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Abstract—The abdominal aortic aneurysm (AAA) is a common
vascular disease. AAA disease leads to changes in the mechanical
properties of the aortic wall. Pulse-Wave Imaging (PWI) has
been developed by our group to noninvasively and visually map
the pulse-wave propagation along the aortic wall in mice at a
frame rate of 8 kHz in vivo. By using a retrospective
electrocardiogram (ECG) gating technique, the radio-frequency
(RF) signals over one cardiac cycle were obtained in murine
aortas at the extremely high frame rate of 8 kHz and with a field-
of-view of 12 x12 mm’. The incremental displacements of the
aortic wall were estimated using an RF-based speckle tracking
method. An Angiotensin II (Angll) infusion-based AAA model
was used in this paper. In the normal and sham aortas, the
propagation of the pulse wave was relatively uniform, with a
higher PWYV. In the Angll-treated aortas, the propagation of the
pulse was nonuniform while the PWV was significantly lower.
The displacements induced by the pulse wave were smaller and
the pulse wave moved nonuniformly along the Angll-treated
aorta, with the lowest displacements at the aneurysmal regions. A
Student’s t-test on five (n=5) sham and seventeen (n=17) AnglI-
treated aortas demonstrated the capability of PWI in
differentiating Angll-treated from sham aortas. The regional-
displacement discrepancy and the nonuniform pulse-wave
propagation indicated the inhomogeneities in the aortic wall
properties, and the reduced PWYV and displacements suggested
the change in aortic wall stiffness. This novel PWI technique may
thus constitute an early detection tool of vascular degeneration as
well as serve as a potentially suitable predictor of AAA rupture.
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The abdominal aortic aneurysm (AAA) is a common and
frequently lethal disease of the older population, with more
than 13,000 deaths annually in the United States [1]. The most
standard diagnostic technique for the detection of AAAs is
based on the measurement of the maximum transverse diameter
of aorta [2]. However, small diameter aneurysms can rupture
and the maximum diameter criterion is not always reliable and
does not have a physically sound theoretical basis [2].

INTRODUCTION

Various vascular diseases including AAA are known to
change the tissue mechanical properties (e.g., arterial stiffness).
A non-invasive method for detecting pulse-wave velocity
(PWV) in the aorta may contribute to a future screening tool.
Ultrasound allows for non-invasive PWV measurements, and
has been an area of recent research interest [3-5]. Despite the
simple definition of PWV, some problems still remain [6], e.g.,
errors of distance and/or time-delay measurements due to low
temporal and spatial resolution. Because of fast PWV, a large
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time lapse over a relative large distance (a few cm) is usually
needed for reliable measurements. Therefore, the PWV
measured represents the average value between two sites, and
does not identify regional stiffness variations.

Mouse models have become increasingly popular in
cardiovascular research. However, the small size of the mouse
aorta and high PWV (e.g., 2.6-4.4 m/s [7, 8]) require both high
temporal and spatial resolution in order to measure the regional
PWYV and image the pulse-wave propagation. For a given PWV
of 3 m/s and an aortic length of 12 mm in mice, it takes only 4
ms for the pulse wave to travel. With an imaging method at a
frame rate of at least 250 Hz, the pulse wave might be captured
when it reaches the right-most and left-most edges of the
images. Under these conditions, only two image frames can be
used to estimate the PWV. However, the image may not be
acquired exactly at the same time when the pulse wave reaches
the edges. More frames, e.g., five frames, are desirable to catch
the pulse wave. Therefore, a higher frame-rate (e.g., 1 kHz) is
required. The higher the frame rate, the more images are
capable to catch the pulse wave, and the more spatio-temporal
information on the propagation of pulse wave is obtained.

Using a retrospective ECG gating technique, the PWV was
measured non-invasively in the mouse carotid artery [5]. Pulse-
Wave Imaging (PWI) has previously been developed to
visually map the pulse-wave propagation along the aortic wall
(<12 mm) in mice [9, 10] at a high frame rate of 8 kHz, and
may allow early detection and non-invasive mapping of
vascular disease in vivo.

A AAA model using the periarterial application of calcium
chloride (CaCl,) was previously used to investigate the
capability of PWI for detecting diseases [9]. However, this
model might not be representative to the human AAAs because
the dilation of the aorta was not observed. In this paper, we
used a more suitable AAA mouse model, i.e., the Angiotensin
IT (Angll) model. This model is known to induce aneurysms
with many characteristics of the diseased tissue in humans
including luminal dilation, degeneration of the media layer,
thrombosis, and inflammation [11].

II.  METHODS

Wild-type C57BL/6 male mice (7-10 months old) were
used. A subcutaneous osmotic minipump (Alzet model 2004,
Durect Corp, Cupertino, CA) was implanted into the mice to
deliver a slow release of Angll (1.44mg/kg/day) or 1M
phosphate buffered saline (sham). On day 28, the mice were
anesthetized and the abdominal aortas were scanned using a
Vevo 770 system (VisualSonics Inc., Toronto, ON, Canada) in
a long-axis view.
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Five sham mice infused with saline were used as the control
and these mice did not develop any AAAs. Thirty mice were
treated with Angll, among which 17 mice developed AAAs.
The aneurysms were confirmed with histopathology and
through dilation of suprarenal aorta. The aneurysmal aortas
were considered in the Angll-treated group in order to reduce
the effects of different responses of the aorta to the Angll
infusion. Two aortas showed non-significant diameter
increases (<50% of the diameter in the proximal region), while
the remaining 15 aortas showed significant diameter increases
(>50%). These two groups were referred to as Angll/D- and
Angll/D+, respectively. On one occasion, the aorta of one
mouse was found to rupture five days after the Angll treatment,
which was also confirmed with histopathology. The results of
this mouse before and after rupture were included in this paper
as the normal and ruptured cases, respectively.

