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Surgical Treatment for Carotid Stenoses with Highly
Calcified Plaques

Hiroyuki Katano, Mp, php,*t Mitsuhito Mase, MD, PhD,* Yusuke Nishikawa, MD, PhD,*

and Kazuo Yamada, MD, PhD*

Background: The aim of this study was to clarify both the present status of treatment
for carotid stenosis with highly calcified plaques and the appropriate treatment.
Methods: A total of 140 consecutive treatments for carotid stenoses (carotid endarter-
ectomy [CEA]:carotid artery stenting [CAS] 81:59) were enrolled in the study. We
classified the patients into low-calcified plaque (LCP) and high-calcified plaque
(HCP) groups by calcium score, determined by a receiver operating characteristic
analysis, and we compared the results after both treatments. Resulfs: The mean de-
gree of residual stenosis and improvement rates of the stenosis after CAS for the
HCP group were 9.7% * 13.3% and 87.0% * 16.8%, respectively, whereas those
for the LCP group were 1.7% * 6.1% and 97.9% * 7.9% (both P <.001). A multiple
logistic regression analysis revealed that only the calcium score was an independent
pre-CAS predictor of residual stenosis. Restenosis at 6 months was observed fre-
quently in the HCP group after both CAS and CEA (18.8% and 20.0%, respectively).
Cerebral hyperperfusion syndrome was observed in 2 cases of CAS, 1 for each pla-
que group. The 30-day and 6-month rates for any stroke or death after CAS were
2.3% and 12.5% for the LCP and HCP groups, respectively, whereas those after
CEA were 1.6% and 0%. Conclusions: Carotid stenoses with HCP {(calcium score
=420) treated by CAS showed a disadvantage in the degree of stent expansion com-
pared to carotid stenoses with LCP, suggesting that CEA may be recommended as
a surgical option. Key Words: Calcification—carotid artery stenting—carotid
endarterectomy-—carotid stenosis.

© 2013 by National Stroke Association

After the approval of self-expanding stents with filter
protection devices by the Japanese Ministry of Health
Labor and Welfare in 2008,'? the rate of postoperative is-
chemic complications with so-called “soft” vulnerable
lipid-rich plaques temporarily increased in patients with
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carotid artery stenting (CAS) treated in Japan. The rate
decreased after the application of appropriate embolic
protection devices.>* Therefore, one of the remaining
problems concerning the treatment of carotid stenosis
may concern instead the so-called “hard plaques” with
calcification.

In a previous study, our pathologic and radiologic as-
sessments suggested that severely calcified plaque might
prevent the expansion of carotid stents and therefore af-
fect the results of CAS,*¢ and we recommended that phy-
sicians conduct a preoperative analysis of carotid plaque
using the Agatston calcium score with multidetector com-
puted tomography angiography (MDCTA).”

Nonaka et al® warned that calcification at carotid bifur-
cations is an independent risk factor for prolonged hypo-
tension after CAS that might relate to periprocedural
ischemic events. They described how plaque calcification

Journal of Stroke and Cerebrovascular Diseases, Vol. H, No. B (H-#), 2013: pp 1-7 1
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San Mateo, CA) with preoperative MDCTA data. Calcium
scores were calculated as the products of the areas of cal-
cified lesions and the weighted signal intensity scalars,
dependent on the maximal Hounsfield unit (HU) value
within the lesion (scalar = 1 if 130-199 HU, 2 if 200-299,
3 if 300-399, and 4 if =400). The analysis of the degrees
of stenoses before and after the operation was also per-
formed with MDCTA using the NASCET method." The
ROC analysis revealed that the optimal cutoff value for
the calcium score was 420 for postoperative residual
stenosis >25% after CAS (sensitivity 0.750; specificity
0.764; pseudopositive ratio 0.236; Fig 1). On the basis of
this ROC analysis, we divided all cases for further assess-
ment into an HCP group with calcium scores =420 and an
LCP group with calcium scores <420.

Diffusion-weighted Images of Magnetic Resonance
Imaging

Magnetic resonance imaging including diffusion-
weighted (DW) images was performed to detect newly
developed ischemia as a high-intensity spot (HIS) with
a 1.5-T imaging system (Gyroscan Integra; Philips) using
a single-shot diffusion echo planar imaging (EPI) se-
quence with the following parameters: TR 2917 ms, TE
83 ms, flip angle 90°, 5.0-mum section thickness, field of
view 23.0 cm, number of excitations 1, b value = 0, and
1000 s/mm?®,

Residual Stenosis, Improvement Rate, and
Restenosis/In-stent Restenosis

Residual stenosis was also measured using the NAS-
CET method'? and stenosis of >25% was counted. The
improvement rate was calculated as [100 (preoperative
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0.9 ’ P
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Figure 1. Recefver operating characieristic (ROC) analysis for the predic-
tion of postoperative residual stenasis of >25% after carotid artery stenting.
The optimal cutoff value of the calcium score was revealed to be 420 with
a sensitivity of 0.750, specificity of 0.764, pseudopositive ratio of 0.236,
and an areq under the curve of 0.746.
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degree of stenosis-postoperative degree of stenosis)/pre-
operative degree of stenosis]. A multiple logistic regres-
sion analysis was performed to find independent
preoperative predictors of residual stenosis. Six months
after the operations, both restenosis after CEA and in-
stent restenosis after CAS of >25% were counted. The lat-
ter was detected as a low-density defect in the lumen
inside the stent wall in any sagittal or axial multiplanar
reconstruction (MPR) images of MDCTA.

