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Purpose: To track variations in the deformation of the arterial wall noninvasively by estimating the
accumulated displacement and strain over a cardiac cycle may provide useful indicators of vascular
health.
Methods: In this paper, we propose an approach to track a region of interest (ROI) locally and
estimate arterial stiffness variation in a familial hypercholesterolemic swine model of spontaneous
atherosclerosis that allows for systematic and reproducible study of progression of the disease mech-
anism.
Results: Strain and displacement indices may be derived from the variations of the accumulated
displacement and accumulated strain (obtained from the gradient of the accumulated displacement)
over a cardiac cycle to predict not only the likelihood of developing vascular diseases, but also the
sites where they may occur. Currently, an ROI thickness value of less than one mm within the arterial
wall is necessary for the axial accumulated displacement and strain to obtain reproducible estimates.
Conclusions: Accumulated axial displacement and strain estimation on the artery wall shown in this
paper indicate the repeatability of these measurements over several cardiac cycles and over five famil-
ial hypercholesterolemic swine. Our results also demonstrate the need for a small region of interest
within the arterial walls for accurate and robust estimates of arterial function. © 2012 American As-
sociation of Physicists in Medicine. [http://dx.doi.org/10.1118/1.4722746]
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I. INTRODUCTION

The leading cause of death in the United States are cardiovas-
cular diseases (CVD).1 In 2007, one out of every 2.9 deaths
in the United States was attributed to cardiovascular disease.2

Over 1.2 million Americans were estimated to have suffered
coronary events and about 795 thousand suffered strokes.2

Measurements of arterial stiffness are useful for identifying
those with higher cardiovascular risk factors attributed to a
wide range of characteristics, including age, gender, obe-
sity, hypertension, and genetic factors.3 In addition, arterial
stiffness can be used to detect various cardiovascular com-
plications such as left ventricular hypertrophy and failure,
aneurysm formation and rupture, and atherosclerosis, which
can lead to stroke, myocardial infarction, and renal failure.4, 5

Furthermore, the younger population in the United States
is increasingly at risk for CVD, because of the increased
prevalence of childhood obesity, metabolic syndrome, dia-
betes, etc.2, 6 These increased risks warrant preventive and in-
terventional measures be taken at earlier stages of disease pro-
gression. Early detection of CVD is therefore essential and
noninvasive methods for imaging and measuring arterial stiff-
ness, as described in this paper, may provide new potential
diagnostic information.

Measurement of the pulse-wave velocity (PWV) is the
prevalent method for noninvasively quantifying arterial stiff-
ness and identifying cardiovascular risk factors.3, 7, 8 The
Moens-Korteweg equation shows that the PWV is related to
the square root of vessel stiffness

PWV =
√

((E ∗ h)/(2rρ)), (1)

where E is the Young’s modulus, h is the vessel wall thick-
ness, r is the vessel radius, and ρ is the blood density.4, 7

PWV is measured using the pulse transit time (PTT), calcu-
lated from the foot-to-foot or wave front to wave front time
delay between two arterial sites divided over the separation
distance.4, 7, 9 PWV can be meaningfully measured at mul-
tiple locations in the body. For example, the brachial-ankle
PWV has been shown to be an indicator of atherosclerosis10

and the aortic PWV and carotid-femoral PWV (cfPWV) has
been shown to be predictive of cardiovascular events.8, 9 PWV
has numerous drawbacks. First, PWV measurements of up-
per limb muscular arteries do not change significantly with
age.4 Since PWV measurements characterize a length of ves-
sel, they cannot be localized to any specific point.11 Further-
more, effectiveness of PWV measurements can be affected by
the traveled medium, such as muscular arteries, which have
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a different stiffness than elastic arteries.10 Depending on the
site and methodology of the measurement, finding the PWV
can also be inconvenient; the pressure sensitive transducers
used to measure carotid and femoral PWV requires training
and could take more than 20 minutes.10 Recent methods of
PWV measurement were shown to be viable for finding mea-
surements in regions on the order of tens of millimeters.12, 13

Despite the increased ease of acquisition and precision in the
lateral direction, PWV’s largest weakness is that the measure-
ment is confined to the temporal and lateral domains. It cannot
be used to find varying stiffness among the layers of the arte-
rial wall. Strain estimation does not suffer from the aforemen-
tioned issues and can be used to supplement existing methods
for diagnosis and risk assessment.

