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Abstract
Background: We aimed to evaluate the validity of duplex ultrasonography
using a microconvex array transducer with enhanced flow imaging for
visualization of the distal internal carotid artery and the accurate assessment of
internal carotid artery stenosis.
Methods: Patients who underwent both duplex ultrasonography and digital
subtraction angiography were registered for this study. Duplex ultrasonography
was performed by using a linear array transducer and a microconvex array
transducer with enhanced flow imaging. The visibility of the internal carotid
artery was compared between the two transducers. Internal carotid artery
stenosis was evaluated by the NASCET method on duplex ultrasonography,
and the peak systolic flow velocity using a microconvex array transducer. These
results were compared with digital subtraction angiography.
Results: In 238 internal carotid arteries, the average length of visualized
internal carotid artery was longer for duplex ultrasonography using a
microconvex array transducer than a linear array transducer (38.7 ± 11.7 mm
versus 25.8 ± 9.8 mm, p<0.0001). In 68 stenotic internal carotid arteries, the
degree of internal carotid artery stenosis detected by the NASCET method on
duplex ultrasonography was

correlated to that on digital subtraction

angiography (p<0.0001, r=0.969 and adjusted r2=0.938). Peak systolic flow
velocity also correlated to NASCET method on digital subtraction angiography
(p<0.0001, r=0.804, and adjusted r2=0.640).
Conclusions: Duplex ultrasonography using a microconvex array transducer
with enhanced flow imaging technology could reveal more extended distal views

of the internal carotid artery and was strongly correlated with NASCET method
on digital subtraction angiography.

Introduction
Internal carotid artery (ICA) stenosis is one of the most common causes of
ischemic stroke. The NASCET has proven the benefit of carotid endarterectomy
in patients with 70-99% symptomatic ICA stenosis.1,
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The degree of ICA

stenosis, as assessed by the NASCET method, is based on digital subtraction
angiography (DSA), which is one of methods to select patients for carotid
endarterectomy. However, DSA is an invasive, risky, and expensive procedure.35

New asymptomatic ischemic lesions were frequently documented on diffusion-

weighted imaging in acute stroke patients after DSA.6 The rate of permanent
neurological complications was from 0 to 0.5%, and the rate of transient
neurological complications was between 0.4% and 0.9%.7-10 Furthermore, DSA
has a potential to develop non-neurological complications, such as hematoma
at groin site, sheath-related complication and contrast reaction.10 Duplex
ultrasonography (DUS) is a non-invasive and easy screening procedure for the
evaluation of ICA stenosis and is widely used to select patients for DSA.
Although elevation of the ICA peak systolic flow velocity (PSV) is preferred
when the necessity of carotid endarterectomy must be predicted, there are
various cut-off values to identify 70% stenosis with the NASCET method.11-18 A
conventional linear array transducer (LAT) has a flat head with a high
ultrasound frequency (> 7 MHz) and an ability to clearly and closely visualize
detailed findings, such as hypoechoic plaques and plaque ulcerations in the
carotid artery, from the broad surface of the neck. However, this approach
sometimes has difficulty to achieve an appropriate ultrasonic view of the distal
ICA, which is a denominator used in the NASCET measurement, especially in

patients with high carotid artery bifurcation and a very short neck.19 Therefore,
to evaluate carotid stenosis accurately, further improvement of DUS technology
is desirable.
A microconvex array transducer (MAT) with a small and rounded head,
and a relatively high ultrasound frequency would be suitable to clearly visualize
deep structures through various angles on the small surface of the neck.20
Furthermore, the enhanced flow imaging (EFI) utilized in the present study is a
novel technology developed by Aloka Co. Ltd. (Tokyo, Japan) for the imaging of
blood flow dynamics. Unlike traditional color Doppler methods, it provides high
spatial and temporal resolution by applying a composite pulse emission
technique (allowing a shorter pulse length) to better illustrate capillary perfusion
and blood flow continuity.21
The aim of this study was to validate the utility of DUS using a MAT with
EFI technology for the accurate assessment of ICA stenosis by the NASCET
method.

