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Abstract—Carotid plaque prone to release emboli may be
predicted by increased strain variations within plaque due to
arterial pulsation over a cardiac cycle. Non-invasive ultrasound
strain imaging may therefore be a viable surrogate to determine
the risk of embolic stroke and possible cognitive impairment.
Ultrasound strain imaging was performed on 24 human subjects
with significant plaque, who also underwent standardized
cognitive assessment (Repeatable Battery for the Assessment of
Neuropsychological Status (RBANS)) prior to a carotid
endarterectomy (CEA) procedure. Radiofrequency signals were
acquired using a Siemens Antares with a VFX 13-5 linear array
transducer. Plaque regions were segmented by a radiologist at
end-diastole using the Medical Imaging Interaction Toolkit. A
hierarchical block-matching motion tracking algorithm was
utilized to estimate the cumulated axial, lateral, and shear
strains within the imaging plane. The maximum strain indices of
the plaque, defined as mean accumulated strain over a small
region of interest in the plaque with large deformations, were
obtained. All the strain indices were then correlated with
RBANS Total score. Overall cognitive performance was
negatively associated with maximum axial and lateral strains
respectively. The results demonstrate a direct relationship
between the maximum axial and lateral strain indices in carotid
plaque and cognitive impairment.

I. INTRODUCTION

Micro-emboli that originate from rupture of carotid
plaques may flow into the vasculature of the brain and may
cause ischemic events resulting in stroke, vascular cognitive
impairment or both [1]. Twice as many stroke patients may
experience vascular cognitive impairment [2]. Studies have
shown that cerebral micro-emboli correlate significantly with
dementia and are associated with faster cognitive decline
[3-4]. Silent strokes, without clinical symptoms, may occur in
addition to clinically recognized stroke, and are actually five
times more prevalent [5]. Studies have suggested that silent
stroke may occur with concurrent subclinical emboli [6] and
may cause accumulated cognitive decline [7].

Vulnerable plaque, defined as plaque capable of
developing sudden clinically-significant thrombosis or
embolization, undergoes significant deformation and thereby
strain variations due to arterial pulsations during a cardiac
cycle. Noninvasive ultrasound strain imaging [8] can be
utilized to evaluate the mechanical deformation of plaque, and
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therefore may play an important role in the characterization of
plaque vulnerability [9]. Maurice et al. [10] utilized a
Lagrangian speckle model estimator to calculate the strain
tensor and estimated axial, lateral, shear and radial strain in the
plaque from the strain tensor. Schmitt et al. [11] implemented
a model to calculate strain tensors on both transverse and
longitudinal artery views. They found that the estimated axial
and axial shear strain may characterize plaque composition
and mechanical properties. Shi et al. [12] developed a
multi-level tracking algorithm to accumulate displacement
and strain in the carotid plaque, and showed that axial strain
and lateral displacement can separate soft plaques from
calcified ones. Ma et al. [13] demonstrated that Lagrangian
strain estimation for short-axes view of the heart and on
cross-sectional artery views shows better performance than an
Eulerian approach for strain estimation. McCormick et al. [14]
developed a Lagrangian strain estimation algorithm based on a
hierarchical multi-level framework utilizing Bayesian
regularization to estimate all components of the strain tensor,
and found that the cumulated strain indices derived from the
strain tensor are capable of quantifying vulnerability of carotid
plaque.

In this work, we utilize the algorithms developed by our
group [15] to further evaluate the distribution and variation of
axial, lateral and shear strains for in vivo carotid plaque. We
also focus on the correlation between cognitive function and
multiple strain indices.

II. DATA ACQUISITION

Ultrasound imaging was performed on 24 patients who
presented with significant plaque, prior to a carotid
endarterectomy procedure (CEA) at the University of
Wisconsin-Madison Hospitals and Clinics. Patients provided
informed consent using a protocol approved by the University
of Wisconsin-Madison Institutional Review Board (IRB)
before the ultrasound and strain imaging study. The patients
ranged from in age from 44 to 79 years, with a mean age of
65.88 + 8.74.

Radiofrequency (RF) echo signals, along with clinical
B-mode and color-flow Doppler images, were acquired using
a Siemens Antares ultrasound system (Siemens Ultrasound,
Mountain View, CA, USA) equipped with a VFX 13-5 linear
transducer. The transmit frequency of the transducer was 11.4
MHz with a single transmit focus at the depth of plaque. The
total depth of the B-mode image was 4 cm, with the lateral
field width of 3.8 cm comprising 508 A-lines. At least two
cardiac cycles of RF data were obtained and digitized at a
sampling frequency of 40 MHz. Segmentation of plaque
regions was performed on three end-diastolic frames by a
radiologist using the Medical Imaging Interaction Toolkit
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(MITK) on the B-mode images reconstructed from RF data.
Clinical B-mode and color-flow Doppler images acquired at
the time of RF data acquisition were also used by the
radiologist to better determine the plaque borders.