Measurement of the carotid intima-media thickness
(CIMT) is another indicator of atherosclerosis and predictor
of coronary artery diseases.14 It has been shown to predict
cardiovascular diseases independent of traditional risk factors
such as coronary artery calcium (CAC), smoking, hyperten-
sion, diabetes, fibrinogen, and LDL cholesterol.15–17 CIMT
is measured using high resolution ultrasound B mode images
and can be used in conjunction with elastography based mea-
surements of arterial stiffness.

Elastography is a method of creating images that map
tissue stiffness.18 In classical external compression elas-
tography, strain tensors are estimated from local displace-
ments caused by quasi-static uniaxial externally applied
deformations.18–20 Local displacements are usually tracked
and estimated using 2D cross-correlation based methods de-
scribed in the current literature.19, 21–23 After correcting for the
applied stress and using the appropriate boundary conditions,
the displacement/strain images can be used to calculate the
elastic modulus map.18 The classical analogy of elastography
is palpation, where manual pressure is applied by a medical
practitioner to sense the position, stiffness, mobility, and pul-
sation of internal structures.24 Strain is defined as the defor-
mation per unit length in percentage of an object under stress
and the normal strain is defined as

εzz = ∂uz/∂z, (2)

εyy = ∂uy/∂y, (3)

where u is the displacement in the direction of the strain and
z and y are the coordinates in the axial and lateral directions.

Elastography has been utilized for vessel wall character-
ization and assessment of atherosclerotic plaque, utilizing
the internal deformation of the vessel generated by blood-
flow.25–28 Subsequent studies using acoustic radiation force
impulse imaging (ARFI) have shown the ability to iden-
tify the presence of and discriminate between hard and soft
plaques.29–31

A study using hypercholesterolemic and normochole-
strolemic swine also showed the effectiveness to materi-
ally characterize atherosclerotic plaque.32 Currently, elastog-
raphy is accepted as a safe, noninvasive, patient-friendly,
and inexpensive method of imaging tissue stiffness and can
help diagnose cancer, identify atherosclerosis, and monitor
ablation.19, 24, 33 Elastography has the ability to locally charac-

terize the elastic properties of arterial wall along the dimen-
sions of time and space with precision.

Previously, Shi et al.25 utilized the accumulated axial strain
variation to compute the maximum accumulated axial strain
and relative lateral shift as indices for the differentiation of
calcified plaque from soft plaque in human subjects. Varia-
tions in the accumulated strain within a specified region of
interest (ROI) in plaque tissue with dimensions of 64 points
in the axial direction and 5 lines in the lateral direction were
utilized. Strain estimates within the ROI were averaged and
their values summed to produce their accumulated strain. The
accumulated strain used in this paper is generated by accumu-
lating the displacement over time within the ROI. The result-
ing accumulated displacement is then summed point by point
over the cardiac cycle, which is then utilized to obtain the ac-
cumulated strain curve. Effectively, if local strain is defined
by the expression, εzz = ∂uz/∂z, the accumulated axial strain
as defined in this paper is given by

αzz = ∂Vz/∂z, (4)

Vz = 1

n

∑
uz, (5)

where Vz denotes the accumulated displacement over the car-
diac cycle.

In this paper, we propose a method where the local strain
distribution in an ROI in the arterial wall of a familial hy-
percholesterolemic (FH) swine model is monitored over time
by acquiring and processing a time series of ultrasound ra-
dio frequency (RF) echo-signal frames. The FH swine is a
unique validated animal model of spontaneous atherosclero-
sis that allows for systematic and reproducible study of dis-
ease mechanism and testing of emerging diagnostic and thera-
peutic ultrasound technologies.34–36 The FH swine is the only
large animal model that develops spontaneous atheroscle-
rotic lesions when fed with a normal diet without added
cholesterol.37–40 The FH swine, with its genetic proximity
to human41 and similarities in cardiovascular pathophysiol-
ogy (atherogenesis, coronary artery disease, and ischemia),
lipoprotein metabolism, digestive physiology, and dietary
adaptations, makes it an excellent translational model for lon-
gitudinal studies of vascular biology.42–44

