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Abstract

Introduction: The aim of this study was to evaluate 3-dimensional (3D) ul-
trasonography (US) in determining the surface irregularity of carotid artery
plaques.

Material and methods: This study included 50 patients (20 females and 30
males) aged between 56 and 82 years with plaques in the carotid artery
which were detected during routine neck ultrasound. Simultaneously these
cases were evaluated in terms of plaque echogenicities and surface charac-
teristics with 2D and 3D US.

Results: 3D imaging was successfully performed in 45 of the 50 cases and
the technical success rate was 90%. A single plaque was detected in 64.4%
of the patients, with the remaining 35.6% having more than one plaque. The
lengths of the plaques ranged from 2 to 12 mm (mean: 3.98 +1.70 mm); the
widths ranged from 1.8 to 3.2 mm (mean: 2.11 £0.37 mm). No significant dif-
ference was found between 2D and 3D plaque echo-structures (observer 1,
p = 0.317; observer 2, p = 0.276), but there were significant differences
between 2D and 3D plaque surface irregularities (observer 1, p = 0.002;
observer 2, p = 0.004). The inter-observer agreement on 2D and 3D plaque
echo-structure and surface irregularity was very good (x coefficients were
0.89 and 0.83, respectively, for echo-structure, and 0.91 and 0.95, respec-
tively, for surface irregularity).

Conclusions: The present study shows that 3D US examination is a valuable
non-invasive method for investigation of surface irregularity of carotid ar-
tery plaques.
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Introduction

Carotid artery disease is one of the main causes of ischemic cerebro-
vascular diseases (CVDs). The degree of carotid artery stenosis and ulcer-
ated plaques are known as the major risk factors of ipsilateral CVDs [1, 2].
The North American Symptomatic Carotid Endarterectomy Trial (NASCET)
and European Carotid Surgery Trial (ECST) trialists found that when carot-
id plaque surface contour irregularities, primarily ulceration, were seen
on angiograms in patients with symptoms, the risk of CVDs was substan-
tially higher than when a smooth plaque surface was suggested by the
angiogram [1, 3]. Recent randomized clinical trials report that performing
carotid endarterectomy and carotid stenting operations on symptomatic
or asymptomatic patients with carotid artery stenosis significantly de-
creases the risk of ipsilateral CVDs [4-6]. Carotid plaque with an irregular
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surface increased the risk of ischemic CVDs three-
fold and the cumulative 5-year ischemic CVD risk
among individuals with an irregular plaque surface
was over 8%, whereas those with regular plaque
had a 3% risk over 5 years [7].

Technologic innovations will likely improve ca-
rotid artery imaging ability. The choice of imaging
strategy is also important in asymptomatic carot-
id artery disease. The fundamental goal in carotid
imaging is to provide better risk stratification for
patients with carotid atherosclerosis. Accurate as-
sessment of carotid artery plaques is an important
step in the treatment planning and the follow-up.
In the past, conventional angiography was gener-
ally used to select patients for treatment [8]. How-
ever, given the risks of death and disabling stroke
due to angiography (1.2% in the Asymptomatic
Carotid Atherosclerosis Study [9] vs. 1.1% for sur-
gery itself), alternative noninvasive imaging tech-
niques have been sought and investigated during
the last years [8, 9]. The carotid bifurcation lies
close to the surface of the neck, without overly-
ing bony structures or air spaces. Transcutaneous
ultrasound has been a very effective tool for eval-
uating carotid disease. Ultrasonography provides
detailed information regarding carotid plaques
such as the degree of stenosis, surface regularity,
echo-structure and intima-media thickness [8].

Two-dimensional (2D) ultrasonography (US)
has been useful in assessing carotid plaque [7].
The major limitation with 2D US is that it is an
operator dependent method, relying on the infor-
mation obtained from the operator’s reconstruc-
tion of sectional plaque images. To avoid this lim-
itation, three-dimensional (3D) US is available as
an important screening method in carotid artery
imaging. Notably, 3D US provides an overall image
of all plaque sections on the same plane [10].

The aim of this study is to evaluate 3D US in
determining the echo-structure and surface irreg-
ularity of carotid artery plagues.

