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a b s t r a c t

Background and aims: Emboli from the surgical site during exposure of the carotid arteries cause new
cerebral ischemic lesions or neurological deficits after carotid endarterectomy (CEA). The purpose of the
present study was to determine whether preoperative contrast-enhanced ultrasound findings of the
cervical carotid arteries are associated with the development of microembolic signals (MES) on trans-
cranial Doppler, during exposure of the arteries in CEA, and to compare the predictive accuracy of
contrast-enhanced ultrasound findings with that of gray-scale median (GSM).
Methods: Seventy patients with internal carotid artery stenosis (�70%) underwent preoperative cervical
carotid artery ultrasound and CEA under transcranial Doppler monitoring of MES in the ipsilateral middle
cerebral artery. Maximally enhanced intensities on the intraplaque and lumen time-intensity curves,
respectively, were obtained from contrast-enhanced ultrasonography data, and the ratio of the maximal
intensity (EIp) of the intraplaque curve to that (EIl) of the lumen curve was calculated. The GSM value of
the plaque was also measured.
Results: The area under the receiver operating characteristic curve to discriminate between the presence
and absence of MES during exposure of the carotid arteries was significantly greater for EIp/EIl than for
GSM (p ¼ 0.0108). Multivariate statistical analysis demonstrated that only EIp/EIl was significantly
associated with the development of MES during exposure of the carotid arteries (p ¼ 0.0002).
Conclusions: Preoperative contrast-enhanced ultrasound findings of the cervical carotid arteries are
associated with development of MES on transcranial Doppler during exposure of the arteries in CEA, and
the predictive accuracy of contrast-enhanced ultrasound is greater than that of GSM.
© 2017 The Authors. Published by Elsevier Ireland Ltd. This is an open access article under the CC BY-NC-

ND license (http://creativecommons.org/licenses/by-nc-nd/4.0/).
1. Introduction

Carotid endarterectomy (CEA) can prevent stroke in appropri-
ately selected patients [1e3], but>70% of intraoperative procedure-
related strokes are caused by cerebral emboli from the surgical site
[4]. Emboli from the surgical site can be detected as microembolic
signals (MES) on intraoperative transcranial Doppler (TCD)
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monitoring of the middle cerebral artery (MCA) [4e8]. Detection of
MES during exposure of the carotid arteries has been shown to be
significantly correlated with new ischemic lesions or neurological
deficits following CEA [5e8]. Solid masses, such as thrombi, can be
present on the surface of internal carotid artery (ICA) plaque, and
carotid artery manipulation to expose them during the CEA pro-
cedure may result in the masses being dislodged, causing cerebral
ischemic lesions [9]. It has been reported that intraplaque hemor-
rhage is related to a histologically disrupted plaque surface, which
suggests that, under such conditions, thrombi are exposed to blood
flow in carotid artery stenosis [10]. Histological neovascularization
predicts carotid plaque vulnerability [11e13], and neovessels are
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immature and fragile because local inflammatory damage and
shear stress from the arterial lumen lead to collapse, causing
intraplaque hemorrhage [12,14]. Thus, risk stratification for pa-
tients being considered for CEA can be improved by preoperative
identification of plaque vulnerability based on the degree of
neovascularization.

Cervical carotid artery ultrasound is widely used for bedside
evaluation of the morphology of this artery, in particular, to char-
acterize intraplaque components for determination of vulnerable
plaques. A vulnerable plaque is generally seen as a hypoechoic
plaque, but there is considerable overlap among components of
plaque echogenicity, even with quantitative evaluation, such as
with gray-scale median (GSM) [15,16]. Furthermore, plaque echo-
genicity does not always accurately predict the development of
MES during CEA [8,17].

Contrast-enhanced ultrasound can generate real-time images of
microbubbles as intravascular tracers that penetrate the plaque
from the vessel lumen or adventitial side through neovessels
[18e20]. In particular, second-generation contrast agents contain-
ing less soluble gases, such as Sonazoid (GE Healthcare, Oslo, Nor-
way), are stable in vivo and provide stable contrast because they are
highly compressible and facilitate detection of small and low-flow
vessels, such as neovessels in carotid plaques [14,18]. Recent
studies demonstrated that visual or quantitative evaluation of the
contrast effect using contrast-enhanced ultrasound enabled the
histopathological assessment of neovascularization of the carotid
plaque, suggesting that the high contrast effect in plaque may
reliably predict the presence of rich neovessels, plaque rupture, and
intraplaque hemorrhage [12,14,18,21,22].

