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Abstract—The frame-rate of ultrasound radio-frequency (RF)
data acquisition is critical for imaging of the pulse wave and
electromechanical wave propagation in cardiovascular tissues as
well as improving the strain estimation. Therefore, an automated
method had been developed to overcome the frame-rate
limitations on standard systems by retrospective multi-sector
signal acquisition through an electrocardiogram (ECG) gating
technique. The method achieved a frame rate of 481 Hz at a
100% field of view, 64 line densities and an imaging depth of
11cm. The composite full-view images were reconstructed by
retrospectively combining seven small-sector RF frames using the
ECG-gating technique. The axial displacements of both long-axis
and short-axis views of a human left ventricle and a long-axis
view of the abdominal aorta were calculated using an RF based
speckle-tracking technique comprising 1D cross-correlation
methods in a 2D search (window size of 6.9 mm and overlap of
80%). Several sequences of electromechanical waves propagating
in a left ventricular long-axis and short-axis view, and long-axis
view of abdominal aorta were imaged at high frame rates.
Currently, the method was implemented on an Ultrasonix RP
system (Ultrasonix Medical Corp. Richmond, Canada) and could
be potentially implemented on other clinical systems.
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1. INTRODUCTION

In echocardiography, high temporal resolution is required
to observe the detailed myocardium activities, such as the fast
electrical conductive sequencing pattern for early detection of
cardiac diseases [1, 2]. Elasticity imaging has been proved to
be an effective noninvasive real-time imaging modality to
estimate and image mechanically-related responses and
properties for pathological diseases [3]. Several methods have
been developed to increase the ultrasound frame rate such as
coded-excitation ultrasound imaging [4] and parallel processing
technique [5]. D’hooge et al. [6] increased the frame rate to
approximately 260Hz by reducing the angle of the ultrasonic
sector and number of RF imaging lines. Kanai [7] used a sparse
sector scan, in which the ultrasound beam was decreased to
about 16 lines and measured a wave along the heart wall at a
sufficient frame rate. Most often, these methods sacrifice the
field of view, or the number of ultrasound beams to increase
the frame rate. ECG triggering or gating has been used to
reconstruct RF beams at different cardiac cycles to achieve
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large field of view while reserve high frame-rate [§]. Based on
a ECG gating, retrospective multi-sector composite technique
[2], we developed a high frame-rate imaging techniuge on a
clinically used Sonix RP system to detect the fast
electromechanical waves propagation in human. The Sonix RP
system is an open-architecture system, which allows
developers to directly access the raw ultrasound RF data and to
control the system parameters by a c++ application
programming interface. 64 lines were kept for full sector view
to reserve the high lateral resolution. The region of interest
(ROI) was decreased to achieve a frame rate of 481 Hz which
is five times higher than traditional ultrasound machine (~90
Hz). ECG gating technique was applied to utilize RF signals
acquired during multiple cardiac cycles to reconstruct small
ROIs to a complete 100% full view cine-loop. This may be
proven essential for quality strain imaging estimations. Local
displacements were estimated offline by applying a cross-
correlation method to the composite RF frames along the beam
axis and displayed on 2D images. The method can be widely
applied on other clinically used ultrasound system as a hospital
standard module if further developed. The high frame-rate
cine-loop clearly showed the electromechanical wave
propagation in human left ventricle and the pulse wave
propagation along an abdominal aorta.

II.  SYSTEMS AND METHODS

A. Signal acquisition

A healthy 28-year-old female was scanned both in long-
axis, short-axis view of the left ventricle and abdominal aorta
through our composite imaging method. Seven sectors, 20% in
size, were scanned to cover a 100% field of view with each
sector of a 2-sec scanning time. 1-2 cardiac cycles were
recorded during this time interval. A total of 21-sec was needed
for one full scanning including system setting and data saving.
Breath-holding during scanning was required to minimize the
respiratory motion effect. A phased array probe operated at 3.3
MHz with 20MHz sampling rate was used. An ECG module
(MCC Gesellschaft fur in Medizin und Technik mbH &
Co.KG, Germany) was connected to the system through an
RS232 interface. The ECG signals were transmitted to the host
with a sampling frequency of 300 Hz. Ultrasound RF and ECG
signals were acquired simultaneously by a personal computer
through a customized program. The program acquired multi-
sector ECG and RF signals and stored in a computer
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Figure 1. An example of the ECG gated composite technique for high frame
ultrasound imaging. (a) seven sectors are employed. (b) seven ECG and RF
signals are acquired for each sector. (c) one cycle of ECG and RF signals are
extracted and stretched for each sector. (d) composite full view images

automatically. The RF signals from different sectors were used
to reconstruct the final composite B-mode images through
ECG R-wave gating technique. The current highest frame rate
was 481 Hz with 64 RF lines and an imaging depth of 11 cm.