RF and ECG signals were synchronously acquired at 160
MHz and 8 kHz, respectively. The acquired RF signals were
gated between two consecutive R-waves of the ECG to
reconstruct the full-view RF frames of the aorta for a complete
heart cycle with a FOV of 12 x12 mm® and at the extremely
high frame rate of 8 kHz. The reader is referred to our prior
work [12, 13] for further details of the data acquisition
protocol.

The incremental, axial displacements were estimated off-
line using a one-dimensional (1D) cross-correlation technique
on the RF signals. An inter-frame step of 4 (i.e.,, 0.5 ms
interval) was used to obtain high-quality estimation, while the
frame rate for PWI was maintained at 8 kHz [9, 10]. The
window size was equal to 240 pm with a 90% overlap. The
estimated incremental displacement divided by the time
interval (0.5 ms) was equal to the estimated wall velocity.

III. RESULTS

A sequence of displacement images at intervals of 1.25 ms
(or 10 frames) in a normal aorta is shown in Fig. 1. The aortic
wall displacements were color-coded and overlaid onto the B-
mode image. Only the displacements on the anterior wall of the
aorta and the surrounding tissue are shown for better
visualization. Positive and negative displacements denote
upward and downward motions, respectively. The solid arrows
indicate the propagation of the pulse wave from the proximal
(right) to the distal (left) site along the aorta (a-d).
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Figure 2 illustrates the sequence of displacement images in
a sham aorta. As indicated by the solid arrows, the propagation
of the pulse wave in the sham aorta is similar to that in the
normal aorta (Fig. 1).
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Figure 2. PWI of the sham aorta

The sequence of displacement images in an Angll/D- aorta
is shown in Fig. 3. In Fig. 3 (d), the arrow indicates the
suspicious region, showing significantly smaller displacement
than the proximal region (right side). The average displacement
of this Angll-treated aorta is slightly smaller than in the normal
(Fig. 1) and sham (Fig. 2) aortas.
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Figure 3. PWI of the Angll/D- aorta
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Figure 4. PWI of the AngIl/D+ aorta
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Figure 1. PWI of the normal aorta

Figure 4 depicts the sequence of displacement images in an
Angll/D+ aorta. As indicated by the arrow in Fig. 4(d), the
displacement in the aneurysmal region is smaller than in the
proximal region of the aorta. In addition, the overall
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Our PWV results of the normal and sham mice were in
agreement with the results measured upon catheter insertion (of
2.6-4.4 m/s) [7, 8], and within the rage estimated from the
pulsed Doppler technique ((2.2-8.5 m/s)) [3].

The lower PWV in the Angll-treated aortas suggests
smaller Young’s modulus in the circumferential direction. On
the other hand, the reduced displacement in the aneurysmal
region reveals the stiffening of the aneurysmal aorta in the
radial direction. This discrepancy might be explained by
geometry change, blood pressure and flow velocity changes
near AAAs. Ongoing work includes biomechanical modeling
of the abdominal aorta in order to investigate the role of flow in
assessing the aortic wall mechanical properties [14].

The pulse-wave propagation can be affected by the gradient
of the aortic wall stiffness, the changes of aortic diameter, wall
thickness, blood pressure and flow velocity. All these factors
result in the complexity and nonuniformity of the pulse-wave
propagation in the Angll treated aortas. The coupling of the
aortic wall motion and the flow dynamics remains to be
investigated in order to further understand the results of PWI.

In order to overcome the trade-off between the frame rate
used and the field-of-view obtained, a retrospective ECG
gating technique was used. The cost is that the images were not
acquired at real time. It takes about 7 minutes for each scan.
The pulse wave starts from the ventricular ejection, while ECG
gating uses the R-waves to synchronize the RF signals. The
uniform pulse-wave propagation in the normal and sham aortas
demonstrated that the pre-ejection time variation did not
significantly affect the PWI technique. In order to further
validate this assumption, the M-mode RF signals of a normal
aorta at a fixed position were acquired. The time to peak
displacement was 27.94£0.14 ms in five consecutive cardiac
cycles, and 27.831+0.23 ms in six cycles acquired every one
minute. Effects of pre-ejection time variation are not important,
given the spatial resolution (0.125 ms) is on the same scale of
the variation of time to peak displacement. In addition, the
linear regression in Fig. 6 can smooth noise effects and provide
average results using all the high-resolution data available. This
method might be more robust than the two-site measurements.

V.

The state-of-the-art technique of PWI was used to non-
invasively visualize the pulse-wave propagation along the
abdominal aorta of mice in vivo, in both normal (sham) aorta
and Angll model of AAA. Different velocities and propagation
patterns of the pulse wave were observed between normal
/sham and aneurysmal aortas. The pulse wave propagates
uniformly in the normal and sham aortas, while it propagated
nonuniformly in the Angll-treated aortas. The regional PWV
and overall displacements of the Angll-treated aortas were
lower. The displacements in the aneurysmal region were the
smallest. PWI was shown capable of differentiating the AnglI-
treated from normal or sham aortas. PWI may be used to
accurately depicting the change of the aortic wall properties as
a result of AAA and potential rupture, before a change in the

CONCLUSION

988

aortic diameter or other anatomical changes occurs or is
detected.
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