The purpose of the present study was to determine whether
preoperative contrast-enhanced ultrasound findings of the cervical
carotid arteries are associated with development of MES on TCD
during exposure of the arteries in CEA and to compare the pre-
dictive accuracy of contrast-enhanced ultrasound findings with
that of GSM.

2. Patients and methods

2.1. Study design

The present study was a prospective observational study. The
study protocol conformed to the ethical guidelines of the 1975
Declaration of Helsinki. The institutional ethics committee
reviewed and approved the protocol, and all patients or their next
of kin provided their written, informed consent prior to the pa-
tients' participation.

2.2. Inclusion criteria of patients

Patients with ipsilateral ICA stenosis �70% determined accord-
ing to the below-mentioned method with useful preoperative re-
sidual function (modified Rankin scale score, 0e2) and who
underwent CEA of the carotid bifurcation in our institution were
included. Patients with previous allergic reactions to Sonazoid or
eggs [14], those who did not undergo preoperative contrast-
enhanced ultrasound, and those without reliable TCD monitoring
throughout the entire operation because of failure to obtain an
adequate bone window were excluded.

2.3. Angiography and measurement of the degree of ICA stenosis

All patients underwent angiography with arterial catheteriza-
tion, and the degree of ICA stenosis was determined using the
North American Symptomatic Carotid Endarterectomy Trial (NAS-
CET) criteria [3] and based on the comment of Fox et al. [23], as
follows [24]. The distal ICA was measured beyond the bulb, where
the walls are parallel and no longer tapering. To prevent underes-
timation of percentage stenosis for the distal ICAwith reduced axial
diameter due to near occlusion, if the diameter of the coaxial sec-
tion of the distal ICA was at least 80% smaller than the diameter on
the contralateral side, the diameter of the contralateral distal ICA
was substituted for calculating the degree of stenosis of the affected
ICA. If the contralateral ICAwas occluded or stenotic (>70%) and the
diameter of the distal ICA on the affected side was less than the
diameter of the distal external carotid artery, the diameter of the
distal external carotid artery was substituted for calculating the
degree of stenosis of the affected ICA. The required diameter of each
artery was measured on the workstation.

2.4. Pre-, intra- and postoperative management

Antiplatelet therapy was given to all patients until the morning
of the day of CEA. The procedure was performed under general
anesthesia with an operative microscope through a skin incision by
only one senior neurosurgeon blinded to preoperative ultrasound
findings, as well as intraoperative TCD findings. The neurosurgeon
continued the procedure regardless of the intraoperative TCD
findings. During anesthesia, standard electrocardiography, direct
arterial blood pressure measurements through an intra-arterial
catheter, pulse oximetry, and capnography were routinely moni-
tored. During carotid artery exposure, the increase in systolic blood
pressure was in principle maintained at least 10% above the pre-
operative value [23]. A vasodilator (nicardipine or nitroglycerin) or
a vasoconstrictor (theoadrenalin) was administered intravenously
as needed. Intraluminal shunts or patch grafts were used in none of
these procedures. Heparin (5000 IU) was given as a bolus before
ICA clamping.

2.5. Cervical carotid artery ultrasound and data processing

Cervical carotid artery ultrasound was performed on the
affected side using an ultrasound scanner (VOLSON E8 EXPERT, GE
Healthcare, Milwaukee, WI) with a 9L probe (3.1e7.9 MHz) by one
investigator, three days before surgery, and all images were stored
on the hard disk drive of the scanner. First, a carotid plaque was
identified on B-, color Doppler-, and pulse Doppler-mode images.
Next, contrast-enhanced ultrasonography was performed using a
coded phase inversion mode (frame rate, 30 frames/s; image depth,
4e5 cm; transit focus, 3e4 cm) with a low mechanical index
(0.1e0.2). Data were continuously recorded from 10 s before an
intravenous bolus injection (0.01 ml/kg body weight) of a contrast
agent (Sonazoid, Daiichi-Sankyo/GE, Tokyo, Japan) over 70 s
(Fig. 1A). A low mechanical index was used for the minimal
destruction of the microbubbles produced by the contrast agent.

