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Nonlinear propagation of focused ultrasound in layered biological tissues is theoretically studied by using the

angular spectrum approach (ASA), in which an acoustic wave is decomposed into its angular spectrum, and the distri-

bution of nonlinear acoustic fields is calculated in arbitrary planes normal to the acoustic axis. Several biological tissues

are used as specimens inserted into the focusing region illuminated by a focused piston source. The second harmonic

components within or beyond the biological specimens are numerically calculated. Validity of the theoretical model is

examined by measurements. This approach employing the fast Fourier transformation gives a clear visualization of the

focused ultrasound, which is helpful for nonlinear ultrasonic imaging.
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1. Introduction

Ultrasonic imaging techniques have been widely
used in medical diagnosis because they can provide im-
portant information on the diseased state of the tissues
in a human body non-invasively and nondestructively.
Such techniques are normally based on linear acous-
tical theory on sound propagation in tissues. How-
ever, many reports have indicated that the nonlinear
acoustical effects should be considered in the range
of biomedical frequencies and intensities.!=3] Due to
these nonlinear effects, a monochromatic sound wave
will be distorted progressively and harmonics will be
generated. Considering that the second harmonics has
a good directional performance and spatial resolution
compared with the fundamental frequency wave, the
most current B-scanning has the function of the sec-

[4=6] To improve the accuracy

ond harmonic imaging.
of the present imaging techniques and also explore
new imaging techniques, we need to have a full knowl-
edge of acoustic nonlinear generation in layered bio-
A theoretical model to describe the

second harmonic generation in multi-layer media by

logical tissues.

using the superposition technique of Gaussian beams
has been developed in our previous work.!”) Consider-
ing the diffraction effect due to the finite size of the
transmitter, the second harmonic component can be
described as a linear summation of self- and cross-
Although the

technique is an effective tool to calculate the second

interactions of the Gaussian beams.

harmonic generation in tissues, an axial symmetrical

source and regular interfaces are needed.

The decomposition of an acoustic wave into its
angular spectrum representation creates an effective
base for the calculation of wave propagation effects
in media. This approach employing the fast Fourier
transformation is especially suitable for the visualiza-
tion of the sound beam, which is helpful for ultrasonic
imaging. In addition, the approach is suitable for ar-
bitrary sound source and irregular interfaces. Using
the angular spectrum approach (ASA), we studied
the linear sound field in layered media, and derived
an expression for an optimal selection of the angu-
lar range.[®! Alais and Hennion firstly introduced this
technique into nonlinear acoustics to describe the sum

and difference frequency components generated by a
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parametric acoustic array.[®! Landsberger and Hamil-
ton investigated nonlinear generation from a planar
source in solid materials by using the ASA.['% In this
paper, we apply this approach to the investigation into
the second harmonic generation in biological tissues
from a piston focusing source, and the visualization of
the nonlinear ultrasonic beam in the focusing region.
Validity of the numerical calculation is examined by

the measurements for several biological tissues.

2.Principle and method

2.1. Harmonic generation in the region before

the specimen

As shown in Fig.1, a uniformly excited focusing
source with a radius a and focusing length D is em-
ployed as the transmitter. A biological tissue speci-

men with a thickness d is inserted into the focusing

T ———

Ny

Fig.1. Illustration of focused acoustic source.

region. It is well known that when a finite-amplitude
sound-wave is transmitted in a medium, the wave dis-
tortion will occur and higher harmonics are accumu-
lated during its propagation due to the nonlinearity of
the medium. The nonlinear sound propagation satis-

fies the following nonlinear equation!*l:

1 02
2 —
<V —5>1’

where V is the Laplace operator, p and c are density

,6 82 2
c4 o2 (1)

and velocity respectively, p refers to the sound pres-
sure, 3 is the coefficient of nonlinearity, 3 = 1+ B/2A,
B/A denotes the acoustic nonlinearity parameter,
which is used to present the nonlinearity effect pro-
duced during the sound propagation in a medium.*?
In a quasi-linear approximation, the sound pressure p

can be expressed as follows:

p = p1 + p2, (2)

where p; and ps denote the fundamental and second-

harmonic components respectively. We let

pn(2,y, 2,t) = Po(z,y, 2)e ™", (3)