Material and methods

A total of 50 neurologically asymptomatic pa-
tients (20 females and 30 males, aged between
56 and 82; mean age: 68.5 +7.8) who had carot-
id plaques that had been detected during routine
neck ultrasound (such as thyroid disease, neck
pain, etc.) were consecutively enrolled in this study.

Simultaneously 3D ultrasound was performed
in these cases, and 2D and 3D US data were re-
corded. All plaques were evaluated for their
echo-structure, surface regularity (smooth or ir-
regular) and plaque size in 2D and 3D US images.
The echo-structures of the plaques were classi-
fied as follows [11]: class I, homogeneous texture,
uniformly hypoechoic echogenicity; class II, het-
erogeneous texture, predominantly hypoechoic

echogenicity; class I, heterogeneous texture,
predominantly hyperechoic echogenicity; class 1V,
homogeneous texture, uniformly hyperechoic
echogenicity and class V, unclassified calcified
plaques. Carotid plague was defined as a local-
ized echostructure that encroached into the vessel
> 1 mm beyond the interface between the lumen
and intima [12]. Surface characteristics were clas-
sified as smooth and irregular (height variations
of > 0.4 mm [13].

Each patient gave his or her written informed
consent. The approval of the ethics committee
was obtained.

Two- and three-dimensional
ultrasonography examinations

The same investigator performed the 2D and
3D US examinations (with a Toshiba Xario device
(Tokyo, Japan), using a 7-12 MHz linear transduc-
er). This investigator has 10 years of experience
with 3D ultrasound and carotid US. At the begin-
ning of the study, the common carotid artery, inter-
nal carotid artery and carotid bulb were scanned in
multiple projections in longitudinal and transverse
planes. Two-dimensional images were recorded at
the level of the carotid plaque, where the plaque
appeared largest, providing the highest quality im-
ages. Subsequently, 3D data in the longitudinal or
transverse positions were obtained and recorded
for further analysis, with freehand technique at
this level. The investigator moved the transducer
with a smooth, steady motion. The acquisitions in
freehand technique were made more frequently
longitudinally (in 40 cases —88.9%) than axially (in
5 cases — 11.1%). In patients with short neck and
high bifurcation, acquisitions were made axially.
All data acquisitions were made with sweep move-
ment techniques. After scanning, the software au-
tomatically created 3D volume data sets. All vol-
umes were analyzed using the built-in 3D software
program, and images were recorded. Volume-ren-
dered, maximum intensity projection and multipla-
nar reconstruction algorithms were used to exam-
ine the luminal surface and plaque echo-structure.
In 3D software programs, the whole surface of the
carotid plaque was examined from different an-
gles, while displaying it on the monitor. The 3D so-
nographic examination and image reconstruction
procedures were completed within 3 to 5 min, for
each patient. One month later after collecting all
2D and 3D US data, two independent observers,
each blinded to the results of the other, reviewed
all images separately.

Statistical analysis

All 2D and 3D sonographic findings were com-
pared. Statistical analysis was performed with
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SPSS version 12.0 software (SPSS Inc, Chicago, IL).
The Kolmogorov-Smirnov test was used to check
the normality of the variables’ distributions. The
Mann-Whitney U test was used to compare these
results. In all statistical analyses a significance
level of p< 0.05 was used. The k coefficient was
used for inter-observer variability, with a k < 0.20
defined as poor inter-observer agreement; 0.21 to
0.40 as fair; 0.41 to 0.60 as moderate; 0.61 to 0.80
as good; and 0.81 to 1.00 as very good, or almost
perfect.

Results

The clinical characteristics of the patients are
presented in Table I. Significant differences were
found between male and female cases for hyper-
tension, diabetes mellitus, and tobacco use, and
no significant differences were found for other
clinical characteristics. The class distribution of
carotid plagues was homogeneous.

Three-dimensional imaging was successfully
performed in 45 of the 50 cases and the techni-
cal success was 90%. In 5 of the cases, 3D vol-
umes could not be evaluated properly because of
a reverberation artifact in two cases (in near wall
located carotid plaques, optimal images cannot
be obtained because of the near wall that caus-
es sonographic reverberation artifacts) and pa-
tient incompliance in 3 other cases (short patient
neck and high carotid bifurcation), similarly as in
the literature [14]. The plaques ranged from 2 to
12 mm in length (mean: 3.98 +1.70 mm) and from
1.8 to 3.2 mm in width (mean: 2.11 0.37 mm).
All patients had asymptomatic low-grade carotid
stenosis.

