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Abstract –High frame-rate ultrasound RF data acquisition 
has been proved to be critical for novel cardiovascular imag-
ing techniques, such as high-precision myocardial elastography, 
pulse wave imaging (PWI), and electromechanical wave imag-
ing (EWI). To overcome the frame-rate limitations on stan-
dard clinical ultrasound systems, we developed an automated 
method for multi-sector ultrasound imaging through retrospec-
tive electrocardiogram (ECG) gating on a clinically used open-
architecture system. The method achieved both high spatial 
(64 beam density) and high temporal resolution (frame rate 
of 481 Hz) at an imaging depth up to 11 cm and a 100% �eld 
of view in a single breath-hold duration. Full-view imaging of 
the left ventricle and the abdominal aorta of healthy human 
subjects was performed using the proposed technique in vivo. 
ECG and ultrasound RF signals were simultaneously acquired 
on a personal computer (PC). Composite, full-view frames both 
in RF- and B-mode were reconstructed through retrospective 
combination of seven small (20%) juxtaposed sectors using an 
ECG-gating technique. The axial displacement of the left ven-
tricle, in both long-axis and short-axis views, and that of the 
abdominal aorta, in a long-axis view, were estimated using a 
RF-based speckle tracking technique. The electromechanical 
wave and the pulse wave propagation were imaged in a cinØ-
loop using the proposed imaging technique. Abnormal pat-
terns of such wave propagation can serve as indicators of early 
cardiovascular disease. This clinical system could thus expand 
the range of applications in cardiovascular elasticity imaging 
for quantitative, noninvasive diagnosis of myocardial ischemia 
or infarction, arrhythmia, abdominal aortic aneurysms, and 
early-stage atherosclerosis.

I. I�����������

C������������� disease is a growing problem world-
wide [1], [2]. In 2006, almost 5 million Americans were 

diagnosed having heart disease and another 550,000 are 
diagnosed annually [3]. Echocardiography has become the 
predominant noninvasive imaging modality in diagnostic 
cardiology owing to its real-time and high temporal resolu-
tion capability. It is known that the heart is an electrically 
driven organ. The electrical excitation, which induces con-
traction and relaxation of the cardiac muscle, results in a 
localized contraction along its path yielding the so-called 
electromechanical wave [5]. The velocities of those waves 

typically range between 0.5 and 7 m/s [6]. The fast wave 
propagation and the resulting transient small motion of 
the heart wall can only be captured using high frame-rate 
imaging techniques. In cardiology, higher temporal resolu-
tion, typically smaller than 5 ms [4], is required to observe 
the detailed myocardial events and the fast electrical con-
duction waves for early detection of cardiac disease. The 
abnormal pattern of those wave propagation and myocar-
dial wall motion should be an indicator of cardiovascular 
disease. High frame-rate (> 200 Hz), full-view ultrasound 
imaging has been an emerging topic for small animal im-
aging, where high heart rates are typically encountered, 
but, to our knowledge, has not been widely used in hu-
mans as of yet. Several alternative methods have been 
developed to increase the ultrasound frame rate such as 
coded-excitation ultrasound imaging [7]�[13] and parallel 
processing techniques [14]�[16]. Others, such as Konofa-
gou et al. [17] and D�hooge et al. [18], increased the frame 
rate of the RF images to above 200 Hz by reducing the 
size of the �eld of view and the total number of RF imag-
ing lines. Kanai et al. [19], [20] used a sparse sector-scan 
format, in which the number of ultrasound beams was 
decreased to about 16 to achieve the peak frame rate of 
450 Hz. The onset of �pulsive waves� in the heart wall at 
end-systole and the propagation of spontaneous vibrations 
was estimated using a phased-tracking method in human 
subjects [6], [19], [21], [22].

