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Abstract—Numerous  studies have identified arterial
stiffening as a strong indicator of cardiovascular pathologies
such as hypertension and abdominal aortic aneurysm (AAA).
Pulse Wave Imaging (PWI) is a novel, noninvasive ultrasound-
based method to quantify regional arterial stiffness by
measuring the velocity of the pulse wave that propagates along
arterial walls after each left ventricular contraction. The PWI
method employs 1D cross-correlation speckle tracking to
compute axial incremental displacements, then tracks the
position of the displacement wave in the anterior wall of the
vessel to estimate pulse wave velocity (PWV). PWI has been
validated on straight tube aortic phantoms and aortas of
healthy humans as well as normal and AAA murine models.
This paper presents and compares preliminary PWI results
from normal, hypertensive, and AAA human subjects. PWV
was computed in select cases from each subject category. The
measured PWYV values in hypertensive (N = 5) and AAA (N =2)
subjects were found to be significantly higher than in normal
subjects (N = 8). In all subjects, the spatio-temporal profile and
waveform morphologies of the pulse wave were generated from
the displacement data for visualization and qualitative eval-
uation of the pulse wave propagation. While the waveforms
were found to maintain roughly the same shape in normal
subjects, those in the AAA and most hypertensive cases changed
drastically along the imaged aortic segment, suggesting non-
uniform wall mechanical properties.

Index Terms—Arterial stiffness, abdominal aortic aneurysm
(AAA), pulse wave, speckle tracking, ultrasound.

I. INTRODUCTION

Increasing arterial stiffness has been found to be associated
with many cardiovascular risk conditions' including
hypertension® and abdominal aortic aneurysm (AAA)’.
Thus, the currently unavailable accurate, reliable, and
noninvasive quantification of arterial stiffness may have a
widespread impact on detection and diagnosis of
cardiovascular disease. In terms of AAAs, there also exists
the clinical need for a reliable method of predicting
aneurysm rupture, which carries a 75-90% mortality rate®.
One of the most recognized methods for quantification of
vascular stiffening is measurement of the pulse wave velocity
(PWV)*’, which is the propagation speed of pressure, flow
velocity, and vessel wall displacement waves arising from
the natural pulsation of arteries®. The current clinical gold
standard for PWV estimation involves dividing the distance
between two remote sites in the arterial tree (commonly the
carotid and femoral arteries) by the time it takes for the
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pressure waveform to traverse that distance™’. However,
such a method faces several limitations. First, the result is a
global average of the PWV over the length of the arterial tree
based on the simplistic assumption that arterial geometry
remains uniform between two remote measurement sites.
More importantly, many cardiovascular diseases such as
aneurysms are characterized by localized changes in vessel
properties’. In this sense, a global averaging method may be
unable to detect developing aneurysms, resulting in silent
progression of the condition.

Pulse Wave Imaging (PWI) is a novel ultrasound-based
technique developed by our group to non-invasively
visualize pulse wave propagation and measure its velocity
within the imaged segment. The method uses a fast norm-
alized 1D cross-correlation algorithm’ to track moving
speckle between consecutive radiofrequency (RF) frames
and calculate incremental (inter-frame) displacements. The
position of the displacement wave in the anterior aortic wall
is tracked over one cardiac cycle and plotted against arrival
time to estimate PWV. This method has been validated in
straight tube aortic phantoms and in vivo in healthy sub-
jects' as well as healthy and AAA mouse models'".

This paper presents preliminary results from PWI in
hypertensive and AAA patients and compares them to the
results from healthy volunteers.

II. METHODS

A. Data Acquisition

In vivo studies approved by the Institutional Review Board
of St. Luke’s-Roosevelt Hospital Center were conducted on
three categories of human subjects —healthy (normotensive,
age range 23-66, and with no previous cardiovascular
pathology), hypertensive, and AAA.

