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can Heart Association (AHA) classification 
of plaque types for MRI [4] helped to identi-
fy high-risk carotid artery atherosclerotic le-
sions [5]. Plaque characteristics identified 
with MRI, such as a thin or ruptured fibrous 
cap, intraplaque hemorrhage, and a large lip-
id-rich necrotic core, were associated with 
patients with symptomatic disease [6]. The 
drawbacks of MRI are increased costs and 
limited availability.

Duplex ultrasound (US) is commonly 
used for noninvasive vascular imaging and 
grading of carotid artery stenoses. Vascu-
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T
he rupture of vulnerable athero-
sclerotic precerebral and cere-
bral artery plaques causes stroke. 
It is estimated that approximate-

ly 20–25% of all ischemic strokes are caused 
by carotid artery atherosclerosis [1]. In the 
assessment of rupture risk, multicontrast 
high-resolution MRI has the ability to iden-
tify and quantify the carotid artery plaque 
morphology and its components (e.g., calcifi-
cations, lipid-rich necrotic core, intraplaque 
hemorrhage, fibrous cap thickness, and in-
flammatory tissue) [2, 3]. A modified Ameri-

Keywords: noninvasive vascular elastography, plaque 
translation motion, strain and shear strain imaging, 
ultrasound imaging, vulnerable carotid artery plaque 

DOI:10.2214/AJR.16.17176

Received August 4, 2016; accepted after revision 
January 25, 2017.

Supported by grant PPP-78763 from the Canadian 
Institutes of Health Research (CIHR) and by maturation 
funding from Univalor, for clinical acquisition of imaging 
data, and by grants STPGP-381136-09, DG-138570-11, 
and CHRP-462240-2014 from the Natural Sciences and 
Engineering Research Council of Canada and grant 
CPG-134748 from the CIHR, for technical developments 
and data analyses.

OBJECTIVE. Vulnerable and nonvulnerable carotid artery plaques have different tis-
sue morphology and composition that may affect plaque biomechanics. The objective of this 
study is to evaluate plaque vulnerability with the use of ultrasound noninvasive vascular elas-
tography (NIVE). 

MATERIALS AND METHODS. Thirty-one patients (mean [± SD] age, 69 ± 7 years) 
with stenosis of the internal carotid artery of 50% or greater were enrolled in this cross-sec-
tional study. Elastography parameters quantifying axial strain, shear strain, and translation 
motion were used to characterize carotid artery plaques as nonvulnerable, neovascularized, 
and vulnerable. Maximum axial strain, cumulated axial strain, mean shear strain, cumulated 
shear strain, cumulated axial translation, and cumulated lateral translations were measured. 
Cumulated measurements were summed over a cardiac cycle. The ratio of cumulated axial 
strain to cumulated axial translation was also evaluated. The reference method used to char-
acterize plaques was high-resolution MRI. 

RESULTS. According to MRI, seven plaques were vulnerable, 12 were nonvulnerable 
without neovascularity, and 12 were nonvulnerable with neovascularity (a precursor of vulner-
ability). The two parameters cumulated axial translation and the ratio of cumulated axial strain 
to cumulated axial translation could discriminate between nonvulnerable plaques and vulner-
able plaques or determine the presence of neovascularity in nonvulnerable plaques (which was 
also possible with the mean shear strain parameter). All parameters differed between the non-
vulnerable plaque group and the group that combined vulnerable plaques and plaques with 
neovascularity. The most discriminating parameter for the detection of vulnerable neovas-
cularized plaques was the ratio of cumulated axial strain to cumulated axial translation (ex-
pressed as percentage per millimeter) (mean ratio, 39.30%/mm ± 12.80%/mm for nonvulner-
able plaques without neovascularity vs 63.79%/mm ± 17.59%/mm for vulnerable plaques and 
nonvulnerable plaques with neovascularity, p = 0.002), giving an AUC value of 0.886.

CONCLUSION. The imaging parameters cumulated axial translation and the ratio of 
cumulated axial strain to cumulated axial translation, as computed using NIVE, were able 
to discriminate vulnerable carotid artery plaques characterized by MRI from nonvulnerable 
carotid artery plaques. Consideration of neovascularized plaques improved the performance 
of NIVE. NIVE may be a valuable alternative to MRI for carotid artery plaque assessment.

Roy Cardinal et al.
MRI Validation of Carotid Artery Plaque Vulnerability Assessed 
by US Elastography
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lar US elastography has been proposed as a 
means of characterizing the vascular wall or 
plaques of carotid arteries noninvasively [7–
13]. Those achievements were inspired by pi-
oneering work in the study of the mechanical 
properties of coronary artery plaques with 
intravascular US [14]. With vascular US elas-
tography, mechanical deformations of the 
vascular wall caused by the blood pressure 
pulse are estimated and strain images are 
produced. The shear strain in the adventitia 
of normal common carotid arteries has also 
been assessed with US [15]. Carotid elas-
tography has recently been used to differ-
entiate fibrous plaques from atherosclerotic 
plaques or from plaques with hemorrhage or 
thrombosis [16]. It has been correlated with 
neovascularization measured with contrast-
enhanced US [17] and with a cognitive per-
formance score [18]. In a review article, most 
studies found that increased carotid artery 
stiffness was associated with the presence of 
carotid artery plaque, the degree of athero-
sclerosis, and the incidence of stroke [19].

