performed on a longitudinal plane by using a GE Logiq
700 (General Electric Company, Milwaukee, WI) equipped
with a 5- to 10-MHz linear array transducer. The common
carotid artery (CCA) and internal carotid artery (ICA) were
scanned in transverse and longitudinal planes by using B-mode
and color mode. Velocity waveforms were obtained routinely
from the CCA in the center stream approximately 2 cm below
the bifurcation. The ICA was sampled proximally just beyond
the bulb widening. When color flow imaging showed areas of
abnormal flow that appeared as heterogeneous color patterns,
luminal narrowing, or both, the sample volume was moved
slowly, from proximal to distal in the ICAS to obtain the
highest flow velocity. The measured angle of insonation was
kept at the 60-degree standard. The highest peak systolic ve-
locity (PSV) and the end diastolic velocity of blood flow in the
CCA and ICA were recorded. On the basis of these values, the
ratio of the ICA to the CCA PSV (PSVICA/CCA) was calculated
and recorded. Criteria for identification of 70% to 99% ICAS
by CDU was based on an unpublished study of 147 patients at
our laboratory who had undergone both CDU and digital
subtraction angiography (Table 1). With BFI, time gain com-
pensation was fixed in a medium position for all patients, gain
was adapted for optimized image quality at approximately
50%, and the dynamic range was 60 dB, with linear grayscale
calibration.

Thirty-six patients with 40 ICAS were examined for inter-
observer variability (25 men and 11 women; mean age, 65 years;
age range, 48–85 years) with mean angiographic diameter
stenosis of 58 � 17% (range, 24–84%). Each patient was
examined with BFI on the same day. Two radiologists (M.Y.
and M.T.) measured carotid stenosis. The radiologists were
unaware of each other’s test results.

Digital subtraction angiography was performed with a Poly-
tron V 1000 angiographic unit (Siemens, Germany) by using a
Seldinger technique. The tip of a 5-French Siomons Sidewinder
(Cordis, The Netherlands) catheter was positioned in the right
and left CCA. From each carotid bifurcation, at least two
projections were acquired. For each projection, 8 mL of con-
trast medium (320 mg Iodium/mL Iodixanol; Nycomed, Ire-
land) was injected with a flow rate of 4 mL/s.

In BFI and digital subtraction angiography studies, the de-
gree of stenosis was assessed by comparing the maximum ste-
notic area of the ICA with a more normal distal portion of the

depicted ICA by using North American Symptomatic Carotid
Endarterectomy Trial methodology. Stenosis was calculated as
[1 � (s / n)] � 100, where s is the diameter of the maximum
stenotic lumen and n is the diameter of the normal vessel. The
radiologist who assessed the angiograms (T.C.) was blinded for
the results of ultrasonography examinations.

Test results of CDU and BFI were first analyzed separately and
each compared with the reference standard digital subtraction
angiography. Results were interpreted by calculating sensitivity,
specificity, positive predictive value (PPV), negative predictive
value, and accuracy. Secondly, CDU and BFI results were com-
bined and considered as a single test. The combined results were
again compared with digital subtraction angiography.

Interobserver agreement was analyzed by using the statisti-
cal method described by Bland and Altman (38). We calculated
the mean difference of each data point as an estimate of the
average bias of one observer relative to the other. Additionally,
we defined the 95% confidence limits.

Results
In our study, 29 carotid arteries were excluded (11

extensive calcifications, six high bifurcation of carotid
artery or short neck, 10 occlusion, and two string
sign). All the occlusions were diagnosed correctly
with both CDU and BFI. A carotid artery in one
patient that showed string sign was incorrectly evalu-
ated as occlusion by both methods. The remaining
161 ICAs with 0–99% stenosis were included in the
statistical evaluation. Seventy percent to 99% ICAS
was present in 33 (17%) of nonoccluded imaged ves-
sels. The overall distribution of carotid arteries with
respect to degree of stenosis is shown in Figure 1.
Images from one patient are shown in Figure 2.

Interobserver difference of BFI measurement was
0.1% (95% confidence limits: �16.3%, 16.5%). When
PSV, end diastolic velocity, and PSV ratio each was used
as the CDU criterion, the results of CDU and BFI were
concordant in 143 of 161 (89%), 138 of 161 (86%),
and 144 of 161 (89%) of the cases, respectively.