Single-photon Emission Computed Tomography and

Hyperperfusion

Postoperative N-isopropyl-p-[“I]- iodoamphetamine
(IMP)-single-photon  emission computed tomography
was performed using the autoradiography (ARG) method
and checked for the occurrence of hyperperfusion using
a dual-head gamma camera system (E.CAM; Siemens, Er-
langen, Germany) equipped with high-resolution fan-
beam collimators. For data acquisition, we used a 128 X
128 matrix for 36 steps of 5°, field of view 422 mm, and
5-mm slice thickness. Postoperative hyperperfusion was
defined as a regional cerebral blood flow (rCBF) increase
of >100%"” compared to the preoperative values in >1 re-
gion of interest (ROI) analyzed with a 3-dimensional ste-
reotactic ROI template (3DSRT; Fuji Film RI Pharma Co,
Tokyo, Japan).'®'? Cerebral hyperperfusion syndrome
(CHS) was defined as having symptoms such as seizure,
deterioration of consciousness level, focal neurologic
signs with or without postoperative intracerebral hemor-
rhage (ICH), and no evidence of new postoperative
ischemia.

123}:]

Statistical Analysis

All statistical evaluations were performed with Stat-
view (version 5.0; SAS Inc, Cary, NC) and StatMate III
software (ATMS; Tokyo), and all results are presented as
mean * standard deviation. The ROC analysis was per-
formed to set the cutoff value of the calcium scores in
the prediction of residual stenosis after CAS. The Chi-
square test with the Yates correction and the Mann-Whit-
ney U test were used for comparison. For the multivariate
analysis, a logistic regression model was used. P <.05 was
considered statistically significant.

Results

The characteristics for all cases are shown in Table 1.
There were no significant differences between the CEA
and CAS groups concerning gender, degree of stenosis,
and the percentage of symptomatic cases and calcium
scores, except for a slight difference in the mean ages of
the groups because of the application of the surgical indi-
cation of the SAPPHIRE study."*

The HCP group consisted of 20 (24.7%) CEA cases and
16 {27.1%) CAS cases (Table 2). The mean residual degree



CAROTID STENOSES WITH HIGHLY CALCIFIED PLAQUES

Figure 2. A right carotid endarterectomy case of a 76-year-old wonun
with 75% carokid stenosis. (A) Preoperative computed tomographic anglog-
raphy revealed a high-calcified plaque at the right carotid bifurcation (cal-
cium score 625.9). (B) Postoperative computed tomographic angiography
revealed excellent dilatation with disappearance of calcification.

Transluminal Angioplasty Study (CAVATAS) who were
found to have severe stenosis at 1 year. In addition, Aro-
now et al*! observed that there was a greater risk of neu-
rologic death or stroke after CAS when the final residual
diameter stenosis was >30%, and Randall et al®* also
pointed out the importance of residual stenosis >50% as
a possible risk factor for recurrent stroke events.

To counterbalance the external pressure created by se-
vere calcification and to obtain satisfactory stent expan-
sion, additional dilatation plus the original radial force
of a self-expanding stent seems essential through postdi-

Figure 3. A right carotid artery stenting case of
a 77-year-old man with 90% carotid stenosis. (A)
Preoperative computed tomography angiography
(CTA) revealed a high-caleified plague at the right
carotid bifurcation (calcium score 1076.8). (B) Ca-
rotid artery stenting was performed using @ PRE-
CISE stent (Cordis, Bridgewater, Nf) with
predilation (6 atm, 30 sec) and postdilation (10
atnt, 15 sec) by balloon catheters and a PercuSurge
Guardwire (Medtronic, Santa Rosa, CA) distal
balloon embolic protection device. Postoperative
CTA revealed calcification outside the stent, as it
was preoperatively. (C) A sagittal multiplanar re-
construction image of the postoperative CTA scan
revealed 27.6% residual stenosis with calcification
outside the stent (arrowheads). (D) An axial mul-
tiplanar reconstruction image of the postoperative
CTA scan also revealed restriction in the stent ex-
pansion from calcification (arrowheads).
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lation with a balloon catheter. However, hypotension and
bradycardia from the stretching of the carotid sinus baro-
receptor after CAS are known to be influenced by the
magnitude of the dilation }’Jerformed,23 and moreover,
several reports'®!! also indicated that the presence of cal-
cification in plaque was significantly related with in-
creased rate of stent fracture or deformation. Expansion
of the stent was therefore occasionally reduced, especially
in severe carotid steriosis. We calculated the improvement
rate of stenosis in the present study. The mean improve-
ment rate of the HCP group was, however, lower than
that of the LCP group after CAS (87.0% * 16.8% v
97.9% * 7.9%), whereas CEA had good improvement
rates regardless of calcification in plaques.

The reason that residual stenosis after CAS for the LCP
group was even less than that of the CEA group in our
study is not apparent. The percentage using the Wallstent
was not significantly different (18.8% for HCP and 14.0%
for LCP), and the same balloon catheters were used for
both groups. We strictly counted transient dents made
by tourniquets used in CEA as residual stenocsis that
could be usually restored in a year, which might lead to
a relatively higher degree of residual stenosis in CEA.