Clinical findings delineated 16 out of 24 patients as
symptomatic and 7 as asymptomatic. One patient could not be
classified. A patient was classified as symptomatic if he or she
presented with stroke symptoms or a transient ischemic attack
(TIA). Asymptomatic patients, on the other hand, were
diagnosed with carotid stenosis without prior neurological
clinical symptoms. All patients underwent objective cognitive
assessment (Repeatable Battery for the Assessment of
Neuropsychological Status (RBANS)) which provides an
index of overall cognitive status (RBANS Total) as well as
five indices reflecting specific cognitive abilities [16]. To
reduce the number of comparisons only the RBANS Total
score was used to correlate with the strain indices.

III. STRAIN INDICES ESTIMATION

Plaque strain assessment was conducted by an investigator
blinded to the cognitive results. A block-matching motion
tracking algorithm using a hierarchical framework developed
in our laboratory [14] was utilized to estimate strain indices.
Displacements between pre- and post-deformation frames
were tracked with a three-level block-matching technique. The
matching block was 15 x 28 pixels at the top level, and 10 x 18
pixels at the bottom level, with no overlap between the blocks.
Along the axial direction a pixel represents 0.02 mm, while
along the lateral direction a pixel represents 0.075 mm.
Normalized cross-correlation analysis was performed using
recursive Bayesian regularization over three iterations to
improve the quality of the tracked displacements at each level
for both axial and lateral displacements [17]. A dynamic frame
skip method was utilized to obtain optimal motion tracking
over a cardiac cycle, with a shorter frame skip during systole
and a longer frame skip during end diastole. The threshold for
frame skip was an absolute axial strain of 5% within a
sub-region of the image. Incremental local displacements were
then estimated in each frame and filtered with a 3 x 3 pixel
median filter to remove outliers. Finally the local strain
distribution was assessed by applying a modified least-squares
fit over a 7-pixel length from displacement estimation
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Figure 1. Axial strain values overlaid on B-mode images.

accumulated over a cardiac cycle using the end-diastolic frame
as the reference frame. Displacements and strains between
consecutive frames calculated by the block-matching motion
tracking algorithm were relatively small, due to the fact that
the frame rates we used were no less than 27 fps. Therefore
accumulated strain indices over a cardiac cycle were presented
to better characterize the elasticity of plaque tissue.

We utilized this method to estimate the accumulated axial,
lateral, and shear strain distribution in the plaque regions
identified within the imaging plane. Strain values were
computed inside the segmented plaque and overlaid on the
B-mode images. A typical axial strain image is shown in Fig.
1. The axial strain magnitude and direction are depicted on the
color bar overlaid on the gray-scale B-mode images. Positive
strain indicates tissue expanding or stretching, while negative
strain denotes compression. Some high positive strain values
can be found at the plaque-lumen interface and inside the
plaque, suggesting that the plaque may stretch into the lumen
during arterial pulsation. The corresponding lateral and shear
strain images of the same plaque are shown in Fig. 2 and Fig.
3, respectively, with the same magnitude scale and
color-coding for direction of strain. Similar to axial strain
distributions, lateral strain is higher at the plaque boundary
adjacent to or protruding into the blood flow than other areas.
A more heterogeneous shear strain distribution in the plaque
can be observed. Note that unlike axial and lateral strains,
larger shear strains occur closer to the interface of plaque and
vessel wall, where high axial or lateral strains do not
necessarily exist.

IV. STRAIN INDICES AND COGNITION

A small region of interest (ROI) of 10-20 data points in
the plaque with maximum strain was located on the strain
image in each frame. The maximum strain in the plaque was
then defined as the maximum of average strain value in this
small ROI over two cardiac cycles to reduce noise. All strain
indices were then correlated with RBANS Total scores using
Pearson's correlation coefficients with a significance level of
p<0.05 using a two-tailed #-test. A linear fit was performed
for symptomatic, asymptomatic and for all patients
respectively to show the correlation of strain and cognitive
function in each group. All correlations and p-values are
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Figure 2. Lateral strain values overlaid on B-mode images.
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Figure 3. Shear strain values overlaid on B-mode images.

listed in Table 1. Significant correlations are labeled with an
asterisk.

The maximum axial and lateral strains correlate
significantly with cognition for the symptomatic group and for
all patients with an » value around 0.5. No significant
correlation with maximum shear strain is observed for any of
the groups, and the correlations are much weaker for shear
strain than axial and lateral strain indices. The RBANS Total
score shows a negative correlation with the maximum strain
indices. Note that the linear fits for the symptomatic group
generally follow the trend of the entire group of patients. A
decrease in the correlation with asymptomatic patients is also
observed.

