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Abstract—Ultrasound-based carotid elastography has been developed to estimate the mechanical properties of
atherosclerotic plaques. The objective of this study was to evaluate the in vivo capability of carotid elastography
in vulnerable plaque detection using high-resolution magnetic resonance imaging as reference. Ultrasound radio-
frequency data of 46 carotid plaques from 29 patients (74 ± 5 y old) were acquired and inter-frame axial strain was
estimated with an optical flow method. The maximum value of absolute strain rate for each plaque was derived as
an indicator for plaque classification. Magnetic resonance imaging of carotid arteries was performed on the same
patients to classify the plaques into stable and vulnerable groups for carotid elastography validation. The
maximum value of absolute strain rate was found to be significantly higher in vulnerable plaques (2.15 ± 0.79
s21, n 5 27) than in stable plaques (1.21 ± 0.37 s21, n5 19) (p, 0.0001). Receiver operating characteristic curve
analysis was performed, and the area under the curve was 0.848. Therefore, the in vivo capability of carotid
elastography to detect vulnerable plaques, validated by magnetic resonance imaging, was proven, revealing
the potential of carotid elastography as an important tool in atherosclerosis assessment and stroke prevention.
(E-mail: xihaizhao@tsinghua.edu.cn and luo_jianwen@tsinghua.edu.cn) � 2016 World Federation for Ultra-
sound in Medicine & Biology.
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INTRODUCTION

Stroke is the second leading cause of death worldwide, the

third leading cause of mortality in developed countries

(behind only heart diseases and cancers) and the number

one killer in China (National Center for Cardiovascular

Diseases, China 2013; World Health Organization

2012). Rupture of carotid atherosclerotic plaques is one

of the major causes of stroke (Mendel et al. 2002); thus,

assessment of rupture risk (i.e., vulnerability) is important

to prevent the occurrence of ischemic events. Currently,

evaluation of atherosclerosis typically relies on assess-

ment of the size of plaques and the degree of stenosis

(i.e., narrowing of arterial lumens) using duplex ultra-

sound (Golemati et al. 2013; Grant et al. 2003).

In clinical practice, asymptomatic patients with

stenosis .70% are considered eligible for invasive

revascularization procedures, such as endarterectomy

and stenting (Golemati et al. 2013; Streifler 2011).

However, previous studies have indicated that a

substantial number of cerebrovascular events occur in

arteries with less severe (,50%) stenosis (Dong et al.

2010; Saam et al. 2008; Zhao et al. 2011). In addition, it

has been reported that a majority of carotid

revascularization procedures in asymptomatic patients

are unnecessary (Naylor 2012). Histologically, features

of vulnerable plaques usually consist of a large

lipid-rich necrotic core (LRNC) with thin fibrous cap,

intra-plaque hemorrhage (IPH), inflammation and

neovascularization (Falk et al. 1995; Finn et al. 2010).

In contrast, calcification (CA) and intact surface
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are usually considered to be stable features. Therefore, the

composition of plaques, in addition to stenosis

measurements, is a critical determinant of patient risk.

For these reasons, evaluation of compositional features

is desirable to assess plaque rupture risk, improve

diagnosis and reduce unnecessary operations.

Among the several imaging modalities used in

attempts to characterize atherosclerotic plaques, magnetic

resonance imaging (MRI) has been found to be the most

reliable. MRI can accurately characterize almost all fea-

tures of vulnerable plaques, including plaque burden

(size), composition, surface condition, inflammation

and neovascularization, and has been validated by histol-

ogy with carotid endarterectomy specimens (Cai et al.

2002; Saam et al. 2005; Yuan et al. 2001). Good

reproducibility of MRI in carotid plaque characterization

has also been documented in multicenter studies and in

different types of scanners, allowing wide application of

MRI in studies associated with cardiovascular events and

treatment monitoring (Chu et al. 2005; Phan et al. 2007;

Saam et al. 2007; Underhill et al. 2008; Zhao et al.

2007). Despite its excellent performance, MRI is costly

and requires long examination times. In this respect,

ultrasound imaging is fast, relatively cheap and widely

available and, thus, is more suitable for screening,

monitoring and follow-up in large populations. In the

past decade, significant emphasis has been placed on the

application of ultrasound elastography (or elasticity imag-

ing) to characterize the mechanical properties and compo-

sition of plaques. Elastography, or strain imaging, has been

used to map the tissue deformation in response to an inter-

nal or external force. Because softer tissues are associated

with larger deformation under the same force, elastogra-

phywas first introduced to detect the pathologic variations

in tissue elasticity caused by some diseases such as cancers

(Ophir et al. 2000). Later, elastography was adapted for

intravascular ultrasound (IVUS) to differentiate between

stable and vulnerable atherosclerotic plaques in coronary

arteries (de Korte et al. 1997, 2011; Shapo et al. 1996).

Different strain values were found for fibrous, fatty and

fibrofatty plaques, and IVUS elastography was reported

to detect vulnerable plaques with high sensitivity and

specificity (de Korte et al. 2000; Schaar et al. 2001).