Raw data of contrast-enhanced ultrasonography were trans-
ferred to the workstation. One investigator, who was blinded to
patient information, manually placed multiple circular regions of
interest (ROIs) within the carotid plaque on the sagittal section of a
coded phase inversion image so that ROIs extended all over the
plaque and were located near the lumen of the carotid artery
(Fig. 1B). Regions with acoustic shadows due to calcification were
excluded from the ROIs. The same investigator also manually
placed a circular ROI at each of the proximal and distal portions
within the lumen of the carotid artery on the same image (Fig. 1B).
Time-intensity curves of the intraplaque and lumen ROIs were
generated from the raw data using echo analyzing software (Vol-
Map445 ver.1.1.2a2, YD, Ikoma, Nara, Japan). Each original time-
intensity curve was output as a csv file by the software. Using
Microsoft Excel 2016 (Microsoft Corporation, Redmond, WA), time-
intensity curves were averaged with respect to intraplaque ROIs



Fig. 1. 73-year-old man with symptomatic right internal carotid artery stenosis (90%) showing microembolic signals (MES) during exposure of the carotid arteries in endarter-
ectomy.
(A) Sequence of coded phase inversion images obtained before and after the intravenous injection of ultrasound contrast. When compared with an image before the injection (upper
panel), only the lumen of the carotid artery is enhanced 18 s after the injection (middle panel). Nine seconds later (27 s after the injection), the carotid plaque is entirely enhanced
(lower panel). (B) Multiple circular regions of interest (ROIs) are set within the carotid plaque and near the lumen of the carotid artery, and two ROIs are set at the proximal and
distal portions, respectively, within the lumen of the carotid artery. (C) Time-intensity curves of the intraplaque and lumen ROIs. Blue and yellow lines indicate averaged and
smoothed time-intensity curves of the intraplaque and lumen ROIs, respectively. Green and red curves indicate fitted time-intensity curves of the intraplaque and lumen ROIs,
respectively. The length of a bidirectional arrow indicates intensity enhanced maximally by ultrasound contrast.
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and lumen ROIs in each patient, and each averaged time-intensity
curve was smoothed by averaging intensities of the 20 time
points neighboring each time point. Next, a curve-fitting technique
was applied for the smoothed time-intensity curves of intraplaque
ROIs and of lumen ROIs. The gamma variate curve was used for the
fitting because of the bolus injection of the contrast media [25]. All
fitting analyses were performed on MATLAB R2015b (MathWorks,
Natick, MA). A baseline intensity (dB) before injection of contrast
agent and a maximal intensity (dB) after the injection were ob-
tained on the intraplaque and lumen curves after the fitting in each
patient (Fig. 1C). The enhanced intensity (EI) was calculated by
subtracting the baseline intensity from the maximal intensity on
the intraplaque (EIp) and lumen (EIl) curves (Fig. 1C). The ratio of
the EIp to EIl was then finally calculated for each patient.

Next, a B-mode sagittal image of each patient was exported in
JPEG format. On this JPEG image, the same investigator who
analyzed data of contrast-enhanced ultrasonography visually and
manually set multiple irregular ROIs within the carotid plaque so
that ROIs extended all over the plaque and were located near the
lumen of the carotid artery (Fig. 2). Regions with acoustic shadows
due to calcification were excluded from the ROIs. The GSM value of
each ROI was then measured after normalization of the gray-scale
(0 for the arterial lumen and 195 for the arterial adventitia) using
a graphic software package (Photoshop CS4, Adobe Systems, San
Jose, CA), as reported previously [16]. GSM values in intraplaque
ROIs were then finally averaged in each patient.
2.6. TCD monitoring