Method
Between May 1, 2009 and April 30, 2011, we performed DUS in 126 patients
within 48 hours before or after DSA. Patients were excluded from this study in
the following cases: (1) ICA occlusion was observed, or (2) ICA stenosis was
unobservable due to acoustic shadow from a massive hyperechoic plaque.
Clinical background
The following information about patient history and medication were obtained:
gender and age; vascular risk factors (hypertension, diabetes mellitus,

hyperlipidemia, and smoking); and, atrial fibrillation. Vascular risk factors were
identified as follows: (1) hypertension: use of antihypertensive agents, systolic
blood pressure of > 140 mmHg or diastolic blood pressure of > 90 mmHg; (2)
diabetes mellitus: use of oral hypoglycemic agents, insulin, or glycosylated
hemoglobin of > 6.5%; (3) hyperlipidemia: use of antihyperlipidemic agents or
serum cholesterol levels of > 220 mg/dL; and, (4) currently smoking or any past
history of cigarette use. DSA was performed on patients with ICA stenosis,
cerebral artery aneurysms, brain tumors, obstructive lesions of intra- or extracranial cerebral arteries, arterial-venous fistulas, and spontaneous occlusion of
the circle of Willis (Moyamoya disease).
Ultrasound
We performed DUS using an ultrasound unit (ProSound α10, ALOKA, Tokyo,
Japan) with a multifrequency MAT (4-10 MHz) and a LAT (4-13 MHz). The pulse
repetition frequency was adjusted to 4.34 KHz, and the cut-off of the wall filter
was 88.97 Hz. All sonographic examinations were performed while patients
were lying in the supine position, with the head turned away from the evaluation
side and the neck extended. The color gain was adequately adjusted to avoid
artifacts. All images were obtained by two experienced sonographers, who were
blinded to the results of DSA. One sonographer performed ultrasonographic
scan of the ICA using a LAT with EFI. Then, the other sonographer, who was
blinded to the results obtained with a LAT, used the MAT to visualize the ICA.
The lengths of the ICA between the region of origin of ICA and its distal limit of
visualization were measured and compared between the DUS method using a
LAT and the DUS method using a MAT. A 3.5-mm range-gated and pulsed

Doppler sample size was set with an appropriate angle (< 60 degree) between
the Doppler beam and the ICA. If ICA stenosis existed, we measured short axis
diameters of the stenotic lesion seeking the view which the most stenotic lesion
could be identified with multi-angle insonation, and those of the healthy distal
ICA by using a MAT. We also evaluated the intrastenotic PSV. These
measurements were obtained on DUS, which detected the blood flow by EFI,
and we adjusted the measurements to be free from artifacts. We calculated the
NASCET-style stenosis measurements using the results of DUS (NASCETDUS).
Digital subtraction angiography
An experienced neuroradiologist (M.M.) performed all angiographic procedures
using DSA equipment (SIEMENS, AXIOM Artis dBA, Munich, Germany).
Informed consent was obtained from each patient or his/her family. The right
transfemoral or transbrachial approach was selected in accordance with the
Seldinger method. Standard four-vessel studies, including the bilateral carotid
and vertebral arteries, were performed. The neuroradiologist, who was unaware
of the result of the DUS, calculated the degree of stenosis using the NASCET
method (NASCET-DSA).
Analysis
The longitudinal length of the ICA and the intrastenotic PSV were expressed as
the mean ± standard deviation (SD). Pearson’s correlation coefficient was used
to prove linear correlations between the NASCET-DUS or PSV and NASCETDSA. When we evaluated the relationship between NASCET-DSA and
intrastenotic PSV in the ICA, we excluded ICAs with slow flow related to near-

occlusion. To obtain threshold values for predicting ICA stenosis greater than
70%, we conducted a sensitivity-specificity analysis on NASCET-DUS and PSV.
We also calculated the positive predictive value (PPV), negative predictive
value (NPV), and determined the accuracy when we used threshold values of
NASCET-DUS and PSV in order to diagnose ICA stenosis. Statistical
significance was assumed at p < 0.05.

Results
One hundred and twenty-six patients underwent DUS and DSA. Fourteen ICAs,
including 13 occluded and one undetectable ICA due to a massive hyperechoic
plaque, were excluded and the remaining 238 ICAs from 126 patients (84 men
and 42 women, mean age of 62 ± 7 years) were analyzed. Table shows the
backgrounds of the patients in the present study and includes gender, age,
vascular risk factors, and past illnesses. The main diagnoses from the DSA
studies were ICA stenosis (n=62, 49%), aneurysms (n=24, 19%), brain tumors
(n=12, 10%), arterial-venous malformations (n=7, 6%), middle cerebral artery
lesions (n=7, 6%), arterial-venous fistulas (n=5, 4%), Moyamoya disease (n=5,
4%), vertebral artery lesions (n=3, 2%), ICA occlusion (n=1, 1%), and common
carotid artery occlusion (n=1, 1%).
For the 238 ICAs that we were able to observe without hindrance, we
evaluated the validity of the MAT combined with EFI technology. As shown in
Figure 1, which depicts one patient with severe stenosis, DUS using a MAT
combined with EFI clearly visualized both the distal and the stenotic portions in
the vessel lumen of the ICA. In terms of visibility of the ICA, the average lengths

