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ABSTRACT

Ultrasound contrast imaging has provided more accurate

medical diagnoses. One of the most used techniques is the

pulse inversion imaging improving the contrast-to-tissue ra-

tio (CTR) by extracting nonlinearities of contrast agents. The

usual transmitted signal is at a fixed frequency. However, an

optimal choice requires information about the transducer and

the medium. This information is experimentally inaccessible.

Moreover, the digital electronic setup can limit the solution.

Our goal was to seek the binary command which maximized

the CTR. A genetic algorithm sought the vector of input

binary samples. By adding a closed loop, the system auto-

matically proposed the optimal binary command without any

a priori information about the system or the medium explored

and without hypothesis on binary samples. In simulation, the

gain compared with a transmitted signal at the optimal fre-

quency can reach about 3 dB and 0.5 dB in comparison with

a transmitted signal at the two-thirds of the central frequency

of the transducer.

Index Terms— Binary Signal, Genetic Algorithm, Opti-

mal Command, Pulse Inversion, Ultrasound Imaging

1. INTRODUCTION

Since the 1960s, medical ultrasound imaging has become an

essential tool for clinical diagnosis. Particularly, intravenous

injection of ultrasound contrast agents containing microbub-

bles have enabled to extract physiological and pathological in-

formation [1]. In this context of ultrasound contrast imaging,

improvements have been led thanks to the nonlinear behavior

of ultrasound contrast agents. However, these improvements

have been limited because of the effects of the ultrasound

wave propagation. The nonlinear components generated in

tissue reduce the contrast-to-tissue ratio (CTR). Moreover, the

axial resolution has been limited, because good separation of

the harmonic components requires a limited pulse bandwidth,

as in second harmonic imaging [1].

Several imaging methods have been proposed to improve

contrast by using the nonlinearities, such as second harmonic

imaging [1], subharmonic imaging [2], super harmonic imag-

ing [3]. Hovewer, to ensure a good axial resolution while

increasing the contrast, some techniques have been based on

discrete encoding, such as pulse inversion imaging [4], power

modulation [5], contrast pulse sequencing [6] or pulse sub-

traction [7]. Other imaging methods are based on continous

encoding, such as harmonic chirp imaging [8] to solve the

trade-off between resolution and penetration. Since the most

commonly used is the pulse inversion imaging, we only fo-

cused our study with this technique.

To optimally use the pulse inversion imaging, the trans-

mitted pulse must be correctly adjusted. The problem was to

find the optimal command w⋆(t) of the pulse inversion imag-

ing system which provides the best CTR:

w⋆(t) = argmax
w(t)

(CTR (w(t))) , (1)

Conventional ultrasound scanners can usually provide up

to three transmit frequencies for manual selection to con-

struct a transmitted signal at this fixed frequency. Nowadays,

any method can solve satisfactorily and optimally this prob-

lem. Time reversal imaging has enable to minimize the tissue

backscattering to improve the CTR [9], but without taking into

account microbubble backscattering. However, an analytic

solution has been proposed [10]. Unfortunately, the solution

of the problem requires (i) inaccessible a priori knowledges

of the medium and the transducer and (ii) hard solver imple-

mentation. The second solution carries on transforming the



shape optimization in a suboptimal parametric optimization;

for example the transmit frequency [11]. Although the opti-

mal waveform found by the first solution is nonlinear and thus

a transmit frequency parameter is not enough to describe the

waveform, these techniques have shown that it was important

to find the optimal command to maximize the CTR.

Unfortunately, commercial ultrasound devices have only

unipolar or bipolar ultrasound transmitter, which do not en-

able a direct application of the previous methods. Several

imaging methods improved the signal-to-noise ratio [12] or

the microbubble detection [13] by combining a binary wave-

form and an advanced imaging approach. Nevertheless, no

input optimization process was dedicated to find the binary

optimal command.

The aim of the study was to find automatically the opti-

mal binary command of the ultrasound pulse inversion imag-

ing system to provide the best CTR. We therefore replaced

the current system with a closed loop system whose transmit-

ted pulse was modified by feedback. We propose to solve the

shape optimization by using a genetic algorithm and we ap-

plied it in simulation. The advantage of the method was the

optimization without a priori knowledge in order to find the

optimal binary shape.