Of the 45 evaluated patients, 3 (6.7%) plaques
were located in the common carotid artery,
25 (55.5%) plaques on the carotid bulb, and
17 (37.8%) plaques on the internal carotid arter-
ies. The sites of the plaques were as follows: on

Table 1. Clinical characteristics of the study population

the far wall in 35 (77.8%) cases, eccentrically lo-
cated in 8 (17.8%) cases and on the near vessel
wallin 2 (4.4%) cases. A single plaque was detect-
ed in 64.4% of cases, with the remaining 35.6% of
the patients having multiple plaques. No ulcerated
plaques were observed in either the 2D or the 3D
images.

There were no significant differences between
2D and 3D US assessment results for carotid
plaque echo-structures (observer 1, p = 0.317;
observer 2, p = 0.276). The inter-observer agree-
ment on 2D and 3D US for plaque echo-structure
was very good, and the k coefficients of inter-ob-
server agreement were acceptable (0.89 and 0.83,
respectively). Table Il shows the 2D and 3D US re-
sults of assessment for carotid plaque echo-struc-
tures.

There were significant differences between 2D
and 3D plaque surface irregularity (observer 1,
p = 0.002; observer 2, p = 0.004) (Figures 1-5).
The ratio of plaque irregularity observed in 3D
evaluations was higher. The inter-observer agree-
ment on 2D and 3D US for surface irregularity was
very good, and the k coefficients of inter-observer
agreement on 2D and 3D plaque surface irregu-
larity were also acceptable (0.91 and 0.95, respec-
tively). Table Il presents the 2D and 3D US results
for plaque surface regularity.

Discussion

The results of this study suggest that 3D US
examinations are superior to 2D US examination
for assessment of plaque surface irregularity and
as a non-invasive assessment provides a practical
way to emphasize the whole plaque surface. We
found a higher rate of irregularity with 3D than
with 2D US investigations, consistent with pre-
vious data, and there was a good agreement in
the evaluation of surface irregularity with the 3D
US technique (x = 0.95). In addition, evaluation

Variable Women (n = 20) Men (n = 30) Total (n = 50)
Age [years] 67.6 £7.2 69.6 +5.6 68.5 +7.8
BMI [kg/m?] 29.6 £5.1 28.2 5.4 29.2 £5.2
Hypertension 8 (40%) 19 (63.3%) 27 (54%)
Diabetes mellitus 6 (30%) 11(36.7%) 17 (34%)
Former tobacco use 1 (5%) 14 (47.7%) 15 (30%)
Current tobacco use 1 (5%) 9 (30%) 10 (20%)
High-density lipoprotein [mg/dI]* 52.1 £10.2 54.4 +19.4 53.4 £16.7
Low-density lipoprotein [mg/dI]* 142.13 +18.8 146 +12.4 145.6 £19.9
History of cardiovascular disease 4 (20%) 7 (23.3%) 11 (22%)

*Data are mean + standard deviation.
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Table II. The 2D and 3D ultrasonographic findings in relation to plaque echo-structure. Class I: homogeneous hy-
poechoic; class II: heterogeneous predominantly hypoechoic; class Ill: heterogeneous predominantly hyperechoic;
class 1V: homogeneous hyperechoic, and class V: calcified plaque

Variable Plaque echo-structure
Class | Class Il Class Il Class IV Class V Total Inter-observer
n (%) n (%) n (%) n (%) n (%) agreement
(x value)
2D US: 0.89
Observer 1 7 (15.6%) 4 (8.9%) 11 (24.4%) 13 (28.9%) 10 (22.2%) 45
Observer 2 6 (13.3%) 4 (8.9%) 11 (24.4%) 12 (26.7%) 12 (26.7%) 45
3D: 0.83
Observer 1 7 (15.6%) 4 (8.9%) 11 (24.4%) 12 (26.7%) 11 (24.4%) 45
Observer2 6 (13.3%) 4 (8.9%) 9(20.0%) 13 (28.9%) 13 (28.9%) 45

of 3D sonographic images, with respect to surface
regularity, may be more objective and easier than
evaluating 2D sonographic images.

