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BACKGROUND AND PURPOSE: Various Doppler criteria have been used to predict hemo-
dynamically significant carotid stenosis. This study was performed to elucidate whether hemo-
dynamically significant stenosis can be predicted indirectly by the blood flow velocity in the
common carotid artery (CCA) measured with duplex ultrasonography in patients with unilat-
eral stenosis of internal carotid artery (ICA).

METHODS: Eighty-five patients who were scheduled to undergo carotid endarterectomy for
unilateral stenosis of ICA origin were analyzed. The flow velocities and their side-to-side ratios
in the CCA were calculated. The flow velocities in the CCA were measured with conventional
ultrasonography and poststenotic blood flow with transoral carotid ultrasonography. Cerebral
angiography was performed to evaluate the intracranial collateral flow.

RESULTS: Among the absolute values and side-to-side ratios of Doppler flow velocities in the
CCA, the end diastolic flow velocity (EDV) ratio in the CCA best correlated with the residual
lumen area (r � 0.35; P � .0009), stenosis of diameter (r � 0.48; P < .0001), and poststenotic
flow (r � 0.60; P < .0001). EDV ratios in the CCA were significantly lower in patients with
collateral pathways (anterior communicating artery, P � .0005; posterior communicating
artery, P � .004; ophthalmic artery, P < .0001; leptomeningeal collateral, P � .004). The
optimal threshold value of the EDV ratio in the CCA for the presence of intracranial collateral
flow and stenosis of diameter >70% was 1.2. Those for tight stenosis in a cross-sectional area
>95%, the reduction of poststenotic flow, and poststenotic narrowing were 1.4, 1.5, and 1.6,
respectively.

CONCLUSION: The EDV ratio in the CCA appears to be an additional parameter for
predicting hemodynamically significant stenosis in patients with unilateral ICA stenosis.

Atherothrombotic stenosis originating in the internal
carotid artery (ICA) is a common cause of carotid
territory ischemic stroke. Carotid endarterectomy
(CEA) is recognized as a treatment for selected pa-
tients with severe symptomatic or asymptomatic ex-
tracranial ICA stenosis (1, 2). Ultrasonography, a
widely used diagnostic tool, is the best screening test
for ICA stenosis, which can be detected by the com-

bination of B-mode and color-encoded flow imaging.
Power Doppler imaging reveals more detailed fea-
tures of the intrastenotic lumen more precisely, par-
ticularly in complicated high-grade stenosis (3). Con-
ventional carotid ultrasonography, however, is useless
when the carotid lesion is heavily calcified or the
carotid bifurcation is located in a high position (4).

If the stenotic area cannot be directly visualized,
the diagnosis must depend on indirect signs. Doppler
spectral analysis is used to confirm and quantify find-
ings and is considered helpful when vascular segments
are not unequivocally distinguishable in the color-
coded image. In previous reports, various indices,
parameters, and grading methods for detection of
hemodynamically significant carotid stenosis have
been proposed. Absolute measurements of the inter-
nal carotid peak systolic velocity (ICPSV), end-dia-
stolic velocity (ICEDV), and the ratio of the intra-
stenotic internal carotid peak systolic velocity to the
prestenotic common carotid peak systolic velocity
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(ICPSV/CCPSV) have been suggested to estimate the
degree of carotid stenosis (5–11). There is, however,
no single cut-off point that precisely quantifies the
stenosis. ICPSV/CCPSV ratios that predict �70%
stenoses (according to the North American Symp-
tomatic Carotid Endarterectomy Trial [NASCET])
ranged from 2.8 to 4.3 (12, 13). Thus, optimal duplex
criteria for identification of severe stenosis differ
markedly, depending on the sonography machine and
laboratory (13–15).

The measurement of side-to-side velocity ratios is
superior to the other methods because it is indepen-
dent of the transducer’s frequency, the course of the
vessels, and the patient’s general circulatory status.
We performed the present study to elucidate whether
it is possible to establish a discriminatory value of
Doppler flow parameters in the common carotid ar-
tery (CCA) that can predict severe stenosis, the re-
duction of the poststenotic flow in the extracranial
distal ICA, and intracranial collateral circulation in
patients with ICA stenosis.