Despite these convincing results, IVUS is used

predominantly for coronary arteries, rather than carotid

arteries, and the main disadvantages remain its invasive

nature and high cost, which limit application for

screening purposes (de Korte et al. 2011).

Given the limitations of IVUS, non-invasive

vascular elastography would be preferable and has been

investigated by several research groups with respect to

characterization of plaques in superficial arteries, mainly

carotid arteries (referred to as carotid elastography)

(Hansen et al. 2009; Hasegawa and Kanai 2008; Kanai

et al. 2003; Korukonda and Doyley 2012; Maurice et al.

2004; Ribbers et al. 2007; Shi et al. 2008; Widman et al.

2015). In these methods, ultrasound images are

non-invasively acquired either from longitudinal or

transverse cross sections of the arteries at different intra-

luminal blood pressures. The displacement and strain

distribution of the atherosclerotic plaques are estimated

either on radiofrequency (RF) or B-mode data using block

matching techniques such as the cross-correlation method

(Ribbers et al. 2007), non-rigid image registration tech-

niques (Richards and Doyley 2013) or optical flow-

based techniques (Wan et al. 2014). Several studies have

confirmed the in vitro and in vivo feasibility of carotid

elastography in longitudinal views of arteries, and higher

local strain was reported to be associated with softer re-

gions, which was in good agreement with the findings

from IVUS elastography (Bonnefous et al. 1996;

Hasegawa and Kanai 2008; Kanai et al. 2003). Further

developments necessitate carotid elastography in

transverse views of the arteries in which the strain in the

lateral direction (perpendicular to the ultrasound beams)

is required for reconstruction of the radial strain of

vessel (de Korte et al. 2011). The spatial angular com-

pounding method was proposed to circumvent the less

reliable lateral displacement estimation by reconstructing

radial motion of the artery using only axial displacements

acquired from multiple steering angles (Hansen et al.

2009, 2010a, 2010b; Korukonda and Doyley 2012;

Korukonda et al. 2013; Nakagawa et al. 2004; Ribbers

et al. 2007). More accurate 2-D displacement and strain

estimation in transverse imaging planes of vessel wall

have been observedwith the spatial angular compounding

technique, whereas further investigation is required to

optimize the measurement performance (Hansen et al.

2014; Poree et al. 2015). Notably, other emerging

techniques, such as acoustic radiation force impulse

(ARFI) imaging, shear wave elastography (SWE), pulse

wave imaging (PWI) and thermal strain imaging (TSI),

have also been developed for plaque characterization

(Apostolakis et al. 2015; Czernuszewicz et al. 2015;

Doherty et al. 2015; Kim et al. 2008; Li et al. 2014;

Widman et al. 2015). Because the present study focuses

on non-invasive carotid elastography, these techniques

are not discussed in detail here.

The number of studies on carotid elastography is

rapidly growing, and the performance of vessel strain esti-

mation is continuously being improved; however, valida-

tion of the techniques with in vivo ‘‘ground truth’’ is still

limited. Simulation and phantom studies have been exten-

sively performed for validation of the vascular elastogra-

phy (Hansen et al. 2014; Korukonda and Doyley 2012;

Maurice et al. 2004; Ribbers et al. 2007). These have

the advantage of known strain or material properties.

Their disadvantage may be the superoptimal image
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contrast and the overly simple models of vessels or

plaques, which may deviate from realistic cases. Some

studies have compared vessel strain images with

histologic data or mechanical testing results, which

provide the morphology or mechanical properties

of plaques in vitro as a reference (Kanai et al.

2003; Lopata et al. 2014). Sonomicrometry allows

preliminary in vitro or in vivo validation by implanting

crystals onto the vessel wall for motion tracking, but

only enables relatively global estimation of vessel

displacement and strain (Larsson et al. 2015; Widman

et al. 2015). As mentioned previously, MRI has

excellent in vivo performance for identifying different

compositions of the plaques and differentiating between

stable and vulnerable plaques, but very few studies have

compared vascular elastography with MRI (Huang et al.

2014; Luo et al. 2013; Naim et al. 2013; Pan et al. 2014b).

The aim of this study was to quantitatively evaluate

the in vivo capability of carotid elastography in plaque

classification in patients with carotid stenosis. Under

the hypothesis that high-risk features such as IPH and

LRNC are softer than the stable compositions such as

CA and fibrous tissue, vulnerable plaques are expected

to have higher strains than stable plaques. Therefore,

the maximum value of absolute strain rate (MASR), an

indicator of the maximum deformation rate within the

plaques, was used as a simple parameter in this study to

discriminate between stable and vulnerable plaques,

and the results are validated using MRI.

METHODS

Experimental protocol

This study was approved by the institutional review

board of the Second Affiliated Hospital of Tsinghua

University, and written informed consent was obtained

from each patient. The study enrolled 197 patients

between the ages of 58 and 86. Patients who had major

cardiovascular events, including heart attack, stroke,

myocardial infarction and transient ischemic attack, 6

mo before the examination were excluded from the study.

