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Abstract— Simulations are presented which indicate that imag-
ing at the second-harmonic frequency does not solve the problem
of ultrasonic wave aberration. The nonlinearity of acoustic wave
propagation in biological tissue is routinely exploited in medical
imaging, since the larger signal-to-noise ratio leads to better
image quality in many applications. The major sources of noise
in ultrasound images are aberration and multiple reflections
between the transducer and tissue structures (reverberations),
both of which are the result of large spatial variations in the
acoustic properties of the tissue. These variations mainly occur
close to the body surface, i.e. the body wall. As a result, the
nonlinearly-generated second harmonic is believed to alleviate
both reverberations and aberrations. However, in the case of
aberration, the second harmonic is generated by an aberrated
pulse. Thus, the second harmonic will experience considerable
aberration even if it is generated at a greater depth. Propagation
of the acoustic backscatter through the body wall will expose
the pulse to further aberration, equivalent to that of linear
fundamental imaging.

I. INTRODUCTION

In this paper, a simulation study of three-dimensional (3D)
forward nonlinear propagation of ultrasonic fields in hetero-
geneous media is presented. The goal is to clarify the issue of
second-harmonic imaging and ultrasonic wave aberration.

Harmonic imaging (HI), also known as tissue harmonic
imaging or second-harmonic imaging, is today a standard
choice of imaging modality in many medical ultrasound ap-
plications. Christopher has performed a comprehensive study
of second harmonic generation in homogeneous and heteroge-
neous tissue [1], [2]. He showed that the lateral resolution of
the second-harmonic beam profile was slightly narrower than
the same-frequency fundamental for a heterogeneous medium
in all the investigated cases. He furthermore showed that the
sidelobe level was substantially lower. This result is confirmed
by Shen and Li [3].

In medical applications, reported improvements from the
use of HI are typically improved range penetration, contrast
resolution, lateral resolution, and reduced acoustic noise [4],
(51, [6], [71, [8].

However, there is still some debate as to why harmonic
imaging yields better images [9]. The amplitude for any
reflected signal is much lower than that of the forward-
propagating transmit-field. As a result the amount of second
harmonic generated by reflected signals is relatively much
lower than that generated by the forward-propagating transmit-
field; reverberations are substantially reduced in the second-
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harmonic. Other effects such as suppression of grating-lobes,
lower side-lobes and reduced aberration because the second
harmonic is generated behind the aberrating body wall are
also mentioned.

This paper is organised as follows. Section II desctibes the
theoretical foundations for understanding aberration of the sec-
ond harmonic component. In Section III and IV the methods
and results are presented, and in Section V conclusions are
drawn.

II. THEORY

There are many nonlinear wave equations available which
aim at modeling acoustic wave propagation. One such equa-
tion is the generalised Westervelt equation which describes
nonlinear wave propagation in a heterogeneous medium such
as soft biological tissue (muscle, fat, blood, efc.). Under the
assumption of constant mass density, it may be expressed in
nondimensional form as
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Here p is the acoustic pressure, c is the speed of sound and
€, 1s a nondimensional parameter [10]. To simplify notation,

define the linear scattering operator g to be
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Thus the wave equation may be written as
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or equivalently in the temporal frequency domain
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In the latter equation *,, indicates convolution with respect to
frequency.

It is now instructive to define a linear part and a nonlinear
part of the acoustic pressure, denoted p; and p,,;, respectively.
They are defined to satisfy the following equations
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Aberration of the linear part has been studied by many
authors. A list of some relevant references is found in Masgy
et al. [11]. It has been shown that a good description of the
aberration is supplied by the generalised frequency-dependent
screen, or its approximation by a time-shift and amplitude
screen. In this case the pressure at a point r is calculated
as [12]

() = [ alr=€)s(r (€, ®)
where ¢ is the appropriate Green’s function, py is the wave
form transmitted from the transducer array, and integration is
performed over the transducer surface 7.

If [pni| << |pi|, then a linearisation is reasonable
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If p; is a narrow-band pulse centered around the frequency wy
(the fundamental frequency), then p,; will be a narrow-band
pulse centered around 2wg; the second harmonic frequency.
The aberrated linear part is therefore a source of the nonlinear
part. The nonlinear part is then aberrated further as it propa-
gates through the tissue.

Therefore, in terms of time-delay the nonlinear part experi-
ences the same aberration as the linear part. Furthermore, the
ability to smooth out amplitude variations will decrease as a
function of increased frequency. It is therefore reasonable to
expect the aberration amplitude to be more severe for higher
frequencies. As a consequence, the aberration of the second-
harmonic part of the transmit-beam should be as aberrated as
the fundamental.

In order to evaluate where the nonlinear part is generated
the following quantity was used

maaL/Zwm%@?

This is proportional to the total acoustic energy of the field
in the plane 7, at depth z, and is therefore denoted the rotal
acoustic energy at depth z in this paper. The slope of this
function is a measure of the amount of energy generated at
that depth.

