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Abstract- Pulse Wave Imaging (PWI) can non-invasively and 
regionally map and quantify local pulse wave velocities (PWV). 
Assumptions regarding axis symmetry are intrinsic to 2D 
imaging.  3D imaging can provide an added advantage especially 
in pathological arteries where radial symmetry does not hold. 
Previously a 3D feasibility was presented for pulse wave imaging 
with a narrow field of view in vivo using plane wave imaging. In 
this study, we expanded the field of view compared to the 
previous method by using diverging waves and improve the 
imaging quality by using coherent compounding.  We 
demonstrated agreement in simulations and PVA phantoms. 
Initial in vivo results in a human patient with stenotic carotid 
arteries are also presented. 3D PWI can thus be used in 
conjunction with diverging wave imaging to provide sufficient 
fields of view for clinical PWI. 

Keywords— 2D array transducer, 3D ultrasound imaging, 
high frame rate imaging, pulse wave imaging, 

I. INTRODUCTION 

Stenosis in carotid arteries caused by plaque buildup is a 
leading cause of atherosclerosis, which can cause ischemic 
strokes[1]. It is known that plaque composition and structure 
play a role in the probability of plaque rupture leading to 
stroke. However, the current clinical standard of care is based 
on percentage of stenosis alone [2-4]. 

An important mechanical property for the carotid artery 
walls and plaques is stiffness. Several ultrasound-based 
methods have been developed for quantifying carotid 
stiffness. These include vascular elastography[5-7], acoustic 
radiation force imaging(ARFI)[8-10], shear wave 
elastography[11-14] and pulse wave imaging (PWI) [15-19]. 

PWI is a non-invasive technique that maps pulse wave 
velocity (PWV) which is a surrogate measure for stiffness. 
PWI has been optimized for high frame rating imaging using 
plane wave image compounding)[15-19]. Piecewise PWI 
(pPWI) was also implemented by our group which enabled 
imaging and tracking of pulse wave propagation along few 
mm of artery wall[15]. However, fixed segment placement in 
pPWI resulted in segments spanning across inhomogeneous 
arterial segment compromising the PWV values due to non-

linear pulse propagation.  Recently, this was solved by 
adaptive PWI[18] that enabled automated partitioning of 
heterogeneous arterial segment. 

 PWI maps the propagation of pulse in 2D. Imaging of a 
3D phenomenon in 2D has its limitation. It is assumed the 
wave propagation direction is parallel to the imaging plane. 
This is not necessarily true given the tortuosity and branching 
of the arteries and can lead to erroneous PWV estimation.  
Moreover, isotropy around the axis of the artery is assumed 
for pulse propagation and arterial wall displacement. While 
this is a reasonable assumption in healthy arteries, in 
pathological arteries this is not true and can lead to erroneous 
PWV estimation. A 3D PWI estimation method can alleviate 
these problems. An initial 3D PWI method was demonstrated 
by our group[20] in silicone phantoms and healthy human 
volunteers. The method used plane wave imaging with a 
16x16 matrix array transducer without compounding. The 
lateral and elevational field of view was limited to the aperture 
of the transducer which was 13.6 mm x 13.6 mm.  

In this study, we use a 32x32 matrix array transducer with 
diverging waves to have a larger field of view. We will also 
demonstrate initial feasibility in a patient with stenotic carotid 
artery. Furthermore, we employ a coherent wave 
compounding that improves image quality and has been used 
for 3D cardiac elastography by our group [21]. 

 

II. METHODS 

A. Configuration of Ultrasound System 

The ultrasound transducer used in this paper was a 2D 
array with 32x32 elements. The inter-element spacing (pitch) 
was 0.3 mm and center frequency was 3MHz (Vermon SA, 
France). Four Verasonics Vantage systems (Vantage, 
Verasonics, Kirkland, WA) with 256 transmit/receive 
channels each were synchronized to drive the transducer[22]. 
The acquisition depth was set to 40mm and a pulse repletion 
frequency (prf) was 14000 Hz. In this paper, we utilized 
coherent diverging wave compounding with virtual sources 
arranged in a 3x3 grid to make an imaging sector of 72 degrees 
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in both the lateral and elevational direction. Thus, the volume 
rate was 14000/9 Hz which is 1555 Hz. 