Ultrasound scanning was performed on both the left and

right carotid arteries of each patient in the supine posi-

tion, and the degree of stenosis, length, thickness and

area of the plaque were measured by duplex ultrasound.

Afterward, sequence of ultrasound RF data were acquired

mainly from the longitudinal imaging views of the pla-

ques and stored for further strain rate imaging. Duration

of acquisition was about 3–5 s to include several cardiac

cycles, during which patients were asked to hold their

breath. Both carotid ultrasound examinations and RF

data acquisitions were conducted by a clinician with 25

y of experience using a Philips iU22 ultrasound system

(Philips Medical System, Bothell, WA, USA) and an

L9-3 linear array transducer. The acquired RF data

were sampled at 32 MHz, and the frame rate ranged

from 54 to 167 Hz, depending on the imaging depth

and width. Brachial cuff blood pressures were also re-

corded for each patient. The same patients underwent

double-blinded magnetic resonance (MR) scans for ca-

rotid arteries on a Philips Achieva TX 3.0-T MR scanner

(Philips Medical System, Best, Netherlands) with a

custom-designed 36-channel neurovascular coil. The im-

aging protocol included three multicontrast 3-D black-

blood sequences with T1, T2 and heavy T1 weightings,

that is, 3-D motion sensitized driven equilibrium pre-

pared rapid gradient echo (3-D-MERGE), T2-weighted

volumetric isotropic turbo spin echo acquisition

(VISTA), and simultaneous non-contrast angiography

and intra-plaque hemorrhage (SNAP) (Balu et al. 2011;

Fan et al. 2010; Wang et al. 2013; Zhou et al. 2015).

MR images were acquired in the transverse plane and

covered the whole carotid artery including the common

carotid artery (CCA), bifurcation (BF), internal carotid

artery (ICA) and external carotid artery (ECA).

Detailed parameters for the MRI protocol are listed in

Table 1. The total MRI examination time for each patient

was about 40 min. Patients with a maximum plaque thick-

ness . 2.5 mm on either side were selected for strain

estimation, and ultrasound signal processing and statisti-

cal analysis were performed in MATLAB R2012b

(The MathWorks, Natick, MA, USA).

Ultrasound carotid elastography

Ultrasound carotid elastography was performed to

estimate the strain distribution, revealing the local

deformation of the plaque induced by the natural intra-

luminal blood pressure. Figure 1 is a schematic over-

view of the processing procedure. Inter-frame 2-D

displacements (i.e., axial and lateral displacements)

and strain tensors (including axial and lateral strains

and axial and lateral shear strains) were first estimated

from consecutive RF frames based on a two-step optical

Table 1. MRI parameters for 3-D multicontrast
sequences

3-D-MERGE VISTA SNAP

Magnetic resonance sequence TFE TSE TFE
TR/TE (ms) 9.3/4.3 2500/280 9.9/4.8
TFE/TSE factor 90 133 98
Field of view (mm3) 250 3 250 3 45
Spatial resolution (mm3) 0.8 3 0.8 3 0.8
Number of slices 112 112 100

3-D MERGE 5 3-D motion sensitized driven equilibrium prepared
rapid gradient echo; VISTA 5 volumetric isotropic turbo spin echo
acquisition; SNAP 5 simultaneous non-contrast angiography and
intra-plaque hemorrhage; TFE 5 turbo field echo; TSE 5 turbo spin
echo; TR 5 repetition time; TE 5 echo time.
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flow algorithm with a tissue model of affine transforma-

tion (Pan et al. 2014a, 2015). A window size of about

1.7 3 1.3 mm2 (height 3 width) and axial overlap of

90% in the optical flow method were used for all

plaques. Only axial strain measurements were used in

this study, because of their higher precision compared

with lateral measurements. By normalization of the

axial strain with the frame rate, the axial strain rate

was obtained, representing the speed at which the

deformation occurs.

Next, the axial strain rate as a function of time at an

arbitrarily selected point (typically with high echogenic-

ity or high signal-to-noise ratio [SNR]) inside the plaque

was extracted (Fig. 1c), and frames close to the peak

values of the curve for each cardiac cycle were roughly

identified (indicated by the red vertical lines in Fig. 1c).

The maximum inter-frame deformation of the plaque

usually appeared around the identified frames. There-

fore, to determine the exact frame in which the deforma-

tion rate was at the maximum, the plaques were

manually segmented based on the B-mode and strain

images corresponding to the identified frames

(Fig. 1d). Segmentation of plaques was performed by

a technician and confirmed by two senior reviewers,

both blinded to the MRI results and ultrasound estima-

tion. Afterward, the MASR inside the plaque was

obtained for each cardiac cycle. The strain rate image

corresponding to the MASR typically had the highest

contrast and SNR in mapping tissue deformations,

which may be correlated with the plaque composition

distribution (Fig. 1e). As mentioned previously,

high-risk features such as IPH and LRNC were shown

to be softer than the stable features like CA and fibrous

tissue, and consequently, vulnerable plaques may have

higher strain rates than stable plaques. Therefore, the

MASR, representing the highest absolute strain rate

inside the plaque, was averaged over three to seven

cardiac cycles and used as an indicator for plaque

classification in this study.