12)

III. METHOD

A 3D numerical experiment was conducted using a sim-
ulation setup capable of capturing nonlinear propagation and
absorption in heterogeneous tissue [10]. An ultrasound pulse of
2.5MHz, using an aperture of 2.0x2.0cm, focused at 6.0 cm,
was propagated through a body wall model of thickness 2.0 cm
with aberration characteristics comparable to published mea-
surements of the human abdominal wall. The body wall was
constructed using procedures presented by Masgy et al.[13].
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Fig. 1. Acoustic energy distribution in the xz-plane. The left column shows
the unaberrated case, and the right column shows the aberrated case. Top:
Energy in fundamental frequency band of 2.5 MHz. Bottom: Energy in the
second harmonic frequency band of 5 MHz.
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Fig. 2. Pressure amplitude along the transducer centre axis. Left: Amplitudes
of the fundamental compared for unaberrated case (black) and aberrated case
(gray). Right: Amplitude for the second harmonic compared for unaberrated
case (black) and aberrated case (gray).

IV. RESULTS

Figure 1 shows the acoustic energy distribution in a plane
through the beam axis, perpendicular to the transducer surface;
the xz-plane. Aberration is clearly visible for both the linear
part and the second harmonic part of the field.

The peak pressure amplitude along the transducer centre
axis is plotted in Fig. 2. It is seen that aberration reduces the
amplitude by 2 dB for the fundamental, while a 6 dB reduction
is observed for the second harmonic.

In Fig. 3 the total acoustic energy as a function of depth
is plotted (see Eq. (12)). The total energy of the fundamental
decreases almost linearly both for the aberrated and the un-
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Fig. 3. Total energy as a function of depth. Left: Energy of the fundamental
compared for unaberrated (black) and the aberrated (gray) simulation. Right:
Energy of the second harmonic compared for unaberrated case (black) and
aberrated case (gray).
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Fig. 4. Beam profiles in the focal plane of the transducer array. Axis for
the second harmonic is scaled to compare profile shapes. Aberrated profiles
for the fundamental (solid black) and the second harmonic (solid gray), and
unaberrated profiles for the fundamental (dash-dot black) and the unaberrated
second harmonic (dash-dot gray).

aberrated simulations. The second harmonic energy increases
steadily towards the peak pressure of the fundamental in the
unaberrated case (see Fig.2). For the aberrated case the energy
peaks at about 2.5 cm, well before the peak pressure location
and just after the body wall model.

Figures 4-5 show the beam profiles for the fundamental and
second harmonic in the focal plane. The axis has been reduced
by a factor of 2 for the second harmonic in order to compare
the shape of the profiles. The aberrated profiles show clear
similarities, with some differences in sidelobe levels.
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Fig. 5.
the second harmonic is scaled to compare profile shapes. Left: Aberrated
fundamental profile. Right: Aberrated second harmonic profile.

Beam profiles in the focal plane of the transducer array. Axis for

V. CONCLUSION

For the unaberrated situation, the results show that close to
the transducer there is almost a constant growth of the total
energy for the second harmonic. Approaching the focal region
the focusing is weaker, and the growth is reduced. The point of
maximum energy coincides with the maximum peak pressure
along the transducer axis.

Aberration introduces a defocusing of the beam, and the
growth in total energy for the second harmonic peaks at
approximately 2.5cm. Beyond this point, the aberration of
the beam is sufficiently strong for the absorption to dominate
the production of second harmonic energy. Still, there is an
increase in the peak pressure of the second harmonic along
the transducer axis, mainly caused by focusing of the already
generated second harmonic field. The peak pressure curves
along the transducer axis does not correctly indicate where
the second harmonic energy is generated in this case.

The results show that most of the second harmonic genera-
tion occurs prior to the focal zone (extreme near-field) for the
unaberrated case. The beam volume reduction and pressure
increase due to focusing ensures a constant production of the
second harmonic in the extreme near-field. The focusing pres-
sure increase halts in the focal zone, and absorption becomes
dominating. When aberration is present, a similar situation
is observed. However, the peak pressure reaches a lower
value in this situation. Therefore, the reduced beam volume
is not sufficiently compensated by the pressure increase due
to focusing and the absorption dominates at an earlier stage.

As a result of the reduced focusing of the fundamental due
to aberration, less second harmonic energy is generated. In
the presented simulations a reduction of 2 dB in peak pressure
value for the fundamental implied a 6 dB reduction in peak
pressure values for the second harmonic. Harmonic imaging
will therefore be more susceptible to general signal-to-noise
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reduction due to aberration than fundamental imaging.

The shapes of the aberrated fundamental and second har-
monic show clear similarities. This may be understood by
using the quasi-linear approximation, in which the fundamen-
tal acts as the generating source for the second harmonic.
When using second harmonic imaging in modern ultrasound
scanners, the fundamental frequency is reduced compared to
standard fundamental imaging. The reduced frequency leads
to a reduction in the aberration of the fundamental beam due
to the increase in wavelength [14, pp. 11.31]. The aberration
of the second harmonic mimics that of the fundamental, and
is therefore also reduced as a consequence of this wavelength
increase.

In an imaging situation the acoustic backscatter which
is received at the transducer array is subject to the same
aberration as the transmitted wave. However, due to the much
lower amplitude of the backscatter, there is no generating
source term to stabilise the second harmonic on the way back.
Second-harmonic imaging does therefore not have an effect
on the aberration of the received backscatter.

The presented results indicate that harmonic imaging may
have limited effect on aberration. The observed signal-to-noise
improvement using second harmonic imaging are therefore
most likely caused by the other factors such as reduced
reverberation.
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