Methods

Patients
The subjects were recruited from patients who were candi-

dates for CEA at the National Kyushu Medical Hospital,
Fukuoka, Japan. Patients who had obstructive lesions in intra-
cranial cerebral arteries, carotid arteries except ipsilateral ICA
origin, or vertebro-basilar arteries exceeding 50%, which was
determined by the same method as that used in the NASCET
study (1), were excluded. Patients with a history of major stroke
in ICA territory that was confirmed by MR imaging and con-
sidered to affect interpretation of cerebral hemodynamics were
also excluded. Eighty-five patients were selected for further
study (73 men; mean age, 69.6 � 6.5 years). The study was
performed after the subjects granted informed consent to be
examined by neuroradiologic tests within a month before CEA.

Ultrasonography
Ultrasonography was performed by using a color-coded du-

plex ultrasonographic device (HDI 5000, Philips, Eindhoven,
the Netherlands). Sonography beams (12–5 MHz and a 7–4
MHz) were used for conventional carotid imaging and pulsed
Doppler. The peak systolic velocity (PSV), end diastolic veloc-
ity (EDV), and time-averaged mean velocity (TMV) were mea-
sured and then corrected with the incident angle. The side-to-
side ratio was calculated by dividing contralateral flow
parameter by ipsilateral one measured by using carotid ultra-
sonography. The pulsatility index (PI) and resistance index
(RI) were calculated by using the following formulae: PI �
(PSV � EDV)/TMV and RI � (PSV � EDV)/PSV. The lumen
area at the point of greatest stenosis was measured, and the
percent stenosis was calculated by using the cross-sectional
area. The average degree of stenosis was 87.9 � 10.6%. Ultra-
sonography was performed by a neurosonographer who was
blinded to the patient information.

To measure poststenotic flow of the extracranial distal ICA,
transoral carotid ultrasonography (TOCU) was performed by
using the 9–5-MHz convex array transducer in 63 patients. The
methods for TOCU have been described elsewhere (16, 17).
The properties of the blood vessel were evaluated by the
B-mode as well as by color-flow imaging. Doppler blood flow
measurements were also made. Blood flow was calculated by
the following formula: (diameter of poststenotic ICA)2 �
�/4 � (TMV of poststenotic ICA). An experienced examiner

performed all examinations without knowledge of the degree
and side of the stenosis.

Angiographic Assessment
Conventional selective angiography was performed by using

the standard Seldinger technique. A neuroradiologist blinded
to all information reviewed the angiograms. To assess the
presence of collateral circulation, biplanar views were exam-
ined. Definite filling of the anterior communicating artery,
posterior communicating artery, and ophthalmic artery was
considered to demonstrate the presence of collaterals. The
presence of leptomeningeal collaterals was defined, on the
basis of a previous study, as retrograde middle cerebral artery
flow reaching the surface of the insula (18). The degree of
carotid stenosis assessed by the NASCET method was 75.6 �
15.1%. Four patients in whom intracranial collateral pathways
were not fully examined were excluded from further analysis
for intracranial collaterals.

Statistics
Linear regression analysis was performed to examine the

relationship between flow velocity parameters in the CCA and
carotid stenosis or poststenotic blood flow. We analyzed the
difference in the flow parameters dependent on intracranial
collaterals by using an unpaired t test. One-way analysis of
variance (ANOVA) comparing the grade of collateral circula-
tion as a nominal variable with the velocity ratio in the CCA as
a continuous variable was performed. A post-hoc Bonferroni
test was done to detect the difference. A P value �.05 was
considered significant. The values were expressed as the
mean � SD. Receiver operator curves were used to calculate
the sensitivity and specificity of the velocity parameters for
diagnosing impaired hemodynamics.