V. DISCUSSION

In this study we demonstrate that a relationship exists
between cognitive function and the maximum axial and lateral
strain indices. Cognitive function for these patients declines

with an increase in the axial and lateral strain indices in plaque.

Since these strain indices primarily reveal the extent of
deformation of plaque based on pulsatile flow in the carotid
over the cardiac cycle, where larger deformations may
indicate the presence of softer areas in plaques or variability in
plaque composition over its length, higher strain values may
therefore suggest an increased probability of plaque rupture in
these softer plaques. Deformation of the carotid wall and
plaque is caused by a combination of wall shear stress, wall
tensile stress and cyclic force induced by the pulsatile blood
pressure [18-21]. The buildup of plaque disrupts blood flow
and results in hemodynamic changes such as high velocity jets

TABLE L. PEARSON’S CORRELATION COEFFICIENTS AND
SIGNIFICANCE VALUES
Correlations of RBANS Total Score to Maximum
Strain Indices
Axial Lateral Shear
Symptomatic =-0.533, =-0.650, =-0.432,
p=0.032*" p=0.006* p=0.092
Asymptomatic =-0.530, r=-0.115, =0.037,
p=0.205 p=0.803 p=0.937
All r=-0.491, =-0.501, 7=-0.345,
p=0.014* p=0.012* p=0.097
a. Significant correlations are labeled with *.

that introduce shear stresses and turbulence which lead to
blood pressure fluctuations over the length of the blood vessel
[22-24]. Re-circulating flow, high shear stresses and
increasing turbulence in turn can accelerate plaque rupture
[25-29]. As a consequence of plaque rupture, micro-emboli
may flow into the brain and cause ischemic events leading to
stroke and/or cognitive impairment. This study helps establish
the relationship between increasing strain indices in carotid
plaque and cognitive impairment through embolism.

Previous studies have shown that the noise artifacts are
significantly higher for lateral strain estimation than in the
axial direction due to the relatively small sizes of plaques
compared to the lateral resolution of ultrasound image, as well
as their heterogeneous nature [12]. Shear strain estimation
may therefore induce more artifacts since it is neither aligned
nor perpendicular to the ultrasound beam. Our improved
Lagrangian algorithm enables better tracking of the lateral
deformation and thereby more reliable lateral strain estimation
[14]. The fact that lateral strain indices also show strong
correlations with cognitive status indicates the robustness of
the method, proving that this algorithm is able to characterize
strain and therefore can be utilized to quantify vulnerability of
carotid plaque.

Most plaques are heterogeneous and difficult to classify
clinically as soft or calcified. However, the distribution of
local strains within the plaque may reveal variations in plaque
stiffness, which suggests that regions with higher strains may
tend to break off and detach from the rest of plaque. High local
strains can still occur in a plaque with lower mean strain
values due to this heterogeneity. Therefore it is reasonable and
appropriate to use maximum strain indices to quantify the
vulnerability of plaque. This is consistent with our observation
that maximum axial and lateral strains correlate significantly
with cognitive impairment. From the shear strain distribution
we hypothesize that the lack of significant correlations
between cognition and maximum shear strain may be due to
the fact that the highest shear strains are embedded deeper into
the vessel wall instead of inside the plaque. Therefore
sub-regional strain analysis near the vessel wall or at the
wall-plaque interface may worth investigating in future work.

All patients in this study presented with over 50% stenosis
and were therefore in need of CEA procedure [30], even for
asymptomatic patients who had no prior stroke or TIA based
on clinical findings. However these asymptomatic patients
may have experienced silent stroke with subsequent cognitive
dysfunction [7], which agrees with our observation that
RBANS Total scores (83.43+7.41) of asymptomatic patients
do not deviate from that of symptomatic patients
(86.81+16.63). Studies have shown that the risk of silent
stroke is positively related to the extent of carotid stenosis for
both symptomatic and asymptomatic patients [31].
Additionally, we can observe possible fissures inside
asymptomatic plaque from strain distributions. Therefore
asymptomatic patients may still have great potential for
developing emboli.

Replication with a larger sample of patients is required to
further establish this relationship. The correlation not being
significant for the asymptomatic group may be due to the
smaller sample size. More correlations of strain indices to
each of the RBANS component scales may also be
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enlightening.

VI. CONCLUSION

In summary, the results reveal a significant relationship
between maximum axial and lateral strain indices in carotid
plaque with cognitive function. Since strain indices estimated
using this robust algorithm are capable of quantifying
vulnerability of plaque, ultrasound strain imaging may assist
in the identification of plaques prone to rupture, predicting
embolism and preventing potential strokes.
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