
2061

Endarterectomy for carotid artery stenosis because of ath-
erosclerosis is an effective method to prevent stroke in 

appropriately selected patients.1–3 However, intraoperative 
procedure-related ischemic events sometimes develop, and 
>70% of these events are caused by cerebral emboli from 
the surgical site.4 Intraoperative transcranial Doppler (TCD) 
monitoring of the middle cerebral artery can detect microem-
bolic signals (MES) that indicate cerebral emboli.4 MES dur-
ing exposure of the carotid arteries in carotid endarterectomy 
(CEA) is most strongly associated with development of new 
postoperative ischemic lesions or neurological deficits.5–10 
Although plaque as a source of emboli remains exposed 
to blood flow, manipulation of the carotid arteries for their 

exposure can dislodge emboli from the plaque into the intra-
cranial arteries.11

Several investigators have demonstrated that vulnerable 
carotid plaques consisting primarily of an intraplaque hem-
orrhage or lipid/necrotic core are related to development 
of MES during exposure of the carotid arteries in CEA.12,13 
Magnetic resonance (MR) plaque imaging can assess plaque 
characteristics in patients with cervical carotid stenosis: a 
vulnerable plaque is displayed as a relatively high-intensity 
lesion on T1-weighted MR imaging.12,14 A recent study also 
has shown that carotid plaques that show such high intensity 
are significantly associated with development of MES during 
exposure of the carotid arteries in CEA.15 However, although 
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the sensitivity and negative predictive value for high-intensity 
carotid plaques on T1-weighted MR imaging for predicting 
the development of MES during carotid exposure are high, 
the specificity and positive predictive value are <50%.15 Thus, 
additional factors may be associated with the development 
of MES during exposure of the carotid arteries in CEA. We 
hypothesize that when a solid mass, such as a thrombus or 
lipid/necrotic core is present on the surface of the plaque and 
is exposed to blood flow, the strong frictional force because of 
the blood flow in addition to manipulation of the carotid arter-
ies by the surgeon may dislodge this mass from the plaque and 
allow it travel to the intracranial arteries.

Blood flow, by virtue of its viscosity, imposes on the 
luminal vessel wall a frictional force per unit area known as 
hemodynamic wall shear stress (WSS).16,17 Flow impingement 
at arterial bifurcations, such as the cervical carotid arteries, 
causes high WSS.18 Further, a cervical carotid bifurcation with 
severe stenosis may exhibit higher WSS. The geometry of the 
lumen of the cervical carotid bifurcation can be reconstructed 
3-dimensionally using MR angiography, which enables calcu-
lation of WSS using computational fluid dynamics (CFD).19–22

The aims of the present study were to determine whether, 
in addition to carotid plaque intensity on T1-weighted MR 
imaging, WSS that is preoperatively calculated using CFD 
analysis for the carotid arteries is associated with develop-
ment of MES on TCD during exposure of the carotid arter-
ies during CEA.

Methods
We will not make our data, analytical methods, and study materi-
als available to other researchers because the privacy of the study 
patients is protected by the institutional review board regulation.

All procedures performed in studies involving human partici-
pants were conducted in accordance with the ethical standards of the 
institutional research committee, and written informed consent was 
obtained from all patients or their next of kin before participation.

Subjects
The present study was a prospective observational study. Patients 
with the following conditions were considered candidates for CEA: 
ipsilateral internal carotid artery (ICA) stenosis ≥70% as per the 
North American Symptomatic Carotid Endarterectomy Trial cri-
teria on angiography with MR, computed tomography, or arterial 
catheterization3; peak systolic velocity3 200 cm/s on cervical color 
duplex ultrasound in the affected ICA23; and useful residual function 
(modified Rankin Scale score, 0–2). After obtaining written informed 
consent, each patient who was considered a candidate for CEA under-
went carotid plaque MR imaging (see the MR plaque imaging sec-
tion in the online-only Data Supplement). Only patients who were 
determined to have a vulnerable carotid plaque on MR imaging then 
underwent cervical angiography with gadolinium-enhanced MR 
(see the CFD analyses section in the online-only Data Supplement). 
Each patient who underwent CEA was finally included in the present 
study. Patients without reliable TCD monitoring throughout the entire 
operation because of failure to obtain an adequate bone window were 
excluded from analysis.