Each subject was asked to lie in the supine position while a
3.3 MHz curved linear transducer (Sonix RP, Ultrasonix,
Burnaby, Canada) was used to image the infrarenal des-
cending abdominal aorta. The transducer was oriented so
that the pulse wave propagated from right to left (proximal to
distal end of the aorta) in the ultrasonic window. RF signals
were collected in 2.5-second trials to ensure capture of at
least one cardiac cycle. Since the distance of the aorta from
the transducer varied among subjects, imaging depths ranged
from 7-15 cm, which resulted in frame rates of 284-426 Hz.
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B. Dating Processing

A fast normalized 1D cross correlation technique’ was
used to compute incremental axial (parallel to the ultrasound
beams) displacements in mm over entire frames using a 3.5-
mm window size with 80% overlap. In order to normalize by
the frame rate, the displacement values were converted to
incremental velocities by multiplying by frame rate. The
anterior wall of the aorta was then manually segmented. In
images where poor echographic image obstructed the view of
the entire aorta, only the visible part of the wall was selected.

The axial velocities in the anterior wall were plotted over
time to generate a spatio-temporal profile of the pulse wave
propagation. From this profile, the foot of the waveform
“seen” by each beam was tracked and its arrival time plotted
against the position of the beam along the imaged segment.

The slope of the linear regression was assumed equal to the
PWV. For this study, the foot was defined as 50% of the
upstroke of the waveform.

III. RESULTS

Fig. 1 depicts the anterior wall segmentation, spatio-
temporal profiles, and waveform plots of one healthy
subject, one hypertensive subject, and one AAA subject. In
the healthy subject, the waveform amplitude decreases in
magnitude as they propagate along the aorta, but their
general morphology remains similar. However, the shape of
the waveform changes significantly with increasing distance
in the hypertensive and AAA cases.

Fig. 2 shows successive B-mode image frames overlaid
with incremental axial velocities of the same three subjects.
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Fig. 1. Aortic anterior wall segmentation, waveform plots, and spatio-temporal profiles of (a) healthy (25 y.o.), (b) hypertensive (83 y.o., blood
pressure 153/84), (c) AAA (68 y.o., 3.3 cm diameter aneurysm) subjects. Positive incremental axial wall velocities indicate movement wards the
transducer. The blue and black dots indicate the approximate locations of the foots and peaks of the waveforms, respectively. In the hypertensive
and AAA cases, waveforms whose morphology deviated drastically from the rest were excluded from linear regression. Thus, not all foot points
are part of the linear fit. Steeper linear fits and smaller wall velocities in the hypertensive and AAA cases indicate a stiffer aorta. Direction of
blood flow is from right to left in the ultrasonic window in all cases.
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the pulse wave.

Successive B-mode images overlaid with incremental axial wall velocities of the same (a)
healthy, (b) hypertensive, and (c) AAA subjects shown in Fig. 1. Direction of blood flow is from right to
left in the ultrasonic window in all cases. White arrows indicate the approximate locations of the foot of

From these sequences of images, the pulse wave is shown to
induce positive (towards the transducer) axial velocities in
the anterior wall and its surrounding tissue.

Fig. 3 shows the spatio-temporal profiles of two additional
AAA subjects. The waveform duration and peak axial wall
velocity both decrease when the pulse wave reaches the
aneurysm sac, similar to the AAA case in Fig. 1.

The PWV values estimated in select subjects using the
PWI method are shown in Table 1. Due to highly non-
uniform pulse wave morphology, only about 20% of AAA
subjects and 25% of hypertensive subjects scanned were
included in the PWV measurements.
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Fig. 3. Spatio-temporal profiles of two additional AAA subjects, ages (a) 68
and (b) 66, with 4.2 and 8.2-cm aneurysms, respectively.