Results

Doppler Parameters in CCA Related to Severity
of Stenosis and Poststenotic Flow

The absolute values of the PSV (63.4 � 21.6 cm/s),
EDV (15.6 � 5.4 cm/s), and TMV (28.5 � 8.9 cm/s)
in the affected CCA did not correlate with the resid-
ual lumen area, although they were associated with
the degree of stenosis calculated by the NASCET
method (PSV, r � 0.30, P � .007; EDV, r � 0.32, P �
.005; TMV, r � 0.33, P � .003). The side-to-side
ratios of the EDV (1.48 � 0.56) and TMV (1.27 �
0.41), but not the PSV (1.37 � 0.47), were signifi-
cantly correlated with the severity of the cross-sec-
tional stenosis. All the ratios were associated with the
degree of stenosis calculated by the NASCET method
(Table 1).

The values of the PSV, EDV, and TMV in the
affected CCA were significantly associated with post-
stenotic flow (4.0 � 2.3 mL/s; PSV, r � 0.41, P �
.0009; EDV, r � 0.56, P � .0001; TMV, r � 0.53, P �
.0001) and poststenotic diameter (3.5 � 0.7 mm; PSV,
r � 0.28 P � .03; EDV, r � 0.40, P � .001; TMV, r �
0.30, P � .02) estimated by TOCU. This tendency was
more evident in the side-to-side ratios of these flow
velocities (Table 1). The relationship between the
EDV ratios and the poststenotic flow is shown in
Figure 1.

The absolute values, as well as the ratios of the PI
(1.70 � 0.45) and RI (0.75 � 0.07), were associated
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with neither degree of stenosis nor poststenotic diam-
eter. Only a weak association was observed between
the ratios of the RI and the reduction of the postste-
notic flow (Table 1).

Doppler Flow Parameters in CCA and Collateral
Pathways

EDV (P � .0003) and TMV (P � .005) in patients
with an ophthalmic artery and EDV (P � .005) and
TMV (P � .03) in patients with a leptomeningeal
collateral were significantly lower. In patients with a
posterior communicating artery, no difference was
seen in these parameters. In patients having an ante-
rior communicating artery, the absolute values of PI
(P � .04) were significantly lower than those without
the collateral.

The PSV, EDV, and TMV ratios related to the
collateral pathways are shown in Table 2. The EDV
ratio in the CCA was significantly higher in patients
with any type of collateral pathway (all P � .05 by
unpaired t test) and also tended to be higher in
patients having more extensive collateral pathways

(ANOVA, P � .0001; Fig 2). This tendency was less
evident in the TMV ratio. The PSV ratio was inde-
pendent of intracranial collaterals (Table 2).

Absolute measurements of PI and RI showed a
similar tendency, but less evidently (data not
shown). The PI ratio did not differ according to the
presence of collaterals. The RI ratio was signifi-
cantly higher only in patients with an anterior com-
municating artery.

Sensitivity and Specificity of EDV Ratio Criteria
in Predicting Hemodynamically Significant

Carotid Stenosis
Data derived from receiver operator curves were

used to calculate the sensitivity and specificity of the
side-to-side ratio of EDV in the CCA. Figure 3 shows
the receiver operator curves for diagnosing various
hemodynamically significant conditions. The optimal
values that provide the maximum balance between
sensitivity and specificity in detecting these hemody-
namic changes due to ICA stenosis are listed in Table
3. Optimal threshold values of the EDV ratio ranged
between 1.2 and 1.6, depending on the nature of the
hemodynamically significant changes.

