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Introduction
Nonlinear behavior of the ultrasound contrast agent (UCA) offers a unique feature to be
distinguished from the surrounding tissue. In a recent years several methods were developed to
enhance the nonlinear response of UCA. Crucial for efficient differentiation of the nonlinear response
of UCA from the surrounding tissue is to design the contrast pulse sequence specific to the unique
nonlinear properties that the particular UCA is offering.
In the previous study, the nonlinear response from a novel polyvinyl alcohol (PVA) microbubbles
(MB), in ultra-harmonic region was investigated over a pressure range from 50 kPa to 300 kPa. In this
study, five contrast pulse sequences and reference B-mode sequence were designed to visualize PVA
MB. The performance of those sequences were evaluated and compared.
Methods
An experimental setup for ultrasound tests consists of a tissue-mimicking phantom (Model 524
Peripheral Vascular Doppler Flow Phantom, ATS Laboratories) with 2 wall-less channels of a
diameter 6 and 8 mm respectively. A peristaltic pump was employed to drive the fresh sample through
the phantom. The PVA MBs with the outer diameter of 3.40 ± 0.85 µm were fabricated following
protocol from Cavalieri et al.[1]. The aqueous suspension of PVA MB with the concentration of 106
mL-1 was employed.
Six ultrasound sequences: 1) B-mode 2) ultra-harmonic 3) pulse inversion (PI) 4) subharmonic
pulse inversion 5) ultra-harmonic pulse inversion and 6) contrast pulse sequence 4 (CPS4); were
designed for the image acquisition. The characteristics of the transmission and receiving part of the
sequence are listed in table 1. Pulse duration for all excitation pulses was equal to 1 cycle.
Table 1. Characteristics of the imaging sequences.
Sequence name

Transmission part

Receiving part

B-mode

Single pulse was excited at 6 MHz

Full bandwidth of the probe.

Ultra-harmonic

Single pulse was excited at 6 MHz

A band-pass filter was employed to limit the
receiving echoes at frequency around 9 MHz with 6
dB bandwidth about 2.75 MHz.

PI

Two pulse was excited at 6 MHz with

Full bandwidth of the probe.

180 degree phase difference
Sub-harmonic PI

Two pulse was excited at 6 MHz with

A band-pass filter was employed to limit the

180 degree phase difference

receiving echoes at frequency around 3 MHz with 6
dB bandwidth about 2.75 MHz.

Ultra-harmonic PI

Two pulse was excited at 6 MHz with

A band-pass filter was employed to limit the

180 degree phase difference

receiving echoes at frequency around 9 MHz with 6
dB bandwidth about 2.75 MHz.

CPS4

Two groups of pulses were excited at 6

Two band-pass filters with center frequency round 3

MHz. Each group contains two pulses

and 9 MHz bandwidth about 2.75 MHz were

with 180 degree phase difference

employed for the echo receiving of the two pulse
groups respectively.

A L7-4 ultrasound linear array transducer was controlled by programmable ultrasound system
Verasonics Research System (Verasonics Inc., Kirkland WA, USA), to generate the desired
transmission pulse and to acquire the response echoes. In all acquisitions, excitation voltage was kept
at 60V peak to peak. The beam was focused at the center of the channel. The peak negative pressure at
the focus points was estimated to be about 400 kPa. Ten gray scale ultrasound images of the channels
cross section were obtained for all imaging techniques. Contrast to tissue ratio (CTR) and contrast to
noise ratio (CNR) were calculated based on the intensity of the gray scale images using the following
equation:
𝐶𝑇𝑅 = 20 log*+
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where, <IS > is mean pixel intensity of the region of interest (ROI) containing sample, <IT > is
mean pixel intensity of ROI containing tissue-mimicking material, <IN > is the pixel intensity of ROI
containing degassed water.
The ROIs of sample, tissue and noise were selected within the channel containing MBs suspension,
within tissue mimicking phantom and within the channel containing degassed water, respectively. Fig.
1 demonstrates all three ROIs located at the same depth around the ultrasound focus.

Fig. 1. Example of the ROIs selection: MBs (right), Tissue (middle) and water (left)

Results
Fig. 2 demonstrates the gray-scale images for each of the 6 implemented ultrasound imaging
techniques described in the method section. In each of these images, the contrast between the 6mm
tube, the 8mm tube and the in-between tissue-mimicking phantom was calculated and averaged over
10 images.
The visual inspection of the images reveals that fundamental B-mode sequence (Fig. 2a) fails to
differentiate MBs from the surrounding tissue. An application of the band-pass filter around ultra-

harmonic (Fig. 2b) decrease overall brightness of the image but did not provide any enhancement. On
the contrary, contrast specific PI technique (Fig. 2c) suppresses linear response from the tissue and
highlights harmonic response from the MBs suspension. Further improvement can be obtained by the
application of advanced contrast pulse sequence CPS4 that increases the signal intensity and also unify
the response through the whole lumen of the tube.

Fig. 2 Gray scale images for 6 imaging techniques. a) B-mode b) ultra-harmonic v) PI d) subharmonic PI e) ultra-harmonic PI
and f) CPS4. The smaller channel on the left in each image contains PVA MB sample. The bigger channel on the right in
each image contains degassed water.

The mean CTR and CNR of all six imaging techniques over are shown in Fig. 3.

Fig. 3. Result of CTR and CNR for all imaging techniques

Worth mentioning is that all PI imaging techniques have considerable higher CTR and CNR than
non-PI imaging techniques.
According to Poehlmann et al. the resonance frequency of polymer MBs is between 12 - 14 MHz
[2]. It is expected that the excitation at half the resonance frequency (6MHz) and detection with the

application of the filter around sub- (3MHz) or ultra-harmonic frequency (9 MHz) will further
improve the detectability of UCA. However, current study reveals the opposite, i.e. both CTR and
CNR were decreased between 2 to 5 dB for sub- and ultra-harmonic PI in comparison to the fullbandwidth PI. A potential explanation could be that the sensitivity of the transducer reduces at the subharmonic and ultra-harmonic part of the frequency bandwidth.
Nevertheless, the combination of sub- and ultra-harmonic PI imaging, that constitute the contrast
pulse sequence imaging technique (CPS4), overcome the sensitivity problem and through synergetic
effect demonstrates highest CTR and CNR, of about 13 and 37 dB respectively. Those values are
approximately 12 dB higher than obtained for conventional B mode.
To further improve the performance of the imaging sequence, several modifications can be made.
MBs suspension with a narrow size distribution of the diameter will also have narrow distribution of
the resonance frequencies. As a result, it is expected that responses at sub- and ultra-harmonics will be
also more concentrated and easier to identify. Moreover, setting excitation frequency closer to the
distinctive resonance frequency allows for more energy to be absorbed and scattered by MBs. Last but
not least, the study will also benefit from the precise control of the pressure at the focused area, which
ensures that the MBs oscillate in the nonlinear regime.
Conclusion
In this study the performance of six imaging techniques with PVA MBs was evaluated.
Combination of sub-harmonic, ultra-harmonic and PI techniques demonstrated the best performance
reaching 37.55 dB in CNR and 13.27 dB in CTR.
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