Intraoperative TCD Monitoring
TCD was performed by using a PIONEER TC2020 system (EME, 
Uberlingen, Germany; software version 2.50, 2-MHz probe; diameter, 
1.5 cm; insonation depth, 40–66 mm; scale, −100 and +150 cm/s; sam-
ple volume, 2 mm; 64-point fast Fourier transform; fast Fourier trans-
form 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 middle cerebral artery ipsilateral to the 
carotid artery undergoing CEA.15 TCD data were stored on a hard disk 
using a coding system and were later analyzed manually by a clinical 
neurophysiologist who was blinded to patient information. MES were 
identified during exposure of the carotid arteries (from skin incision 
until ICA clamping) according to the recommended guidelines.24

Preoperative, Intraoperative, and Postoperative  
Management
All patients received antiplatelet drugs until the morning of the day 
when CEA was performed. Patients were placed under general anes-
thesia, and a microscope was inserted through a skin incision by a 
senior neurosurgeon who was blinded to the MR plaque and CFD 
data. The surgery was performed regardless of the results of intra-
operative TCD. The preoperative systolic blood pressure was main-
tained while the carotid arteries were exposed. If required, patients 
were given nicardipine or nitroglycerin for vasodilation or theoadren-
alin for vasoconstriction. No intraluminal shunts or patch grafts were 
used in any patients. Before clamping of the ICA, a 5000-IU bolus of 
heparin was administered.

A neurologist who was blinded to information about the patient 
performed neurological examination of all patients immediately 
before they were placed under general anesthesia and after waking 
from anesthesia. New or absent neurological deficits were noted.

Statistical Analysis
Data are expressed as the mean±SD. The relationship between vari-
ables in 2 groups was evaluated with univariate analysis by using the 
Mann-Whitney U or χ2 test. Logistic regression analysis of factors 
related to the development of MES during exposure of the carotid 
arteries was performed by using the sequential backward elimina-
tion approach. When the P value of all remaining variables became 
<0.2, the exclusion of variables was stopped. Receiver operating 
characteristic curves was used to assess the accuracy of the contrast 
ratio (CR) and WSS in predicting the development of MES during 
exposure of the carotid arteries. Pair-wise comparisons of the area 
under the receiver operating characteristic curve for the CR or WSS 
were performed as proposed by Pepe and Longton.25 For all statistical 
analyses, significance was set at P<0.05. Exact 95% CIs of sensi-
tivity, specificity, and positive and negative predictive values were 
computed with binomial distributions. Differences in the sensitivity, 
specificity, and positive and negative predictive values among the 
CR, WSS, and combination of these 2 were analyzed using 95% CIs: 
when the 95% CIs of any 2 items did not overlap, the difference in 
these 2 was determined to be significant.

Results
Study subjects included 96 males (96%) and 4 females 
(4%) with a mean age of 70±6 years (range, 54–82 years). 
Co-morbidities included diabetes mellitus (n=45; 45%), 
dyslipidemia (n=66; 66%), and hypertension (n=86; 86%). 
Symptoms related to the ipsilateral carotid territory were 
reported by 79 patients (79%) within 6 months before sur-
gery. The time from the last ischemic event to surgery ranged 
from 10 to 179 days (58±50 days). In other 21 patients (21%), 
the ICA stenosis was asymptomatic. Twenty-two (22%), 46 
(46%), or 32 (32%) patients preoperatively received 100 mg/d 
aspirin alone, 75 mg/d clopidogrel alone, or dual antiplate-
let therapy with these two, respectively. ICA stenosis ranged 
from 70% to 99% (mean 87±10%). The time from MR plaque 
imaging to surgery ranged from 4 to 6 days (4.9±0.8 days). In 
the 54 patients with a vulnerable carotid plaque, the time from 
gadolinium-enhanced 3-dimensional MR angiography to sur-
gery ranged from 1 to 3 days (2.0±0.8 days).
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During exposure of the carotid sheath, ICA manipulation 
resulted in MES in 24 of the 100 patients (24%). Compared 
with before anesthesia, new neurological deficits, all of which 
involved hemiparesis contralateral to the CEA, were noted in 
4 of 24 patients (17%) after waking from general anesthesia. 
In 3 patients, all neurological problems disappeared com-
pletely within 12 hours. In 1 patient, the deficits persisted 
24 hours after surgery. Seventy-six patients did not develop 
MES during exposure of the carotid arteries, and none of them 
developed new neurological problems after surgery.