MR image review

MR images were read by a junior reader and re-

viewed by a senior reader, both blinded to the ultrasound

findings. TheMR slices were reconstructed on the Philips

MR workstation (Philips) using an algorithm of multipla-

nar reconstruction (MPR). Signal intensities of plaque

tissues across the spatially matched 3-D-MERGE,

SNAP and VISTA images were compared to identify

the compositions of CA, IPH and LRNC according to

published criteria (Cai et al. 2002; Saam et al. 2005;

Yuan et al. 2001). LRNCs and vessel walls were

manually segmented, and the ratio of LRNC relative to

the vessel wall area in the transverse section was

calculated. Plaques in which IPH was observed and/or

Fig. 1. Schematic of ultrasound data processing procedure. (a) RF data are acquired from the carotid plaques. (b) Inter-
frame strains are estimated sequentially based on a two-step optical flow algorithm. (c) The strain rate curve of an arbi-
trary selected point inside the plaque is extracted, and the frames close to the peak value of the curve for each cardiac cycle
are roughly identified, as indicated by the red vertical lines. The highest strain rate of the plaque typically appears in one
of these frames. (d) Segmentation of the plaque is manually performed on the identified frames between red vertical lines,
and the MASR inside the plaque is then calculated for each cardiac cycle. (e) The strain rate image corresponding to the
MASR is obtained for each cardiac cycle and superimposed on the B-mode image. The locations of the highest strain rate

are indicated by the red circles. RF 5 radiofrequency; MASR 5 maximum value of absolute strain rate.
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plaques with a maximum LRNC area ratio .20% were

classified as vulnerable plaques (Underhill et al. 2010).

To match plaques in ultrasound images to the

MR images, the carotid artery was divided into four

segments—CCA, BF, ICA and ECA; a single plaque

may be located in one or multiple segments of the carotid

artery. Afterward, the plaquewas further labeled as corre-

sponding to the anterior wall, posterior wall or side wall

of the selected segments. The ultrasound image and

MR image were referred to the same plaque only if the

plaque appeared in the same segments and on at least

half of vessel walls in both image modalities, considering

possible differences in orientation of plaques on vessel

walls during manual comparison between MR and ultra-

sound images. Finally, plaques were classified into stable

and vulnerable on the basis of compositional features

determined by the MR review for validation of ultrasound

carotid elastography.

Statistical analysis

Unless otherwise stated, patient characteristics and

measurement values were presented as means6 standard

deviations (SDs). Differences between stable plaques and

vulnerable plaques were analyzed using a non-parametric

Wilcoxon rank-sum test. Pearson’s correlation coefficient

was used to determine the correlation between ultrasound

strain estimation and plaque thickness, as well as arterial

stenosis. A p value, 0.05 was considered to indicate sta-

tistical significance. A receiver operating characteristic

(ROC) curve was also generated to evaluate the perfor-

mance of the MASR obtained from carotid elastography

in separating vulnerable plaques from stable plaques by

calculating the area under the ROC curve (AUC).

RESULTS

A typical example of a vulnerable plaque from the

right ICA of a 70-y-old male patient is provided in

Figure 2. The maximum thickness of the plaque is 3.01

mm, and the degree of stenosis is about 30%. IPH, a

high-risk feature, is observed in the MR SNAP image

(Fig. 2b), which suggests the plaque is vulnerable to

rupture. CA is also identified within the plaque in the

MR 3-D-MERGE image (Fig. 2c). For carotid elastogra-

phy, the frame with the maximum deformation rate was

determined for each cardiac cycle, and the corresponding

strain rate images of the segmented plaque were superim-

posed on the reconstructed B-mode images, as illustrated

in Figure 2 (d–f), for three consecutive cardiac cycles.

Both high and low strain rate regions are observed inside

the plaque, and theMASRwas 3.446 0.66 s21 over three

cardiac cycles. Regions with high strain rates may indi-

cate the presence of high-risk features (such as IPH and

large LCNCs), whereas low strain rate regions may be

associated with low-risk features (such as CA and fibrous

tissues). The strain rate curve at the maximum deformed

location in the plaque (indicated by the small red circle in

Fig. 2f) is plotted in Figure 2g, which reveals the consis-

tency of the strain rate estimation over several consecu-

tive cardiac cycles.

In Figure 3 is a representative case of stable plaque

from the left BF of a 78-y-old male patient. The

maximum thickness of the plaque is 3.21 mm, and the

degree of arterial stenosis is about 32%, as measured by

B-mode ultrasound (Fig. 3a). A large area of CA is iden-

tified on the MR 3-D-MERGE image (Fig. 3b), whereas

IPH and LRNCs are absent, indicating a low-risk plaque.

