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ABSTRACT

Ultrasound imaging with the subharmonic component from contrast microbubbles provide improved
CTR (Contrast-to-Tissue Ratio), however it is susceptible to the low amplitude of the subharmonic
component. In this simulation study, NLFM (Nonlinear Frequency Modulated) signals are proposed in
order to enhance the subharmonic response from microbubbles. NLFM signals having fractional
bandwidths of 10, 20, and 40% with up and down sweeps were used as excitation. The performance of
NLFM signals were compared with the reference tone-burst and LFM (Linear Frequency Modulated)
signals. The results show that the ultrasound contrast microbubbles can produce subharmonic response
which is dependent on the applied signal pressure and bandwidth. It is observed that the subharmonic
component of the scattered NLFM signal is 3.2dB higher than the LFM signal, whereas it is 9dB higher
compared to the sinusoidal tone-burst signal. The results are also presented which show that the up and
down sweeps NLFM signals performed better than the LFM signals at the same acoustic pressure and
bandwidth.
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1. INTRODUCTION

trasound imaging using contrast microbubbles

has been widely used in diagnostic ultrasound

[1]. When microbubbles are insonated at low
acoustic pressure, they can produce the fundamental
frequency as well as second harmonic, ultra-harmonic
and subharmonic frequencies. In ultrasound contrast
imaging, these harmonic frequencies are used to improve
the image contrast for blood detection from tissues [2].
Modern ultrasound scanners offer imaging with the
second harmonic in order to enhance the image contrast

with better axial resolution. However, the image quality

can be degraded by the nonlinear second harmonic

component produced by the tissue [3,4].

On the other hand, ultrasound imaging with the
subharmonic component can provide improved CTR as it
is exclusively produced by the contrast microbubbles at
low applied pressures [5]. The ultrasound subharmonic
imaging is susceptible to the reduce axial resolution
because the subharmonic component has a bandwidth
which is one-half of the fundamental frequency. However,

the subharmonic component will face less attenuation due
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to the lower frequency and will improve the penetration
depth [6,7].

In the past decade, research works mainly focused to
enhance the nonlinear response of contrast microbubbles.
It was proved that the subharmonic response has a
threshold value which depends on the applied acoustic
pressure. This threshold has a minimum value if the applied
signal frequency is double the bubble resonance
frequency [8]. It has been observed that the subharmonic
response is altered by the variations due to the ambient
pressure [9]. It has been verified that the nonlinear
subharmonic component is changed according to the
applied frequency and signal shape [10]. It has been
demonstrated that the nonlinear subharmonic component
is produced due to the compression-only nature of the
contrast microbubbles [11]. The applied low acoustic
pressure on microbubbles will produce nonlinear
harmonics with less microbubbles destruction. Moreover,
it has the potential to use in many clinical applications
such as real time estimation of non-invasive blood pressure
[12], intravascular ultrasound subharmonic contrast
imaging [13], contrast enhanced subharmonic imaging
[14], and in-vivo perfusion estimation in kidneys using

contrast microbubbles [15].

Many multiple excitation techniques are proposed in the
past to increase the nonlinear response of contrast
microbubbles at low acoustic pressure. Some of these
famous techniques are the pulse inversion [16], pulse
amplitude modulation [ 17], pulse inversion with amplitude
modulation [ 18], microbubble radial modulation [19], and
ultrasound CRCI (Chirp Reversal Contrast Imaging) [20].
All these techniques can provide improved SNR (Signal-
to-Noise Ratio) with better CTR and microbubble
detection, however they can reduce the frame-rate of the

system and susceptible to motion artifacts.