The correlation of carotid artery plaque 
characteristics between MRI with US-based 
techniques has been attempted using an echo-
tracking system to assess arterial mechanics 
[20] acoustic radiation force impulse imaging 
to measure elasticity [21], strain rate [22], and 
axial strain [23]. The objective of this study is 
to evaluate the ability of noninvasive vascular 
elastography (NIVE) to characterize carotid 
artery plaque vulnerability with MRI used as 
the reference method. Parameters extracted 
from elastography sequences of axial strain, 
shear strain, and translational movement were 
considered because characterization of het-
erogeneous plaques could necessitate the use 
of more than one elastography index. These 
mechanical parameters describe different 
components of the 2D deformation of the ca-
rotid artery wall caused by natural blood pul-
sation. Thresholding was applied to these 
parameters to detect their high magnitudes 
within the plaques. The elastography param-
eters were correlated with plaque morphology 
and composition, including plaque neovascu-
larity, as determined by MRI. It was hypoth-
esized that the new mechanical parameters 
would enable NIVE to discriminate between 
stable and vulnerable carotid artery plaques.

Materials and Methods
Study Population

Thirty-one patients (22 men and nine women) 
were enrolled in this cross-sectional study per-
formed at the Centre Hospitalier de l’Université 

de Montréal. This population had been the focus 
of a previous report [23]. Written informed con-
sent was obtained from each patient. The protocol 
conformed to the ethical guidelines of the Decla-
ration of Helsinki, and the study was approved by 
the institutional review board on ethics at the Cen-
tre Hospitalier de l’Université de Montréal.

Inclusion criteria were patient age between 40 
and 90 years and carotid artery stenosis of 50% 
or greater. Exclusion criteria were the presence of 
severe calcification and previous radiotherapy of 
the neck region, endarterectomy, or carotid artery 
stenting. The mean (± SD) age of participants was 
69 ± 7 years. A subgroup of nine patients with symp-
tomatic disease (seven men and two women) had ex-
perienced cerebral events (either ischemic stroke or 
a transient ischemic attack) in the 3 months be-
fore examination. In all patients with symptom-
atic disease, the presence of a plaque at the ipsi-
lateral internal carotid artery was associated with 
the cerebral event that occurred. The remaining 
22 patients (15 men and seven women) with carot-
id artery stenosis of 50% or greater were consid-
ered to have asymptomatic disease. The percent-
age of stenosis was documented by a radiology 
resident on the basis of findings from a previous 
angiographic study, if available (19 patients had 
undergone CT angiography, whereas three had 
undergone MR angiography and one had under-
gone digital subtraction angiography), combined 
with findings from duplex Doppler US, or solely 
on the basis of duplex US using standard criteria 
(for eight patients) [24]. For angiographic studies, 
stenosis was evaluated according to the criteria of 
the North American Symptomatic Carotid Endar-
terectomy Trial [25].

MRI
With the use of a 1.5-T MRI unit (Avanto, 

Siemens Healthcare) and a dedicated four-element 
radiofrequency (RF) surface coil, cross-sectional 
images of the index carotid artery were obtained 
from 1 cm below to 3 cm above the bifurcation. A 
3D time-of-flight sequence was performed. With 
the patient kept in the same position and with use 
of a voxel size of 0.6 × 0.5 × 3 mm3 with a 1-mm 
intersection gap, four black-blood double inver-
sion recovery turbo spin-echo sequences were ac-
quired in the following order: T2-weighted im-
aging, proton density–weighted imaging, and 
unenhanced and contrast-enhanced T1-weighted 
imaging. Two adjacent slices containing the major 
portion of the plaque were selected for contrast-
enhanced imaging. After gadobenate dimeglu-
mine (MultiHance, Bracco Diagnostics) was ad-
ministered, image acquisition was performed 
every minute for 10 minutes. The total imaging 
time was typically less than 45 minutes.