Similarly, the frame with the maximum deformation rate

was identified, and the corresponding strain rate images

of the segmented plaque superimposed on the B-mode

images in three consecutive cardiac cycles are illustrated

in Figure 3 (c–e). The strain rate at the maximum

deformed location in the plaque (indicated by the small

red circle in Fig. 3e) is plotted as a function of time in

Figure 3f. Again, the strain rate distributions within the

plaque in different cardiac cycles are similar, revealing

good reproducibility of the strain measurement over

several cardiac cycles. Unlike the vulnerable plaques,

here the MASR is comparatively lower (1.27 6 0.27

s21) over four cardiac cycles, which may be associated

with the presence of the large area of CA as confirmed

in the MR image (Fig. 3b).

Fifty-four patients met the acceptance criteria

(maximum plaque thickness .2.5 mm) for further anal-

ysis. Among these patients, 14 were excluded because

major parts of their plaques were located on the side walls

and, thus, were difficult to process in longitudinal views.

Another 11 were excluded for poor image quality in

either ultrasound imaging or MRI. In total, 46 plaques

from 29 patients were chosen. The clinical characteristics

for one of the included patients were not available;

the characteristics of the remaining 28 patients are

summarized in Table 2. Eighteen patients were hyperten-

sive and taking anti-hypertensive medications. A small

portion of the patients were smokers (6 of 28 patients).

Of the 46 plaques, 19 were identified as stable, and the

other 27 plaques were classified as vulnerable based on

MRI. The characteristics of the stable and vulnerable

plaques as measured in ultrasound and MRI are summa-

rized in Table 3. There were no significant differences in

maximum plaque thickness and arterial stenosis between

the stable and vulnerable plaques (both p . 0.9). And

there is no significant correlation between the MASR

and maximum plaque thickness (r 5 0.278, 95% confi-

dence interval [CI]:20.013 to 0.526, p. 0.05), but there

was a significant positive correlation between the MASR

and arterial stenosis (r 5 0.336, 95% CI: 0.051–0.571,

p 5 0.02). However, the MASR derived from carotid
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elastography was significantly higher in vulnerable

plaques (2.15 6 0.79 s21) than in stable plaques

(1.21 6 0.37 s21, p , 0.0001), as indicated in Figure 4

and Table 3. The ROC curve for MASR in the detection

of vulnerable plaques is provided in Figure 5, and the

AUC is 0.848 (95% CI: 0.737–0.959). A sensitivity

(i.e., percentage of correctly identified vulnerable plaques

among all vulnerable plaques) of 81.48% and specificity

(i.e., percentage of correctly identified stable plaques

among all stable plaques) of 89.47% were obtained

at the point with maximum overall accuracy (i.e.,

percentage of the sum of correctly identified stable and

vulnerable plaques with respect to total plaque sample

size, 84.78%) for a discriminating threshold of 1.45 s21.

DISCUSSION

Ultrasound methods for identification of vulnerable

plaques are urgently needed to prevent ischemic cardio-

vascular events. For this reason, carotid elastography

has been developed to characterize the mechanical prop-

erties and composition of atherosclerotic plaques by

Fig. 2. Typical case of vulnerable plaque in the right ICA of a 70-y-old male patient. (a) Ultrasound B-mode image of the
plaque. (b) MR SNAP image, with the bright region inside the red circle indicating the presence of IPH. (c) 3-D-MERGE
image, with the dark region inside the red circle indicating the presence of CA. (d–f) Strain rate images of the segmented
plaque superimposed on the reconstructed B-mode images in the systolic phases of three consecutive cardiac cycles. The
small red circles indicate the locations of peak strain rate over the plaque. Both high and low strain rate regions are
observed inside the plaque and theMASR is 3.446 0.66 s21. (g) Strain rate at the maximum deformed location (indicated
by the small red circle in e) as a function of time. ICA 5 internal carotid artery; MR 5 magnetic resonance; SNAP 5

simultaneous non-contrast angiography and intra-plaque hemorrhage; IPH 5 intra-plaque hemorrhage; 3-D
MERGE 5 3-D motion sensitized driven equilibrium prepared rapid gradient echo; CA 5 calcification; MASR 5

maximum value of absolute strain rate.
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measuring the strain (rate) distribution of the plaques at

different intraluminal blood pressures. Different plaque

compositions have been reported to have different strain

values in IVUS elastography, with higher strain being

associated with vulnerable features, such as IPH and

LRNCs (de Korte et al. 2000; Kanai et al. 2003; Schaar

et al. 2001). In this study, the in vivo capability of

carotid elastography to identify vulnerable plaques in

human carotid arteries was evaluated using MRI as

reference. We found that vulnerable plaques had

significantly larger local deformation rates (higher local

strain rate) than stable plaques (p , 0.0001), in good

agreement with previous findings from IVUS

elastography. The MASR, derived from the strain

measurement and representing the highest local strain

rate inside the plaque, performs relatively well in

differentiating between vulnerable and stable plaques of

carotid arteries as determined by MRI (AUC 5 0.848).

These results may provide important in vivo validation

of the usefulness of carotid elastography and indicate

that carotid elastography is a promising tool for

assessment of atherosclerotic plaques.