TCD was performed using a PIONEER TC2020 system (EME,
Uberlingen, Germany; software version 2.50, 2-MHz probe; diam-
eter, 1.5 cm; insonation depth, 40e66 mm; scale, �100
and þ 150 cm/s; sample volume, 2 mm; 64-point fast Fourier
transform; fast Fourier transform length, 2 mm, fast Fourier
transform overlap, 60%; high-pass filter, 100 Hz; detection
threshold, 9 dB; minimum increase time, 10 ms) for insonation of
the MCA ipsilateral to the carotid artery undergoing CEA [23]. TCD
data were stored on a hard disk using a coding system and later
analyzed manually by a clinical neurophysiologist blinded to pa-
tient information [23]. MES were identified during exposure of the
carotid arteries (from skin incision to ICA clamping) according to
the recommended guidelines [26].

2.7. Statistical analysis

Data are expressed as means ± standard deviation (SD). Re-
lationships between EIp/EIl or averaged GSM and the development
of MES during exposure of the carotid arteries were evaluated using
the Mann-Whitney U test. The accuracy of the EIp/EIl or averaged
GSM to predict the development of MES during exposure of the
carotid arteries was determined using a receiver operating char-
acteristic (ROC) curve, and the ability to discriminate between the
presence and absence of MES during exposure of the carotid ar-
teries was estimated using the area under the ROC curve (AUC).



Fig. 2. B-mode image of the patient identical to Fig. 1.
Multiple irregular ROIs are set within the carotid plaque and near the lumen of the carotid artery.
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Pairwise comparison of the AUCs was performed for the EIp/EIl and
averaged GSM using the method proposed by Pepe and Longton
[27]. The relationships between the development of MES during
exposure of the carotid arteries and each variable except EIp/EIl and
averaged GSM were also evaluated by univariate analysis using the
Mann-Whitney U test or the c2 test. Multivariate statistical analysis
of factors related to the development of MES during exposure of the
carotid arteries was performed using logistic regression modeling.
EIp/EIl, averaged GSM, and variables showing values of p < 0.2 on
univariate analyses were entered into the final model. For all sta-
tistical analyses, significance was set at the p < 0.05 level.
3. Results

During the 15-month period of the study, a total of 86 patients
satisfied the inclusion criteria. Of these, one patient who under-
went urgent CEA due to crescendo transient ischemic attacks did
not undergo cervical carotid artery contrast-enhanced ultrasound.
The remaining 85 patients did not have a previous allergic reaction
to Sonazoid or eggs and underwent cervical carotid artery contrast-
enhanced ultrasound followed by CEA, but in three patients, no
ROIs could be placed within the carotid plaque because of an
acoustic shadow due to heavy calcification in the whole plaque.
These three patients were excluded from the analysis. For the
remaining 82 patients, TCD was attempted, but 12 patients did not
have reliable TCD monitoring throughout the entire operation
because of failure to obtain an adequate bone window. These pa-
tients were excluded from analysis. Therefore, a total of 70 patients
were enrolled into the present study.

The mean age of the 70 patients (66 men, 4 women) was 70 ± 8
years (range, 41e86 years). Sixty-two, 23, and 54 patients had hy-
pertension, diabetes mellitus, and dyslipidemia, respectively. Fifty-
five patients reported ipsilateral carotid territory symptoms within
6 months before surgery. Fifteen patients had asymptomatic ICA
stenosis. The overall average degree of ICA stenosis was
86.3% ± 9.6% (range, 70e99%), with 8 patients showing >70% ste-
nosis or occlusion in the contralateral ICA. Thirty-seven patients
underwent left-sided CEA. The mean duration of ICA clamping was
36 min (range, 25e56 min).

None of the patients studied showed abnormal changes on
intraoperative electrocardiography suggestive of acute cardiac
events associated with maintaining the increase in systolic blood
pressure. MES were detected in 19 of 70 patients (27%) when the
ICA was manipulated to allow exposure from the carotid sheath.

None of the patients developed adverse effects of intravenous
administration of the contrast agent. The numbers of ROIs placed
within the plaque in each patient ranged from 2 to 16 (5 ± 3).

Fig. 3 shows the relationship between EIp/EIl or averaged GSM
and development of MES during exposure of the carotid arteries.
While EIp/EIl was significantly greater in patients with MES
(0.666 ± 0.209) than in those without MES (0.324 ± 0.254)
(p < 0.0001), averaged GSM did not differ between patients with
(9.639 ± 6.301) and without MES (13.034 ± 8.021) (p ¼ 0.1537).