We utilize accumulated strain estimates calculated from
the accumulated displacement over an ROI. The ROI is oper-
ator defined and the deformation of the region is tracked over
multiple cardiac cycles. We address estimation of the axial
and lateral displacement vectors and strain using backscat-
tered ultrasound signals. The maximum accumulated axial
strain and the maximum accumulated lateral displacement
have been utilized as indices to characterize plaque.25 We pro-
pose to utilize these indices for characterizing arterial stiffness
as also discussed next in this paper.

II. MATERIALS AND METHODS

The strain distribution within a vessel wall over a cardiac
cycle may provide useful information indicative of age related
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FIG. 1. Schematic diagram of the region of the femoral artery that was im-
aged on the FH swine model of atherosclerosis.

arterial stiffening and cardiovascular health. An ROI is de-
fined in the artery near and far walls that would exclusively
lie within the wall of the blood vessel. Figure 1 provides a
schematic diagram of the ultrasound scan performed along
with identification of the ROI location using an FH swine
model of atherosclerosis. As the vessel expands and contracts
over the cardiac cycle, the ROI changes its shape and location
correspondingly. This allows for the capture of a displace-
ment/strain profile of the vessel wall over the cardiac cycle
instead of just a snapshot in time.

At 6 weeks of age (2 weeks postweaning), the five female
FH swine were placed on a corn–soybean mixed diet with 2%
added fat, and fed twice daily. The daily calorie intake was
limited to 80% of ad libitum intake (based on ad libitum in-
take of age-matched FH swine). The diet was formulated to
meet nutrient requirements, and was mixed weekly from feed
components (Arlington Feed Mill, Arlington, WI). At the time
of the ultrasound measurements, the animals were 10.6 ± 0.5
months old, with a body weight of 83.6 ± 6.9 kg (24.6 ± 4.8%
body fat, determined by dual energy x-ray absorptiometry). A
midline neck incision was made to access the internal carotid
artery. A catheter was placed in the artery for intra-arterial
blood pressure (ABP) measurement via an attached pressure
transducer (PX600 Edwards Lifesciences, Irvine, CA), po-
sitioned at the level of the heart and connected to an S/5
Datex-Ohmeda Anesthesia Monitoring System (GE Health-
care, Waukesha, WI). ABP and heart rate measurements for
the 5 FH swine are shown in Table I.

II.A. Radio frequency data acquisition

Acquisition of the RF data was accomplished using the
clinical Ultrasonix SonicTouch system (Ultrasonix Medical
Corporation; Richmond, BC) running Sonix RP 3.1.9, and us-
ing an L14-5/38 transducer operating at 10 MHz center fre-
quency. The depth of the RF data acquired, measured from
the transducer to the vessel, was 40 mm. The sampling fre-

TABLE I. Intra-arterial blood pressure (BP) and heart rate measurements for
the five FH swine.

Animal no. Systolic BP Diastolic BP Heart rate

1 75 38 140
2 77 46 153
3 79 40 105
4 88 40 110
5 82 46 94

quency for the acquired data was 40 MHz with a frame rate
of 98 frames/s.

Ultrasound scanning was performed on the FH swine
model starting at six months of age. This study was performed
under a protocol approved by the University of Wisconsin-
Madison Animal Care and Use Committee (ACUC). The an-
imals were sedated once per month with an injection of Tela-
zol at 1–5 mg/kg, at the minimal dosage necessary for seda-
tion prior to the use of a facemask. The facemask then de-
livered 1.5%–5% isoflurane and 100% oxygen with a flow
rate of 1–3 L/min. Heart monitor and oxygen saturation were
monitored via pulse oximetery. After sedation, the ultrasound
transducers were held by hand to initiate scans that lasted for
one or more cardiac cycles. The field of view included the
femoral artery and the beginning of the bulb with a single fo-
cus at the far wall of the vessel. Atherosclerosis is a systemic
disease; therefore, plaque accumulation is expected to occur
at multiple arterial locations. The femoral artery was chosen
due to the presence of a bifurcation site where atherosclerotic
plaques tend to develop, and is much easier to access using ul-
trasound than the carotid artery in swine due to the difference
in imaging depths.