Fig. 3. Typical case of stable plaque in the left BF of a 78-y-old male patient. (a) Ultrasound B-mode image of the plaque.
(b) 3-D-MERGE image, with the dark region inside the red circle indicating the presence of CA. (c–e) Strain rate images
of the segmented plaque superimposed on the reconstructed B-mode images in the systolic phases of three consecutive
cardiac cycles. The small red circles indicate the locations of peak strain rate over the plaque. TheMASR is comparatively
low (1.27 6 0.27 s21). (f) The strain rate at the maximum deformed location (indicated by the small red circle in e) as a
function of time. BF 5 bifurcation; 3-D MERGE 5 3-D motion sensitized driven equilibrium prepared rapid gradient

echo; CA 5 calcification; MASR 5 maximum value of absolute strain rate.
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The strain image of the plaque is a measurement

of deformation distribution and may be correlated with

composition distribution. In this study, compositional

features of CA, IPH and LRNC were characterized

in vivo by MRI and compared with the ultrasound strain

measurements. Because the high-risk features such as

IPH and large LRNCs are softer compositions, regions

of high strain rate may correspond to locations of IPH

and large LRNCs that are likely to rupture (Fig. 2), as

validated in the MR images, whereas regions with low

strain rates may be associated with the presence of stiffer

features such as CA and fibrous tissues (Figs. 2 and 3).

Nevertheless, the exact spatial correlation between pla-

que compositions and strain distribution will require ac-

curate registration between ultrasound images and MR

images, and thus, the relationship between the locations

of MASR and plaque composition is absent. Therefore,

in this study, the quantitative index of MASR does not

correlate with the exact plaque composition distribution,

but higher MASR values may reveal the presence of large

LRNCs and/or IPH, indicating vulnerability of plaques.

By comparing the strain rate images of vulnerable and

stable plaques (as illustrated for the examples in Figs. 2

and 3), it is observed that the strain rate distribution of

the vulnerable plaque commonly appears to be less uni-

form than that of the stable plaque. Therefore, the unifor-

mity of the strain rate distribution may also provide

important information for plaque classification, which

is part of our ongoing studies. In addition, both positive

(stretching) and negative (compression) strain rates are

found in most plaques in the systolic phase, when the

Fig. 4. MASR of stable and vulnerable plaques. The plotted
whiskers extend to the minimum and maximum values.

MASR 5 maximum value of absolute strain rate.

Fig. 5. Receiver operating characteristic curve for theMASR in
discriminating between the stable and vulnerable plaques.
AUC5 area under the curve; MASR 5 maximum value of ab-

solute strain rate.

Table 3. Characteristics of stable and vulnerable plaques
derived from ultrasound imaging and MRI

Stable
plaques
(n 5 19)

Vulnerable
plaques
(n 5 27) p Value

Ultrasound characteristics
Maximum thickness (mm) 2.78 6 0.64 2.95 6 0.96 0.92
Stenosis (%)* 29.0 6 5.9 30.9 6 10.3 0.97
MASR (s21) 1.21 6 0.37 2.15 6 0.79 ,0.0001

MRI characteristics
Intra-plaque hemorrhage 0 (0.0%) 22 (81.5%) —
Lipid-rich necrotic core 16 (84.2%) 26 (96.3%) —
Calcification 15 (79.0%) 25 (92.6%) —

MRI 5 magnetic resonance imaging; MASR 5 maximum value of
absolute strain rate.
* Stenosis is defined as the percentage reduction in luminal diameter.

Table 2. Characteristics of patients involved in this study

Parameter Value

Age (y) 74 6 5
Sex (M/F) 23/5
Body mass index (kg/m2) 23.6 6 2.8
Brachial DBP (mm Hg) 71 6 11
Brachial SBP (mm Hg) 135 6 15
Brachial pulse pressure (mm Hg) 64 6 16
Ankle SBP (mm Hg) 153 6 17
Ankle brachial index 1.14 6 0.13
Hypertension 18 (64.3%)
Smoking history 6 (21.43%)
High-density lipoprotein (mmol/L) 1.42 6 0.38
Low-density lipoprotein (mmol/L) 2.69 6 0.97
Triglycerides (mmol/L) 1.29 6 0.54
Total cholesterol (mmol/L) 4.63 6 0.91
Blood sugar (mmol/L) 5.60 6 0.68

DBP 5 diastolic blood pressure; SBP 5 systolic blood pressure.
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arteries are distending. This could be explained by the

complicated hemodynamics and boundary conditions in

the presence of plaques, especially for the plaques

inducing severe stenosis, as well as the complex mechan-

ical properties associated with different plaque composi-

tions. Therefore, blood flow and hemodynamic

information will also be helpful in quantifying plaque

properties. Overall, according to the observations in this

study, features of vulnerable plaques in elastography

typically consist of a high local strain rate and spatially

non-uniform strain rate distributions; in contrast, stable

plaques typically are associated with low local strain

rate and relatively uniform strain rate distributions.

Although several research groups have been

working on non-invasive vascular elastography or strain

imaging, in vivo validation of carotid elastography using

MRI was only recently performed by Naim et al. (2013).