Fig. 4 shows ROC curves for EIp/EIl and averaged GSM in pre-
dicting development of MES during exposure of the carotid arteries.
AUCs for EIp/EIl and averaged GSM were 0.843 and 0.611, respec-
tively. The AUC was significantly greater for EIp/EIl than for aver-
aged GSM (difference between AUCs, 0.232; p¼ 0.0108). Sensitivity,
specificity, and positive- and negative-predictive values for EIp/EIl
at the cut-off point lying closest to the left upper corner of the ROC
curve in predicting development of MES during exposure of the
carotid arteries were 90%, 76%, 58%, and 95% (cut-off point¼ 0.441),
respectively (Fig. 3).

Results of univariate analysis of factors related to the develop-
ment of MES during exposure of the carotid arteries (except EIp/EIl
and averaged GSM) are summarized in Table 1. None of the vari-
ables showed significant associations with the development of MES
during exposure of the carotid arteries. For multivariate statistical
analysis of factors related to the development of MES during
exposure of the carotid arteries, male sex, EIp/EIl, and averaged GSM
were adopted as confounders in the logistic regression model. The
analysis revealed that only EIp/EIl was significantly associated with
the development of MES during exposure of the carotid arteries
(95% confidence intervals: 12.0e320.8; p ¼ 0.0002).
4. Discussion

The present study demonstrated that preoperative contrast-
enhanced ultrasound findings of the cervical carotid arteries are
associatedwith development of MES on TCD during exposure of the



Fig. 3. Relationship between maximally enhanced intensity in the carotid plaque (EIp)/maximally enhanced intensity in the carotid lumen (EIl) (A) or averaged gray-scale median
(GSM) (B) and development of MES during exposure of the carotid arteries.
Dashed horizontal lines denote the cutoff points lying closest to the left upper corners of the receiver operating characteristic (ROC) curves in predicting the development of MES
during exposure of the carotid arteries.

Fig. 4. ROC curves used to compare accuracy between EIp/EIl and averaged GSM for
predicting the development of MES during exposure of the carotid arteries.
Pairwise comparison analysis shows a significantly greater area under the ROC curve
for EIp/EIl (solid line) than that for averaged GSM (dotted line).
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carotid arteries in CEA, and the predictive accuracy of contrast-
enhanced ultrasound is greater than that of GSM.

In the present study, the degree of enhancement of the carotid
plaque on preoperative contrast-enhanced ultrasound was signifi-
cantly greater in patients with MES during exposure of the carotid
arteries than in those without MES, and greater enhancement was
an independent predictor of the development of MES. These data
supported previous findings that neovascularization is associated
with plaque vulnerability [11,13] and a plaque with rich neovessels
is fragile [14]. Based on the present data, the degree of enhance-
ment showed 90% sensitivity and a 95% negative-predictive value
for predicting the development of MES. Thus, preoperative
contrast-enhanced ultrasound for the cervical carotid arteries could
identify patients at risk for development of artery-to-artery em-
bolism during exposure of the carotid arteries in CEA as a clinical
screening test. In contrast, its specificity and positive predictive
value were relatively low. Pseudo-enhancement artifact interferes
with the assessment of the microvasculature in the far wall of the
carotid artery by contrast-enhanced ultrasound [28,29]. When ul-
trasound propagates through a medium containing contrast agent
microbubbles, such as the carotid lumen, distortion of the trans-
mitted waveforms can occur [30]. This can cause variable distor-
tions of the waveforms in a pulse sequence, with a resultant echo
signal from tissue behind the contrast pool (e.g. adventitia) that is
similar to the response of contrast agent microbubbles [30]. Thus, it
is possible to misclassify the tissue behind the contrast pool as
microbubbles [31]. Therefore, overestimation of the contrast-
enhanced intensity of plaque in the far wall of the carotid artery
can occur due to inclusion of this artifact in the measurements. This
may be a reason for the relatively low specificity and positive
predictive value of the contrast-enhanced ultrasound findings in
the present study.

