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Abstract

Background: CT angiography (CTA) was routinely performed for carotid artery disease, but the plaque characterization based on
measurement of density may be inaccurate, influenced by adjacent calcification and contrast agent. Remodeling ratio was one of
the additional new objective indexes for plaque characterization. On coronary CTA, the utility of histogram analysis was reported
in a few studies.

Objectives: The purpose of this study was to evaluate the diagnostic value of histogram analysis of carotid artery plaque density
and positive remodeling on CTA for the diagnosis of pathologically proven complicated carotid artery plaques.

Patients and Methods: We retrospectively evaluated 29 patients with atherosclerotic carotid artery stenosis treated by carotid en-
darterectomy. On CTA, the boundaries of non-calcified plaques were manually traced at the site of the greatest stenosis. In addition
to the mean plaque density, the percentage of pixels (PP) with a density of less than 30 Hounsfield units (HU) (PP < 30) was calculated
using the histogram analysis. We calculated the remodeling ratio by dividing the cross-sectional artery area at the greatest stenosis
by normal reference-segment artery area. These results of CTA analysis were compared with the results of histological analysis based
on the American heart association criteria.

Results: Histologically, 13 of the 29 patients had complicated plaques. PP < 30 and the remodeling ratio were higher in patients
with complicated plaques than in those with uncomplicated plaques (P=0.023 and 0.002, respectively). Whereas, the mean plaque
density did not differ between the two groups (P=0.062). Correlation between PP < 30 and the remodeling ratio was stronger than
the correlation between PP < 30 and the mean density (Spearman’s rs = 0.76 vs. 0.65, respectively).

Conclusion: Histogram analysis of the carotid artery plaque density may be more useful for the evaluation of atherosclerosis on CTA
compared with the conventional analysis of plaque densities, and the combined analysis of histogram analysis and the remodeling
ratio may help to predict future stroke events.
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1. Background the intrinsic composition, such as the hemorrhage of in-

traplaque and lipid core size (2-6).
Atherosclerotic disease of the extracranial carotid ar-

teries is an important cause of stroke. Carotid endarterec-
tomy (CEA) or stent placement is considered to prevent
stroke for patients with symptomatic or asymptomatic
carotid stenosis above a certain degree (1, 2). However,
patients with mild stenosis in the internal carotid artery
(ICA) can unexpectedly experience strokes. Vulnerable
atherosclerotic plaques have been reported to be an ad-
ditional risk of atherosclerotic disease (2-4). The vulner-
ability to rupture of atherosclerotic plaques is related to

The coronary artery responds to the growth of
atherosclerotic plaques in different ways: by shrink-
age of vessel wall (negative remodeling) or by outward
expansion (positive remodeling) (7). Plaques showing
positive remodeling tended to show higher macrophage
countand have large lipid core compared to those without
positive remodeling (3). Positive remodeling was previ-
ously thought to be a delayed response of luminal stenosis
during the progression of atherosclerosis (3), but it was
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recently presumed to be associated with plaque inflam-
mation and increased tendency for rupture (3, 5, 8). For
subjects with severe carotid artery stenosis, greater pos-
itive remodeling was observed in patients with cerebral
ischemic symptoms than in patients with no symptoms
in the previous study (3, 5). Plaque characterization or
positive remodeling provides accurate risk stratification
for future cerebral ischemic events.

Several imaging techniques and methods have demon-
strated the ability to predict cerebral ischemic events; how-
ever, there are no definite criteria and we need to evalu-
ate several factors as a whole. Multi-detector computed to-
mography (MDCT) allows evaluation of the carotid artery
with thin slice thickness (no more than 1 mm), and more
detailed analysis of carotid artery stenosis and plaque com-
ponents. Previous studies reported that differences in
Hounsfield unit (HU) on MDCT can characterize compo-
nents of atherosclerotic plaque (2, 4, 9). However, high
density influenced by luminal enhancement and calcifica-
tion of the plaque may limit calculation of the accurate
mean plaque density, leading to inaccurate characteriza-
tion of fibrous and lipid-rich plaques (10, 11). For the coro-
nary atherosclerotic plaque characterization, a few stud-
ies have reported the potential role of a quantitative his-
togram analysis for distribution of pixels showing low den-
sity (10, 11). Marwan et al. (11) reported the utility of his-
togram analysis for coronary artery plaque characteriza-
tion on CT angiography (CTA): the distribution of pixels
with density < 30 HU calculated by histogram analysis may
contribute to more reliable plaque classification. As in the
coronary arteries, the extent of positive remodeling of the
ICA may indicate underlying atherosclerotic plaque vul-
nerability and ischemic symptoms (3, 5, 8). Therefore, both
histogram analysis of plaque density and positive remod-
eling on CTA may contribute to carotid plaque characteri-
zation and assessment of the risk of stroke.