In the Cardiovascular Health Study (CHS), it
was reported that 75% of men and 62% of fe-
males over 64 years of age had detectable carotid
artery stenosis, with most of these cases at a low
level of stenosis [15]. Among those with asymp-

tomatic carotid stenosis, the annual risk of CVDs
is estimated to be from 1.3% to 3.3% [16].
Ultrasonographic echo-structure of the athero-
ma plaque is an important well-known risk factor
in CVDs, with hypoechoic plaques being unstable
and constituting a high risk factor for CVDs [10,
17, 18]. Recent studies have reported that a posi-
tive correlation between plaque echolucency and

Figure 1. Fifty-nine-year-old man with asymptomatic carotid artery plaque. A — A hyperechogenic type IV atheroma
plaque (arrow) (with acoustic shadowing artifact) with regular surface is observed in the carotid bulb on 2D. B—3D

ultrasonographic image

ICA — internal carotid artery, CCA — common carotid artery.

Figure 2. Sixty-one-year-old woman with asymptomatic carotid artery plaque. A - View of a type lll, heterogeneous
hyperechogenic atheroma plaque (arrow) with an irregular surface, located in the carotid bulb, as seen from the
distal common carotid artery on the three-dimensional ultrasonographic image; B — plaque (arrow) with irregular
surface in the carotid bulb and internal carotid artery are seen on the image obtained after volume sectioning

procedure

ICA — internal carotid artery, CCA — common carotid artery, ECA — external carotid artery.
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Figure 3. Seventy-year-old man with asymptomatic carotid artery disease. A — A hypoechogenic type | atheroma
plague (asterisk) with a regular surface is observed in the common carotid artery on the multiplanar imaging;
B - 3D ultrasonographic image

= . ’ b P

Figure 4. Seventy-one-year-old woman with asymptomatic carotid artery plaque. A — Hypoechogenic type Il ath-
eroma plaque with a smooth surface on the far wall of the common carotid artery on 2D ultrasonographic exam-
ination (longitudinal view); B — however, on 3D ultrasonographic imaging, an irregular plaque surface is observed
(arrowheads)

Figure 5. Seventy-six-year-old man with asymptomatic carotid artery plaque. A — Calcified type V plaque (arrow)
with a smooth surface on the far wall of the internal carotid artery is observed on 2D ultrasonographic (longitu-
dinal view); B — 3D virtual arterioscopic image (arrowheads). Calcified plaques are observed on both images with
posterior acoustic shadowing (asterisk)

cerebral ischemic events was determined in pa- has also been correlated with a higher degree of
tients with a 35% to 50% carotid artery stenosis  stenosis, and also with ischemic CVDs [3, 7, 20].
[10, 19]. These data suggest that plaque surface irregularity,

Clinicopathologic studies have reported that ir- even after adjusting for the degree of stenosis, is an
regular or ulcerated plaque surface morphology independent predictor of ischemic CVDs [7, 20, 21].
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Table IlI. The 2D and 3D ultrasonographic findings in relation to plaque surface regularity

Variable Plaque regularity
Smooth Irregular Total Inter-observer
n (%) n (%) agreement (k value)

2D US: 0.91

Observer 1 38 (84.4%) 7 (15.6%) 45

Observer 2 39 (86.7%) 6 (13.3%) 45
3D US: 0.95

Observer 1 28 (62.2%) 17 (37.8%) 45

Observer 2 29 (64.4%) 16 (35.6%) 45

Also, Prati et al. [21] reported that plaque surface
irregularity, echolucency and texture characteris-
tics, compounded in a plague score, might be in-
dependent predictors of the occurrence of cerebro-
vascular ischemic events in a general population,
independently of the stenosis degree evaluation.
Kanber et al. [22] reported that an objective assess-
ment of plaque surface irregularities using a novel
surface irregularity index may correlate with the
presence of ipsilateral hemispheric cerebrovascular
symptoms. They found an increase in diagnostic
performance using the plaque surface irregulari-
ty versus that provided by the degree of stenosis
alone. Therefore plaque surface irregularity may be
a valuable tool for improving risk assessment and
can be helpful to identify vulnerable plaques in pa-
tients with carotid artery disease [22, 23].