All image sequences were used for interpreta-
tion of plaque components and plaque segmenta-
tion. At each image slice level, vessel contours and 
components were manually traced using segmen-
tation software (QPlaque MR 1.0.16, Medis) that 
provided volume and area measurements [26]. De-
lineated plaque components included the lipid-rich 
necrotic core, calcifications, neovascularity, intra-
plaque hemorrhage, and the fibrous cap. The lipid 
core was generally located in the bulk of the plaque 
and showed isointense to hyperintense signal on 
T1-weighted and proton density–weighted imag-
es and hypointense signal on T2-weighted imag-
es [27]. Calcification was characterized by areas 
of hypointense signal on all four weightings [27]. 
Neovascularization was defined by the presence 
of contrast enhancement (increase in signal inten-
sity of at least 30%) on the contrast-enhanced im-
age sequence. The contrast-enhanced image se-
quence chosen for analysis was acquired at least 
5 minutes after the initiation of contrast injection 
and displayed the best image quality and maximum 
enhancement. Intraplaque hemorrhage was iden-
tified as hyperintense signal on T1-weighted and 
time-of-flight imaging [3, 28]. A thin or ruptured 
cap was visualized on T1-weighted, T2-weighted, 
proton density–weighted, and time-of-flight imag-
es [29]. The volume percentage of plaque compo-
nents was calculated with respect to the total wall 
volume. Volumes were computed as the sum of the 
segmentation areas on all slices multiplied by the 
slice thickness. The maximum area of plaque com-
ponents on all cross-sectional images was com-
puted and was expressed as a percentage value 
and as millimeters squared, for the lipid core and 
 calcifications. Furthermore, a generic characteriza-
tion of the plaque was performed on the basis of 
the Conventional and Modified AHA Classification 
of Atherosclerotic Plaque [4], types IV–V to VIII.

Plaque vulnerability characteristics based on MRI 
findings from all cross-sectional images were as-
sessed by a radiology resident. Plaque images were 
then reviewed by a radiologist with 25 years of ex-
perience in vascular MRI. The carotid artery plaque 
was deemed vulnerable in cases of a thin fibrous cap 
with a large (surface area, > 25%) lipid core, a rup-
tured fibrous cap, or intraplaque hemorrhage. The 
presence of intraplaque hemorrhage, a lipid core, and 
thinning or rupture of the fibrous cap on MR images 
of carotid artery plaques has been associated with an 
increased risk of future stroke or transient ischemic 
attack [30]. In the present study, we distinguished be-
tween nonvulnerable plaques with and without neo-
vascularity because neovascularity is a precursor of 
vulnerability [31] and because, when assessed by con-
trast-enhanced MRI, neovascularity was associated 
with patients with symptomatic disease and with vul-
nerable plaques as defined by histologic findings [32].
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Ultrasound Acquisitions
Two-dimensional duplex US recordings in the 

longitudinal view of the carotid artery were acquired 
with an HDI 5000 US system (Philips Healthcare), 
with the use of an L7–4 linear array probe. The aim 
of this examination was to identify the diseased ar-
tery segment and grade the severity of the stenosis. 
RF echo data acquisitions were then performed by 
the same experienced radiologist who reviewed the 
plaque images, with the use of a US research system 
(ES500RP, Ultrasonix) equipped with an L14–5/38 
linear array transducer (with 128 elements and 7.2-
MHz center frequency with a fractional bandwidth of 
70% at −6 dB). RF data were sampled at 40 MHz. 
B-mode sequences were reconstructed from acquired 
RF data; the frame rate for both B-mode and RF 
data was 19–25 Hz. The plaque area was segmented 
from B-mode sequences with the use of an automat-
ed method [33] and was verified by the experienced 
radiologist before elastogram computation was done; 
the segmentation algorithm for carotid artery plaque 
was validated with a different population.

Noninvasive Vascular Elastography
The elastography analysis was performed by a 

graduate student supervised by a research associate. 
Both were blinded to the MRI analysis. Elastograms 
were computed for the whole sequence of each seg-
mented plaque [7, 9]. We used an implementation of 
NIVE integrated into a commercial imaging plat-
form (Visual, Object Research Systems) [23, 34]. 
The NIVE technique estimates 2D displacement 
maps of a carotid artery plaque between consecu-
tive frames and thus provides axial and lateral trans-
lations along with strain and shear strain images 
(with “axial” indicating the direction along the US 
beam and “lateral” indicating the direction perpen-
dicular to the axial direction). Translations are rig-
id displacements produced by the pulsating blood 
pressure. An axial strain indicates a compression or 
dilation along the direction of the US beam during 
the cardiac cycle. A shear strain corresponds to an 
angular change of shape. An angulated deformation 
can be caused by the heterogeneity of the plaque that 
does not necessarily move axially when subjected to 
a radial pressure and by the flow that is producing a 
tangential movement of the plaque, especially when 
entering into a severe stenosis [34]. More details 
about the elastography method that was used can 
be found in Appendix S1 (which can be viewed in 
the AJR electronic supplement to this article, avail-
able at www.ajronline.org). Axial and lateral trans-
lations, axial strains, and shear strains are schemati-
cally illustrated in Fig. S2.