2. Objectives

The purpose of this study was to evaluate the di-
agnostic value of histogram analysis of carotid artery
plaque density and positive remodeling for the diagno-
sis of pathologically proven complicated carotid artery
plaques.

3. Patients and Methods

3.1. Patients

This was a retrospective study approved by medical re-
search ethics committee of our institution. The require-
ment for informed consent was waived. The privacy of the

patients was fully protected. Between January 2009 and
February 2014, we selected the patients following search of
electronic medical records in our institution. We applied
the following inclusion criteria to patients: acquisition of
carotid CTA on the same CT scanner and imaging param-
eters within 3 months before CEA following the previous
study (2), and treatment of atherosclerotic carotid artery
stenosis by CEA. An exclusion criterion was the insufficient
quality of CTA due to artifacts or poor visualization of the
artery. One carotid artery was excluded from the study be-
cause of poor visualization of ICA due to near occlusion.
Twenty-nine patients (mean age: 69 =+ 5 years) with a total
of 29 lesions were finally enrolled in this study. Character-
istics of the patients are summarized in Table 1. Clinical in-
formation of all patients was obtained from the electronic
medical records at our institution including other clinical
findings.

3.2. CT Examination

Carotid CTA was performed by a 64-slice dual source
CT scanner (SOMATOM Definition; Siemens Medical Solu-
tions, Forchheim, Germany). The imaging acquisition pa-
rameters for CTA were as follows: spiral mode 0.5-second
gantryrotation, 32 X 0.6 mm collimation, 0.9-1.5 pitch fac-
tor, 1.0 mm section thickness, 0.5 - 0.8 mm reconstruction
interval, 120 kVp tube voltage, a tube current of 400 - 650
mAs, and kernel B30-31f. 50 mL of iodine contrast medium,
iopamidol (Iopamiron 300; Bayer Schering Pharma, Berlin,
Germany) or iohexol (Omnipaque 300; Dainichi Sankyo,
Tokyo, Japan), was injected and followed by 20 mL of a
saline chaserata flowrate of 4.0 mL[s. An automated bolus-
timing program determined optimal timing of CTA acqui-
sition. Images were obtained from the level of the inferior
orbits to the aortic arch.

3.3. Image Data Analysis

CT images were analyzed by one neuroradiologist
(M.0O.) who was blinded to the clinical and pathological
information. Multiplanar reconstruction (MPR) was per-
formed to produce two-dimensional images showing the
cross-sectional profile of a vessel along its length on a com-
puter workstation (Aquarious iNtuition, Version 4.4.7; Ter-
aRecon, Inc, San Mateo, CA, USA). Using a window level
of 250 and window width of 700, the region of maximal
luminal stenosis was visually identified on MPR and ax-
ial images on the workstation (Figure 1A and B). The de-
gree of stenosis was determined following the criteria of
the North American symptomatic carotid endarterectomy
trial (NASCET). The outer vessel contouring was manu-
ally performed to calculate the cross-sectional vessel area
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Table 1. Comparison of Clinical Characteristics Between Type-VI and Non-Type-VI Groups®

Variables All Type-VI Non-Type-VI PValue
Number of patients 29 13 16

Age,y 69E5 6815 70+£5 0.37
Male Gender 24(83) 12(92) 12(75) 0.23
Symptoms 25(86) 11(85) 14 (88) 0.83
Hypertension 25(83) 11(85) 14 (88) 0.83
Diabetes 9(31) 4(31) 5(31) 0.98
Smoking 22(76) 11(85) 11(69) 033
Dyslipidemia 16 (55) 9(69) 7(44) 0.18
Coronary artery disease 5(17) 1(8) 4(25) 0.23
Stenosis (NASCET) 761£13.9 73.9 £16.9 77.9 £ 111 0.61

Abbreviation: NASCET, north american symptomatic carotid endarterectomy trial.

#Values are expressed as Mean = SD or No (%).

(CSA) on slices of maximum stenosis, reference CSA cal-
culated at the nearest distal segments without atheroscle-
rotic plaques (Figure 1B and C). According to previously re-
ported methods (3, 5), the remodeling ratio was calculated
as follows:

Remodeling ratio = (CSA at the point of maximum
stenosis [ reference CSA at the distal portion)

On the Image ] program (Image ] 1.48 v; national in-
stitutes of health, MD, USA), non-calcified plaques in cross
sections at the point of maximum stenosis were manually
traced at a short distance from calcification, vessel lumen,
or wall to avoid partial volume effect, and histograms of
the CT value distribution were obtained. Graphs were cre-
ated using Excel (Microsoft, Redmond, Washington) (Fig-
ure 2). Based on the previous coronary CTA histogram
study using a similar CT scanner (11), the percentage of pix-
els with density < 30 HU (PP < 30) and mean density of the
carotid plaques were calculated.