Although none of the 46 patients with a nonvulnerable 
carotid plaque had MES during exposure of carotid arteries, 
24 of the 54 patients with a vulnerable carotid plaque (44%) 
had MES. The relationship among CR, WSS, and development 
of MES during exposure of the carotid arteries in patients with 
a vulnerable carotid plaque is shown in Figure 1, and results 
of univariate analysis of factors related to the development of 
MES during exposure of the carotid arteries are summarized 
in Table 1. The incidences of symptomatic lesions, CR, and 
WSS were significantly higher in patients with MES than in 
those without. No other variables showed a significant asso-
ciation with the development of MES during exposure of the 
carotid arteries. For the 43 patients with ischemic symptoms 
within 6 months before surgery, the time from the last isch-
emic event to surgery did not differ between patients with 
(61±59 days) and without (50±34 days) MES during exposure 
of the carotid arteries (P=0.7148). For the 37 patients who 
received single antiplatelet therapy, the incidence of treatment 
with clopidogrel alone did not differ between patients with 
(12/16: 75%) and without (14/21: 67%) MES during exposure 
of the carotid arteries (P=0.7228). Logistic regression analy-
sis with a sequential backward elimination approach revealed 
that a higher CR (95% CI, 8.31–881.82; P=0.0107) and higher 
WSS (95% CI, 1.02–1.11; P=0.0029) were significantly asso-
ciated with the development of MES during exposure of the 
carotid arteries in patients with a vulnerable carotid plaque. 
Symptomatic lesions (95% CI, 0.32–804.25; P=0.1636) were 
not associated with this development.

The receiver operating characteristic curves for the CR and 
WSS for predicting development of MES during exposure of 
the carotid arteries in patients with a vulnerable carotid plaque 
are shown in Figure 2. The area under the receiver operating 
characteristic curves for the CR and WSS were 0.788 (95% 
CI, 0.655–0.887) and 0.921 (95% CI, 0.814–0.977), respec-
tively. No significant difference between these 2 area under 
the receiver operating characteristic curves was observed (dif-
ference between areas, 0.133; P=0.0969). Sensitivity, specific-
ity, and positive and negative predictive values for the CR and 
WSS at the cutoff point lying closest to the upper left corner 
of the receiver operating characteristic curve in patients with 
a vulnerable carotid plaque are summarized in Table 2. When 
both cutoff points of the CR and WSS were combined, the 
specificity and positive predictive value became significantly 
greater than those for CR alone (Table 2).

T1-weighted MR and WSS images in a patient with MES 
during exposure of the carotid arteries and a patient without 
MES are shown in Figure 3.

Discussion
The present study demonstrated that in addition to carotid 
plaque intensity on T1-weighted MR imaging, WSS that was 
preoperatively calculated using CFD analysis for the carotid 
arteries is associated with development of MES on TCD dur-
ing exposure of the carotid arteries during CEA.

T1-weighted MR imaging with nongated spin echo used 
in the present study provides accurate evaluation of the com-
position of excised carotid plaques compared with histopath-
ologic findings in patients undergoing CEA26: carotid plaques 
showing a CR >1.17 mainly consist of an intraplaque hemor-
rhage or lipid/necrotic core, and those showing a CR ≤1.17 
mainly consist of fibrous tissue. Furthermore, no patients 
with a carotid plaque showing a CR <1.16 on the same MR 
sequence had MES during exposure of the carotid arteries in 
CEA.15 Thus, carotid plaques showing a CR >1.17 or ≤1.17 
were defined as vulnerable or nonvulnerable, respectively. As 
a result, although none of the patients with a nonvulnerable 

Figure 1. Relationship among the contrast ratio (CR), wall shear stress 
(WSS), and development of microembolic signals (MES) during exposure 
of the carotid arteries in patients with a vulnerable carotid plaque. Closed 
and open circles denote patients with and without MES, respectively. Verti-
cal and horizontal lines denote the cutoff points lying closest to the upper 
left corner of the receiver operating characteristic curves for the CR and 
WSS in predicting the development of MES, respectively.