In the present study, the predictive accuracy of GSM for the
development of MES was significantly lower than that of contrast-
enhanced ultrasound. Further, preoperative GSM did not differ
between patients with and without MES during exposure of the
arteries, and it was not an independent predictor of the develop-
ment of MES. These results corresponded with previous findings
[8,17] and might be caused by the plaque echogenicity showing
substantial overlap among different intraplaque components
[15,16].

The present findings can be applied to clamping the common
and external carotid arteries before manipulation of the carotid
bulb and the ICA during carotid artery exposure in CEA [32]. This



Table 1
Univariate analysis of factors related to the development of MES during exposure of the carotid arteries.

Variables Development of MES p value

Yes (n ¼ 19) No (n ¼ 51)

Age (years, mean ± SD) 69.7 ± 9.1 70.4 ± 7.1 0.7961
Male sex 16 (84%) 50 (98%) 0.0581
Hypertension 17 (89%) 45 (88%) >0.9999
Diabetes mellitus 5 (26%) 18 (35%) 0.5745
Dyslipidemia 13 (68%) 41 (80%) 0.3425
Symptomatic lesion 16 (84%) 39 (76%) 0.7441
Degree of ICA stenosis (%, mean ± SD) 87.4 ± 8.7 85.9 ± 10.0 0.6698
Bilateral lesions 2 (11%) 6 (12%) >0.9999
Left-sided CEA 11 (58%) 26 (51%) 0.7884
Duration of ICA clamping (min, mean ± SD) 37.5 ± 5.9 36.7 ± 7.0 0.4159

MES, microembolic signals; SD, standard deviation; ICA, internal carotid artery; CEA, carotid endarterectomy.
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early clamping of the carotid arteries results in reversal of blood
flow in the ipsilateral ICA and prevention of cerebral embolism
from the surgical site [32]. However, this procedure causes a longer
duration of cerebral ischemia [32]. Therefore, given these findings
and the present data, a practical clinical algorithm to prevent the
development of MES in CEA can be proposed: patients undergo
preoperative cervical carotid artery contrast-enhanced ultrasound;
when the EIp/EIl is high (�0.441), early clamping of the carotid
arteries is performed during carotid artery exposure; and when the
value is low (<0.441), this procedure is unnecessary.

A recent study has demonstrated that the incidence of the
development of MES was higher while deploying distal filter pro-
tection in carotid artery stenting than during carotid artery expo-
sure in CEA, and that carotid artery stenting with blood flow
reversal using early balloon occlusion of the common and external
carotid arteries significantly reduced the incidence of MES when
compared to carotid artery stenting using only distal filter protec-
tion [33]. The present findingsmight also suggest that patients with
a greater degree of enhancement of the carotid plaque on preop-
erative contrast-enhanced ultrasound should undergo carotid ar-
tery stenting with blood flow reversal rather than that using only
distal filter protection, although the present study did not include
any patients undergoing carotid artery stenting.

Besides a pseudo-enhancement artifact in the far wall on
contrast-enhanced ultrasound as described above, the present
study possesses several limitations that require discussion. First,
processing the raw data of contrast-enhanced ultrasonography to
fitted time-intensity curves is very complex, and thus, the present
method is not easily applicable in clinical practice. Second, patients
with previous allergic reaction to eggs could not receive Sonazoid
as an intravascular tracer in the present study because the lipid-
stabilized suspension of Sonazoid contains egg yolk [14,18]. Third,
for carotid plaque with heavy calcification, ROIs cannot be placed
within the carotid plaque on ultrasound images because of acoustic
shadows [18]. Lastly, to measure a contrast-enhanced effect and
GSM, ROIs within the carotid plaque were set on a coded phase
inversion image and on a B-mode image, respectively. These ROIs
were not identical between the two images, because ROI setting
was visually and manually performed due to a lack of software for
automatic ROI setting.

In conclusion, the present study demonstrated that preopera-
tive contrast-enhanced ultrasound findings of the cervical carotid
arteries are associated with the development of MES on TCD during
carotid artery exposure in CEA, and the predictive accuracy of
contrast-enhanced ultrasound is greater than that of GSM.
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