In their study, ultrasound RF signals were acquired on an

ES500 RP system (Ultrasonix, Vancouver, Canada), and

MRI was performed on a 1.5-T MR scanner (Siemens,

Avanto, Erlangen, Germany). Four strain parameters

were obtained from the spatial average of the axial strain

on the whole segmented plaque, and the association

between strain parameters and plaque characterizations

was assessed. They reported that carotid elastography

can detect the presence of lipid cores with high sensi-

tivity and moderate specificity; but strain in plaques

with lipid cores was found to be significantly lower

than that in plaques without lipid cores, which was in

contrast to previous findings in IVUS elastography of

the coronary, iliac and femoral arteries. As explained

by Naim et al. (2013), this may be due to the damping

effect of the lipid core embedded in a large plaque and

the spatial averaging of the strain parameters on the

whole plaque. In our study, strain estimation was

performed on the RF signals acquired with a Philips

iU22 ultrasound system, and the MRI validation was

conducted with a 3.0-T MR scanner with a 36-channel

coil. Instead of spatially averaging the strain parameters,

we used the highest local strain rate within the plaque as

a simple parameter (i.e., the MASR) and found that pla-

ques with IPH and/or larger LRNCs (high-risk features)

had significantly higher local strain rates. Consequently,

by use of the MASR, vulnerable plaques or high-risk pa-

tients can be successfully identified. Our results are in

accordance with that high-risk compositional features

such as IPH and LRNCs are softer than low-risk compo-

nents, and are also consistent with the previous findings

in IVUS elastography that had been validated histologi-

cally. Because of the complicated compositions of

vulnerable plaques, the localized regions with elevated

strain (rate) may indicate the potentially vulnerable

locations, which might also explain the effectiveness

of the local strain parameter in our study.

It is observed that multiple high-strain-rate regions

with similar strain rate values may exist inside a single

plaque, and consequently, the highest absolute strain

rate may not always appear at the same spatial location

in different cardiac cycles, as illustrated in Figure 2

(d–f). In such cases, the highest absolute strain rates,

even those derived from different regions of the plaque,

are similar, which, would hardly affect calculation of

the averaged MASR over several cardiac cycles. On the

other hand, no significant difference was found in plaque

thickness or arterial stenosis between stable and vulner-

able plaques in this study, in accordance with previous

reports (Falk et al. 1995). In ultrasound B-mode images,

high echogenicity region of the plaques is conventionally

considered as an indicator of CA and regarded as a stable

feature. However, high-risk features (e.g., IPH and

LRNC) commonly appear in plaques alongside with the

CAs (of 27 vulnerable plaques, 25 had CAs) (Table 3),

which interferes with the interpretation of plaque stabili-

zation when using only B-mode images. Therefore, given

that the relative stiffness can be provided by carotid elas-

tography, a combination of B-mode images and strain im-

ages might enhance the characterization of plaques and

further improve diagnostic accuracy.

The long-term goal of our study is to develop multi-

modality imaging-based biomarkers for carotid plaque

characterization. Because of its advantages of cost-

effectiveness, fast scan speed, real-time capability and

widespread availability, ultrasound imaging could be

used for screening, monitoring and follow-up in large

populations. For patients determined to be at high risk

by ultrasound imaging, MR scanning would be recom-

mended for accurate characterization of plaques and,

consequently, optimization of clinical decision making

on prevention or treatment. In this aspect, the exact

composition of the plaques estimated from carotid elas-

tography or ultrasound imaging may not be necessary.

Thus, here we propose theMASR as a simple quantitative

index in the detection of vulnerable plaques, instead

of the assessment of exact plaque composition (which

requires accurate registration between ultrasound imag-

ing and MRI for validation, as previously discussed).

Considering that the strain distribution of plaque is

determined by material properties and external force

(i.e., blood pressure), the impact of intraluminal blood

pressure should be taken into account. Because strain

was estimated between adjacent frames, one strategy

is to normalize the inter-frame strain with respect to the

corresponding inter-frame pressure difference (Maurice

et al. 2008). Inter-frame pressure was approximated as

the brachial pulse pressure divided by the number of

frames between end-diastole and peak systole, as done

in a previous study. In this study, corresponding to the

MASR, the maximum value of absolute strain (MAS)

Validation of US-based carotid elastography with MRI d C. HUANG et al. 373



for each plaque was normalized based on this strategy

to generate a mechanical index related to the incremental

Young’s modulus, and the results are illustrated in

Figures 6 and 7. Significant differences in pressure-

normalizedMAS values can also be found between stable

and vulnerable plaques with p5 0.0011 (Fig. 6), whereas

the AUC for detecting vulnerable plaques is 0.787 (95%

CI: 0.656–0.919) (Fig. 7), indicating lower discrimi-

nating performance compared with the non-pressure-

normalized indicator MASR. Such results may be

explained as follows: As reliable methods for direct and

non-invasive determination of carotid blood pressure

are currently unavailable, brachial cuff blood pressure

is typically measured as an alternative, which could intro-

duce bias in the normalization. Additionally, considering

the somewhat lower accuracy of the brachial blood

pressure measurement, the accuracy of the pressure-

normalized MAS might also be affected. Another major

source of error comes from the determination of inter-

frame pressure difference. Because only the systolic

and diastolic blood pressures are recorded instead of the

complete pressure waveform, the inter-frame blood

pressure can only be calculated based on the assumption

that blood pressure increases linearly from end-diastole

to peak systole, which however is not the case in vivo

and is deemed to be overly simple. All of the aforemen-

tioned reasons may potentially lead to decreased perfor-

mance of pressure-normalized strain in detecting

vulnerable plaques.