where w is the angular frequency, and n = 1,2. By

substituting Egs.(2) and (3) into Eq.(1), we obtain

(V2 + k%P, =0, (4)
20k? "
(V2+4k2) _ ﬂ ////e]k+k
~ (2n) (2m)4pc?
X Pl(kz,ky, 20)
x Py (k! k;, zo)dk;dk;dk;'dkg, (5)

where k = w/c. Suppose that the sound wave travel-
ling in the positive z-axis is incident on the xy plane,
decomposition of the source plane can be done in the
sense of a transformation from the space vector do-
main to the spatial frequencies domain. If the source

spectrum is given in the plane z = 0 by

Py (ky, ky,0) = F{Py(z,,0)}, (6)

where F{} represents the Fourier transformation. k,
and k, are wave numbers in planes parallel to the
source plane. Then the solution of Eq.(4) for the fun-

damental frequency wave in the plane z = 27 is

Pi(z,y,21) = F{Pi(ky, ky, 0057}, (7)

where F~1{}represents the inverse Fourier transfor-

mation. k, = ,/k% — k2 — k321 is the wave number in

planes perpendicular to the source plane. Substituting
Eq.(7) into Eq.(5) yields the solution for the second

harmonic component in the plane z = z; as follows:

ﬁg(kz,ky,zl) :/ Qf k ky,kz,k;,zl)ﬁ)l(k;,k;, )

x Py(ky — Ko ky — K,

2ﬁk2 k"+k') — eik2:=21
pe? \ ki — (R + R )
R CAR A

Y= R = (e — )2 = (y — B2,

ko = \/(2k)? — k2 — k2.

0)dk.dk,, (8)

where

Qf(k‘ma kya Iwa ;a Zl)

and

Considering the sound attenuation in an ad hoc

manner, k,,k. and ko, may be substituted respectively



1596 Zhu Xiao-Feng et al

Vol. 14

- = ~ ~ k
by k., k. and ks, which are defined as k, = k,+j—a,

z

k,lz = k;+jk—,a1 and k22 = k22+J ks,

z
the sound attenuation coefficients at the fundamental

ay. ag and ag are

and second harmonic frequencies, respectively.

2.2. Harmonic generation within and beyond

the specimen

To deal with the sound transmission in multi-layer
media, we ignore the sound reflection due to a small
difference in sound impedance between water and bi-
ological tissues. The transmission coefficient of sound
pressure T at the interface z = 2z; can be expressed

asl8]

T

2pscsy/1 — (Aky /2m)% — (Mky /272

where the parameters denoted by the subscript “s”

are for the tissue sample. The angular spectra in the

specimen at the plane z = z; are given by

pl(kszaksyazl) :Tpl(kzakyazl)a (10)
P2(kszaksyazl) :Tp2(kzakyazl)' (11)

The second harmonic component in the plane

z = z9 is composed of two parts: one of them results
from Ps(z,y,z1) by linear propagation, and the other
is nonlinearly generated from P;(z,y,2;). Hence the
angular spectrum of the second harmonic component
in the plane z = z, is
p2(kzakyaz2) :/ st(kszaksyak;zak;yaz)

X pl(k;za k;y? Zl)

X Py(ksy — KLy, ksy — k;y,zl)dk'zdk;
+ Po(ksa, by, 21)e"2%, (12)

sx)

where

st(ksma ksy7 k;:m k;y7 Z)
Qﬁskf ei(k’z’-l—k'z)z o eik2zz
i T ) (13)

For the region z > 2z, the angular spectrum of

the second harmonic component can be obtained by

using the similar process to that in the plane z = z,.
3. Experimental system

The basic scheme of the measurement set-up is
demonstrated in Fig.2. A programmable function
generator (Agilent 33250, USA) transmits a repeated
tone-burst signal containing 10 cycles of the funda-

mental sine wave (5MHz) with an amplitude of 60mV

B pscs\/l — (Akg/2m)2 — (Aky /27)2 + pAcA\/l — (Nsksz/2m)% — ()\sksy/27r)2’

and a repetition frequency of 1kHz; it is long enough
to be treated as a continuous wave, yet short enough
to eliminate the standing wave effect within the holder
of the specimen. The emitted tone-burst signal is am-
plified by a broadband power amplifier (ENI A-150,
USA) and used to drive a focused transmitter with a
resonance frequency of 5MHz, a diameter of 8mm, and
a focusing length of 51mm. The acoustic signal after
propagating through the specimen is detected by a
broadband needle hydrophone (NTR1000, USA). Fi-
nally, the received signal is amplified and sent to a
digital oscilloscope (Agilent 54831, USA) for its digi-

tizing and finally stored in the computer.