II.B. Strain and displacement mapping

The 2D displacement tracking and strain estimation algo-
rithm was implemented in MATLAB (The Mathworks, Nat-
ick, RI). The code used to calculate the displacement was an
implementation of the quality-guided displacement tracking
algorithm.45 This multi-seed algorithm initially utilizes regu-
larly spaced windows as initial seeds. Cross correlation coeffi-
cients between the tracked regions and the seeds were used to
determine the quality of each seed, and the highest one would
be selected to be the initial estimation of displacement. The
algorithm then iterates to track the seed’s four neighbors and
the process repeats for the next windows to complete the en-
tire scanned field. A large window size allows for better track-
ing of noisy data while a smaller window improves spatial
resolution.

RF data sets were upsampled by a factor of 5 using spline
interpolation to improve displacement tracking. The dimen-
sions of the 2D motion tracking kernel were 81 data points
along the beam direction and 15 data points along the lateral
direction for the upsampled data, corresponding to 0.33 mm
× 0.88 mm for the 2D tracking kernel dimensions, respec-
tively. A 75% overlap was utilized to obtain consecutive dis-
placement estimates. Local strain estimates were obtained
using a least squares fit to the displacement data using
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segments with a length of 0.66 mm for the axial strain esti-
mates and 0.88 mm for the lateral strain estimates. The frame
skip amount, which represents the number of frames that were
skipped to ensure a reasonably significant amount of deforma-
tion between frames, was set to 3. By increasing the amount
of displacement between consecutively processed frames, the
signal to quantization noise ratio and the subpixel displace-
ment estimation errors were improved. Before the displace-
ment maps were used to calculate the local strain images,
they were put through a 3 × 2 pixel median filter to remove
noise spikes. Displacements and strains estimated along the x
(lateral) and y (axial) directions along with the strain distri-
bution are stored for every frame-pair for further processing.
The accumulated displacement was then computed from the
stored displacement estimates. Lastly, the accumulated strain
was computed from the accumulated displacement, estimated
over the cardiac cycle.

II.C. ROI creation and tracking

The positioning of the ROI on the artery wall was de-
termined manually for the first frame and their coordinates
were adjusted using previously calculated displacements for
the following frames. The ROI boundary was defined using
points marked along the vessel intima on the first frame of
the RF data and extended from the beginning of the bifurca-
tion toward the common femoral artery. The lines that connect
neighboring points were used to create the defining curved
edge of the ROI, and the ROI region is delineated accord-
ing to the contours of this edge. The opposite edge was cre-
ated by translating the defining edge up or down by the in-
tended thickness of the ROI, resulting in an area that has uni-
form thickness. The resulting ROI was uniform in thickness.
For example, on the near wall of an artery, points should be
marked directly below and adjacent to the vessel wall, and the
ROI would be defined to extend a set number of pixels above
the defining edge to cover the wall and some of the surround-
ing tissue; the inverse holds true for the far wall. This assured
a uniform thickness for the initial ROI. This method is valid
only with the assumption that the ROI is intended for an object
that is horizontally situated, otherwise it would be necessary
to define the ROI width and height at different angles from
the RF data’s cardinal directions. An ROI maximum length
can optionally be defined, and any region that extend above
the set length would be cut off. It is advantageous to use ROIs
that are larger than what is required so that data can be eas-
ily derived as a subregion of the processed data. Care should
therefore be made to mark the ROI with a starting point on
either the left or right side that is anatomically similar across
different data sets. The ROI dimensions used for the swine
data were 10 mm in width and up to 3 mm in thickness or
depth; the actual thickness used for processing was about one
mm in thickness to correspond to and to lie within the actual
thickness of the vessel walls.

The data points that make up the defining edge of the near
wall and the far walls of the corresponding ROI were each
tracked over the cardiac cycle and the ROI was redrawn for
each subsequent frame based on this information. The dis-

placement calculated from the RF data with coordinates in
space and time was added to the coordinates of the points of
the ROI’s defining edge to form the ROI of the next frame in
time. The stored coordinates for the ROI edge were not inte-
gers since subsample displacements were estimated. Bilinear
interpolation was used to find the displacement values for the
next frame. This reduces the rounding errors that can be sig-
nificant in the lateral direction as discussed in the Appendix.