Postprocessing
For the aforementioned NIVE 2D maps, instan-

taneous measures consisted of values spatially av-

eraged over the whole segmented plaque of a single 
elastogram frame. Time-varying curves were ob-
tained by computing instantaneous parameters over 
the whole sequence (Figs. S3 and S4, supplemental 
images, which can be viewed in the AJR electronic 
supplement to this article, available at www.ajron-
line.org). Cumulative curves were computed by 
adding instantaneous measures over separate car-
diac cycles (i.e., values were reset to zero at each 
cycle). Descriptive indexes were extracted from 
these curves: mean absolute shear strain, cumulat-
ed absolute shear strain, maximum axial strain, cu-
mulated axial strain, cumulated axial translation, 
cumulated lateral translation, and the ratio of the 
cumulated axial strain to the cumulated axial trans-
lation. Cumulative parameters were defined as the 
range (maximum value to minimum value) during a 
cardiac cycle. All descriptive indexes were extract-
ed from all available cardiac cycles (mean, 5 ± 1 cy-
cles) and were then averaged. Cardiac cycles were 
selected manually (Figs. S3 and S4).

Thresholds were also applied on the elasto-
gram 2D maps to identify plaque areas contain-
ing high translation, strain, or shear strain values, 
thus emphasizing large mechanical movements. 
This image processing strategy is similar to ap-
proaches used in strain imaging [11] and in ob-
taining in vitro strain data from inflation testing 
[13]. Pixel areas containing 25% of the highest 
values of each parameter were selected and dis-
played as instantaneous or cumulative time-vary-
ing curves (the 75th percentile of each individu-
al elastogram frame was chosen). Outlier values 
were winsorized before thresholding and averag-
ing was done [35]. The 25% threshold was prede-
termined arbitrarily.

Statistical Analysis
Elastography parameters are presented as mean 

(± SD) values. All statistical analyses were per-
formed using statistical software (R, version 3.2.5, 
R Foundation). Data were tested for normality with 
the use of a Shapiro-Wilk test. Parametric and non-
parametric ANOVA with pairwise multiple com-
parisons were performed to evaluate differences 
between plaque groups. Spearman correlation co-
efficients were computed between elastography 
parameters and blood pressure measurements. 
ANOVA tests were conducted to evaluate the sta-
tistical significance of linear regression analyses 
between elastography indexes and plaque com-
ponents (i.e., lipid core, calcium, and neovascula-
ture) and the percentage of stenosis. The p values 
were adjusted using the Holm-Bonferroni method 
for multiple testing in ANOVA and linear regres-
sion analyses. A p ≤ 0.05 was considered to denote 
statistical significance. ROC curves were generated 
to determine sensitivity and specificity in discrim-

inating between MRI-based plaque groups. Ten 
thousand bootstrap replications of each index were 
used to compute the CI of the areas under the curve.

Results
The clinical characteristics of patients 

with asymptomatic and symptomatic disease 
are presented in Table 1. Imaging of the left 
internal carotid artery was performed for 13 
patients, whereas imaging of the right inter-
nal carotid artery was done for the remain-
ing 18 patients. Only the ipsilateral side was 
chosen for patients with symptomatic dis-
ease, and the side with the most severe steno-
sis was considered for the group with asymp-
tomatic disease. For five patients, a plaque 
was only present and segmented at either the 
far or near wall of the carotid artery.

Seven plaques were deemed vulnerable 
on MRI, 12 plaques appeared nonvulnerable 
without neovascularization, and 12 plaques 
were nonvulnerable but contained neovascu-
larity. MRI plaque component characteristics 
are also presented in Table 1. Additional clin-
ical characteristics and technical parameters 
for this plaque grouping are presented in Ta-
ble S5 (which can be viewed in the AJR elec-
tronic supplement to this article, available at 
www.ajronline.org). No difference was found 
in the pressure gradient between consecutive 
US images between groups (i.e., there was no 
confounding effect on differences in the elas-
tography indexes between groups). Howev-
er, a statistically significant correlation was 
found between thresholded cumulated axi-
al strains and the blood pressure gradient be-
tween consecutive image frames (Spearman 
correlation = −0.37, p = 0.044); no correlation 
was found with the other elastography index-
es (with or without thresholding). The pressure 
gradient was estimated by considering the US 
frame rate, the heart rate, and the systolic and 
diastolic blood pressures [9]. No correlation 
was found between elastography indexes and 
the pulse pressure (i.e., the difference between 
systolic and diastolic blood pressures).

Fig. 1A shows an example of a B-mode 
image of a vulnerable plaque with a superim-
posed axial shear strain map. Small regions 
near the vessel lumen contained high shear 
values and appeared as red areas on the col-
or map. Figs. 1B and 1C present examples of 
the cumulated axial strain and cumulated ax-
ial translation for that plaque. Examples of 
time-varying curves of the shear strain and 
axial strain are presented in Fig. S3, whereas 
those of the axial and lateral translations are 
shown in Fig. S4.
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As shown in Table 2, thresholded cumulated 
axial translations and the ratios of the cumu-
lated axial strain to the cumulated axial trans-
lation were statistically significantly differ-
ent between patients with a vulnerable plaque 
and a nonvulnerable plaque without neovascu-
larization. Statistically significant differences 
were also found between mean shear strains, 
thresholded cumulated axial translation, and 
the thresholded ratio of the cumulated axial 
strain to the cumulated axial translation, for the 
comparison of nonvulnerable plaques with and 
without neovascularity. In general, thresholded 
elastograms of all indexes were more discrimi-
nating (i.e., had lower p values), except for shear 
strain parameters (i.e., mean shear strain and 
cumulated shear strain).