It was reported in 2008 that the total volume of calcifi-
cation in carotid plaques did not correlate with residual
stenosis,** and the study’s authors concluded that CAS
using embolic protection devices was feasible even in pa-
tients with near-total circumferential plaque calcification.
They also reported that fragmentations of the calcifica-
tions were confirmed in 17 of 18 plaques with a mean
arc of calcification ranging from 278° to 360°. However,
in these studies, the plaque calcification volume was de-
termined by manual tracing on computed tomographic
sections, without an assessment of the hardness of the
calcification, and the results were not compared with
those after CEA. From the results of the present study,
it might be important to analyze calcified plaques using
calcium scores for precise assessment of calcification
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Protection by Physical Activity Against Deleterious Effect of
Smoking on Carotid Intima-media Thickness in Young Japanese

Hiroyuki Katano, mp,*t Masahiro Ohno, Mp,} and Kazuo Yamada, Mmp*

Background: The hazardous effects of smoking and the favorable influence of phys-
ical activity on the progression of atherosclerosis have been well studied, but little is
known about the interactions of these 2 factors. Methods: A total of 1090 subjects who
were screened for brain disease (at annual medical checkups) between April 2007 and
March 2008 were studied to clarify the effects of smoking on maximum carotid intima-
media thickness (IMT) in patients with different grades of physical activity. Univariate
and muliivariate analyses were performed to investigate relationships between maxi-
mum IMT and independent variables, such as smoking status, age, gender, coexisting
disease, physical activity, alcohol drinking, family history, subjective symptoms, body
mass index, systolic blood pressure, diastolic blood pressure, blood sugar, total choles-
terol, high-density lipoprotein cholesterol, and triglycerides. Results: Univariate analy-
sis revealed only the low physical activity group to have a significant relationship
between smoking and maxinmum IMT. When the subjects were divided into 3 age
groups (=49, 50-59, and =60 years of age, respectively), the same association was noted
for high and moderate physical activity groups <49 years of age. Multivariate analysis
further revealed smoking status to be a significant predictor of maximum IMT in the
young low and moderate activity groups. Conclusions: In physically inactive young
people, smoking might have detrimental effects on maximum IMT, while high physical
activity may be protective. Key Words: Carotid artery—intima-media thickness—

physical activity—smoking.
© 2011 by National Stroke Association

Smoking has hazardous effects on health. Cigarette
smoking increases the risk of cerebrovascular and cardio-
vascular events and is well documented to be a risk factor
for ischemic stroke in general, with relative risks of 1.5 to
5.7.! Tt has also been reported that smoking increases
carotid intima-media thickness (IMT),> which is a well-
known surrogate marker for atherosclerosis.®
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In contrast, appropriate physical activity may promote
health, reducing cardiovascular and cerebrovascular
events, while inactivity may increase risk of stroke,*
although the issue is still controversial.®” Concerning
physical activity and IMT, most reports have revealed
a reverse association, but the data are inconclusive.®?

Few investigators, however, have analyzed the relation-
ship between the effects of smoking and physical activity
in detail.**! We investigated a series of Japanese patients
undergoing a brain dock, an annual physical check for
cerebral disease, to clarify the effects of smoking on
people with different grades of physical activity. We
used maximum IMT of the carotid artery on carotid
ultrasonography as the end point.

Methods

Subjects

A total of 2012 subjects (1369 men and 643 women
543 * 9.6 years of age) visited the Health Management

Journal of Stroke and Cerebrovascular Diseases, Vol. B, No. B (H-H), 2011: pp 1-8 ‘ 1
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Results

The 1090 patients included 756 males and 334 females.
Their clinical characteristics are summarized in Table 1.
Average ages of the high physical activity group were
rather higher than with the moderate and low physical ac-
tivity groups (P = .0002 and P <.0001, respectively). This
may be because of greater numbers of health conscious
people in the middle- and high-age groups. Systolic blood
pressure was higher in the high physical activity group
(P = .026 and P = 095, respectively). No significant differ-
ences were detected for other continuous variables. Mean
values for maximum IMT were higher in the high physi-
cal activity group than in the moderate and low physical
activity groups (both P < .0001). The relatively high
average age of patients in the high physical activity group
described above may have the relation to it.

Differences in maximum IMT among 3 groups of smok-
ing status in each physical activity group were analyzed
by multigroup analyses (Table 2). In high and moderate
physical activity groups, no significant differences in max-
imum IMT were found among 3 smoking status groups,
whereas with low physical activity, significant differences
were found between current and never smokers (P = .003)
and former and never smokers (P = .025).

Univarijate analysis also revealed a significant associa-
tion between smoking status and maximum IMT for the
low physical activity group (p = 0.182; P <.0001; Table 3).

Given the age-dependence observed, univariate analy-
sis was reconducted with division into 3 age subgroups
(=49, 50-59, and =60 years old; Table 4). With low phys-
ical activity, smoking had significant associations with
maximum IMT in all 3 groups (p = 0.159 and P = 026,
p = 0.169 and P = .006, and p = 0.169 and P = .050, respec-
tively). This was also the case for high and moderate
physical activity groups =49 years of age (p = 0.293 and
P =.031; p = 0.268 and P = .041, respectively).

Results of multivariate analysis for different physical
activity in each age group for the 9 independent variables
are summarized in Table 5. With R? analyses, smoking
status was a significant predictor for maximum IMT in

young moderate and low physical activity groups (F =
7.343 and P = .009; F = 3.929 and P = .049, respectively).
Smoking status in patients =60 years of age high and low
physical activity groups had P values for F statistics <.05,
but the R* values were low.