2D high frame rate imaging was also performed to validate 
the 3D approach.  A linear array transducer with 128 elements 
and center frequency of 5 MHz and a 60% bandwidth (L7-4, 
ATL Ultrasound, Bothell, WA, USA) was used. A coherent 
compounding acquisition sequence with 5 plane waves at 
angle increments of 1 degree. The PRF of the acquisition was 
8333Hz. A Verasonics Vantage 256 system (Verasonics, 
Kirkland, USA) was used to make the acquisition. 

B. Simulation Study 

A 50 mm tube with 10 mm diameter and 0.5 mm thickness 
was simulated in Field II[23]. The axis of the tube was at 20 
mm depth. A sinusoidal pulse with a 4 m/s propagation 
velocity and peak radial wall velocity of 5 mm/s was 
propagated through the tube. Temporal resolution of the 
simulation input was equal to 1/PRF of the acquisition setup. 
Same acquisition parameters described in the previous section 
were used to generate the simulated data.  

C. Phantom Study 

A longitudinal vessel phantom was designed using 
Polyvinyl alcohol (PVA) material following the work of Chee 
et al. (2016) and Galluzzo et al. (2015)[24, 25]. The vessel 
mimicking mixture consisted of (by weight), 78% distilled 
water, 10% PVA powder (Sigma-Aldrich, St. Louis, MO, 
USA), 10% glycerol, to increase the sound speed and 2% of 
graphite acoustic scatters (Sigma-Aldrich). The mixture was 
continuously stirred at 90°C for approximately 25 minutes, 
after which it was left cooling and degassed. It was then 
poured in a coaxial cylindrical mold. The outer vessel 
diameter was 12 mm and thickness was 2 mm. The material 
filled mold was then put through 6 freeze thaw cycles where 
it was frozen at -20 0C for 12 hours and thawed at room 
temperature for 12 hours. After 6 days the phantoms were 
mounted on a custom scaffold and space in the scaffold was 
filled with porcine skin gelatin to stabilize the phantom and 
to mimic the neck muscle surrounding the artery. 

A programmable pump (CompuFlow 1000, Shelley 
Medical Imaging Technologies, Toronto, Canada) filled with 
blood mimicking fluid[26] was connected to the phantom. A 
physiological pulse[27] with a minimum flow of 0.05 ml/s 
(base human flow) and a maximum peak of 0.2 ml/s (max 
systole) with a duration of 0.4 s. A total duration of 1.9 s was 
provided between pulses to allow dissipation of reflection 
waves.  

D. Human Study 

A 76-year-old male with 40% stenosis in his right carotid 
artery underwent 3D and 2D ultrasound imaging with the 
acquisition protocol described previously on the right 
common carotid artery (CCA) and right internal carotid artery 
(ICA). The study was approved by the Human Research 
Protection Office (HRPO) and Institutional Review Boards 
(IRBs) of Columbia University (protocol AAAR0022). 

E. Pulse Wave Estimation 

Delay and sum beamforming was performed in parallel 
using GPU acceleration in CUDA. Axial displacement was 
computed using 2D normalized cross correlation[28] and 1D 
search with cosine subsample interpolation on beamformed 
RF data. Scan converted B-mode and axial displacements 

were then obtained in the Cartesian co-ordinate system. 
Cross-sectional images of the artery were then manually 
segmented slice by slice to form a complete segmentation of 
the artery. 