Table 1. Univariate Analysis of Factors Related to the Development of MES During 
Exposure of the Carotid Arteries in Patients With a Vulnerable Carotid Plaque

Variables

Development of MES

P ValueYes (n=24) No (n=30)

Age, y (mean±SD) 70.6±6.1 69.4±6.8 0.6948

Male sex 24 (100%) 29 (97%) >0.9999

Hypertension 22 (92%) 24 (80%) 0.2771

Diabetes mellitus 10 (42%) 14 (47%) 0.7869

Dyslipidemia 16 (67%) 20 (67%) >0.9999

Symptomatic lesion 23 (96%) 20 (67%) 0.0147

Dual antiplatelet therapy 8 (33%) 9 (30%) >0.9999

Degree of ICA stenosis, % (mean±SD) 88.9±7.0 85.0±11.5 0.3182

CR 1.76±0.32 1.41±0.24 0.0003

WSS, Pa 137.3±69.6 45.3±30.9 <0.0001

CR indicates contrast ratio; ICA, internal carotid artery; MES, microembolic 
signals; and WSS, wall shear stress.
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carotid plaque had MES during exposure of the carotid arter-
ies, 44% of patients with a vulnerable carotid plaque had 
MES. These data corresponded to a previous finding15 and 
verified that a nonvulnerable carotid plaque itself is a predic-
tor of not developing MES during exposure of carotid arter-
ies and that CFD analyses are unnecessary for such carotid 
plaques. Furthermore, even in patients with a vulnerable 
carotid plaque, a higher CR was an independent predictor of 
the development of MES during exposure of the carotid arter-
ies, suggesting that a higher occupation rate of hemorrhage 
in carotid plaques is more likely to lead to MES. Intraplaque 
hemorrhages depicted on MR plaque imaging are related to a 
histologically disrupted plaque surface (plaque ulceration or 
a fissured fibrous cap) in patients with severe carotid artery 
stenosis (>70%).27 Surgical manipulation of carotid arteries 
with such plaques may lead to an embolism from an intra-
plaque hemorrhage.

In the present study, higher WSS was another indepen-
dent predictor of the development of MES during exposure of 
the carotid arteries, and the predictive accuracy for WSS was 
equal to that for plaque intensity in vulnerable carotid plaques. 
Furthermore, when these plaques were classified as mainly 
consisting of a lipid/necrotic core or intraplaque hemorrhage, 
the predictive accuracy for WSS was significantly greater than 
that for plaque intensity in the subgroup of patients with each 
plaque characteristic. These findings support our hypothesis 
that a strong frictional force because of blood flow may dis-
lodge a solid mass from the vulnerable carotid plaque and allow 
transport to the intracranial arteries. In addition, although low 
WSS induces plaque initiation and progression in the cardio-
vascular system,28–31 high WSS in the generated plaque with 
severe stenosis influences formation of plaque ulceration in the 
carotid artery.32 Plaque ulceration is strongly associated with 
development of MES during exposure of the carotid arteries.33 

These findings may also explain our observation of a signifi-
cant association between WSS and development of MES.

The present study also showed that a combination of 
plaque intensity and WSS increases the specificity and posi-
tive predictive value for predicting development of MES dur-
ing exposure of the carotid arteries compared with plaque 
intensity alone and that a carotid plaque with a higher plaque 
intensity and higher WSS has the highest risk of development 
of MES during exposure of the carotid arteries. As practical 
relevance, for patients with such carotid plaques, the com-
mon and external carotid arteries should be clamped before 
manipulation of the carotid bulb and the ICA during carotid 
artery exposure in CEA.34 This early clamping of the carotid 
arteries results in reversal of blood flow in the ipsilateral ICA 
and prevention of a cerebral embolism from the surgical site, 
although the procedure prolongs duration of carotid clamping 
and may lead to cerebral hemispheric ischemia.34

The present study possesses serious limitations that require 
discussion. First, the data processing time for each patient in 
the present CFD analysis was ≈24 hours, which makes clinical 
use of CFD analysis difficult when CEA is urgently needed. 
Future progress in central and graphics processing units may 
enable rapid CFD analysis. Second, in 30% of patients under-
going cervical angiography with gadolinium-enhanced MR, 
flow calculation of CFD was not accomplished because of the 
absence of a flow void at the mostly stenosed portion. Several 
investigators showed the same conditions when ICA steno-
sis is >90% or with near-ICA occlusion.21,35 This may have 
affected our results because of a significant bias and may also 
exclude routine use of CFD analysis. Third, although the non-
gated spin-echo MR plaque imaging used in the present study 
reportedly provides an accurate evaluation of the composition 
(ie, fibrous tissue, lipid/necrosis, or hemorrhage) of excised 

Figure 2. Receiver operating characteristic curves for the contrast ratio 
(CR) and wall shear stress (WSS) in predicting the development of micro-
embolic signals during exposure of the carotid arteries in patients with a 
vulnerable carotid plaque.