Discussion

The present study provides evidence of smoking and
physical activity interactions with regard to the maxi-
mum IMT endpoint in the youngest age group. In the
group =49 years of age amelioration of the detrimental ef-
fects of smoking may be observed with high levels of ex-
ercise. Regarding smoking alone, our results are in line
with the literature. Love et al'? inspected young adults

Table 1. Mean values for factor with reference to intensity of physical activity
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P value}
(versus high)

P valuef Low physical
activity (n = 596)

{versus high}

Moderate physical

High physical
activity (n = 303)

Total
(n = 1090)

activity (n = 191)

P value*®

| 48 (15.8)

164 (27.5)
111 (18.6)
321 (53.9)
407 (68.3)

40 (20.9)
42 (22.0)
109 (57.1)

252
245
593

756 (69.4)

54.1 + 9.9

23.5 = 9.1
1144 = 37.6

Current smoker (%)

Former smoker (%)
Never smoker (%)

Male (%)
Age,y

92 (30.4)

163 (53.8)
225 (74.3)

125 (65.4)
545 = 8.5

<0001

533+92
233 +33
1138 = 177

0002

9.7

24.3 + 16.5
118.2 = 65.6

+

5

<.0001*

227 =34

071

2

Body mass index, kg/m*

095

.026

1104 = 164
68.5 = 13.2

101.2 = 13,1

023%
185
499
3521
094
084
<.0001*

Systolic blood pressure, mm Hg

69.7 = 13.1
1024 = 193

699 = 13.0
102.8 = 194

69.6 = 13.1
102.3 = 184

206.4 = 35.0

Diastolic blood pressure, mm Hg

Blood sugar, mg/dL

205.2 = 359

207.3 = 36.1

8.4 + 32.6

62.0 = 16.1
116.1 £ 739

Total cholesierol, mg/dL
HDL cholesterol, mg/dL
Triglycerides, mg/dL
Maximum IMT, mnt

59.3 & 4.7
124.2 = 873

60.4 = 15.1

602 £ 152
120.1 % 84.3

113.7 = 90.1

1.02 = 0.77 <.0001

<.0001

11+ 0.83

1.18 = 0.78

1.04 £ 0.72

Abbreviations: HDL, high-density lipoprotein; IMT, intima-media thickness.

Plus/minus values are means * standard deviation or number of subjects (for gender),

*Kruskal-Wallis test.

{Bonferonni/Dunn post hoc test (versus high physical activity).
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Table 4. Age-specific univariate analysis of maximum intima-media thickness with each factor for 3 intensities of physical activity

=49 50-59 =60
Age,y o P p P » P
High physical activity n =35 n =125 n= 123
Smoking status 0.293* 031 -0.027 767 0.112 215
Age 0.119 382 0.194 031 0.240 .008
Coexisting disease 0.410 003 0.022 809 0.246 007
Alcohol drinking —0.006 965 0.226 012 ~0.126 164
Family history 0.276 043 0.007 940 -0.012 .896
Subjective symptom —0.044 747 -0.113 .208 -0.096 290
Body mass index 0.255 061 0.014 879 —0.057 531
Systolic blood pressure 0.173 205 0.171 .058 0.010 909
Diastolic blood pressure 0.319 019 0.095 .290 —0.152 .093
Blood sugar 0316 020 0.029 745 0.075 679
Total cholesterol —0.064 638 ~0.001 993 0.037 278
HDL cholesterol ~0.327 .016 ~0.096 283 -0.098 818
Triglycerides 0.267 050 0.120 .183 -0.021 T
Male sext} e 039 — 006 -0.033 .390
Moderate physical activity n =59 n=73 n =59
Smoking status 0.268* 041 ~{.145 219 0.124 345
Age 0.372 .005 0.141 230 0.231 079
Coexisting disease 0.104 A30 0.289 014 0.156 235
Alcohol drinking 0.072 .585 -0.116 323 ~-01.086 512
Family history ~0.050 702 -0.093 400 0.170 196
Subjective symptom 0.139 291 -0.032 430 ~0.067 610
Body mass index 0.354 007 -0.027 818 0.054 682
Systolic blood pressure 0.271 039 0.178 131 0.274 037
Diastolic blood pressure 0.223 090 0217 066 0.141 285
Blood sugar 0.195 137 0.042 721 0.006 963
Total cholesterol 0.444 001 0.026 826 ~0.034 794
HDL cholesterol —-0.130 ) 324 ~0.080 .500 0.053 .688
Triglycerides 0.389 .003 -0.092 434 -0.083 525
Male sex? — 236 — 169 — A05
Low physical activity n= 198 n = 262 n= 136
Smoking status 0.159% 026 0.169* 006 0.169# 050
Age 0.264 000 0.165 008 0.162 060
Coexisting disease 0.148 038 0.230 000 0.206 017
Alcohol drinking 0.116 .105 0.127 040 0.107 214
Family history 0.298 766 0.022 719 -0.019 .825
Subjective symptom —0.056 429 —0.094 130 0.062 469
Body mass index 0.161 024 0.143 021 ~0.025 768
Systolic blood pressure 0.144 043 0.238 000 0.069 720
Diastolic blood pressure 0.218 002 0.179 004 -0.028 745
Blood sugar 0.205 004 0.117 .059 0.093 279
Total cholesterol 0.173 015 ~0.044 A74 ~0.059 491
HDL cholesterol ~0.227 002 —-0.225 .000 0.029 737
Triglycerides 0.286 <.0001 0.170 .006 0.070 944
Male sext — .000 e 006 — .002

Abbreviation: HDL., high-density lipoprotein.
*Spearman correlation test.
TMann-Whitney analysis.

activity in women and men to be associated with an in-
creased risk of stroke (relative risk 1.83%).