Low pass filtering with a Butterworth filter were 
performed on the displacement values at the segmentation 
points was performed in the time dimension. The low-pass 
filter limit was 100 Hz with a 3dB attenuation at 150 Hz. The 
axial displacements were then unit converted to axial wall 
velocities. Posterior wall velocities were pointwise subtracted 
from anterior wall velocities to cancel global wall motion to 
generate a spatiotemporal map over a cardiac cycle. Fifty 
percent upstroke markers on the spatiotemporal map were 
calculated and fitted to a plane using robust least square 
fitting. PWV was calculated as the slope of the plane. 

For 2D estimation followed the same process of 
calculating 50% upstroke markers along the long axis of the 
artery. A line was fitted through the markers using linear 
regression. PWV was calculated as the slope of the line. 
 

III. RESULTS 

A. Simulation Results 

Figure 1(a) presents a 3D B-mode from the simulation 
dataset. Fig. 1(b) presents a plane fit through 50% upstroke 
markers for the simulation dataset. A time progression of the 
estimated axial wall velocities is presented in Fig 1(c) and 
1(d). The calculated PWV was 3.98 m/s (R2=0.99). The 
ground truth PWV was 4 m/s. Fig. 2 presents longitudinal and 
transverse slice with single full aperture diverging wave in 
Fig. 2(a) and 2(b) and the corresponding slices with sub 
aperture diverging wave coherent compounding method used 
in this paper with 9 virtual sources in 2(c) and 2(d).  

B. Phantom Results 

2D B-mode with the L7-4 transducer with the upper and 
lower wall segmentation and a 3D B-mode from the 32x32 
matrix array for the phantom are presented in Fig. 3(a) and 
3(b) respectively. The spatiotemporal map with pulse wave 
fitting is presented in Fig. 3(c) with the 2D method. The 
surface fitting through 50% upstroke markers for the 3D 
method is presented in Fig. 3(d). A PWV of 2.66 m/s 
(R2=0.97) with the 2D method and 2.71 m/s (R2=0.86) with 
the 3D method was calculated 

C. In vivo Results 

Fig. 4(a) presents the 2D B-mode image of the right ICA. 
Fig. 4(b) presents the corresponding transverse slice from 3D 
imaging that best shows the plaque region. The 
spatiotemporal map with pulse wave fitting is presented in 
Fig.4(c) with the 2D method. The surface fitting through 50% 
upstroke markers for the 3D method is presented in Fig.4(d). 
A PWV of 5.23 m/s (R2=0.28) with the 2D method and 2.21 
m/s (R2=0.48) with the 3D method was calculated in the ICA. 
For the CCA, a PWV of 5.66 m/s (R2=0.92) with the 2D 
method and 4.86 m/s (R2=0.86) with the 3D method was 
calculated. 
 

IV. CONCLUSION 

Coherent diverging wave compounding with a 32x32 matrix 
array transducer improved image quality and field of view 
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(Fig. 2) that enabled 4D pulse wave imaging in the 
stenotic human arteries. The method was validated 
against a 2D approach in phantoms and 
demonstrated good agreement. Agreement was also 
observed in a stenotic CCA. Feasibility in stenotic 

ICA was also demonstrated but agreement with 2D 
approach was lower due to imaging challenges. 
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Figure 1: Simulation results (a) 3D B-mode of simulated 
tube (b) Surface fit through 50% upstroke markers (c) 
Axial Wall velocities at t = 3.2 ms (d) Axial Wall 
velocities at t = 7.7 ms 

 

Figure 3: Phantom results (a) 2D B-mode (b) 3D B-
mode (c) Spatiotemporal map (2D method) (d) Surface 
fit through 50% upstroke markers 

Figure 2: Improvement in field of view and resolution with 
full aperture single diverging wave: (a) longitudinal slice 
(b) transverse slice and sub aperture diverging wave 
coherent compounding with 9 sources: (c) longitudinal 
slice (d) transverse slice 

Figure 4: In vivo results (a) 2D B-mode of ICA (b) 
Transverse slice from 3D B-mode showing the same 
plaque regions (c) Spatiotemporal map (2D method) 
(d) Surface fit through 50% upstroke markers
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