Once the ROI was generated, the strain, displacement, and
any other relevant data points within the corresponding region
can be stored. First the ROI is made into a binary mask, with
ones corresponding to pixels within the ROI and zeroes oth-
erwise. Then mask can then be applied to the strain and dis-
placement images. Since the initial ROI points were marked
at the exact boundary between the vessel and the blood within
it to remove the contribution of the blood in the strain image.
The ROI follows the curvature of the vessel wall and is not
discarded. The ROI thickness is specified in the number of
displacement/strain pixels used to estimate the displacement
and strain. The two dimensions are therefore the location on
the vessel wall and the ROI thickness within the vessel wall.
The strain and displacement maps can be saved directly as a
result of the mask, and the accumulated strain and accumu-
lated displacement maps can be found after accumulating the
displacements.

III. RESULTS

Figure 2(a) presents the B-mode image of the femoral
artery being scanned on the FH swine. The location of the
scan is relative to the femoral artery’s bifurcation on the B-
mode image. The local displacement maps estimated along
the axial (b) and lateral (c) directions are also shown along
the corresponding axial (d) and lateral (e) strain distribution.
Noise artifacts in the lateral displacement and strain images
are increased when compared to the axial displacement and
strain images, respectively. The locations of the ROI around
the near and far walls of the artery are illustrated in Fig. 3(a),
on the ultrasound B-mode image. The ROIs are delineated
manually on the B-mode image with the lumen of the artery
identified in both the near and far walls of the artery. The
ROI over which local displacement and strain estimates are
estimated and accumulated should ideally be marked individ-
ually on ultrasound B-mode images rather than the derived
strain image. This can be done very accurately using image
software such as MITK 3M3 program (Mint Medical GmbH,
Heidelberg, Germany) to measure the B-mode vessel thick-
ness. Estimations are performed using the B-mode images by
determining the edges of the vessel wall and using the ratio
of the pixels making up the vessel thickness over the pixel
height of the image multiplied by the corresponding image
depth. The resulting vessel thickness obtained is on the or-
der of 0.8–0.72 mm. On the other hand the thickness of the
femoral artery obtained from a representative histopathologi-
cal image in Fig. 3(b), instead shows the vessel thickness to
be around 0.3–0.4 mm.

The near wall of the artery is constrained by surrounding
connective tissue, subcutaneous fat, and the skin. Since the
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FIG. 2. Ultrasound B-mode image (a), the accumulated axial displacement (b), the accumulated lateral displacement (c), the corresponding accumulated axial
strain (d), and lateral strain images over a cardiac cycle (e).

transducer is placed next to the skin layer, the near wall of
the artery is not expected to deform significantly with blood
flow. On the other hand, the far wall of the artery is mainly
constrained by connective tissue, a vein that runs along with
the artery and is visible in the B-mode image and muscle tis-
sue. The far wall therefore usually deforms more than the near
wall of the artery in the geometry shown in Figs. 2 and 3. Lo-
cal displacements and strains within these ROIs are utilized in
the following plots to evaluate arterial stiffness variations.

Figure 4 presents the variation of a single row of dis-
placement and strain estimated along the inner boundaries of
the ROI that are closest to the vessel wall lumen. We track
the displacement of these points that are drawn manually
on the first B-mode images over all the RF data acquired over
the cardiac cycle. Since this row of data points will move
along with the arterial wall and track the deformation intro-
duced in a cardiac cycle, we refer to the estimation presented
in Fig. 4, as the localized displacement and strain, since we
track the same tissue structure over the entire cardiac cycle.
Observe the opposite directions of the periodic displacement
visualized on the near and far wall for the axial accumulated
displacement (AAD), and the noisier variation for the axial
accumulated strain (AAS). A periodic trend in the AAS can,
however, be visualized. A phase lag between the AAD of the
near and far wall is also observed. Although the lateral accu-
mulated displacements (LAD) indicate the arterial deforma-
tion along the lateral direction, the lateral accumulated strains
(LAS) do not present a trend and are extremely noisy esti-

mates. The displacement and strain values of the near wall are
usually lower in magnitude when compared to the far wall.
This could be due to location’s proximity to the transducer
and the proximity of the scanned artery to the femoral vein.