Table 2 summarizes the sensitivity, specificity, PPV,
negative predictive value, accuracy, and misclassifica-
tion rate results obtained with CDU, BFI, and a
combination of the two tests. Compared with digital
subtraction angiography, BFI underestimated ICAS
so that the sensitivity and specificity values were 65%
and 98%, respectively. CDU results had slightly bet-
ter accuracy compared with BFI for detection of
ICAS. For identifying 70% to 99% ICAS, CDU cri-

Table 1: Color duplex ultrasonography criteria for identification of
70% to 99% internal carotid artery stensosis

Parameters Criteria

PSV �230 cm/s
EDV �75 cm/s
PSVICA/CCA �3.6

Note.—PSV indicates peak systolic velocity; EDV, end diastolic
velocity; PSVICA/CCA, ratio of internal carotid artery to common carotid
artery peak systolic velocity.

FIG 1. Graph shows distribution of ICAS according to angio-
graphic interpretation.
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terion PSVICA/CCA had the highest diagnostic accu-
racy (its sensitivity was 94% and its specificity was
96%). The PPVs of CDU for detection of 70% to
99% ICAS were 74% for PSV, 81% for end diastolic
velocity, and 83% for PSVICA/CCA, respectively.
These values increased to 90%, 95%, and 95%, re-
spectively, when combined with BFI finding. The mis-
classification rate of the combined test is significantly
decreased in comparison with each test used alone.
This decrease is more apparent when end diastolic
velocity and PSVICA/CCA is used as CDU criterion.

Discussion

CDU has now become the principal method of
investigation for carotid artery stenosis. CDU is used
as the sole imaging test before carotid endarterectomy
in some centers. Although the accuracy of CDU for
categorizing disease severity approaches 90% in accred-
ited vascular laboratories (13–15, 24–33), concern exists
regarding its reliability. A reliable confirmatory nonin-
vasive test is needed to improve confidence in correct
patient selection for carotid endarterectomy.

FIG 2. Severe left ICAS in a 68-year-old
woman.

A, CDU shows �70% ICAS with PSV of
347.5 cm/s, end diastolic velocity of 194.8
cm/s, and ICA to CCA ratio of 11.6.

B, 82% of ICAS is measured with BFI.
C, Digital subtraction angiography as-

sesses 83% stenosis.

Table 2: Diagnostic performance color duplex ultrasonography, B-flow imaging, and a combination of these tests in detecting 70% of 99% internal
carotid artery stensosis

Criteria Sens (%) Spec (%) PPV (%) NPV (%) ACC (%) MRate (%)

BFI � 70% 65 98 91 92 92 8.1
PSV � 230 cm/s 91 93 74 98 92 7.6
PSV � 230 cm/s � BFI � 70% 90 98 90 98 97 2.8
EDV � 75 cm/s 91 95 81 98 94 5.8
EDV � 75 cm/s � BFI � 70% 95 99 95 99 99 1.4
PSVICA/CCA � 3.6 94 96 83 99 95 4.7
PSVICA/CCA � 3.6 � BFI � 70% 95 99 95 99 99 1.4

Note.—Sens indicates sensitivity; Spec, specificity; PPV, positive predictive value; NPV, negative predictive value; Acc, accuracy; MRate,
misclassification rate; BFI, B-flow imaging; PSV, peak systolic velocity; EDV, end diastolic velocity; PSVICA/CCA, ratio of ICA to common carotid artery
peak systolic velocity.
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In deciding whether carotid endarterectomy is nec-
essary in cases of ICAS, the use of an MR angiogra-
phy and CDU combination has been proposed and
has received wide acceptance (16, 21, 23, 33, 39–44).
MR angiography also provides assessments of the
carotid artery high in the neck, in the head and the
intracranial branches.