2. METHODS

The principle of pulse inversion imaging including feedback

is described in Fig. 1. For an individual solution at the iter-

ation k, two binary pulses xk,1(n) and xk,2(n) with opposite

phase were transmitted. The sum zk(n) of the two respec-

tive echoes yk,1(n) and yk,2(n) formed a radiofrequency line

lk. From the CTRk estimated on this radiofrequency line lk, a

new transmitted binary signal xk+1(n) was computed by the

algorithm to optimize the CTRk+1.

Fig. 1. Block diagram of CTR optimization in pulse inversion

imaging.

2.1. Binary Transmitted Signal

The pulse signal xk,q(n) was digitally computed with Matlab

(Mathworks, Natick, MA, USA):

xk,q(n) =

{

A · wk(n) if q = 1
A · (1− wk(n)) if q = 2

(2)

where n is the discrete time. The binary signal wk(n) was

defined on a duration T , which corresponded to 100% of

the fractional bandwidth of the transducer. The binary sig-

nal wk(n) was thus built by Ns samples. Their value should

be selected for optimization. Note that this number must be

sufficient because of the transducer bandwidth, and it must

not be too high for the algorithm.

The amplitude of the driving pressureA was then adjusted

so that the power of the binary pulse xk,q(n) was constant

to Pxref
. This power Pxref

was calculated for a signal xref at

the central frequency fc of the transducer and for the driving

pressure A0.

2.2. Cost Function

Since our aim was to maximize the contrast and since the

usual contrast estimator in contrast imaging is the CTRk, the

cost function was CTRk. It is defined as the ratio of the power

Pb,k backscattered by the area of the perfused medium to

the power Pt,k backscattered by the area of the non-perfused

medium [11]. Note that these powers were computed from

the lines zk(n) of the pulse inversion image.

2.3. Genetic Algorithm

The metaheuristic can solve hard optimization problem.

Among the meta heuristic, genetic algorithm finds the opti-

mum by setting a vector containing parameters. This property

led us to use a binary genetic algorithm [14], where the vector

was the Ns samples of the binary signal wk(n).
The principle is the genetic reproduction in biology, ex-

cept that each gene can only be 0 or 1. In our case, at the

iteration k, a generation k with 12 binary individual solu-

tions (sample vectors) was tested. For the next generation

k + 1, only 6 individual solutions were conserved to become

pairs and mates. From these pairs and mates, 6 new indi-

vidual solutions were made by random cross-over technique.

Then 40% samples were mutated so that the optimization was

robust. The best individual solution was the optimal binary

command for the generation k. Note a small population and a

high mutation rate were chosen to solve the trade-off between

robustness and the computation time due to sorting of each

individual solution [14].

3. SIMULATION MODEL

The simulation model was built on the pulse inversion imag-

ing system (Fig. 1). It was composed of different phases:



transmission, 2D nonlinear propagation, nonlinear oscilla-

tions of microbubbles and reception. A pulse wave was

propagated nonlinearly into an attenuating medium without

microbubbles. This wave, composed of harmonic compo-

nents, excited a microbubble in the vascular system. The

nonlinear oscillations of this microbubble were backscattered

and measured by the receiver.

3.1. Nonlinear Propagation in Tissue

A binary signal xk,q(n)was generated digitally and filtered by

the transfer function of a realistic transducer, centred at fc =
4 MHz with a fractional bandwidth of 75% at −3 dB. The 2D

nonlinear wave propagation into the medium was obtained by

solving Anderson’s model based on a pseudo-spectral deriva-

tive and a time-domain integration algorithm [15]. The phys-

ical parameters used were a density of 928 kg·m−3, a speed

of sound of 1578 m·s−1, a B/A nonlinearity parameter of 6.7
and an attenuation of 0.45 dB·MHz−1.05

·cm−1 [16]. Finally,

the signal backscaterred by tissue was recorded, whereas the

driving pressure at 15 mm was included into the microbubble

model described below.

3.2. Microbubble

The simulated ultrasound contrast agent had the properties of

encapsulated microbubbles used in clinical practise where the

mean diameter was 2.5 µm [17] and the resonance frequency

was 2.6 MHz. The acoustic response was computed for one

microbubble from the Marmottant’s model [18] based on the

Rayleigh-Plesset equation and the polytropic transformation.