The aforementioned methods sacri�ced the �eld of 
view, or the ultrasound beam density, to increase the 
frame rate. The echocardiogram (ECG)-gating technique 
in ultrasound imaging has been introduced to combine the 
individual sectors into a large �eld-of-view (FOV) at high 
beam density while at the same time attaining high frame 
rates [4], [23]�[25]. This technique has been successfully 
applied in 3-D echocardiography reconstruction [23], volu-
metric measurements [26]�[28], and high frame-rate small 
animal imaging (e.g., mice) [4], [29]. ECG gating entails 
the acquisition of ultrasound RF signals on a multi-sector 
basis at di�erent angles over several cardiac cycles [30]. 
The RF lines of each sector from separate cycles are then 
combined into a full-view 2-D or 3-D image. Cherin et al. 
[31] transferred the ECG signals to an arbitrary wave-
form generator and used the ECG R-wave as a trigger to 
control the transmitted pulses with the synchronization 
implemented in hardware for mouse imaging.

Despite the advances in small animal imaging, there 
is still a lack of high frame-rate clinical systems for hu-
man cardiovascular studies. In this paper, we applied a 
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multi-thread software technique for simultaneous ECG 
and RF data acquisition, which signi�cantly lowered the 
system cost while retaining the high temporal resolution 
for cardiovascular imaging. However, most commercially 
available ultrasound systems operate at 60 to 120 Hz for 
B-mode imaging depending on the applications. Impor-
tant information such as frequency and phase carried by 
the RF echo signals is typically discarded during data con-
version and compression to avoid large data storage and 
to minimize the processing time. For researchers, there is 
a special need to have access to the RF data streams for 
further development and improvement of their methods. 
The Sonix RP system (Ultrasonix Medical Corporation, 
Richmond, BC, Canada) is such an open-architecture sys-
tem, which provides maximal �exibility for researchers to 
acquire the raw RF signals directly as well as control the 
beam density, sector size, and other system parameters. 
An application programming interface (API) was also 
provided, which is essential for the connection between 
commercially available modalities and scienti�c research 
developments. The capability of direct access to the RF 
data could eventually help scienti�c researchers to develop 
other RF-signal based imaging protocols on the Sonix RP 
system.

In this paper, we proposed an ECG-gated compos-
ite imaging method at a frame rate (481 Hz) �ve times 
higher than the traditional ultrasound system (~90 Hz) 
based on the clinically used Sonix RP system. In Sec-
tions II-A and II-B, a method is described in which the 
region of interest (ROI) was initially decreased to a 20% 
sector size to achieve such a high frame rate. Digitized 
RF and ECG signals for each sector were simultaneously 
acquired through 2 threads in a computer. Signals from 
seven separate sectors at di�erent angles were thus auto-
matically and sequentially acquired to cover the (100%) 
full-view cinØ-loop. An ECG-gating technique was then 
applied to use the RF signals acquired during multiple 
cardiac cycles and retrospectively reconstruct small ROIs 
into a complete 100% �eld-of-view. Sixty-four lines were 
acquired in a (100%) full view to preserve the high lateral 
resolution. In Section II-C, regional displacements along 
the beam axis were estimated o�ine using a cross-cor-
relation technique on the acquired RF signals. The fast 
electromechanical wave propagation in the left ventricle 
and the pulse wave traveling along the abdominal aorta 
were clearly depicted in the resulting sequences of 2-D 
displacement images in Section III. The method could be 
implemented on other clinically used ultrasound systems 
given access to the RF signal and system control is avail-
able, and could be widely used as a hospital standard 
module once further developed.

II. S	���
� ��� M������

A. Data Acquisition

The Sonix RP system equipped with a clinical phased-
array transducer (Model PA4�2/20) operating at 3.3 

MHz was used in all experiments. A separate ECG mod-
ule (MCC Gesellschaft für in Medizin und Technik mbH 
& Co. KG, Karlsruhe, Germany) was connected to the 
Sonix RP system through an RS232 serial interface. The 
ECG signals were digitized at a sampling frequency of 
300 Hz and transmitted to the host PC at a 9600 baud 
rate. Because the ECG and ultrasound RF signals were 
acquired through two separate modules, synchronization 
was critical for the ECG gating and multi-sector combi-
nation. Thus, customized automated RF and ECG sig-
nal acquisition software was developed in C++ based on 
the Ulterius software development kit (SDK) (Ultrasonix 
Medical Corporation, Richmond, BC, Canada). Each 
ECG sample and each RF frame were time-stamped for 
synchronization purposes. Fig. 1 shows the block diagram 
of the custom-designed program illustrating the ECG 
and the ultrasound RF signal acquisition. Two separate 
threads�for RF and ECG data acquisition, [Fig. 1(a) and 
(b)]�operated simultaneously on a PC computer. Both 
threads started to store signals when the record �ag was 
set to TRUE. Each individual RF frame along with its 
occurrence time was then transferred from the Ultrasonix 
RP hardware to the prede�ned user bu�er as shown in 
Fig. 1(c) for post processing. The ECG acquisition was 
implemented on a thread operating in parallel with the 
main program retrieving the digitized ECG from the serial 
port; see Fig. 1(b) and (d).