As a result of this information, detecting carotid
artery plaques and characterizing their echo-struc-
tures and luminal surfaces have become a more
important part of the clinical follow-up. Conven-
tional angiography in evaluating patients who have
carotid arteries is the most commonly used meth-
od and remains the gold standard for screening
patients and determining which patients should
receive an interventional therapy [3]. However,
carotid angiography is an invasive method, with
a morbidity rate of 1% to 4% and a 1% risk of
peri-interventional CVDs [9]. In addition, conven-
tional angiography only shows the free lumen. It
does not provide information about the plaque
structure, the arterial walls, or the true arterial lu-
men [3]. Magnetic resonance (MR) and computed
tomography (CT) angiography are other screening
methods used in carotid artery imaging. However,
both of these are relatively expensive and not easily
accessible, they take a long time to examine and
they require the administration of contrast media.

Currently, the preferred non-invasive method
for detection and follow-up of plaques is 2D US.
In addition to providing an opportunity to mea-
sure various parameters of carotid artery plaques,
such as the degree of stenosis, surface regularity,
echo-structure and intima-media thickness, 2D

US can evaluate plaque regression or progression.
However, 2D US examination is operator-depen-
dent and has limitations. The selected images are
often not representative of the composition of the
entire plaque. Also, the atherosclerotic plaque of-
ten develops asymmetrically. As a result, the 2D
method requires a subjective reconstruction of
the plaque shape [24-27].

Several studies have reported that the 3D anal-
ysis method allows more precise characterization
of the surface regularity, the echo-structure of the
carotid plaque and the volume measurement of
the plaque [10, 24-34]. Previous studies aimed
at evaluating the reproducibility of 3D ultrasound
in the volume measurement of carotid plaque
showed good intra- and inter-observer agreement
(1 coefficients ranging from 0.94-0.96 to 0.89-
0.93, respectively) [28, 31, 32]. The inter-observer
agreement in the reproducibility of 3D ultrasound
in carotid plaque irregularity and ulceration was
also good (k coefficients, 0.90 and 0.97 respec-
tively) in two recent studies [29, 33]. In addition,
fine intra- and inter-observer reproducibility was
reported in evaluating the reproducibility of 3D
ultrasound in carotid plague echo-structures,
with intra- and inter-observer correlation coef-
ficients of > 0.93 and > 0.89, respectively [10,
34]. Three-dimensional US investigations provide
good intra- and inter-observer agreement at the
same high accuracy rate as in an objective meth-
od. Also, Johri et al. [35] recently reported that 3D
ultrasound-based carotid plaque quantification
may serve as an important clinical screening tool
to help identify patients who are at low risk for
significant coronary artery disease.

The number of patients is relatively small. Also,
because all of our patients were asymptomatic,
we did not include catheter angiography, CT-MR
angiography studies, or pathologic samples in
this study. These could have helped in comparing
carotid artery plagues detected in the patients.
Three-dimensional US data were obtained using
a free hand technique. The mechanical scanning
technique is an expensive and impractical method
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in routine use. The free hand technique is practi-
cal, cheap and reproducible in routine use. With
the free-hand technique, there might be gaps
between the two-dimensional reference images
and distortions may occur in secondary images,
depending on the scanning speed. If the examin-
ers perform 3D scanning at a fixed and suitable
velocity, these limitations can be easily avoided.
Moreover, movement artifacts related to swallow-
ing and respiration may occur [30].

In conclusion, besides the stenosis degree,
plague echo-structure and surface irregularity are
important in determining the risk of CVDs in ca-
rotid artery disease. Especially in the asymptomat-
ic group, demonstration of carotid plaque surface
irregularity with non-invasive imaging methods
is very important in prevention and treatment of
carotid artery stenosis and cerebrovascular events
and follow-up. In this study, we observed that 3D-
US technique is superior to 2D-US in demonstrat-
ing luminal surface irregularity. Further studies
with a large number of patients are necessary to
investigate our hypothesis.
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