Figure 3. T1-weighted magnetic resonance plaque images at the location 
in which the stenosis is most severe in the affected internal carotid artery 
(ICA; upper) and wall shear stress (WSS) images in the affected carotid 
artery (lower) in a 74-year-old man with microembolic signals (MES) during 
exposure of the carotid arteries (left) and a 71-year-old man without MES 
(right). Although the signal intensity of the plaque is approximately equal 
between these 2 patients, WSS in the stenotic portion of the ICA is consid-
erably higher in the former patient than in the latter patient.
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carotid plaques compared with histopathologic findings in 
patients undergoing CEA,22 this finding was obtained using 
a 1.5-T MR scanner. Another study used a 3-T MR scanner 
and demonstrated that magnetization-prepared rapid acquisi-
tion of gradient echo, compared with spin echo, demonstrated 
higher diagnostic capability for the detection and quantifica-
tion of intraplaque hemorrhage in the carotid artery.36 This 
difference in MR scanners may cause a discrepancy in the 
results between the 2 studies. Fourth, the location in which 
the stenosis was most severe was visually determined on 
sagittal 2-dimensional phase-contrast MR angiography for 
MR plaque imaging and on time-of-flight and gadolinium-
enhanced 3-dimensional MR angiography for CFD analyses. 
Thus, the location may not always be identical between these 
2 types of imaging. Fifth, WSS was calculated in the pres-
ent study assuming that carotid bifurcation was rigid. WSS in 
the compliant model, which produces approximately the same 
degree of wall motion as that occurring in vivo, was reportedly 
smaller by ≈30% than in the rigid model at most locations in 
the carotid bifurcation of healthy humans.37 Because vulnera-
ble plaques are soft and weak, use of a rigid model may lead to 
overestimation of WSS in such plaques. However, because the 
plaque is thick in the carotid bifurcation with severe stenosis 
(≥70%), pulsatile wall motion may be low, and the overesti-
mation of WSS is presumably minimal.20 Sixth, the maximum 
value of WSS within the most severe stenotic segment was 
selected for analysis in each patient. Although this value was 
an independent predictor of the development of MES dur-
ing exposure of the carotid arteries, which value, including 
the mean value of WSS in the most severe stenotic segment 
is more appropriate for this prediction remains unknown. 
Seventh, of the 100 patients who were finally analyzed, only 4 
patients (4%) were women. The largest sample size of studies 
on CEA published recently in our country was 500 patients, 
and women made up only 8% of the sample size.38 The preva-
lence of smokers, heavy drinkers, and patients with hyperten-
sion is lower in women than in men in our country. Lifestyle 
habits or lifestyle diseases in addition to racial characteristics 
may cause the low percent of women among patients with ath-
erosclerotic severe stenosis of the cervical ICA. Furthermore, 
according to a study on MR carotid plaque features, the pres-
ence of a lipid/necrotic core was less common in women, and 
a trend was observed for a lower prevalence of intraplaque 
hemorrhages in women.39 Thus, the prevalence of vulnerable 
carotid plaques is lower in women than in men,39 also explain-
ing the very low percent of women in our patient population. 

However, these findings imply that our data for CFD analysis 
may not be applicable to women. More confirmatory data are 
needed in women. Finally, to optimally standardize the surgi-
cal methods, the same senior neurosurgeon, who was blinded 
to TCD data during surgery and proceeded with surgery 
regardless of this information, performed all surgeries. The 
carotid arteries may have been exposed to different degrees of 
stress because of manipulation in different patients, and this 
may have impacted the presence or absence of MES.

Conclusions
In addition to carotid plaque intensity on T1-weighted MR 
imaging, WSS preoperatively calculated using CFD analysis 
for the carotid arteries is associated with development of MES 
on TCD during exposure of the carotid arteries during CEA.
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