On the other hand, Evenson et al® investigated 14,575
individuals followed for an average of 7.2 years and
showed that physical activity was only weakly associated
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with ischemic stroke risk. In the Framingham study,
among an older cohort, the strongest protective effect
was detected in the medium tertile physical activity sub-
group, with no additional benefit gained from higher
levels of physical activity. Lee et al® reported the results
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of a prospective cohort study of 11,130 Harvard
University alwmni, revealing that with higher levels
of energy expenditure (up to 3000 kcal/week), risk
declined steadily, but beyond this the association weak-
ened. Walking >20 km per week was associated with
significantly lower risk, while light intensity activities
(<45 metabolic equivalent tasks) were unrelated.
Wannamethee and Shaper” pointed out that the benefit
of vigorous physical activity for stroke was offset by an
increased risk of heart attack.

In most previous studies, interactions between physical
activity and smoking were not of major concern.’ Sacco
et al* stated briefly that the protective effects of physical
activity did not differ by smoking status, unlike other
risk factors, such as hypertension, diabetes, and cardiac
disease. Gillum et al' speculated that high nonrecrea-
tional physical activity was less protective in white male
smokers than in nonsmokers, but did not provide de-
tailed data to this end. The Honolulu Heart Program, cov-
ering only older middle-aged men of Japanese ancestry,
revealed a protective effect of habitual physical activity
against thromboembolic stroke that was limited to their
nonsmoking group.”

Here, we found smoking status to be a significant pre-
diction was noted of maximum IMT in all age groups with
low physical activity. Even with high and moderate phys-
ical activity, significant prediction was noted in patients
=49 years of age.

Concerning people in the same age group with high
physical activity, however, smoking status was not se-
lected as a predictor of maximum IMT with multivariate
analysis (F = 3.501; P = .068). There are 2 plausible inter-
pretations for these results. One is the attenuation of haz-
ardous effects of smoking by the beneficial effects of
physical activity, and the other is that other independent
factors are more influential determinants. With older age
groups, the fact that thickening of intima and atheroscle-
rosis occur because of many factors as people age™ may
result in attenuation of the malicious effects of smoking
as a whole.

There are limitations to the present study. First, al-
though the subjects were randomly selected independent
of the present study purpose during each week of the
study period, there is still a possibility of selection bias.
Second, because carotid IMT measurement was made us-
ing ultrasonographic methods, inter- and intraobserver
variability is conceivable, although all 3 examiners were
experienced. Third, physical activities were classified
into 3 groups according to the intensity of activity but
were not quantitatively determined-—for example, using
a minimum equivalent task score or the International
Physical Activity Questionnaire.**? Fourth, medications
such as statins,?® antihypertensives, and antiplatelets,®
which are reported to decrease IMT (mostly mean IMT),
were not considered. Finally, we did not contrel for envi-
ronmental smoke exposure in nonsmokers, which has
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been reported to increase the risk of cardiovascular and
cerebrovascular events.”!

The present study shows that at least in young people
(=49 years of age), physically inactive smokers tend to
have a higher maximum IMT. There is a possibility that
in this age group, the detrimental effects of smoking on
maximum IMT may be alleviated by physical activity.
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Abstract

Background: This study aimed to evaluate the efficacy of assessing positive remodeling for pre-
dicting future stroke events in the internal carotid artery. We therefore assessed narrowing of
the carotid artery lumen using multidetector-row computer tomography (MDCT) angiography
and carotid plaque characteristics using black-blood (BB) magnetic resonance (MR). Methods:
We retrospectively selected 17 symptomatic and 11 asymptomatic lesions with luminal narrow-
ing >50%. We compared remodeling parameters of luminal stenosis (remodeling ratio, RR/re-
modeling index, RI) using MDCT and MR intensities of atherosclerotic plaque contents using the
BB technique (relative signal intensity, rSI). We also confirmed the validity of the relationship be-
tween MR intensity and atherosclerotic plaque contents by histology. The levels of biclogical
markers related to vessel atherosclerosis were measured. Results: Plaque lesions with positive
remodeling in carotid arteries were associated with a significantly higher prevalence of stroke
compared with plaques with negative remodeling (p < 0.05). Radiologic and histologic analyses
determined that plaques with positive remodeling had higher signal intensities (with respect to
their lipid-rich content or to hemorrhage) compared with negative remodeling (correlation co-
efficients: Rl and rSl, r = 0.41, p < 0.05; RR and rSl, r = 0.50, p < 0.05). Levels of biological markers,
including high-sensitivity C-reactive protein, hemoglobin A1C, total cholesterol, low-density li-
poprotein cholesterol and high-density lipoprotein cholesterol, were not useful for predicting
stroke events. Conclusions: The results of this study suggest that the combined analysis of RR,
Rl and rSI could potentially help to predict future stroke events. Copyright @ 2011 S. Karger AG, Basel
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Introduction

The formation of atherosclerotic plaques in the extracranial internal carotid arteries is
a common cause of cerebrovascular disease. Carotid endarterectomy (CEA) and carotid
arterial stenting (CAS) can be useful interventions for preventing secondary strokes in pa-
tients unresponsive to medical therapy. The decision to perform interventional therapies is
currently based on the percent luminal narrowing of the vessel [1-3]. However, some pa-
tients with minimal stenosis in extracranial internal carotid arteries can unexpectedly ex-
perience strokes related to the rupture of atherosclerotic plaques, whereas other patients
with severe stenosis remain stroke free. Better methods of distinguishing between these
patients are needed to decide on the optimal treatment, i.e. CEA or CAS, versus medical
therapy.