We now include additional displacement and strain esti-
mates by increasing the thickness of the ROI to 1 mm, with
the plots for the near and far wall shown in Fig. 5. The AAD
and AAS curves are similar to those observed in Fig. 4, while
the LAD curve being slightly lower. The LAS curves are still
noisy and we will not discuss the variations associated with
this curve from this point forward due to the increased noise
artifacts observed.

To clearly visualize the trend or variations in the mean of
the AAS curves, we replace the standard deviation with the
standard error in Fig. 6. We present plots of the near and far
wall for different ROI thicknesses in Fig. 6. Note that for
ROI thickness of a single strain estimate (0.69 mm) in Fig.
6(a), 2 estimates (0.79 mm), 4 estimates (1 mm), and 10 es-
timates (1.48 mm) in Figs. 6(b)–6(d), respectively. Note that
as the ROI thickness becomes larger it also incorporates esti-
mates from surrounding overlying tissue which contrast from
the strain in arterial tissue as seen in Fig. 6(d). Appropriate
selection of the dimensions of the ROIs and a fine resolu-
tion are essential to properly characterize variations in arterial
elasticity.

Figures 7 and 8 present the changes in the accumulated
axial and lateral displacements and strains around the peak
and valley of the axial deformations over the cardiac cycle
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FIG. 3. (a) Ultrasound B-mode image with the regions of interest on the near
wall and the far wall of the femoral artery and (b) representative photomicro-
graph (5× objective) of a hematoxylin and eosin stained cross section of a
femoral artery from an 8-month-old FH swine.

at approximately 0.35 and 0.89 s into the cardiac cycle. Esti-
mated displacements are interpolated to provide similar pixel
density as the underlying ultrasound radio frequency data for
accurate registration. The strain is maximum on the interior of
the vessel, progressing to a zero point and ultimately to sur-
rounding tissues with the opposite sign. Larger ROI thickness
enables us to evaluate stiffness variations in tissues surround-

FIG. 4. Plots of the accumulated axial displacement (a) and strain (b) and the
accumulated lateral displacement (c) and strain (d) shown over two cardiac
cycles and computed over a region of interest that is 0.63 mm in thickness or
a single row of strain estimates and 1 cm in length. The error bars denote the
standard deviation for data points with the 1 mm ROI from the surface of the
artery that are tracked over the cardiac cycle for both the near and far wall.

FIG. 5. Plots of the accumulated axial displacement (a) and strain (b) and the
accumulated lateral displacement (c) and strain (d) shown over two cardiac
cycles and computed over a region of interest that is 1 mm in thickness and
1 cm in length. The error bars denote the standard deviation for data points
with the 1 mm ROI from the surface of the artery that are tracked over the
cardiac cycle for both the near and far walls.

ing the vessel. Note that accurate and robust estimates of ar-
terial function are obtained for ROI thickness values less than
1 mm for the axial accumulated displacement and strain and
less than 0.5 mm for the lateral accumulated displacements.
The lateral accumulated strains are shown but the estimates
are rather noisy.

Figure 9 shows the progression of strain away from the
vessel walls. The decaying shape of the far wall agrees with
the simulated strain of the mathematical vessel model put
forth by Maurice et al.27 and the phantom model by Korte
et al.46 made using a phantom with an inner lumen tube of 4
mm diameter and outer vessel tube of 15 mm diameter, with
soft gelatinous material filling in between. The edge of the
vessel wall exhibits a region of slower decay which is likely
to show a difference between the intima media and adventi-
tia. In addition, the near wall clearly exhibits a different strain
curve than the far wall. The curve does not appear to be an