Because neovascularization is a precursor 
of plaque vulnerability [31], nonvulnerable 
plaques with neovascularization and vulner-
able plaques were grouped together and were 
compared with nonvulnerable plaques with-
out neovascularity (Table 3). All elastogra-
phy parameters could discriminate between 
these two new groups (p = 0.002–0.028). 
Linear regressions showed no correlation 
between these parameters and the percent-
age of stenosis (Table S6 can be viewed in 
the AJR electronic supplement to this article, 
available at www.ajronline.org).

Grouping vulnerable plaques with the ones 
containing neovascularity increased the power 
of statistical tests for all parameters (Table 3). 
The most discriminating parameters were the 
mean shear strain of the whole plaque (without 
thresholding), the cumulated axial translation 
(with thresholding), and the ratio of the cumu-
lated axial strain to the cumulated axial transla-
tion (also with thresholding). ROC curves based 
on those indexes were generated to determine 
their sensitivity and specificity in the detection 
of plaques at risk according to MRI (Fig. 2).

Cumulated shear strains and thresholded 
maximum axial strains of complex plaques 
with a possible surface defect, hemorrhage, or 
thrombus (AHA category VI) were different 
from other AHA plaque categories (Table 4). 
Other elastography parameters could not dif-
ferentiate between plaque categories accord-
ing to the AHA classification. We also found 
a statistically significant positive linear corre-
lation (R2 = 0.418, p = 0.006) (Fig. 3) between 
the cumulated shear strain (without threshold-
ing) and the maximum calcium area. Corre-
lations between other plaque components and 
elastography parameters are presented in Ta-
ble S7 (which can be viewed in the AJR elec-
tronic supplement to this article, available at 
www.ajronline.org).

TABLE 1: Overview of Relevant Clinical Parameters Derived from Clinical, 
Ultrasound, and MRI Examinations

Parameter

Patients With 
Asymptomatic Disease 

(n = 22)

Patients With 
Symptomatic Disease 

(n = 9) p

Age (y), mean ± SD 69.3 ± 7.5 69.3 ± 9.0 0.99a

Carotid artery side 0.11b

Left internal carotid artery 7 6

Right internal carotid artery 15 3

Stenosis percentage

Mean ± SD 72 ± 12 74 ± 12 0.72c

50–69% 7 2 0.69d

70–90% 15 7

MRI plaque dimension

Area (mm2), mean ± SD 77 ± 42 101 ± 76 0.50a

Volume (mm3), mean ± SD 1500 ± 642 1598 ± 792 0.72c

Modified AHA classificatione 0.02b

IV–V 7 3

VI 1 4

VII 9 0

VIII 5 2

MRI-defined plaque status 0.16d

Nonvulnerable without neovascularity 10 2

Nonvulnerable with neovascularity 8 4

Vulnerable 4 3

Lipid

Present 10 7 0.132d

Volume (%), mean ± SD 3.0 ± 7.9 9.4 ± 11.3 0.024a

Maximum area (%), mean ± SD 9.1 ± 14.7 20.0 ± 14.7 0.047a

Maximum area (mm2), mean ± SD 4.6 ± 8.5 16.4 ± 15.8 0.019a

Calcium

Present 19 8 > 0.999d

Volume (%), mean ± SD 6.3 ± 4.8 2.2 ± 2.5 0.024c

Maximum area (%), mean ± SD 13.8 ± 8.7 6.6 ± 5.0 0.027c

Maximum area (mm2), mean ± SD 9.3 ± 7.8 4.3 ± 4.2 0.139a

Neovascularity

Present 13 6 > 0.999d

Volume (%), mean ± SD 1.8 ± 2.3 3.0 ± 4.0 0.654a

Intraplaque hemorrhage

Present 0 2 0.077d

Volume (%), mean ± SD 0.0 ± 0.0 0.2 ± 0.3 0.028a

Fibrous tissue

Volume (%), mean ± SD 87.4 ± 8.0 84.4 ± 12.3 0.913a

Note—Except where otherwise indicated, data are number of patients. Volumes and maximum areas of plaque 
components were determined from analysis of MR images. AHA = American Heart Association. 

aMann-Whitney U test.
bPearson chi-square test.
ct test.
dFisher exact test.
ePlaques were characterized according to the AHA classifications.
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Discussion
This pilot study resulted in the following 

findings: NIVE indexes could identify vul-
nerable plaques as validated by MRI, and 
the presence of neovascularization amplified 
the discriminating power of US; threshold-
ing elastography maps generally improved 
the performance of this method; and with the 
exception of the ratio of the cumulated axial 
strain to the cumulated axial translation, all 
elastography indexes had lower magnitude in 
vulnerable plaques, and this latter category 
had values similar to those of nonvulnerable 
plaques with neovascularization.