B. Composite processing through ECG gating

Fig. 1 illustrates the method of ECG-gated composite
technique for high frame-rate full-view imaging. For each
sector, one full cardiac cycle of ECG and RF frames were
extracted from the original signal sequences through ECG R-
wave gating. Because of the ECG variation, seven sets of ECG
signals were then linearly interpolated to the same length where
the systolic parts of ECGs remained unchanged while the
diastolic parts were stretched to the maximum length of all
seven signals as shown in fig. 2. The corresponding 2D RF
frames were also linearly interpolated accordingly. In this
method, seven sectors (20%) were needed to cover the entire
100% full-view. A 25% overlap was used between two
consecutive sectors. Thus, three beams were removed for each
sector to avoid redundant beam overlap. The interpolated RF
frames after beam removing were then used for composite full
view cine-loop.

C. Motion estimation

The 2D in-plane motion was estimated off-line using an
established speckle-tracking method [2, 3, 8, 9]. This technique
was based on detecting the small local displacement of the
tissue that occurs between pairs of consecutive frames through
cross-correlation of small windows sliding over the entire RF
signal [2, 8, 10]. The RF window size was equal to 6.9 mm and
the window overlap was equal to 80%. The technique allowed
the detection of small displacements of 40um theoretically. The
displacements were then color-coded and superimposed onto
the grayscale B-mode images using an overlay blending mode.
In the displacement images, only the estimates in the region of
interest (ROI) are shown. The displacement estimation
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Figure 2. Illustration of temporal ECG stretching. (a) the original seven ECG
signals. (b) the stretched ECG signals. Only ECGs during diastole are linearly
interpolated to the maximum length of these signals. The corresponding RF
frames associated with each ECG are also stretched to the maximum length of
RF frames by a 2D linear interpolation.

methods were implemented by MATLAB 7.1 (MathWorks,
Inc., Natick, MA, USA).

III.  RESULTS

A. Validation of the ECG gated composite method

Fig. 3(a) shows the seven-sector composite view of the
same left ventricle at 481 Hz. Fig. 3(b) shows the B-mode
image of a healthy human left ventricle at a 100% view without
composite at a 90 Hz frame rate. Both B-mode images were
reconstructed using the Hilbert transform based on the RF
signals. The images also show the main structures of the human
left and right ventricle (LV, RV), the interventricular septum
(IVS), the posterior wall (PW), and the left atrium (LA). As can
be seen, the image quality of the two images is nearly identical,
which validates the correct data acquisition and successful
combination of sectors using the ECG-gating technique.

B. Wave in long axis and short axis view of left ventricle

Fig. 4 shows a sequence of the color-coded axial
displacements overlaid onto the B-mode image every 9 ms
starting from 73 ms during the systolic phase. In the
displacement images, positive displacements (in red) denote the
motion towards the transducer whereas negative displacements
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Figure 3. (a) The seven-sector composite B-mode image of a left ventricle
in long-axis view (fps: 481Hz). (b) The standard echocardiogram without
composite of the same subject (fps: 90Hz).
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(in blue) denote the motion away from the transducer. A clear
electromechanical wave, indicated by white arrows, was
initiated at the apex (left side) and then propagated toward the
base (right side) along the posterior wall before the whole left
ventricle starts to contract. This revealed that, when the
myocardial tissues locally move along the axial direction of the
beam, a transverse wave also propagates along the lateral
direction perpendicular to the beam axis.

The same analysis was also performed in a short-axis view
of the same left ventricle. Fig. 5 shows an example of a strong
wave propagating counter-clockwise, i.e., from the septum to
the anterior wall until it reached the posterior wall. The color-
coded axial displacements were overlaid onto the gray-scale B-
mode image during diastole from 452 ms to 584 ms after the
occurance of ECG R-wave peak.

C. Wave along aortic wall

A longitudinal view of the abdominal aorta of the same
subject was also imaged using the proposed technique for
potential use in abdominal aortic aneurysms (AAAs) detection.
Axial displacements were estimated for a complete cardiac
cycle. Fig. 6 shows a sequence of the axial displacements in
color overlaid onto the gray-scale B-mode image. Strong
displacements of the wall were initiated 119 ms after the R-
wave peak of the ECG when pressure pulse arrived. This
sudden pressure change of the blood bolus circulating in the
vessel cavity, known as the arterial pulse wave initiate a
transverse wave propagating from the right side of the images
(heart side) to the left side in around 36 ms. The speed of this
pulse wave was thus estimated to be around 4.6 m/s and can be
captured by our high frame-rate composite imaging technique.