Despite the promising performance of carotid elas-

tography indicated by the results, this study has several

limitations. The ultrasound data were acquired mainly

from longitudinal imaging views of the arteries, where

the axial strain is closely aligned with the radial strain

of the plaques (de Korte et al. 2011). However, longitudi-

nal imaging views are not always capable of covering all

the plaques, and thus, those plaques located mainly at the

side walls were not included in the present study. To over-

come this limitation, strain imaging must be performed

in transverse imaging views. As mentioned in the

Introduction section, lateral strain estimation is required

to construct the radial and circumferential strain of the

arteries in the transverse imaging views, which poses a

certain level of difficulty as strain estimation in the lateral

direction is less reliable (de Korte et al. 2011). Therefore,

only the axial strain (closely corresponding to the radial

strain in the longitudinal imaging views) was considered

in the present study. To further improve the performance

of carotid elastography, accurate estimation of all compo-

nents of the displacement vector and strain tensor in the

transverse imaging views would be preferable. One way

to achieve this is the spatial angular compounding tech-

nique, in which the lateral displacement and strain are

constructed from the axial displacement estimated on

the RF signals acquired at different transmitting angles

(Hansen et al. 2009, 2014; Nakagawa et al. 2004; Poree

et al. 2015). With more robust lateral displacement

estimation, accumulated strain in the entire systolic

phase in both the axial and lateral directions might also

be obtained to provide a higher contrast of the strain

images in revealing different plaque compositions.

Segmentation of the plaques was manually imple-

mented currently to reduce the noise in strain estimation

at the boundary. However, the manual segmentation

procedure appears to influence, more or less, the final

Fig. 6. Pressure-normalized MAS for stable and vulnerable pla-
ques. The plotted whiskers extend to the minimum and
maximum values. MAS 5 maximum value of absolute strain.

Fig. 7. Receiver operating characteristic curve for the pressure-
normalized MAS in discriminating between the stable and
vulnerable plaques. AUC 5 area under the curve; MAS 5

maximum value of absolute strain.
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identification of the MASR, which might be considered

as another limitation of the present study. To minimize

human intervention in this study, segmentation results

were determined by two experienced reviewers blinded

to the strain estimation procedure. Another way to reduce

the influence of segmentation is to develop indicators

representing overall strain distribution inside the plaque

instead of a single MASR, and such work is ongoing.

Additionally, the imaging in the present study was

performed using a linear array transducer (L9-3) with a

relatively low center frequency. By use of a higher-

frequency probe, higher spatial resolution of both the

B-mode and strain (rate) images can be achieved.

Furthermore, sample size is limited for statistical anal-

ysis; therefore, investigations involving larger numbers

of patients might be warranted.

Another limitation is that we considered only the

presence of IPH and area of LRNC in the MRI analysis;

other features of vulnerable plaques, such as fibrous cap

rupture, inflammation and neovascularization, were not

included. Both IPH and LRNC are compositional features

of plaques and have been found in ex vivo experiments to

differ in stiffness from other features of stability such as

CA and fibrous tissue (Chai et al. 2013; Lee et al.

1992). The MASR derived from carotid elastography

is also related to the stiffness of plaques and,

therefore, is linked to the MRI results based on the

compositional feature of IPH and LRNC. More

recently, the association between plaque strain and

intra-plaque neovascularization was reported, further

confirming the potential of carotid elastography in plaque

characterization (Zhang et al. 2015). Additionally, the

plaques were simply classified as either stable or vulner-

able on the basis of MR image review in the present study.

In the future, a quantitative score of rupture risk derived

from a more comprehensive MR image review may

be used, and the relationship between theMASR (or other

parameters derived from carotid elastography) and

different degrees of rupture risk may be established.

CONCLUSIONS

In this study, the in vivo capability of carotid

elastography in the characterization and classification

of atherosclerotic plaques was evaluated using magnetic

resonance imaging as the reference. Statistical analysis

revealed that the maximum value of absolute strain rate

(MASR), a simple and quantitative index, was signifi-

cantly higher in vulnerable plaques than in stable plaques.

ROC analysis revealed the good performance of carotid

elastography in detecting high-risk plaques (determined

by MRI) using the MASR as an indicator. Therefore,

carotid elastography may serve as a simple and non-

invasive tool for assessment of atherosclerosis and may

be useful for screening large populations in early identi-

fication of high-risk patients.
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