Finally the echo of the microbubble was deduced from the

oscillation. Note that in order to simulate the mean behavior

of a microbubble cloud, we hypothesized that the response of

a cloud of Nb microbubbles was Nb times the response of a

single microbubble with the mean properties [11]. The mi-

crobubble response was thus multiplied in order to simulate a

dilution of 1/2000. Moreover, to be more realistic, the atten-

uation effects due to the high concentration of microbubbles

were taken into account [19] for this dilution.

Finally, the echoes from tissue and microbubble were

added and filtered by the transfer function of the transducer

to build the radiofrequency line lk.

4. RESULTS

The optimization process was applied in the simulation model

to demonstrate the feasibility of our novel method. The driv-

ing pressure A0 was set to 400 kPa. The duration T of the

binary signal represented 100% of the fractional bandwidth

of the transducer, i.e. T = 0.3 µs. The sample number Ns

was thus 40 according to the sampling rate required to the

simulation model. Note that this sampling rate is close to this

one in ultrasound imaging.

Fig. 2 shows the best CTR as a function of generation k.

As an illustration, this result was compared with (i) an usual

case where the transmitted signal was at the two-thirds of the

central frequency fc of the transducer [20], and (ii) a sub-

optimal case where the transmitted signal was at the optimal

frequency fopt [11].

After 500 generations, the CTR reached an optimal value

superior to the frequency setting cases. The gain reached 3 dB

in comparison with the usual case, and 0.5 dB in comparison

with the case at the optimal frequency fopt.
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Fig. 2. Simulation of automatic optimization of the contrast-

to-tissue ratio (CTR) by a binary transmitted signal. The opti-

mization was compared with the cases where the transmitted

signal is at the optimal frequency and at the two-thirds of the

central frequency of the transducer.
Fig. 3a shows the optimal binary command wopt(n). The

binary signal had not periodicity unlike the usual transmitted

signal. As an illustration, Fig. 3b shows the signal p(n) at the

transucer ouput (Fig. 1) when w(n) was the optimal binary

signal (Fig. 3a) and its spectrum in Fig. 3c. This signal was

transmitted in tissue. Contrary to the usual transmitted signal,

the optimal transmitted signal had nonlinear components.
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Fig. 3. (a) Optimal binary transmitted signal x1(n) obtained

by the genetic algorithm. (b) Signal p(n) at the transducer

output (Fig. 1) when w(n) was the optimal binary signal and

(c) its spectrum.



5. DISCUSSION AND CONCLUSIONS

Binary sequences were automatically transmitted through a

pulse inversion imaging system in order to optimize the CTR

frame per frame. This optimization was perfomed without

taking into account a priori knowledge of the medium or

the transducer. The closed loop system automatically pro-

vided an optimal binary command where the CTR was higher

than with a fixed-frequency transmitted signal. This opti-

mal setting proposed a filtered binary wave composed of har-

monic components and transmitted to the explored medium.

These nonlinear components did not damage the contrast, be-

cause the pulse inversion properties ensure the extraction of

nonlinearities only generated by the medium. This property

may be the explanation of the best compromise between the

transducer bandwidth and the backscattered responses of mi-

crobubbles and tissue.

For future integration in an ultrasound imaging system,

the computational complexity was not high. First, the CTR

computation from regions of interest (L × L size) in the im-

age required 2(2L + 1)2 + 1 operations. Secondly, the ge-

netic algorithm required 0.4(12Ns)+6 random selections per

generation to achieve the optimum. Taking into account the

computing power available for a personal computer, the two

last operations must not slow down the optimization process.

However, the number of generations to achieve the optimum

may be a limiting factor. Since the frame rate can reach 2000

Hz in some ultrasound scanners, this limitation should be rel-

ative. We therefore estimated that the optimization should

take less than 5 seconds.

The method could be applied to the ultrasound imaging

without using prommable analog transmitter contrary to a

transmit frequency optimization. It could open up the optimal

command for ultrasound imaging. The next step will be to

implement it on an ultrasound scanner. We hope increasing

the contrast to help clinician for diagnoses.
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