IV.  DISCUSSION

A. The composite imaging method
ECG gating is an effective technique for retrospective
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Figure 4. A sequence of images showing the propagation of the electro-
mechanical wave along posterior wall in a left ventricle long-axis view. (a)-
(f) are frames every 9 ms starting 73 ms after R-wave. Red and blue color
represent axial motion upwards and downwards respectively. White arrows
indicate the wave front. The dot on ECG curve represents the occurance
time of each frame.
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Figure 5. A sequence of images showing the propagation of the electro-
mechanical wave in short-axis view of the same left ventricle. (a)-(f) are
frames 452, 475, 507, 541, 561, 584 ms after ECG R-wave. Color, arrows
and dot representations are the same as fig. 4.

imaging to achieve high frame rates. The assumption of ECG
gating is that the heart rate does not vary significantly and that
the myocardial motion is reproducible from one cardiac cycle
to another. In this method, we stretch both the ECG and RF
frames to the same length to solve the ECG variation and
reserve the maximum similarity. According to the settings
used, the maximum time shift between any two sectors is 5.2
ms determined by the RF frame rate and ECG sampling
frequency. This time interval is acceptable considering the total
length of one full cardiac cycle to be ~850 ms.

B. The waves

From fig. 4, it can be seen that a strong red wave was
propagating from apex to base around 73 ms after ECG R-
wave during systole. This wave occurred right before the whole
left ventricle started to contract and followed the known path of
electrical activation in the heart. It is very possible that this
wave may be the consequence of electrical activation and the
delayed response of the cardiac muscle. It should be noted that
these waves cannot be imaged or detected using standard low
frame rate B-mode echocardiography. This contraction pattern
could be beneficial for the left ventricle function, because it
will first initiate the acceleration of the blood in left ventricle to
move toward the aortic valve. A similar activation pattern had
also been found in the open-chest guinea pig left ventricle
using high-speed digital video-acquisition system and surface
markers [11]. From a physiologic point of view, it is reasonable
that the apex contracts before the base, as a reverse pattern
would pump the blood in the direction of the apex away from
the aortic valve. The strong mechanical wave at end-systole
along the septum previously reported by Kanai [7] was also
depicted in the full cardiac cycle cine-loop.

In a short-axis view, there are more complex motions that
could couple to the wave propagation. However, fig. 8 shows a
clear blue wave (motion downwards) propagating counter-
clockwise from the septum to the poster wall and ends at
anterior wall during diastolic phase around 452ms after ECG
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Figure 6. A sequence of images showing the propagation of the pulse
wave in long-axis view of a abdominal aorat. (a)-(f) are frames every 7
ms starting 119ms after ECG R-wave. Color, arrows and dot
representations are the same as fig. 4.

R-wave. The mechanism of this wave need to be further
investigated. The combination of the wave propagation in both
long-axis and short-axis views, may give a general picture of
the three dimensional myocardium activation sequence.

The mechanism of the propagation wave along the aorta is
relatively straight forward than that occurred in left ventricle.
Blood pressure and flow induce such propagation. The anterior
wall of the aorta has a relatively larger motion compare to the
posterior wall. This is because the anterior wall has a free
boundary condition as it is opened to the abdomen. Aneurysms
or atherosclerosis could significantly alter the patterns of the
wave propagation and can be an indicator of the vascular
diseases. The high frame-rate ultrasound imaging could also be
used to calculate the pulse-wave velocity (PWV) and
furthermore estimate the stiffness of arteries [12].

Obviously, a thorough understanding of originality of those
wave propagation patterns in ventricle and aorta will be very
beneficial to clinical application. This electromechanical
activation is a synchronized action and sensitive to any
abnormality in the ventricular function. It is expected that any
abnormal type of contraction wave propagation would be the
indicator for the heart arrhythmia or failure.

V. CONCLUSION:

A composite full-view imaging method with a frame rate of
481 Hz had been developed on a clinical used Sonix RP
system. An ECG gating technique was applied for combination
of multi-sector RF signals to generate the 100% full view of the
B-mode cine-loop. Displacement was estimated using a cross-
correlation method. The high frame-rate ultrasound imaging
systems proposed in this paper successfully observed fast
electromechanical waves propagating along myocardium
tissues in humans. Pulse wave propagation along the abdominal
aorta was also imaged which is beneficial for the early
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detection of vascular diseases. The technique can be applied to
any clinically used ultrasound system.
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