between the distal limit and the origin of the visualized ICA were longer on DUS
using a MAT than on DUS using a LAT (38.7 ± 11.7 mm versus 25.8 ± 9.8 mm,
p<0.0001) (Figure 2).
For 68 stenotic ICAs from 238 ICAs total, the intrastenotic PSV in the ICA
and the NASCET-DUS were obtained. Figures 3 and 4 show a Bland-Altman
plot and a regression equation between the NASCET-DSA and NASCET-DUS.
There was a significant correlation between NASCET-DSA and NASCET-DUS
(p<0.0001, r=0.969, and adjusted r2=0.938). Angle correction between
ultrasound insonation and the flow direction of the ICA was 54 ± 7 degrees. The
correlation coefficient between NASCET-DSA and intrastenotic PSV was
analyzed except for three ICAs with slow flow velocity in combination with nearocclusion (Figure 5). The findings from DSA included narrowing of the distal
lumen of the ICA and delayed internal carotid filling as compared with external
carotid branch filling. PSVs were determined to be 16 cm/sec, 36 cm/sec, and
38 cm/sec. There was a significant correlation between NASCET-DSA and
intrastenotic PSV (p<0.0001, r=0.804, and adjusted r2=0.640).
In the sensitivity-specificity analysis, optimal threshold values of
NASCET-DUS and intrastenotic PSV for predicting ICA stenosis greater than
70%, as detected by NASCET-DSA, were 68% and 290 cm/sec, respectively.
NASCET-DUS had a sensitivity of 88%, specificity of 91%, PPV of 81%, NPV of
91%, and an accuracy of 90%. Intrastenotic PSV had a sensitivity of 80%,
specificity of 72%, PPV of 63%, NPV of 63%, and an accuracy of 74%.

Discussion

The present study demonstrated that using DUS with a MAT could achieve
improved visualization of the distal ICA compared with using a conventional LAT.
The evaluation of ICA stenosis by the NASCET method on DUS using a MAT
was significantly comparable to that of NASCET-DSA.
NASCET-DUS with EFI was a useful method for the assessment of ICA
stenosis. DUS with a LAT, may overestimate for the denominator of the
NASCET measurement when the distal artery measurement is taken within the
carotid bulb or post-stenotic dilatation.22 Utilization of a MAT could sufficiently
visualize the distal ICA to calculate the NASCET measurement. Visualization of
the distal ICA is improved by using a 3.5 MHz convex array transducer because
of prominent characteristics, such as a powerful ultrasound emission and a
rounded surface.23 However, the 3.5 MHz convex array transducer is not
suitable for detailed evaluation of the common carotid artery, the bifurcation,
and the ICA because of coarse imaging resulting from its lower ultrasonic
frequency. In contrast, DUS using a 7.5 MHz LAT provides detailed and precise
imaging of said vessels due to the high resolution.24, 25 The 4-10 MHz MAT has
a rounded surface, which is one characteristic of a convex array transducer, and
a relatively high ultrasonic frequency, which is comparable to the LAT used
routinely in clinical practice. Therefore, we considered that the 4-10 MHz MAT
was also suitable for the evaluation of the ICA. Clevert et al. reported that Bflow, which is quite similar technology to the EFI utilized in the present study,
provided better ultrasonographic diagnosis of ICA stenosis as compared with
color Doppler flow imaging and power Doppler imaging as a result of negligible
pulsation and blooming artifacts.26 Some studies have demonstrated a good