The concept of reconstructing time-vary-
ing curves from elastography images acquired 
over multiple cardiac cycles, followed by pa-
rameter estimations, has been reported in sim-
ilar studies [9, 10, 18]. We previously used this 
approach of averaging the axial strain over the 
entire segmented plaque to detect a lipid pool 
[23]. It was applied to the axial strain only 
without analyzing the influence of plaque neo-
vascularity on elastography parameters; thus, 
vulnerable plaques could not be distinguished 
from nonvulnerable plaques.

Table 2 shows similar results for the maxi-
mum axial strain and cumulated axial strain. 

Our objective was to analyze areas of the 
plaque that exhibited high strains, shears, and 
translations instead of averaging this infor-
mation with other image pixels depicting low 
magnitudes. With thresholding, maximum 
axial strain, cumulated axial strain, cumulat-
ed axial translation, cumulated lateral transla-
tion, and the ratio of cumulated axial strain to 
cumulated axial translation could better dis-
criminate vulnerable plaques or nonvulner-
able neovascularized plaques from nonvul-
nerable plaques without neovascularization 
(Table 3). Shear strain indexes (mean shear 
strain and cumulated shear strain) averaged 
over the whole plaque could provide a better 
differentiation of these groups. It should be 
noted that statistically significant differenc-
es were found between the thresholded shear 
strain indexes (mean shear strain and cumu-
lated shear strain) of the combined group of 
vulnerable and neovascularized plaques ver-
sus nonvulnerable plaques without neovascu-
larization (but with worse discrimination not-
ed at higher p values of 0.015 and 0.024; data 
not shown).

The best ROC accuracies were obtained 
with the parameters cumulated axial trans-
lation and the ratio of the cumulated axial 

strain to the cumulated axial translation. We 
did not consider the position and pattern of 
pixels exhibiting high magnitudes; this could 
be investigated in a future study. We tested 
other thresholds (50% and 10% of the high-
est values), and similar results were obtained 
(data not shown). The 25% threshold was thus 
a good compromise to study high deforma-
tions without excluding too much plaque area.

Most carotid artery elasticity studies in 
the literature have found increased stiffness 
with the degree of atherosclerosis, the pres-
ence of carotid artery plaque, and the inci-
dence of stroke [19]. We have also previously 
measured lower axial strain indexes in ath-
erosclerotic carotid arteries, compared with 
normal ones [34]. Findings from that previ-
ous study are in line with our observations in 
the present study. Indeed, lower mean defor-
mations and translational movements were 
found in patients with a vulnerable or a neo-
vascularized plaque (Tables 2 and 3). In the 
present study, lower axial shear strains (mean 
shear strain and cumulated shear strain) were 
also found in vulnerable and neovascular-
ized plaques, compared with nonvulnerable 
plaques free of neovascularity. Lower shear 
strains represent less angular deformation of 

TABLE 4: Cumulated Shear Strain Magnitude and Maximum Axial Strain Elastography Indexes for American Heart 
Association (AHA) Plaque Classifications IV–V, VI, VII, and VIII as Based on MRI

Strain Parameter Thresholda

Modified AHA Plaque Classification

IV–V (n = 10) VI (n = 5) VII (n = 9) VIII (n = 7)

Cumulated shear strain magnitude (%) No 6.30 ± 1.72 4.65 ± 1.38b 7.24 ± 1.94 5.20 ± 0.75

Maximum axial strain (%) Yes 2.24 ± 0.38 1.53 ± 0.31c 2.23 ± 0.37 2.19 ± 0.52

Note—Except where otherwise indicated, data are mean (± SD) values.
a“Yes” denotes indexes obtained from plaque regions containing 25% of the highest values, and “no” denotes indexes averaged over the whole plaque region.
bSignificant difference between AHA classifications VI and VII (p = 0.022, one-way ANOVA).
cSignificant difference compared with the other groups (p = 0.013, one-way ANOVA).

TABLE 3: Overview of Elastography Indexes Obtained for the Combined Group of Vulnerable Plaques and  Nonvulnerable 
Plaques With Neovascularity Compared With Nonvulnerable Plaques Without  Neovascularity

Strain Parameter Thresholda
Vulnerable Plaques and Nonvulnerable 
Plaques With Neovascularity (n = 19)

Nonvulnerable Plaques Without 
Neovascularity (n = 12) pb

Mean shear strain magnitude (%) No 0.23 ± 0.06 0.32 ± 0.07 0.004

Cumulated shear strain magnitude (%) No 5.35 ± 1.42 7.17 ± 1.79 0.016

Maximum axial strain (%) Yes 1.97 ± 0.46 2.34 ± 0.39 0.028

Cumulated axial strain (%) Yes 15.58 ± 3.79 19.90 ± 4.57 0.016

Cumulated axial translation (mm) Yes 0.27 ± 0.14 0.58 ± 0.29 0.003

Cumulated lateral translation (mm) Yes 0.77 ± 0.60 1.30 ± 0.53 0.016

Ratio of cumulated axial strain to cumulated 
axial translation (%/mm)