Discussion
There is currently a trend in vascular surgery to-

ward less-invasive diagnostic methods (19). Thus, du-
plex scanning has emerged as a substitute for routine
arteriography in selected patients who are candidates
for CEA. There are various morphologically and he-
modynamically based methods for grading stenoses of
the ICA (4), but the absolute value of the flow veloc-
ity remarkably varies with the individual. By contrast,
the velocity ratio in the CCA appears to be relatively
unchanged and can be estimated even in case of
technically inadequate duplex scanning of the ICA. In
the present study, among the absolute values and
side-to-side ratio of Doppler parameters in the CCA,
the EDV ratio most closely correlated with the sever-
ity of stenosis and reduction of poststenotic flow es-
timated by TOCU. Moreover, the EDV ratio was
significantly higher in patients with intracranial col-
laterals. We evaluated a decrease in poststenotic flow
by using TOCU, because TOCU has been reported to
be capable of measuring blood flow in the extracra-
nial distal ICA in patients with stenosis of ICA origin

FIG 1. Scatter plot of poststenotic flow versus the side-to-side
ratio of EDVs. The abscissa indicates the poststenotic flow.
Dotted line and shaded area indicate the EDV ratio at 1.0 and the
range between 1.2 and 1.6, respectively. The line was drawn on
the basis of the following equation: ED ratio � 2.16 � (postste-
notic flow)�0.32; r � 0.63.

TABLE 1: Linear regression analysis of the correlations of side-to-side ratios of CCA Doppler parameters, and severity of the stenosis or postste-
notic status

Side-to-side ratio

Area stenosis NASCET stenosis Poststenotic flow
Poststenotic

diameter

r P r P r P r P

PSV NS 0.30 .008 0.39 .002 0.41 .0009
EDV 0.35 .0009 0.48 �.0001 0.60 �.0001 0.66 �.0001
TMV 0.25 .02 0.38 .0008 0.46 .0002 0.47 �.0001
PI NS NS NS NS
RI NS NS 0.23 0.03 NS

Note.—Coefficients of the correlation (r) are described. P value under .05 is considered to be significant. NS represents not significant.
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(16, 17, 20, 21). As a result, the EDV ratio in the CCA
was associated with poststenotic flow. Although
TOCU is not yet popular and is not widely available,
the flow velocity in the CCA can be easily measured
by using conventional methods. Therefore, the EDV
ratio in the CCA may be useful to predict the post-
stenotic flow decrease and development of intracra-
nial collaterals. The EDV ratio can help to detect
hemodynamically significant change in conjunction
with duplex imaging of ICA stenosis.

Recent reports have indicated that various tech-
niques are capable of detecting hemodynamically sig-
nificant stenosis. Previous reports showed that exam-
inations such as the ophthalmic artery color duplex
scanning signal intensity (22), transcranial Doppler
(TCD) findings (23, 24), the combination of MR
(MR) spectroscopy and MR angiography (MRA; 25),
and the combination of TCD and MRA (26) are
useful for detecting hemodynamically significant ca-
rotid stenosis. Compared with these techniques, the
flow velocity ratio in the CCA appears to be a more

convenient criterion because it can be additionally
obtained by routine examination.

Yasaka et al (27) reported that the side-to-side
ratio of the EDV in the CCA can identify the side of
the occlusion in the ICA in patients with acute car-
dioembolic stroke. They suggested that an EDV ratio
�4.0 is indicative of ICA occlusion in patients with
cardioembolic stroke. Kimura et al (28) reported that
the finding of a CCA EDV ratio �1.4 is a likely
indication of atherothrombotic occlusion of the ICA.
In contrast to embolic occlusion, a collateral pathway
develops more extensively in atherothrombotic steno-
sis, and, as a result, the criteria may be altered. No
report has studied the significance of the EDV ratio
in carotid stenosis. In the present study, the EDV
ratio in the CCA was evaluated in patients with
atherothrombotic ICA stenosis. The decrease in post-
stenotic flow beyond ICA stenosis was detected by
using TOCU, and the best cut-off EDV ratio to pre-
dict the hemodynamic change was determined. The
sensitivity–specificity curve revealed that the optimal
threshold varies from 1.2 to 1.6 according to the

FIG 2. Side-to-side ratios of EDV in the CCA were plotted
according to the grade of the development of collateral path-
ways. Patients who had one or two collaterals and more than
three collaterals were defined as moderate and extensive
groups, respectively. Numbers in parentheses indicate the num-
ber of patients. *P � .0001 versus control group and moderate
group. The EDV ratio exceeded 1.35 in all patients in the exten-
sive group, although it was not below 1.5 in any collateral group.