In this study, we assessed the accuracy of CDU and
BFI separately and as a combination of the two tests
for determining carotid artery stenosis. BFI is a
method that has been used recently in the evaluation
of carotid artery stenosis. This method uses Digitally
Encoded Sonography Technology (34–37). Coded
sound waves are transmitted into the body and vas-
culature and then the returning signals to enhance
sensitivity of weak signals and to suppress nonmoving
tissue signals. The remainder of the data processing is
essentially the same as with the conventional B-mode.
Consequently, B-flow can visualize real-time hemo-
dynamic flow in relation to stationary tissue. Advan-
tages of this technique are simultaneous imaging of
tissue and blood-echo information, so that blooming
artifacts are not possible. A high frame rate is possi-
ble, as is high spatial and transverse resolution, so
that imaging of complex flow phenomena becomes
possible. BFI also has some limitations (34, 35). A
significant technical limitation of direct BFI measure-
ment of carotid stenoses arises in the presence of
extensive plaque calcification in the carotid artery.
Calcification interferes with the ability to achieve a
clear sonographic window to the carotid artery. In
cases in which BFI measurement cannot be made
because of calcification, changing the angle and po-
sition of the probe on the patient’s neck usually can
provide a sonographic window that is clear enough to
measure velocities. Although BFI measurement can-
not be made because of extensive calcification, it was
possible to make duplex velocity measurement in nine
of 11 carotid arteries in our patient group. A limita-
tion of BFI is that excessive pulsation of the vessel
leads to movement of the surrounding structures, so
that the vessel wall is sometimes ill defined. Another
is that sensitivity in BFI is decreased with increasing
depth because of strong dependence on signal inten-
sity strength. This limitation is especially significant in
evaluation of post-bulbar ICA, because ICA toward
distal is more deeply rooted. Finally, the remaining
two limitations are background flash and difficulty in
showing slow flow. Slow flow limitation, especially in
high degree stenosis, may reduce flow velocity at
distal normal ICA and may cause difficulty in imaging
of lumen and measurement of diameter.

CDU also has some limitations. With CDU, duplex
velocity measurement at the site of stenosis is a pri-
mary diagnostic criterion. Velocity criteria may be
inaccurate in a number of clinical conditions. Al-
though cardiac arrhythmia, aortic valve insufficiency,
and tandem plaques may result in underestimation of
the degree of stenosis, carotid arterial coiling or kink-
ing, arteriovenous malformations, carotid arterial
body tumors, and contralateral severe stenosis or oc-
clusion may promote overestimation of luminal nar-

rowing (45). Many of the limitations of duplex Dopp-
ler can be overcome by performing velocity ratio
measurement (46). This ratio is not clearly superior to
absolute flow velocity (24), probably because of CCA
diameter variation and variable collateral flow.

Our data show that CDU is more sensitive but that
BFI is more specific for the detection of 70% to 99%
ICAS. Concordant results of both tests had similar sen-
sitivity, slightly better specificity, moderately high accu-
racy, and markedly high PPV, compared with CDU.

When a noninvasive test is to be used as a definitive
diagnostic tool for an individual patient, however, the
most important parameter is the PPV of the test. In
the study, combining concordant data from both tests
markedly increased PPV compared with CDU. By
combining CDU with BFI, the PPV increased on
average by 14%. CDU provides an anatomic picture
of the carotid artery and 3D physiological assessment,
whereas BFI provides an anatomic 2D picture of the
carotid arteries. The reason for the improved perfor-
mance of a combination of these tests may be, at least
in part, the use of complementary methods for deter-
mining the degree of carotid stenosis.

BFI examination does not require separate equip-
ment and can be implemented by using the same
Doppler equipment that has the necessary hardware
by adding some software. Both examinations can be
performed by using single equipment, which is advan-
tageous in terms of time and cost compared with the
combination of CDU and MR angiography or CT
angiography. However, as is the case in our study,
calcification and high bifurcation or short neck anat-
omy causes limitation in evaluation of carotid bifur-
cation with ultrasonography methods. Additionally, it
is not possible to evaluate distal ICA with ultrasonog-
raphy methods. The results of BFI in determining
ICA stenosis are less accurate compared with the
results of CDU. Despite the several disadvantages of
BFI examination mentioned above, it reaches a sig-
nificant value when it is used in combination with
CDU.

Conclusion

CDU showed slightly better accuracy than did BFI
in the diagnosis of carotid artery stenosis. Combined
use of CDU and BFI provides better diagnostic ac-
curacy than either method alone. The combined use
of CDU and BFI affords accurate noninvasive evalu-
ation of carotid artery stenosis that is sufficient for
surgical planning in most cases. Digital subtraction
angiography remains indicated in cases in which both
tests are discordant. Because of its high specificity
and good interobserver variability, BFI can be used in
combination with CDU as a confirmatory test for
assessment of ICAS.
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