IV. DISCUSSION

PWI has the capability to provide clinicians with a
noninvasive method to measure the relative regional stiffness
of any artery that can be visualized using ultrasound
imaging. However, it is important to note that the estimated
value of the PWYV is dependent upon the segmentation of the

vessel wall. In this study, segmentation was done by
qualitatively setting boundary samples along the anterior
wall of aorta in the first B-Mode image frame. The displace-
ments at these same points in every frame were used to map
the pulse wave and compute its velocity. Thus, if the
displacements were to reach a level at which the initial points
are not contained within the wall, those displacements would
not be reflective of the true wall displacement. However, the
maximum incremental displacement in all subjects was <
0.13 mm, much less than the thickness of the aorta.
Nonetheless, due to the variability of PWV measurement
with inter-operator segmentation and cardiac cycle, it was
deemed necessary to average PWV over multiple cardiac
cycles.

In theory, there is a maximum PWYV that can be measured
with each given frame rate. The pulse wave must propagate
over at least two frames to allow for confident estimation of
the PWV. In this study, the average length of the imaged
aortic segment was 90 mm. This means that at the frame
rates of 284-426 Hz used, the range of maximum measure-
able PWVs is roughly 12.78-19.17 m/s. However, the meas-
ured PWV for one of the AAA subjects in Table 1 exceeded
this range, suggesting that the frame rate was insufficient. In
general, stiffer arteries result in higher PWV, which in turn
require higher frame rates to measure.

In addition to the frame rate limitation, another factor that
confounded PWV measurement in hypertensive and AAA
subjects was the non-uniformity of the waveforms. Even in
normal subjects, the waveforms at successive positions along
the aorta varied in shape, rendering it difficult to identify a
consistent feature for tracking. For example, in the AAA
case shown in Fig. 3b, the linear regression returned a
negative PWV due to changing waveform morphology to-
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wards the distal end of the imaged aorta. To mitigate this
problem, in most of the hypertensive cases presented in
Table 1, waveforms that deviated drastically from the rest
were excluded from linear regression. Nonetheless, the stan-
dard deviations [correlation coefficients] of the PWV
measurements in hypertensive and AAA subjects were much
greater [smaller] than those in healthy subjects.

The spatio-temporal profiles of the AAA subjects show
that in the aneurysmal sac, the magnitudes of the incremental
axial wall velocities are smaller and the duration of the pulse
wave waveform decreases, indicating increased stiffness in
that region.

Table 1. PWV measurements from select normal and
hypertensive subjects.

Subject Age PWYV (averaged Correlation
over 4+ cardiac Coefficient
cycles) in m/s
Healthy:
23 4.82 +0.36 0.985 +0.007
25 5.51+0.20 0.991 + 0.005
31 432 £0.19 0.983 +0.002
39 5.77+0.36 0.938 + 0.004
43 6.04+0.14 0.971 +0.006
55 6.82 + 0.54 0.962 +0.021
56 4.65+0.26 0.953 +0.019
66 7.65 +0.65 0.955+0.017
Hypertensive:
45 (BP 153/94) 5.48 +0.36 0.989 + 0.006
51 (BP 134/74) 8.27+0.84 0.923 +0.029
55 (BP 133/80) 9.37+1.59 0.722 +£0.018
83 (BP 153/84) 9.79+1.10 0.922 +0.037
87 (BP 142/82) 11.23 £1.29 0.764 + 0.027
AAA:
68 19.93 + 1.30 0.723 + 0.075
68 17.33 £2.76 0.539 + 0.091

BP = Blood Pressure

V. CONCLUSION

PWI is a promising technique with the potential to
accurately quantify regional arterial stiffness by measuring
pulse wave velocity, which could aid in the early detection of
many cardiovascular diseases. By spatio-temporally mapping
the pulse wave propagation, PWI provides both a quan-
titative and qualitative evaluation of the pulse wave in both
normal and pathological aortas in vivo. However, two key
confounding factors in PWI-guided PWV measurement are
the frame rate limitation and the non-uniformity of succ-
essive waveforms. Along these lines, further research is req-
uired to optimize PWI.

In terms of AAA rupture, PWI can potentially detect
trends that are unique to AAA cases, providing insight into
the underlying biomechanics that govern AAA onset and
progression.