B. Composite Processing Through ECG R-Wave Gating

Seven (20%) sectors were employed to cover the (100%) 
full-view image, which contained 12 ultrasound beams in 
each sector. Using these settings, a 25% overlap was used 
between neighboring sectors. The overlap between neigh-
boring sectors ensured that the composite full-view image 
covered the entire left ventricle. Therefore, 3 overlapping 
lines were removed from each sector before constructing 
the composite image, except in the case of the �rst sector, 
in which only 2 lines were removed. The total line density 
of the composite full-view image thus remained equal to 
64, which is the original beam density for a 90-degree full-
view image acquisition.

Fig. 2 shows the concept of the ECG-gated composite 
technique for high frame-rate imaging. For each sector, 
the corresponding ultrasound RF frames at the frame rate 
of 481 Hz and the ECG signals at the sampling rate of 300 
Hz were acquired with a 2-s duration; see Fig. 2(a) and 
(b). The RF frame is a 2-D matrix, whose columns repre-
sent the signals acquired along the ultrasound beams and 
the rows represent the number of beams in that sector. 
The corresponding time reference of the R-wave peaks was 
used to search for the RF frame, which occurred closest to 
the R-wave. RF frames between 2 consecutive ECG R-
waves were then extracted to represent one cardiac cycle 
as illustrated in Fig. 2(c). Ideally, the ECG duration of 
one cycle should be of identical duration to that of others. 
The ith (i = 1, 2, �) frame of each sector can then be 
recombined in sequence to obtain the ith frame of the 

2222 IEEE TRANSACtiONS ON ULtRASONiCS, FeRROeLeCtRiCS, AND FReQueNCY CONtROL, ���. 55, ��. 10, OCtOBeR 2008

Authorized licensed use limited to: Columbia University. Downloaded on March 18, 2009 at 12:07 from IEEE Xplore.  Restrictions apply.





the line density was equal to 64 for both the left ventricle 
and the abdominal aorta. For each sector, ECG and RF 
signals of one to two cardiac cycles were recorded during a 
2-s scan because the heart rate of the subject was approxi-
mately 70 beats per minute (i.e., 1.2 beats/s). A total of 
21 s was needed for an entire 7-sector scan, including sys-
tem settings and data acquisition. Because the respiratory 
motion could a�ect the heart�s position, breath-holding 
during the entire scan was required for higher composite 
imaging performance. The required breath-holding time 
is of similar duration to that used in MRI scanning [40], 
[41]. Both the patient�s heart rate variability and the op-
erator�s free-hand scanning remain possible, albeit small, 
sources of misregistration between sectors.

III. R������

A. Validation of the ECG-Gated Composite Imaging

To evaluate the performance of the proposed method, 
a long axis view of the left ventricle of a healthy male 
subject was shown in Fig. 4. Fig. 4(a) shows a B-mode 
image of the left ventricle at a 100% view and a frame 
rate of 90 Hz using a standard acquisition protocol, i.e., 
without composite imaging. Fig. 4(b) shows a 7-sector 
composite view of the same left ventricle and the same 
cardiac phase at 481 Hz using the proposed technique. 
The red1 (or gray) dot on the ECG trace below each im-
age shows the cardiac phase at which the image above it 
was obtained. All B-mode images were reconstructed from 
the corresponding RF signals using the Hilbert transform. 
As shown in Fig. 4(a) and (b), the image quality and the 
structure information are nearly identical. No signi�cant 
mismatches between sectors were observed. The images 
of Fig. 4 also depict some of the main structures of the 
human left ventricle: the interventricular septum (IVS), 

the left-ventricular cavity (LVC), the posterior wall (PW), 
and the aortic root (Ao). A continuous cinØ-loop ( ) fur-
ther demonstrates the smooth transition between sectors 
for composite full-view B-mode images, which further vali-
dates the correct data acquisition and successful method-
ology of the ECG-gated composite imaging technique.