Several recent studies have indicated that coronary arteries may respond to plaque
growth in two different ways: either by outward expansion of the vessel wall (positive remod-
eling) or by vessel shrinkage (negative remodeling) [4]. In coronary events, positive remodel-
ing may be associated with an unstable clinical presentation, whereas negative remodeling
may be more common in patients with stable clinical presentations [5]. Coronary artery
plaques with positive remodeling have also been shown histologically to have a higher lipid
content and macrophage count [6]. The vulnerability of an atherosclerotic plaque to rupture
is considered to be related to its intrinsic composition, including the size of the lipid core and
the presence of intraplaque hemorrhage [7]. Indeed, the characteristics of atherosclerotic
plaques were shown to strongly correlate with the prevalence of coronary events in patients
with coronary stenosis caused by atherosclerotic plaques [8].

A previous report suggested that the extent of expansive remodeling may also indicate
underlying atherosclerotic plaque vulnerability in internal carotid artery stenosis [9]. This
report assessed the remodeling ratio (RR, i.e. the ratio of outside vessel circumference be-
tween the point of maximal luminal stenosis and the unaffected region) and investigated the
correlation between this ratio and the prevalence of stroke. However, the role of the qualita-
tive histologic characteristics of carotid artery atherosclerotic plaques in plaque vulnerabil-
ity remains unknown.

Multidetector-row computer tomography (MDCT) angiography is a powerful, noninva-
sive tool for rapidly assessing the percent luminal narrowing in carotid arteries. Although it
may be inferior to magnetic resonance imaging (MRI) for determining the histologic char-
acteristics of plaques, MDCT has been reported to be able to differentiate between internal
plaque components [10].

However, the combination of spin echo-based T}-, T;- and intermediate-weighted imag-
ing and of T,*-weighted gradient recall echo in MRI was reported to be useful for evaluating
individual histologic plaque components [11, 12]. Recent studies demonstrated the use of
pulse sequences designed for vascular imaging, namely black-blood (BB) techniques (13, 14].
However, these BB techniques are based on the acquisition of two-dimensional data with a
section thickness of 2-5 mm, making it difficult to capture the whole picture and determine
the maximal percent luminal narrowing in carotid arteries.

This study aimed to elucidate the association between carotid artery positive remodeling
and the risk of incident stroke using a combination of MDCT angiography and noninvasive
MR characterization. We confirmed that histologic classification by MRI matched plaque
characterization. We designed a retrospective study to assess carotid artery luminal narrow-
ing using MDCT angiography and carotid plaque characteristics using the BB MR tech-
nique. The reliability of the results was confirmed by direct comparison of some carotid
plaques obtained by CEA with the results of BB MRL
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Screening participants

42 patients received both
MDCT and MRI

>50% stenasis Exclusion: <50% stenosis
34 arterles (29 patients} - 50 arteries

f

Enrolling 28 arteries
{23 patients)

CEA 10 arteries
5 symptomati¢c & 5 asymptomatic

Exclusion:
fully occlusion 3 arteries {3 patients}
dissection 3 arteries (3 patients)

Fig. 1. Patient screening. Forty-two participants who underwent both MDCT angiography and BB MR
analysis were identified in the Nagoya City University Medical Center database from August 2008 to July
2010; 50 arteries were excluded because of stenosis <50% in NASCET, and 6 arteries were excluded be-
cause of the presence of other potential causes of neurologic symptoms (full occlusion, 3 arteries, and
possible dissection, 3 arteries). Twenty-eight arteries were finally enrolled in this study; 10 of the 28 were
treated surgically (CEA).

Subjects and Methods

This study was approved by the Medical Ethics Committee of the Nagoya City Univer-
sity Graduate School of Medical Sciences. Informed patient consent was not required.

Patient Population

The study group was selected following a search of the patient database of the Nagoya
City University Medical Center from August 2008 to July 2010. Patient backgrounds were
standardized by applying the following inclusion criteria: (1) received both dedicated
MDCT angiography and BB MR analysis of the neck using the same imaging parameters,
and (2) neuroradiologic verification by a neurologist. During this period, a total of 84 ca-
rotid arteries (42 patients) received both MDCT angiography and analysis of plaque char-
acteristics by BB MR. Of these 84 carotid arteries, 34 (29 patients) demonstrated >50%
atherosclerotic stenosis. Six carotid arteries (6 patients) were excluded from the study be-
cause of the presence of other potential causes for their neurologic symptoms (full occlu-
sion, 3 arteries, and possible dissection, 3 arteries). Twenty-three Japanese patients (all
males, mean age 70.6 & 6.5 years) with a total of 28 lesions were finally enrolled in this
study (fig. 1).

Definitions of Symptomatic and Asymptomatic Patients

Enrolled patients were classified to have either (1) a symptomatic lesion with a docu-
mented neurologic event (stroke, transient ischemic attack or amaurosis fugax) in a vascular
distribution concordant with the affected carotid artery, or (2) an asymptomatic atheroscle-
rotic lesion. Transient ischemic attack and stroke events were defined on the basis of previ-
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Table 1. Baseline patient demographics and clinical characteristics (means % SD)

Variables Symptomatic Asymptomatic p value
Lesions, n 17 11
Age, years 71.1+1.1 706 +7.8 >0.05
NASCET, % 77.5%145 70.6 £10.0 >0.05
Risk factors
Hypertension 13 8 >0.05
Dyslipidemia 13 7 >0.05
Diabetes 9 7 >0.05
Smoking 6 5 >0.05

ously published criteria [15, 16]. Amaurosis fugax was defined as acute onset of transient
complete or partial monocular loss of vision. The final 28 lesions included 17 symptomatic
and 11 asymptomatic lesions (table 1).