correlation between the NASCET measurement by B-flow and by DSA.27,
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Similar to B-flow, EFI is able to visualize blood flow with improved spatial and
temporal resolution by applying a composite pulse emission technique.
In the present study, excluding three patients with near-occlusion of ICAs,
the correlation coefficient between NASCET-DSA and intrastenotic PSV was
0.804 (p<0.0001). A significant correlation between intrastenotic PSV and
NASCET-DSA has been reported.11-14 Koga et al. reported that the correlation
coefficient between the NASCET-DSA and intrastenotic PSV was 0.84
(p<0.0001).11 The result of our study is in accordance with this report. The cutoff PSV for ICA stenosis greater than 70%, as determined by NASCET-DSA,
was 290 cm/sec in this study. The Society of Radiologists in Ultrasound has
recommended a cut-off PSV for the ICA of > 125 cm/sec and > 230 cm/sec to
predict angiographic (> 50% and > 70%) ICA stenosis, respectively.16 However,
numerous optimal threshold values of velocity criteria for diagnosis of ICA
stenosis greater than 70% have been published.11-15, 17, 18 One reason for such
discrepancy may be related to the variability between studies, laboratories, and
operators.16,

29-31

Moreover, Schreuder et al demonstrated an age-dependent

decline in blood flow velocities in the carotid arteries.32 This may result in an
underestimation of the degree of ICA stenosis in elderly. Using the European
Carotid Surgery Trial (ECST) method, the optimal PSV cut-off values for the
diagnosis of ICA stenosis greater than 80% differed substantially (210 and 320
cm/s) between the two considered angle ranges (0-49 degrees and 50-62
degrees ).33 In our study, the angle correction was relatively high. Therefore, the
optimal PSV cutoff value may be higher than that in previous studies.

Near-occlusion, which was identified on DSA as having a delayed
internal carotid filling compared with external carotid artery branch filling and a
reduced distal lumen and/or intracranial collateral vessels, was tentatively fixed
at 95% carotid stenosis.34 In this study, the neuroradiologist was unaware of the
findings of DUS examination before DSA, and the sonographers were blinded
to the result of DSA. Although near-occlusion could be easily identified by DSA,
it could not be confirmed on DUS. Therefore, we included patients who had
near-occlusion when we compared NASCET measurements between DUS and
DSA.
We encountered some limitations. The diameter of the severe stenotic
lesion can be established by means of various ultrasound method considering
different position and special anatomical situation, such as a short neck and
high position of the carotid bifurcation. Consequently, it depends on skills of the
investigator. We were unable to visualize the vascular lumen of one patient due
to the massive hyperechoic plaque.

Conclusions
DUS using a MAT improved the visualization of the distal ICA compared with a
LAT. Using a MAT, the measurement of ICA stenosis by NASCET-DUS was
comparable to NASCET-DSA measurements. Consequently, the NASCET-DUS
method including a MAT may serve as a substitute for NASCET-DSA
measurements if patients have contraindications for other appraisal methods.
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Table: Characteristics
n = 126
Age

mean

(SD)

62

(7)

Male

n

(%)

84

(67)

Risk factors

n

(%)

Hypertension

65

(52)

Diabetes mellitus

20

(16)

Hyperlipidemia

38

(30)

Atrial fibrillation

2

(2)

31

(25)

Internal carotid artery stenosis

62

(49)

Aneurysm

24

(19)

Brain tumor

12

(10)

Arterial venous malformation

7

(6)

Middle cerebral artery lesion

7

(6)

Arterial venous fistura

5

(4)

Moyamoya disease

5

(4)

Vertebral artery lesion

3

(2)

Internal carotid artery occlusion

1

(1)

Common carotid artery occlusion

1

(1)

Smoking
Diagnosis

n

(%)

Figure 1: A representative case of internal carotid artery stenosis in a 59-yearold man. (A) Common carotid arteriography shows 80% stenosis in the proximal
portion of the internal carotid artery as determined by the NASCET method. (B)
and (C) presents duplex ultrasonography using a microconvex array transducer.
The degree of stenosis according to the NASCET method is 76%.

Figure 2: Scattergrams. The lengths of visualized internal carotid arteries are
25.8 ± 9.8 mm on duplex ultrasonography using a linear array transducer and
38.7 ± 11.7 mm on duplex ultrasonography using a microconvex array
transducer (p < 0.0001).

Figure 3: NASCET-DUS and NASCET-DSA compared in a Bland-Altman plot.
The mean difference is 2.4% within the limit of agreement at +11.0 and -8.6%.

Figure 4: Scatter plot of the correlation between NASCET-DUS and NASCETDSA (p < 0.0001, r = 0.969, and adjusted r2 = 0.938).

Figure 5: Scatter plot of the correlation between PSV and NASCET-DSA. Three
outliers are excluded because of slow flow velocity due to near-occlusion (p <
0.0001, r = 0.804, and adjusted r2 = 0.640).