B. Electromechanical Wave Imaging in a Long-Axis View

The continuous composite cinØ-loop ( ) with displace-
ments overlaid onto the B-mode images showed several 
strong electromechanical waves propagating in the lon-
gitudinal direction of the left ventricle (i.e., both along 
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Fig. 2. An example of the ECG-gated composite technique for high frame-rate, full-view ultrasound imaging. (a) Seven sectors at di�erent angles are 
employed. (b) Seven ECGs and 7 RF signals of each sector are acquired in a continuous sequence. (c) One full cardiac cycle of ECG and RF frame 
signals are extracted. (d) Corresponding frames are recombined to generate full view ultrasound images.

Fig. 3. Illustration of temporal ECG interpolation: (a) the original 7 
ECG signals and (b) the interpolated ECG signals. The ECG signals 
during systole remain relatively unchanged. ECG signals during the 
diastolic phase after the dashed line (close to end-systole) are linearly 
interpolated to the maximum length of these signals. The corresponding 
RF frames associated with each ECG signal are also interpolated to the 
maximum length of the RF frames through 2-D linear interpolation.

1 When color is mentioned in the text, it refers to color in the online 
version of the �gures.
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the septal and posterior walls). Fig. 5 shows a sequence 
of a wave propagating from the base to the apex. Posi-
tive displacements (in red) denote the motion toward the 
transducer whereas negative displacements (in blue) de-
note the motion away from the transducer. The wave was 
initiated at 24.8 ms after the ECG R-wave and reached 
the leftmost side of the image in 10.4 ms with a speed of 
approximately 3 m/s. The wave was expected to subse-
quently reach the apical side of the heart but could not 
be depicted because of the limitations of the transthoracic 
long-axis view in human echocardiography that typically 
cannot depict the apex. Fig. 6 shows another sequence of 
the consecutive color-coded axial displacements overlaid 
onto the gray-scale B-mode images, from 51.8 ms to 82.8 
ms, which occurred approximately 17 ms after the wave 
in Fig. 5 during systole. As shown in Fig. 6, a wave (in 
red), with its wavefront denoted by the white arrow, was 
initiated at the apex (left side) and then propagated to-
ward the base (right side) along the posterior wall. After 
this wave reached the basal side, the whole left ventricle 
started to contract or undergo myocardial thickening ( , 
frame # 44�150). This revealed that, while the myocardial 
wall moved along the radial direction, a transverse wave 
propagated along the longitudinal direction. This trans-
verse wave coincided with the electromechanical activa-
tion sequence in the human heart, which closely followed 
the electrical conduction path [42]. During diastole, an-
other clear wave (in red) was found propagating from the 
apical to the basal side along the septum as shown in Fig. 
7. The wave was initiated 476 ms after the R-wave, which 
coincided with the mitral valve opening. It should be not-
ed that there were more wave activities, especially during 
the transition from systolic to diastolic phase, which did 
not show in this paper but could be found in the cinØ-loop 
( ). The waves shown in Fig. 5, 6, and 7 were also found 
in the female subject.

C. Electromechanical Wave Imaging in a Short-Axis View

The same imaging protocol was also applied in a short-
axis view of the left ventricle of a healthy female subject. 
Transient waves were also detected and imaged during 
propagation, clockwise or counterclockwise depending 
on the cardiac phase, along the myocardial wall. Those 
waves could not be detected by standard 2-D echocar-
diography, which typically operates at 60 to 90 Hz or 3-D 
echocardiography (15�20 Hz). Fig. 8 shows an example of 
a propagating wave in a short-axis view during the inter-
val from 23.1 to 49.5 ms following the R-wave. A wave was 
depicted propagating counterclockwise, i.e., from the ante-
rior to the septal wall until it reached the posterior region 
( ) as indicated by the white arrow. The wave shown 
in Fig. 9 shows a short-axis example during the diastolic 
phase, when the heart is undergoing relaxation. A wave of 
downward displacement (in blue) was shown propagating 
counter-clockwise, from the septal to the posterior wall, 
�nally reaching the anterior side ( ).