We selected 30 HU as the cutoff for low-density plaques
for the following reason. In the coronary CTA histogram
analysis, Schlett et al. (10) and Marwan et al. (11) reported
60 and 30 HU as the cutoff, respectively. In a previous meta-
analysis study, significant differences were found for the
mean HU criteria of atherosclerotic plaques according to
the CT vendor and number of detector rows with no cor-
relation to the lumen contrast enhancement (12). Also, the
HU criteria of carotid lipid-rich plaques may be lower than
those of coronary arteries, caused by less partial volume
effect or movement (12). Therefore, we selected 30 HU as
the cutoff because Marwan et al. (11) used a CT scanner (SO-
MATOM Definition) similar to ours in their coronary CTA
study.
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3.4. Histological Grading of Carotid Artery Plaques Obtained by
CEA

All lesion samples obtained by CEA were used to assess
and categorize the histological classification of atheroscle-
rotic plaques. The CEA specimens were fixed in 10% normal
formaldehyde and cut into sequential 5-mm blocks, from
the specimen base (common carotid or proximal end) to
the bifurcation, until whole the specimen was cut. Sections
of each block were stained with eosin and hematoxylin.
Based on the American heart association (AHA) criteria,
one experienced neurosurgeon (H.K.) who was blinded to
the clinical information classified atherosclerotic plaques
into either type VI or not. Complicated plaques (type VI)
were graded based on the following criteria: 1, organized
lamellar plaque or luminal adherent thrombosis (white
blood cells, red blood cells, fibrin, platelets, and lines of
Zahn); 2, free red blood cells within the media or intima
not associated with lumen of vessel; 3, rupture or surface
defects, or 4, macrophages containing hemosiderin.

3.5. Statistical Analysis

We used the StatView statistical package (StatView 5,
SAS institute, Cary, NC, USA) for all statistical analysis.
Spearman’s rank correlation was used to analyze correla-
tions between two factors. To compare scores of unpaired
samples, Mann-Whitney U test was used. Correlations be-
tween two factors were analyzed by Spearman’s rank cor-
relation. AP value < 0.05 was considered to indicate statis-
tical significance.
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Figure 1. Multiplanar images of the carotid artery were reconstructed (A) and the region of maximum luminal narrowing was visually identified on these images and axial
images (A, B). The outer vessel contour was manually traced to calculate the cross-sectional area (CSA) (B), and reference CSA was measured at the nearest distal segments

without atherosclerotic plaques (C).

4. Results

Characteristic symptoms of the patients were tran-
sient ischemic attack, amaurosis fugax, or stroke, thought
to be caused by the affected carotid artery. The defini-
tion of stroke and transient ischemic attack was based on
the previously published criteria (13, 14). Amaurosis fugax
was defined as transient acute onset of partial or complete
monocular loss of vision (5).

Tables 1 and 2 show the comparison of clinical and
imaging findings between 13 patients with and 16 patients
without type VI lesions. There were no significant differ-
ences between the two groups regarding degree of steno-
sis or clinical characteristics including age, sex, symptoms,
and prevalence of stroke risk factors. In contrast to the
mean plaque density (P = 0.062), patients with type VI le-
sions exhibited significantly higher PP < 30 and remodel-
ing ratios than those without type VI lesions (P=0.023 and
0.002, respectively). PP < 30 was more significantly corre-

lated with the remodeling ratio than with the mean den-
sity (Figure 3; Spearman’s rs = 0.76 vs. 0.65; P < 0.0001 and
P = 0.0007, respectively). Most of the clinical parameters
were not correlated with these imaging findings, except
for smoking history (P=0.032).

5. Discussion

We demonstrated that the percentage of the low den-
sity plaques of less than 30 HU calculated by histogram
analysis and the remodeling ratio were correlated with
the AHA type VI lesions, indicating vulnerable and compli-
cated plaques. Of note, these complex plaques are associ-
ated with a higher incidence of cerebrovascular events (4-
6).