Computed Tomography

MDCT angiography was performed in all study patients using helical acquisition with
a 64-detector row CT scanner (SOMATOM Definition; Siemens Medical Solutions, Forch-
heim, Germany) with two X-ray tubes mounted onto a single gantry at an angle of 90°. The
imaging acquisition parameters were as follows: spiral mode 0.33-second gantry rotation;
collimation, 32 X 0.6 mm; pitch factor, 1.5; section thickness 1.0 mm; reconstruction inter-
val, 0.5 mm, and acquisition parameters 120 kVp and 350 mA. A total 50 ml of non-ionized
contrast medium, iohexol (Omnipaque 300; Dainichi Sankyo, Tokyo, Japan) or iopamidol
(Iopamiron 300; Bayer Schering Pharma, Berlin, Germany), was injected at a flow rate of 3.5
ml/s, followed by 25 ml of a saline chaser at the same rate as the contrast medium. Optimal
timing of MDCT angiography acquisition was determined by an automated bolus-timing
program. Images were obtained from the aortic arch to the level of the inferior orbits. The
image data were transferred to a computer workstation (Ziostation version 1.17; Amin, To-
kyo, Japan) for image post-processing.

Image Analysis

All measurements of luminal stenosis were performed by a single experienced neurora-
diologist (K.S.) who was blinded to the clinical information. The degree of luminal stenosis
in the carotid arteries was evaluated by image analysis of an axial image and curved multi-
planar reconstruction to produce a two-dimensional image showing the cross-sectional pro-
file of a vessel along its length [1] (fig. 2A, C). The degree of stenosis was determined by the
neuroradiologist on the basis of these data, following the criteria of the North American
Symptomatic Carotid Endarterectomy Trial (NASCET). After identifying the atheroscle-
rotic lesions on axial images, serial cross-sectional images of the carotid arteries were ob-
tained by changing the orientation of the z-axis to analyze the proximal portions of the in-
ternal carotid arteries. Using image display settings of window level 250 and width 700, the
region of maximum luminal narrowing was visually identified and the outer vessel contour
was manually traced to allow calculation of the cross-sectional vessel area (CSA; fig. 2C). In
addition, reference CSAs were measured at the nearest proximal and distal segments without
atherosclerotic plaques, and the mean values of these were calculated as reference CSAs
(fig. 2B, D). On the basis of these numerical values, two values were calculated to assess
plaque remodeling of carotid arteries: the plaque remodeling index (RI), which was calcu-
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Fig. 2. MDCT angiography and
BB MR analysis. The degree of Ju-
minal stenosis in the carotid ar-
teries was evaluated from axial
images and curved multiplanar re-
construction following NASCET
criteria (A, €). After identifying
the atherosclerotic lesions, serial
cross-sectional images of the ca-
rotid arteries were obtained by al-
tering the z-axis to allow analysis
of the nearest distal (B) and proxi-
mal portions (D) without athero-
sclerotic plaque lesions. The outer
vessel contour was manually
traced to calculate the cross-sec-
tional vessel area in each portion,
and a mean reference CSA value
was calculated. Plaque remodel-
ing of carotid arteries was as-
sessed using both RI and RR. On
MRYI, signal intensity of the plaque
lesion of interest was calculated
relative to the signal intensity to
the sternocleidomastoid muscle
on TIWI (). At = Anterior; P =
posterior; L = left; R = right.

lated as the ratio of CSA at the maximal vessel stenosis (measured from the luminal-intimal
boundary to the outer vessel wall) to the mean reference CSA [17], and plaque RR, which was
calculated as the ratio of CSA at the maximal vessel stenosis to the reference CSA in the dis-
tal portion [18].

RI = CSA at the point of maximum stenosis/mean of reference CSA

RR = CSA at the point of maximum stenosis/reference CSA at the distal portion

Positive remodeling or negative remodeling was defined on the basis of RI or RR: posi-
tive remodeling RI > 1.0; negative remodeling RI < 1.0; positive remodeling RR > 1.0, and
negative remodeling RR < 1.0.

Magnetic Resonance Imaging

MRI was performed using a 1.5-tesla whole-body imager (Gyroscan Intra; Philips Med-
ical Systems, Best, The Netherlands). Two types of MRI data were collected for each patient:
(1) three-dimensional time of flight (3D-TOF) MR angiography (MRA), and (2) electrocar-
diogram (ECQG)-gated BB images. 3D-TOF MRA was performed using 3D-T, fast-field echo
sequence with an 8-channel SENSE neurovascular coil (5 cases) or Synergy Head/Neck coil
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(8 cases). Scan parameters were as follows: repetition time (TR) 16-24 ms; echo time (TE)
3.7-6.9 ms; flip angle 18-22° field of view (FOV) 170-1,200 ms; matrix 256-304 X 174-196,
and slice thickness (Thk) 1.2-2.0 mm. BB T,-weighted imaging (TIWI) and T,-weighted
imaging (T2WT) were performed using an ECG-gated double inversion recovery two-di-
mensional turbo spin-echo sequence with 8-channel SENSE neurovascular coil (4 cases) or
small-diameter radiofrequency surface coil (2 cases). Parameters for BB TIWI were as fol-
lows: TR 750-1,200 ms; TE 14-17 ms; echo train length 7; FOV 160-200 mm; matrix 304 X
222-242, and Thk 3 mm. Parameters for BB T2WT were as follows: TR 1,500-2,400 ms; TE
70~-80 ms; echo train length 17; FOV 160-200 mm; matrix 256-304 X 187-241, and Thk 3
mm. Chemical-selective fat saturation was applied to all BB sequences to reduce the signal
from subcutaneous fat tissues. Zero-filled Fourier transformation was used to reduce pixel
size, which ranged from 0.31 X 0.31 to 0.49 X 0.49 mm, depending on FOV, and to mini-
mize partial-volume artifacts.