D. Wave Along the Aortic Wall

A longitudinal view of the abdominal aorta of the 
same female subject was also imaged using the proposed 
7-sector composite technique at a frame rate of 481 Hz 
( ). Fig. 10 shows a sequence of the axial displace-
ments in color overlaid onto the gray-scale B-mode im-
age, starting at 119 ms after the R-wave peak to allow 
propagation of the wave to reach the aorta. A threshold 
was applied and displacements outside the – 0.01 mm 
range were �ltered for optimal depiction of the pulse-
wave propagation. Prior to the arrival of the the pulse-
wave, the displacements of the aortic wall were found to 
be negligible. Strong axial displacements of the wall were 
initiated at 119 ms after the R-wave when the pressure 
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Fig. 4. (a) A standard echocardiogram of a left ventricle of a male subject obtained without the composite technique at a frame rate of 90Hz; (b) the 
7-sector composite B-mode image of the same left ventricle in a long-axis view at a frame rate of 481 Hz (LVC-left ventricular cavity, LA-left atrium, 
IVS-interventricular septum, RV-right ventricle, Ao- aortic root, PW-posterior wall).
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wave reached the right side of the view. The delay was 
caused by the pressure wave traveling from the root of 
the valve to the abdominal aorta. This sudden pressure 
change of the blood bolus traveling through the vessel, 
known as the arterial pulse-wave, initiated a transverse 
wave propagating from the right (heart) to the left (circu-
lation) side of the images within 36 ms. Fig.11(a) shows 
a manually de�ned traveling path of this pressure wave 
along the aortic wall based on the sequence of pulse-wave 
images. The wavefront traveling distance versus the trav-
eling time was plotted in Fig. 11(b). The group velocity of 
this pulse wave was thus estimated to be approximately 
4.7 m/s and could be captured by this high frame-rate 
composite imaging technique during the entire propaga-
tion duration.

IV. D���������

A. The Composite Imaging Method

Composite imaging using retrospective ECG gating is 
an e�ective technique for achieving high frame rates while 
preserving a 100% �eld-of-view. A similar acquisition tech-
nique has been used before in small animal ultrasound 
imaging (such as mice and rats) using a mechanically 

scanned single-element transducer scan on a line-by-line 
basis [4], [25], [31], [34]. Our composite imaging technique 
uses a phased-array transducer, with which 12 lines can be 
acquired simultaneously in a single sector and could poten-
tially increase the lateral displacement estimation quality. 
Seven sectors were needed to cover the entire 90-degree 
full-view images of conventional B-mode imaging. Each 
sector has a 2-s duration for ultrasound and ECG signal 
acquisition and a 1-s time interval for con�guring system 
settings and data storage. As a result, signal acquisition 
for 7 sectors can be achieved during a single breath-hold, 
which is a widely used method in 3-D echocardiography 
or MRI [40], [41]. One potential drawback of this breath-
holding requirement is that the slow and fast motions, 
e.g., induced by transient respiration or valve opening/
closure, respectively, may pose problems in the 2-D spa-
tial matching and could induce shifts between the sec-
tors on the B-mode and the displacement images. Such 
shifts have been reported in ECG-gated volume stitching 
for 3-D echocardiography [23]. The shifts were most no-
ticeable during the fast closure and opening of the mitral 
valve. This is because the underlying assumption of ECG 
gating is that the heart rate does not vary signi�cantly 
and that the myocardial motion is reproducible from one 
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Fig. 5. The propagation of an electromechanical wave along the septum of the male subject in a long-axis view during systole; (a)�(f) are composite 
ultrasound frames acquired every 2.1 ms starting at approximately 24.8 ms after the R-wave. Red (positive) and blue (negative) represent axial mo-
tion upward and downward in mm, respectively. The white arrows indicate the propagating wavefront (in blue) along the septum. The red (or gray) 
dot on the ECG curve represents the cardiac phase which corresponds to the frame above it.
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