Recently, the advanced imaging modalities have en-
abled visualizing atherosclerotic plaques. US, MRI, and
CTA were non-invasive imaging modalities compared with
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Table 2. Comparison of Radiographic Parameters Between Type-VI and Non-Type-VI Groups®

Variables All Type-VI Non-Type-VI PValue
Remodeling ratio 22+14 31+17 16+ 0.7 0.002
Mean density, HU 56.3 £ 32.9 44.8 +22.8 66.4 £ 36.7 0.062
PP< 30,% 211+ 26.0 29.5 +26.7 14.2 232 0.023

Abbreviation: HU, Hounsfield Unit.
Values are expressed as means = SD.
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Figure 2. On the Image | program, non-calcified plaques in cross sections at the
point of maximum stenosis were manually traced, and histograms of the CT value
distribution were obtained. We calculated the percentage of pixels with density <
30 HU (PP < 30) (PP,percentage of pixels; HU,hounsfield unit ).

other modalities such as intravascular ultrasound (IVUS)
(8). CTA can rapidly provide data on the whole carotid
artery with high spatial resolution, making it a good can-
didate for routine imaging modality of carotid artery dis-
ease (3, 9). The assessment of percent luminal narrow-
ing using CTA has been established in carotid artery dis-
ease in previous studies like NASCET (3, 5, 8). Also, CTA en-
ables visualization of plaque calcification, and morphol-
ogy; smooth, irregular, or ulcerated surfaces (8). Previous
studies demonstrated that diagnostic accuracy of plaque
ulceration by CTA was significantly higher than by US (8,
15). Recently, an additional new objective index, the remod-
eling ratio, has been considered useful for assessment of
positive remodeling secondary to atherosclerotic plaque
inflammation (3, 5, 7, 8). CT has a disadvantage that mea-
surement of plaque density may be inferior to MRI for de-
termining the characteristics of plaques, as described in
the later section (5). MRI could detect characteristics of
the vulnerable plaque with high sensitivity and specificity.
However, the resolution was not high enough to detect
small structures or components, and a long scan time was
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needed, causing partial volume effects and motion arti-
facts. The resolution, cardiac motion artifacts, and signal
intensity were strongly influenced by hardware, vender-
specific software, and scan parameters (8,16). US is an easy
andreproducible investigation tool and allows assessment
of the degree of stenosis and morphology with high spatial
resolution. However, the accuracy is operator dependent
and only the cervical portion of the extracranial carotid is
accurately imaged. Although the thickness of carotid in-
tima media obtained using US has been shown to be corre-
lated with the risk of stroke, the recent study in the general
population showed no such correlation (8).

In previous studies, carotid plaque density was associ-
ated with recent ischemic neurologic events (9). It was re-
ported thatlipids, hemorrhage, and necrotic debris (called
“soft tissue” by the authors) had the lowest tissue densi-
ties on CT and intraplaque hemorrhage was found in AHA
type VI (4). However, the density of other tissue compo-
nents (fibrosis or calcifications)and contrast agent or calci-
fied portions in the adjacent lumen influenced the plaque
densities, which affected the mean plaque densities and
decreased the accuracy of plaque classification (4, 10, 11).
For the coronary atherosclerotic plaque characterization,
afew studies have reported the potential role of a quantita-
tive histogram analysis for distribution of pixels showing
low density (10, 11). For the carotid atherosclerotic plaques,
the correlation between MDCT images for measurement
of lipid core area and histological sections was poor for
calcified plaques in a previous study (2). In our carotid
artery study, histogram analysis showed significant differ-
ences between the type VI and non-type VI groups, but
mean plaque densities showed no significant differences.
Also, histogram analysis showed a more significant corre-
lation with the remodeling ratio than the analysis of mean
plaque density. As the extent of expansive remodeling may
indicate underlying atherosclerotic plaque vulnerability
of the ICA (3, 5), histogram analysis may be helpful for the
carotid atherosclerotic plaque evaluation on the CTA. Fur-
thermore, the extent of the remodeling ratio correlated
well with the plaque evaluation as previously reported (5).

This study had several potential limitations. First, the
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Figure 3. Correlations between PP < 30 (A) and mean density (B) with remodeling ratio were calculated. PP < 30 showed a more significant correlation with the remodeling
ratio than mean density (Spearman’s rs = 0.76 vs. 0.65) (PP,percentage of pixels; HU,hounsfield unit ).

presence of neurological symptoms showed no significant
correlation with the remodeling ratio, PP < 30, or AHA
plaque types. As we selected patients treated by CEA, there
were only four (14%) asymptomatic patients, leading to the
small sample bias. Second, as we have already mentioned
in the “Patients and Methods”, we selected the cutoff for
low-density plaques based on the previous coronary CTA
histogram study (11) using a similar scanner to ours. How-
ever, the cutoff may be less because the HU criteria of coro-
nary plaques were reported to be significantly higher than
those of carotid plaques, which are caused by more partial
volume effects from lumen contrast enhancement and the
surrounding tissue due to the smaller plaque size (12). In
addition, the cutoff may be different according to CT ven-
dor or number of detector rows (12). Thus, further evalua-
tion is necessary.

In conclusion, histogram analysis of the carotid artery
plaque density may be more useful for the evaluation of
atherosclerosis on CTA compared with the conventional
analysis of mean plaque density, and the combined anal-
ysis of histogram analysis and remodeling ratio may help
to predict future stroke events.
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