The most stenotic lesion was initially identified by 3D-TOF MRA. BB images were sub-
sequently obtained in the transverse plane almost perpendicular to the long axis of the ab-
normal vessel. Slice levels were centered at the carotid bifurcation on the operative side in
each patient. This protocol generated 3-9 image locations per patient examination.

Image Analysis

A manual operator-defined region of interest was drawn for each plaque to calculate the
signal intensity relative to the ipsilateral sternocleidomastoid muscle on BB TIWI using the
following formula (fig. 2E). Circular regions of interest between 5-10 mm? were placed on a
workstation (Ziostation; by T.M.).

signal intensity in plaque

Relative signal intensity (rSI) = - - B : - .
signal intensity in the sternocleidomastoid muscle

Histological Grading of Carotid Artery Plaques Obtained by CEA

Ten samples of lesions obtained by CEA were used to categorize and assess the histo-
logic classification of atherosclerotic plaques. After surgery, the CEA specimens were fixed
in 10% normal formaldehyde and cut into sequential 5-mm blocks, starting from the speci-
men base (the proximal or common carotid end) towards the bifurcation and beyond until
the whole length of the specimen had been cut. Sections from each block were stained with
hematoxylin and eosin. Complicated (type VI) plaques were graded using the following cri-
teria: (1) free red blood cells within the intima or media not associated with the blood vessel
lumen; (2) organized lamellar plaque or luminal adherent thrombosis (lines of Zahn, plate-
lets, fibrin, red blood cells and white blood cells); (3) hemosiderin-containing macrophages,
or (4) surface defects or rupture. On the basis of the above American Heart Association
(AHA) criteria, 10 atherosclerotic plaques were classified into either stage VI or not by a
single experienced neurosurgeon (H.K.) who was blinded to the clinical information.

Biochemical Markers

High-sensitivity C-reactive protein (hsCRP), hemoglobin A1C (HbA1C), total choles-
terol, low-density lipoprotein cholesterol (LDL-C) and high-density lipoprotein cholesterol
(HDL-C) levels were measured as follows: hsCRP by latex agglutination nephelometry;
HbAIC by high-performance liquid chromatography; total cholesterol by enzyme reaction
using N-ethyl-N-(2-hydroxy-3-sulfopropyl)-3,5-dimethoxyaniline sodium salt (DAOS
method); HDL-C by direct measurement using cholesterol esterase, cholesterol oxidase and
peroxidase, and LDL-C was indirectly calculated using the Friedewald formula. In the symp-
tomatic group, data obtained within 7 days after the stroke event were selected.
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Table 2, Radiologic findings (means & SD)

Variables Symptomatic Asymptomatic p value

Lesions, n 17 11

RI 1.67 £ 0.62 1.12%£0.38 <0.05

RR 355+ 1.61 1.90£0.80 <0.05

rSlon TIWI 1.5440.26 1.27£0.35 <0.05
Statistical Analysis

All statistical analyses were performed using PASW Statistic 18.0 for Windows (SPSS,
Chicago, 111, USA). All data are given as means * SD. Mann-Whitney U tests were used to
compare scores between the symptomatic and asymptomatic groups for unpaired samples.
Correlations between two factors were analyzed by Spearman’s rank correlation. Statistical
significance was preset at p < 0.05.

Results

Patient Characteristics

Table 1 shows the characteristics of the 23 patients with 28 atherosclerotic plaque lesions
registered in this study. All patients were male. The average degree of stenosis (NASCET
score) was >70%, suggesting an indication for surgical intervention, such as CAS or CEA.
There were no significant differences between the symptomatic and asymptomatic groups
regarding age, degree of stenosis or prevalence of stroke risk factors (hypertension, dyslipid-
emia, diabetes mellitus and smoking).

Remodeling Characteristics in Symptomatic and Asymptomatic Atherosclerotic Plaques

Table 2 shows the RIs, RRs and signal intensities of plaques relative to those of the ster-
nocleidomastoid muscle on BB TIWI (rSI). Rl and RR were both significantly higher in symp-
tomatic lesions than in asymptomatic lesions (both p < 0.05). The rSI on BB TIWTI in symp-
tomatic lesions was significantly higher than in asymptomatic lesions, indicating the presence
of lipid-rich plaques in symptomatic lesions compared with asymptomatic lesions (p < 0.05).

The correlations between RI, RR and rSI were calculated to elucidate the relationship
between remodeling and plaque lipid content. There were significant correlations between
both RIand rSI (r = 0.41, p = 0.03), and between RR and rSI (r = 0.50, p = 0.01). These results
suggest that plaques with positive remodeling in internal carotid arteries contained more
lipid than those in arteries with luminal narrowing (fig. 3).

To validate these results, 10 plaque lesions obtained by CEA were selected, and differ-
ences in RI, RR and rSI between type VI and non-type VI plaques were calculated. There
were significant differences in RI, RR and rSI between the two groups (p < 0.05), but no sig-
nificant differences in age or percent of luminal stenosis. These histologic results confirmed
the validity of the imaging results (table 3).

Remodeling Characteristics and Biochemical Markers

No significant differences in the levels of the biochemical markers, hsCRP, HbAIC, total
cholesterol, LDL-C and HDL-C, were detected between the symptomatic and asymptomatic
groups (table 4). No correlations between RI or RR and each biochemical marker were de-
tected (data not shown).
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