LFM chirp signals are long in duration and provide
improved SNR without reducing the system frame-rate.
However, pulse compression is required at the receiver to
recover signal axial resolution. The power spectrum of an
unweighted LFM chirp is approximately rectangular in
shape and therefore produce higher sidelobes level after
pulse compression. These higher sidelobes in the
compressed signal can be reduce by applying a windowing
function which can reduce the SNR [21]. NLFM are widely
used in RADAR and SONAR communications to provide
improved SNR [22]. NLFM signals are also suitable for
ultrasound imaging [22] and ultrasonic non-destructive
testing [23]. The NLFM chirps provide an alternative way
to modify the chirp power spectrum into a desirable shape
so that it can produce higher SNR and reduced sidelobes

level after pulse compression [24,25].

The main aim of the present study is to use the NLFM
signals in order to enhance the nonlinear response from
contrast microbubbles. It is also to investigate the signal
bandwidth effect on the subharmonic frequency
component of the microbubble. The performance of the
proposed NLFM signal is also compared to the tone-
burst and LFM (Linear Frequency Modulated) signals.

2. THEORY AND DESIGN METHODS

2.1 Frequency Modulated Chirp Signals

Frequency modulated signals have been used extensively
in medical ultrasound scanners to get an improved image

quality and better penetration depth [21].

The frequency modulated signal is defined as:

0<t<T Q)]

x(t): V(t)ejznj £, (t)dt

where v(?) is the signal envelop, 7 is the chirps weeping
time, and £(¢) is the instantaneous frequency of the chirp

signal.
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For LFM signal, the instantaneous frequency is defined

as[21]:
(fc j
2

where B is the signal bandwidth, and f is the signal center

fi(t):%t + @)

frequency.

However, in the case of NLFM signal, the instantaneous

frequency is defined as [25]:

A

The o and y values can be set to get the desired shape of

the nonlinear instantaneous frequency curve.

2.2 Excitation Signals

The NLFM, LFM and tone-burst signals were used as an
excitation in all simulations. The design parameters of the

excitation signals and their values are shown in Table 1.

The o and y parameters of the NLFM signal can control
the nonlinear curve of the instantaneous frequency
function which can change the rectangular shape of the
power spectrum and the -3dB bandwidth of the signal.
Therefore, o and ¥ parameters of the NLFM signal were
carefully tuned to get the smooth NLFM power spectrum
with equal -3dB bandwidth compared to the LFM signal.

For NLFM signal, a customized window function was
used for amplitude tapering as designed in [25]. A Hann
window was applied on both reference signals to get the
smooth power spectra. In order to see the signal bandwidth
effect to the subharmonic response, three fractional
bandwidths 10, 20 and 40% were used for NLFM and
LFM signals. Fig. 1 is showing the NLFM, LFM, and tone
burst excitation signals. The NLFM and LFM signals with

a fractional bandwidth of 40% are shown in Fig. 1.

3. SIMULATIONS

The microbubble model of Marmottant et. al. [26] was
programmed in the Matlab and used in all simulations.
The model successfully defines the nonlinear response
of contrast microbubbles. The model takes the effective
surface tension as a function of bubble radius. The
equation of bubble radial motion with effective surface

tension is expressed as:

-3k

L3 26, | R 3, 26(R) 4uR 4k R
p‘[RRJrEsz:(PUJr Rﬂ’](R—] (l—fR]—PU—%)—T“R—T‘z—PM(t)
0 0

@

The simulations were performed for SonoVue® (Sulphur
Hexafluoride, Braco Research SA, Milan, Italy) whichis a
commercially available contrast agent. The bubble size
distribution of SonoVue® is ranging from 0.7-10 um [27],
therefore, a bubble radius of 1.7 um was selected in the
simulation. The parameters of the equation with simulation
values for SonoVue® are shown in Table-2.The
microbubble effective surface tension 6(R) with having
elastic, buckling, and ruptured states are defined as:

TABLE 1. DESIGN PARAMETERS OF THE EXCITATION SIGNALS

Excitation Signal Parameters Symbol NLFM LFM Tone-Burst
Center Frequency £ 50 MHz 5.0 MHz 5.0 MHz
Time Duration T 10 ps 10 ps 10 ps
Frequency Bandwidth (%) B 10,20,40 10,20,40 2
Gamma (NLFM) Y 1.2 -
Alpha (NLFM) o 0.4 -
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0 if R <R pyekting
®)={4
olR)= X — 1 if Rbuckling <R< Rbreak—up
R%uckling (5)
O ifR2 Rmptured

The buckling radius of the microbubble is defined as:

Rbuckling = RO (6)

Whereas the radius of rupture microbubble is:
G(,U
Rrupture = Rbuckling 1+ 7 ('n

100
80—

60—~

Pressure [kPa]

404

20_]

I |
0 5 10

Time [psec]

5.5

Spescr v e e [ N 2 LB I I B B

Frequency [kPa]

4.5

Time [psec]

The pressure waveform scattered from the microbubble

can be computed as [28]:
R/ - ..
P, =p, E(2R2 + RR) @®)

Where d is the distance of waveform measurement from
the microbubble. The value of d is normally set according
to the focal length of the measuring transducer so that
maximum scattered pressure from microbubble will be
induced in the transducer. In this simulation study the
measuring distance from microbubble was taken to d=10

mm.
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FIG 1. (TOP-LEFT) SHOWING THE COMPARISON OF EXCITATION WAVEFORMS ENVELOPES, (TOP-RIGHT) THE SIGNALS
SPECTRA, (BOTTOM-LEFT) INSTANTANEOUS FREQUENCIES, AND (BOTTOM-RIGHT) SHOWING THE CHIRP-RATE
FUNCTIONS OF LFM, NLFM AND SINUSOIDAL TONE-BURST SIGNALS
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The symbols description and the values used in the
simulation are shown in Table 2. The coated microbubble
shell viscosity (1 and shell elasticity ) parameters values
were taken from [29,30].

TABLE 2. MODEL PARAMETERS AND THEIR VALUES
USED IN THE SIMULATIONS

Symbol Parameter Definition Value
R, Bubble Radius at Equilibrium 1.7x10% m
R Instantaneous Bubble Radius m
R Velocity of the Bubble Wall m/s
R Acceleration of the Bubble Wall m/s?
Pac(t) Deriving Acoustic Pressure 50x10° Pa
P, Density of the Liquid 103 kg/m?
c Speed of Sound in the Liquid 1.5x10° m/s
P, Ambient Pressure 101.325x10° Pa
K Polytrophic Gas Exponent 1.095
(O Surface Tension Water 72.8x10° N/m
n Viscosity of the Liquid 102 Pass
K, Shell Viscosity 4x10” kg/s
X Shell Elasticity 0.3 N/m
90 —
80—
70+
=)
=
5 60
=
o
=™
50
40
/
/
30 1

4. RESULTS AND DISCUSSION

The power spectra of the scattered signals from a contrast
microbubble are shown in Fig. 2. The radius of the
microbubble was 1.7um with a peak pressure of the applied
signal was 50 kPa. The fractional bandwidth of 10% was
used for LFM and NLFM excitation whereas the applied
acoustic pressure, center frequency and time duration of
all excitation signals were same. The nonlinear
subharmonic, ultra-harmonic, second-harmonic
components are clearly shown in Fig. 2. The magnitude
of the subharmonic component of the NLFM signal is
-15dB compared to the fundamental frequency
component. It is also observed that the magnitude of the
subharmonic component of the NLFM signal is always
higher than the subharmonic magnitude of the reference
tone-burst and LFM signals. The magnitude of the
subharmonic component of the NLFM signal is improved
by 3.2dB compared to the LFM signal, whereas it is 9dB
higher than the subharmonic component of the tone-burst

signal.