ACKNOWLEDGMENT

The authors would like to thank D. Kim and D. Pudpud of
the Echocardiography Suite at the St. Luke’s-Roosevelt
Hospital, New York, NY for their help in scanning subjects,
and G. Parks and J. Wilkins for their administrative

assistance. The authors would like to thank S. Joshi, M.D.,
W. Garcia, M.D., M. Schaefer, M.D., X. Zhang, M.D., C.
Cianci, M.D., J. Sum, M.D., and G. Kamath, M.D., for their
help in recruiting subjects. The authors would also like to
thank N. Rudarakanchana, M.D., for her medical
consultation, and J. Vappou, Ph.D., for his contributions to
in vivo data collection.

REFERENCES

[11 K. Sutton-Tyrrell, S.S. Najjar, R.M. Boudreau, L. Venkitachalam, V.
Kupelian, E.M. Simonsick, R. Havlik, E.G. Lakatta, H. Spurgeon, S.
Kritchevsky, M. Pahor, D. Bauer, and A. Newman, “Elevated aortic
pulse wave velocity, a marker of arterial stiffness, predicts
cardiovascular events in well-functioning older adults.,” Circulation,
vol. 111, Jun. 2005, pp. 3384-90.

[2] S. Laurent, P. Boutouyrie, R. Asmar, 1. Gautier, B. Laloux, L. Guize,
P. Ducimetiere, and a Benetos, “Aortic stiffness is an independent
predictor of all-cause and cardiovascular mortality in hypertensive
patients.,” Hypertension, vol. 37, May. 2001, pp. 1236-41.

[3] C. Kleinstreuer, Z. Li, and M. a Farber, “Fluid-structure interaction
analyses of stented abdominal aortic aneurysms.,” Annual review of
biomedical engineering, vol. 9, Jan. 2007, pp. 169-204.

[4] Maldonado T. Abdominal Aortic Aneurysm: the Silent Killer. Long
Island Press. 2010 Aug. 17.

[5] S. Laurent, J. Cockcroft, L. Van Bortel, P. Boutouyrie, C.
Giannattasio, D. Hayoz, B. Pannier, C. Vlachopoulos, 1. Wilkinson,
and H. Struijker-Boudier, “Expert consensus document on arterial
stiffness: methodological issues and clinical applications.,” European
heart journal, vol. 27, Nov. 2006, pp. 2588-605.

[6] T. Willum-Hansen, J. a Staessen, C. Torp-Pedersen, S. Rasmussen, L.
Thijs, H. Ibsen, and J. Jeppesen, “Prognostic value of aortic pulse
wave velocity as index of arterial stiffness in the general population.,”
Circulation, vol. 113, Feb. 2006, pp. 664-70.

[7] J.1. Davies and A.D. Struthers, “Pulse wave analysis and pulse wave
velocity: a critical review of their strengths and weaknesses.,” Journal
of hypertension, vol. 21, Mar. 2003, pp. 463-72.

[8] W. W. Nichols and M. F. O’Rourke, McDonald’s Blood Flow in
Arteries, 5th ed. New York: Hodder Arnold, 2005.

[91 Luo, J., & Konofagou, E. (2010). A fast normalized cross-correlation
calculation method for motion estimation. /EEE transactions on
ultrasonics, ferroelectrics, and frequency control, 57(6), 1347-57.
doi: 10.1109/TUFFC.2010.1554.

[10] Luo, J., Fujikura, K., Tyrie, L. S., Tilson, M. D., & Konofagou, E. E.
(2009). Pulse wave imaging of normal and aneurysmal abdominal
aortas in vivo. [EEE transactions on medical imaging, 28(4), 477-86.
doi: 10.1109/TM1.2008.928179.

[11] Vappou, J., Luo, J., & Konofagou, E. E. (2010). Pulse wave imaging
for noninvasive and quantitative measurement of arterial stiffness in
vivo. American journal of hypertension, 23(4), 393-8. Nature
Publishing Group. doi: 10.1038/ajh.2009.272.

570