Yes 63.79 ± 17.59 39.30 ± 12.80 0.002

Note—Except where otherwise indicated, data are mean (± SD) values.
a“Yes” denotes indexes obtained from plaque regions containing 25% of the highest values, and “no” denotes indexes averaged over the whole plaque region.
bStatistically significant difference (p < 0.05, t test using the Holm-Bonferroni adjustment method for multiple testing) between both groups.
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the plaque geometry (Fig. S2). In one study, 
relative strain, which was computed from 
an elastography tissue hardness score, was 
found to be higher for fibrous plaques than 
for atherosclerotic plaques or plaques with 
hemorrhage or thrombosis [16]. In addition, 
lower peak axial strains and shear strains 
were observed for patients with symptomat-
ic disease (p values not provided) [18]. Nev-
ertheless, Huang et al. [22] recently found 
that the strain rate was significantly higher in 
vulnerable plaques identified by MRI than in 
stable plaques and that intraplaque neovascu-
larization measured with contrast-enhanced 
US was associated with higher axial strain 
values [17]. Note that the average stenosis 
percentage in the study by Huang and col-
leagues was approximately 30%, compared 
with more than 70% in the present study.

It has generally been observed in US elas-
tography studies that the soft lipid pool within 
vulnerable plaques (i.e., the coronary, femo-
ral, and carotid arteries) exhibits higher strain 
values than does calcified stiffer tissue [11, 14, 
36] or that hard plaque regions have lower ax-
ial strain values than do normal wall regions 
[7]. With the use of acoustic radiation force 

impulse imaging, increased displacements 
have been measured in regions identified as 
lipid with MRI [21]. However, no correlation 
has been found between strain features and 
the lipid core size [17]. In the present study, 
reduced elastography indexes (or an increase 
in the case of the ratio of the cumulated axial 
strain to the cumulated axial translation) were 
noticed for vulnerable plaques or plaques with 
neovascularization. This may be explained by 
our database of patients with fibrotic plaques 
with no prominent evidence of large lipid pools 
(mean lipid volume based on MRI, 9.6% ± 
12.5% and 5.9% ± 10.8% for the vulnerable 
plaque group and the nonvulnerable but neo-
vascularized plaque group, respectively).

A few reports have studied carotid artery 
plaque translation in advanced atherosclero-
sis [37, 38]. Our study concluded that cumu-
lated axial and lateral translations could iden-
tify vulnerable and neovascularized plaques 
(Table 3). By combining the cumulated axi-
al strain with the cumulated axial translation 
to obtain a ratio of the two parameters, op-
timum discrimination was achieved (Fig. 2). 
The higher ratio of the cumulated axial strain 
to the cumulated axial translation in vulner-

able and neovascularized plaques can be ex-
plained by the greater decrease in axial trans-
lation values (i.e., a reduction in cumulated 
axial translation of 53%) compared with ax-
ial strain values (i.e., a reduction in cumulat-
ed axial strain of 22%) in those patients. This 
ratio could be seen as a normalization pro-
cedure used to account for the lesser motion 
observed in vulnerable plaques. In previous 
studies, low longitudinal displacement of the 
common carotid artery assessed with US was 
associated with greater occurrence of myo-
cardial ischemia [37] and with established 
cardiovascular risk factors [38].

The lower axial shear strains in vulnerable 
and neovascularized plaques seem to contra-
dict intravascular US results of an animal study 
in which a positive correlation was found be-
tween mean axial shear strains and plaque se-
verity (i.e., AHA score) [39]. However, reduced 
strains evaluated with an echo-tracking sys-
tem were also observed in complex plaques 
(AHA classifications IV–VIII vs AHA classi-
fications I–III) [20]. As noticed in Table 4, no 
linear trends were observed between cumu-
lated shear strains and AHA plaque classifi-
cations. However, in a study by Majdouline et 
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Fig. 1—76-year-old man with 60% stenosis of internal carotid artery. Two-
dimensional longitudinal B-mode images reconstructed from radiofrequency data 
with superimposed noninvasive vascular elastography images show segmented 
plaque on far and near walls of carotid artery with different elastogram 
components.
A, Elastogram of vulnerable plaque shows axial shear strain magnitude (expressed 
as absolute values) at maximum systolic compression. Red areas denote high 
shear values in small regions near vessel lumen.
B, Elastogram of vulnerable plaque shows cumulated axial strain (not expressed 
as absolute values) during systolic compression.
C, Elastogram of vulnerable plaque shows cumulated axial translation (not 
expressed as absolute values) during systolic compression.
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al. [39], plaques were defined as AHA classifi-
cations I–V on the basis of histologic analysis, 
whereas more advanced plaques (MRI classifi-
cations IV–V to VIII) were included in the cur-
rent analysis. This prevents direct comparison 
of results because complex plaques are difficult 
to find in animal models [40].