LFM
= = = NLFM

v o0+ oo« Tone-Burst

Frequency [MHz]

FIG. 2. THE COMPARISON OF POWER SPECTRA OF NLFM, LFM, AND TONE-BURST SIGNALS SCATTERED FROM A COATED
MICROBUBBLE WITH A RADIUS OF A 1.7 um AT THE PEAK PRESSURE OF 50 KPa
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The power spectra comparison of the NLFM signals
scattered from a contrast microbubble are shown in
Fig. 3. The NLFM signals of 10, 20 and 40% bandwidth
were used as excitation. It is observed that the peak
magnitude of the subharmonic component is reducing by
increasing the bandwidth of applied signal. For the NLFM
signal with a bandwidth of 10%, the subharmonic
response is 1.5dB higher than the subharmonic response
0f20% bandwidth signal. Similarly, the magnitude of the
subharmonic component of 10% bandwidth signal is 5.5dB
higher compared to the subharmonic component of the
40% bandwidth NLFM signal.

The power spectra of the signals scattered from the
microbubble with a radius of 1.7 pm are shown in Fig. 4.
The up sweep and down sweep NLFM signals with
fractional bandwidths of 10, 20, and 40% were used as
excitations. It is shown that the nonlinear harmonic
components of the scattered signals are overlapped due
to the increase bandwidth of the excitation signal. The

overlapping of the harmonic components is clearly visible
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30

for 40% NLFM signal. In imaging applications, the
subharmonic component of 40% bandwidth provides
better axial resolution after pulse compression. The pulse
compression can be performed with a subharmonic
matched filter whose center frequency and bandwidth
parameters are half that of the excitation signal. However,
partial overlapping of the subharmonic component will
make the signal decoding difficult and may reduce the
CTR after pulse compression [31,32,33].

It is shown that the subharmonic response from contrast
microbubbles is different for up and down sweeps of the
NLFM signals. In the case of NLFM signal with a 20%
fractional bandwidth, the subharmonic response of down
sweep signal is 2dB higher than the up sweep NLFM signal.
Similarly, in the case of NLFM signal of 40% fractional
bandwidth, the subharmonic response of down sweep
signal is 5dB higher than the up sweep NLFM signal.
However, for the NLFM signal of 10% fractional bandwidth,
no major difference is found in both up sweep and down
sweep due to the use of narrow bandwidth signals.

10% BW

== = 20%BW
40% BW

Frequency [MHz]

FIG. 3. THE COMPARISON OF NLFM SIGNALS POWER SPECTRA WITH FRACTIONAL BANDWIDTHS OF 10, 20 AND 40%
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The comparison of the power spectra of NLFM and LFM observed for the same bandwidth signals that the
signals scattered from the contrast microbubble are subharmonic response from contrast microbubbles is
shown in Fig. 5. The NLFM and LFM with bandwidths always higher for NLFM signals compared to the LFM
of 10, 20, and 40% were used as excitation signals. It is signals.
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FIG. 4. THE COMPARISON OF SCATTERED POWER SPECTRA FOR THE UP AND DOWN SWEEPS NLFM SIGNALS OF 10%
BANDWIDTH (TOP), WITH A 20% BANDWIDTH (MIDDLE), AND WITH A 40% BANDWIDTH (BOTTOM)
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FIG 5. THE POWER SPECTRA OF THE NLFM AND REFERENCE LFM SIGNALS SCATTERED FROM CONTRAST MICROBUBBLES
WITH 10% BANDWIDTH (TOP), 20% BANDWIDTH (MIDDLE), AND 40% BANDWIDTH (BOTTOM)
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5. CONCLUSION

The subharmonic response from contrast microbubbles
can be enhance by using NLFM signals. Ultrasound
subharmonic imaging with NLFM signals potentially
improve the CTR, SNR and microbubbles detection
present in the blood without increasing the peak
excitation pressure. The subharmonic frequency
component has always higher magnitude for the NLFM
signal when compared with the reference tone-burst and
LFM signals. It is also observed that increasing the signal
bandwidth will reduce the magnitude of the subharmonic
component. However, increase bandwidth will improve
the axial resolution and hence suitable for subharmonic

imaging.
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