FIG 3. Receiver operator curves of the EDV ratio in the CCA for
hemodynamic changes including severe reduction of postste-
notic flow �3.4 mL/s (--{--), presence of intracranial collateral
(---‚---), and stenosis of diameter �70% calculated by the
NASCET method (–�–).

TABLE 2: Difference in CCA Doppler parameters between patients with and without each intracranial collateral

Side-to-side ratio

ACoA PCoA OA LM

(56/25) P (19/62) P (21/60) P (14/67) P

PSV 1.32 � 0.43 NS 1.30 � 0.30 NS 1.38 � 0.38 NS 1.40 � 0.42 NS
1.17 � 0.37 1.27 � 0.45 1.24 � 0.42 1.25 � 0.41

EDV 1.63 � 0.59 .0005 1.81 � 0.65 .004 2.00 � 0.66 �.0001 1.88 � 0.84 .004
1.18 � 0.29 1.39 � 0.49 1.31 � 0.39 1.41 � 0.45

TMV 1.47 � 0.52 .009 1.57 � 0.57 .05 1.64 � 0.44 .003 1.51 � 0.51 NS
1.18 � 0.28 1.33 � 0.43 1.29 � 0.45 1.36 � 0.47

PI 0.90 � 0.28 NS 0.88 � 0.30 NS 0.91 � 0.32 NS 0.97 � 0.29 NS
1.00 � 0.22 0.95 � 0.25 0.94 � 0.24 0.92 � 0.26

RI 0.95 � 0.11 .01 0.95 � 0.12 NS 0.95 � 0.13 NS 0.95 � 0.13 NS
1.01 � 0.08 0.97 � 0.10 0.97 � 0.09 0.97 � 0.09

Note.—ACoA indicates anterior communicating artery; PCoA, posterior communicating artery; OA, ophthalmic artery; and LM, leptomeningeal
collateral. The number in parenthesis indicates the number of the patients with/without each collateral. The side-to-side ratios of Doppler parameters
are described in the Table. Upper and lower columns indicate the ratio in patients with and without the collaterals, respectively; P value under .05 is
considered to be significant; and NS represents not significant.
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extent of hemodynamic change. When the EDV ratio
exceeds 1.2, it is possible that stenosis of diameter is
high-grade, exceeding 70% estimated by the
NASCET method, and that poststenotic flow is re-
duced and intracranial collaterals develop. Ratios be-
yond 1.4, 1.5, and 1.6 may indicate a cross-sectional
stenosis �95%, highly reduced poststenotic flow, and
poststenotic narrowing, respectively. It has been re-
ported that the extracranial ICA distal to tight steno-
sis is narrowed or collapsed (16, 17, 29, 30). Thus, a
ratio �1.6 suggests the reduction of poststenotic flow
below the critical level. When the ratio is �2.2, the
specificity for any hemodynamically significant pa-
rameter is 100%. Taken together, an EDV ratio in
the CCA �1.2 indicates the presence of possible
hemodynamic change in the poststenotic portion of
the extracranial distal ICA and subsequent develop-
ment of intracranial collaterals. A ratio in excess of
1.6 potentially indicates the collapse of the distal ICA
due to severe stenosis that exceeds the critical level.

Conclusion
There are some limitations in evaluation of the

EDV ratio in the CCA. When the contralateral ca-
rotid artery is stenosed, the side-to-side ratio will be
modified. Moreover, obstructive lesions in the exter-
nal carotid artery or CCA may also affect the ratio.
Although atherothrombotic stenosis often occurs in
the origin of the ICA, the possible presence of other
significant lesions should be taken into consideration
in the assessment of the EDV ratio. Regardless of
these limitations, the EDV ratio appears to be less
laboratory-specific. We believe that this simple
method can help distinguish hemodynamically signif-
icant stenosis in the ICA. Further study is needed to
focus on the clinical significance of the EDV ratio.
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