FIG. 6. Plots of the accumulated axial strain for an ROI with a thickness of
one row (a), along with the corresponding curves for an ROI with a 0.79 mm
thickness (b), 1 mm thickness (c), and 1.48 mm thickness (d). The error bars
in this figure denote the standard error to clearly indicate the strain variations
in the near and far wall.
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FIG. 7. Plots of the accumulated axial displacement (a) and strain (b) and
corresponding lateral displacement (c) and strain (d) versus ROI thickness.
Values are plotted at the peak of the cyclic curves shown in Figs. 4–6 or at a
time instant of approximately 0.35 s into the cardiac cycle. The error bars in
this figure denote the standard error to clearly indicate mean variations in the
near and far wall.

artifact, since the curve is consistent from one cardiac cycle
to the next and transitions between the two waveforms shown
in Figs. 9(c) and 9(d). This illustrates that the vessel strain
is not uniform in neither the radial nor the circumferential
directions and could exhibit very different characteristics war-
ranting further examinations. The vessel wall thickness of a
healthy swine is between 0.3 mm and 0.5 mm, and the in-
tima media can progress to twice its thickness in less than a
year with plaque accumulation.35 The human carotid artery is
thicker, on the order of 0.5–0.8 mm in healthy human male
subjects according to a 1996 study.47 However, stretching and
thickening of the arterial wall occur during the cardiac cycle,
which may also increase the imaged thickness of the vascu-
lar arterial wall. The current displacement tracking and strain
processing kernels are on the order of the vessel thickness,
however, the resolution is improved due to the overlapping
kernels used for strain estimation.

FIG. 8. Plots of the accumulated axial displacement (a) and strain (b) and
corresponding lateral displacement (c) and strain (d) versus ROI thickness.
Values are plotted at the valley of the cyclic curves shown in Figs. 4–6 or at a
time instant of approximately 0.89 s into the cardiac cycle. The error bars in
this figure denote the standard error to clearly indicate mean variations in the
near and far wall.

FIG. 9. Plots showing the average axial strain of a single row of pixels versus
their distance from the far wall (a, b) and the near wall (c, d) at their peaks
during the cardiac cycle. The values remain consistent from one cardiac cycle
to the next. The error bars in this figure denote the standard error to clearly
indicate mean variations in the near and far walls.

Figure 10 shows the accumulated axial displacement and
accumulated axial strain curves for five FH swine. The plots
are normalized in both time to two cardiac cycles and am-
plitude to the systolic blood pressure of each model respec-
tively. The normalization is done frame by frame. For each
frame of the far wall displacement, the mean value is calcu-
lated for an ROI of 0.6 mm depth and the peak to peak change
is computed. The accumulated displacement for the near and
far walls are scaled by dividing by this value. The scaled ac-
cumulated displacement map is then used to calculate the ac-
cumulated strain. The amplitude of the plots contain strain
and displacement contributions of tissue outside the vessel
wall due to the thickness of the ROI, but the curvature of the
vessel wall is maintained. The plots show the repeatability of

FIG. 10. Plots showing accumulated axial displacement of the near and far
wall (a, b) and the accumulated axial strain of the near and far wall (c, d)
for five FH swine. Plots are shown for ROI with 0.6 mm thickness. Normal-
ization was performed by dividing the amplitudes of the near and far wall
displacements by the systolic blood pressure. The axes are both unit-less due
to the normalizations. The error bars in this figure denote the standard error
to clearly indicate mean variations in the near and far walls.
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FIG. 11. Diagram showing the coordinate grid used for bilinear interpola-
tion. When a data point is located at a noninteger coordinate, the data points
located at the four neighboring integer coordinates, found via rounding, are
used for the estimation of the value at that location.

our displacement tracking and strain estimation approach, and
also the variability between the FH swine. Table I provides the
blood pressure and heart rate information that was used in the
normalization, for each FH swine.

IV. DISCUSSION

In this paper we demonstrate the ability to accurately track
local displacements on either sides of the lumen of an artery
wall. The deformation of the artery wall within the cardiac
cycle is expected to change with age with the stiffening of
the arteries due to atherosclerosis. The FH swine model used
in this paper can be used to, track arterial stiffening for ani-
mal with different diets and over age ranges. The noninvasive
arterial stiffening data obtained with strain imaging can be
correlated to histopathological assessments on the artery after
the animal is sacrificed.