In another intravascular US elastography 
study by Keshavarz-Motamed et al. [41], cor-
onary artery plaque shear strains increased 
with the soft plaque content of excised le-
sions, but no correlations were noted be-
tween the lipid plaque content measured 
with MRI and any elastography indexes, in-
cluding the shear strain (Table S7). Note that 
the percentage of areas of soft plaque con-
tent ranged from 40% to 90% in the study 
by Keshavarz-Motamed and colleagues [41], 
compared with a range of 0–50% in the pres-
ent study (only eight plaques had a lipid core 
maximum area larger than 20%). In the pres-
ent study, correlations between MRI-defined 
plaque components and elastography param-
eters were made even though cross-sectional 
MR images were not registered with longitu-
dinal US images (Table S7); this limitation 
should be addressed in future studies by de-
veloping 3D US NIVE methods.

In the current study, MRI was used to iden-
tify vulnerable plaques and quantify their tis-
sue components. Although histologic analy-
sis after atherectomy is the reference standard 
for plaque vulnerability assessment, MRI 
was chosen to characterize plaques because 

our study included patients with asymptom-
atic disease who did not undergo surgery. 
Plaque characterization with MRI is repro-
ducible, but significant variability was not-
ed, particularly for lipid core and fibrous cap 
identification with interobserver agreements 
(kappa values) of 0.58 and 0.28, respective-
ly; a moderately better agreement (κ = 0.62) 
was achieved for plaque hemorrhages [42]. 
However, it was also found more recently 
that fibrous cap thickness, in addition to lip-
id core and calcified plaque areas from low- 
and high-resolution MRI scans of carotid 
artery plaques, was not significantly differ-
ent [43]. Moreover, the intraclass correlation 
 coefficient of scans and rescans was 0.58 for 
lipid core with high-resolution MRI; for other 
plaque components, intraclass correlation co-
efficients were greater than 0.75. For compari-
son, variability in axial strain measurements 
obtained with NIVE was reported for normal 
carotid artery wall acquisitions, and intraclass 
correlation coefficients of 0.72 and 0.52 be-
tween two operators were obtained for com-
mon and internal carotid arteries, respective-
ly [9]. It was also observed that axial strain 
parameters were not statistically significantly 
different between plaques on the far and near 
walls of internal carotid arteries [34].

The first limitation of the present study is 
its limited sample size of 31 carotid artery 
plaques. Elastograms of vulnerable and non-
vulnerable plaques were compared, but the 
predictive value of elastography for plaque 

rupture was not investigated. Blood pressure 
was not a confounding factor in the present 
study; however, testing for the potential con-
founding impact of blood pressure would be 
important in future vascular elastography 
studies. Elastography measures were com-
puted offline because, to our knowledge, 
NIVE has not yet been implemented on clini-
cal scanners; visual feedback of elastograms 
thus was not available during acquisition. The 
quality of elastography images thus could not 
be optimized during scanning because RF 
data acquisitions were performed and then 
imported in our elastography imaging plat-
form for analysis. Severe calcifications were 
excluded because signal loss would impact 
elastography measures. Finally, because 2D 
longitudinal images of the carotid artery were 
analyzed, out-of-plane motion artifacts were 
inevitable. The extension of the NIVE meth-
od to 3D US images could provide a more 
complete characterization of plaques.

In conclusion, NIVE provides insight re-
garding in vivo mechanical imaging of carot-
id artery plaques in patients and is able to de-
tect vulnerable and neovascularized plaques 
on the basis of lower axial strains, shear 
strains, axial and lateral translations and 
a higher ratio of the cumulated axial strain 
to the cumulated axial translation. With ad-
ditional validation, this technology, when 
added to duplex Doppler US, may be an al-
ternative to costly MRI in the assessment of 
carotid artery plaques for stroke prevention.
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Fig. 2—Comparison of elastography indexes. ROC curve analysis shows 
sensitivity and specificity of mean shear strain magnitude (green curve) (AUC 
value, 82.7%; 95% CI, 64.7–96.5%), cumulated axial translation (purple curve) 
(AUC value, 88.6%; 95% CI, 75.0–98.3%), and ratio of cumulated axial strain to 
cumulated axial translation (blue curve) (AUC value, 88.6%; 95% CI, 75.0–98.3%) in 
detection of vulnerable plaques or plaques with neovascularization.

Fig. 3—Association between cumulated shear strain magnitude and maximum 
calcium area in patients with symptomatic disease (gray circles) and patients 
with asymptomatic disease (black circles) measured by MRI. Scatterplot 
shows statistically significant positive linear correlation (R2 = 0.418; p = 0.006; 
y = 4.81 + 0.16x).
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