Several features or indices can be derived from the vari-
ation in the AAD, AAS, and LAD plots shown in this pa-
per. The more obvious features include the variations in the
maximum and minimum mean and standard deviations of the
AAD, AAS, and LAD estimates, shown in Figs. 7 and 8 over
different animals. The phase difference or lag between the
AAD, AAS, and LAD variations between the near and far
walls of the artery would be another feature that would pro-
vide important information. The slope of the increase of the
AAD, AAS, and LAD curves during systole and the subse-
quent decrease during diastole will also be tracked across a
subgroup of these animals.

The axial displacement and strain estimation on the artery
wall shown in this paper indicate the repeatability of these
measurements over several cardiac cycles as illustrated in
Figs. 4–6. The larger dimensions or thickness of the ROI in-
clude contributions from tissue surrounding the artery wall
such as connective tissue, subcutaneous fat or muscle tissue.

The localized estimation of the displacement and strain in Fig.
4, with the ROI that tracks the movement of the lumen would
provide the most consistent results, and larger ROIs should
be compared to the estimates to ensure that the ROI remains
within the arterial wall. Larger ROIs may reduce the statisti-
cal fluctuation of the results since more independent estimates
are included in the computation of the mean and standard de-
viation.

V. CONCLUSIONS

Currently, the strain distribution is predominantly used to
find scalar values, be it the maximum, minimum, or the mean
strain within a region. By tracking arterial wall tissue as it
deforms over time, strain can be seen as a multidimensional
matrix, not only in space, but also in time. By localizing strain
onto an area of tissue, i.e., the arterial wall, it may be possible
to predict the likelihood of developing vascular diseases, the
nature and progression of the cardiovascular system, and the
sites where they may occur.

Preliminary results demonstrated the feasibility of obtain-
ing the required data. Further improvements can be made to
the tracking accuracy, especially in the lateral direction, and
improved definition of the data in the axial direction, which
could potentially indicate individually the health of the media
and adventitial layers. The assumption of the ROI’s uniform
thickness could be discarded for a mesh tracking approach,
that allow for much higher precision in tissue tracking. The
biggest difficulty of tracking using ultrasound is the poor res-
olution and sampling in the lateral direction. Methods such as
beam steering and improved subpixel estimation may bring
further improvements in this aspect. The accumulated strain
as defined in this paper will be explored for its potential for
noninvasive characterization of the vascular wall.
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APPENDIX: SUB-SAMPLE DISPLACEMENT
TRACKING

Bilinear interpolation was used in the process of incre-
menting the ROI coordinates as described below and shown
schematically in Fig. 11. Let nonintegers xi and yi denote the
coordinates of a point in the ROI boundary with subscript in-
dex, i, representing time; let dy(xi, yi) be the displacement es-
timate located at (xi, yi), and f and c correspond to the floor
and ceil functions (round up and round down functions) re-
spectively, then

xi+1 = xi + dx(f (xi), f (yi))
(c(xi) − xi)(c(yi) − yi)

(c(xi) − f (xi))(c(yi) − f (yi))
+ dx(c(xi), f (yi))

(xi − f (xi))(c(yi) − yi)

(c(xi) − f (xi))(c(yi) − f (yi))

+ dx(f (xi), c(yi))
(c(xi) − xi)(yi − f (yi))

(c(xi) − f (xi))(c(yi) − f (yi))
+ dx(c(xi), c(yi))

(xi − f (xi))(yi − f (yi))

(c(xi) − f (xi))(c(yi) − f (yi))
, (A1)
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yi+1 = yi + dy(f (xi), f (yi))
(c(xi) − xi)(c(yi) − yi)

(c(xi) − f (xi))(c(yi) − f (yi))
+ dy(c(xi), f (yi))

(xi − f (xi))(c(yi) − yi)

(c(xi) − f (xi))(c(yi) − f (yi))

+ dy(f (xi), c(yi))
(c(xi) − xi)(yi − f (yi))

(c(xi) − f (xi))(c(yi) − f (yi))
+ dy(c(xi), c(yi))

(xi − f (xi))(yi − f (yi))

(c(xi) − f (xi))(c(yi) − f (yi))
. (A2)
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