To measure the two-dimensional distribution of
sound radiated from the focused transducer, the hy-
drophone is mounted on a two-dimensional mechan-
ical scanning unit (Newport MM3000, USA). Using
this scanning system, the data are sampled at an in-
terval of 0.05mm in the plane normal to the acoustic
axis. The scanning region is 20mm x20mm, hence, a
matrix of 400 x 400 is obtained to visualize the second

harmonic distribution.

Several biological tissues are used as the speci-
mens in the measurement, including porcine fatty and
liver tissues, and fresh eggs. The porcine fatty and
liver tissues are obtained from a slaughter-house and
stored in the physiological saline. All measurements
are finished within 4 hours at a temperature of 25°C.
The specimen is packed into a plexiglass cylindrical
holder with two sound permeable planar membranes
at both ends, and inserted into the focusing region.
The dimension of the sample holder along the direc-

tion of acoustic axis is d=10mm.
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Fig.2. Block-diagram of the experimental system.

4. Comparison between numeri-

cal calculation and measured

results

In the numerical calculation, the first set of com-
putations is based on discretization of source plane,
in which the sampling interval § must satisfy the
Nyquist sampling theorem (6 < A/2). In addition,
to reduce the aliasing error due to the circular con-
volution, the sampling region should be larger than

the area of the source. Therefore, the sample interval

0=0.1mm is chosen to discrete the rectangular region
(10mmx10mm) in the source plane. The normal ve-

locity on the surface of the transmitter is

( 0) = U ikr? <
u(@,y,0) = o-exp 55 ) <@
u(z,y,0) =0, r>a (14)

Ultrasonic parameters of biological specimens are
measured by the finite amplitude insert substitution
techniquel™®! and listed in Table 1.

Table 1. Ultrasonic parameters for water and biological specimen.

Specimen | Density/(g/cm3) Velocity/(m/s) Attenuation at 5MHz/(dB/cm) Attenuation at 10MHz/(dB/cm) B8
Water 0.997 1497 0.5375 2.19 3.6[21
Liver 1.05 1580 38.5 77.0 4.45

Fat 0.95 1445 119.25 238.5 6.45
‘White 1.033 1542 13.5 31.0 3.70
Yolk 1.066 1508 48.2 136.3 5.25

0.3 —re
experiment
' 0.2 1

Solid lines in Figs.3 and 4 show the calculated '§
second harmonic sound pressure distributions in the 3
plane z=0.102m when the porcine fatty or liver tis- zg 0.1
sue with the thickness d=0.01m is inserted into the | e
focusing region, where the vertical axis is the axis
normalized by the second harmonic sound pressure at 0'8_000 0.002 0.006 0.008
2z=0.102m without insertion of the specimen. To ex- z/m

amine the validity of the ASA technique, we also give
the corresponding measured results as shown in Figs.3
and 4 by dotted lines.

Fig.3. Comparison of beam pattern for the second harmonic
component at z=0.102m between the prediction with ASA

and the measurement with insertion of fat tissue.
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Fig.4. Comparison of beam pattern for the second
harmonic component at z=0.102m between the pre-
diction with ASA and the measurement with insertion

of liver tissue.

Figure 5 demonstrates a comparison of the nor-

malized beam pattern at z=0.102m with insertion of

1.0
ASA (a)
e experiment
0.8 1

061

0.4

Normalized P,

0.2 1

0.0
0.000

0.(I)04 0.006 0.008

z/m

0.002

Normalized P,

egg white and egg yolk in the focusing region between
the prediction with ASA technique and the measure-
ment, where the vertical axis is the axis normalized
by the second harmonic sound pressure at z=0.102m
without insertion of the specimen.

Agreement of the prediction by the ASA with the
measurement shown in Figs.4 and 5 verifies the va-
lidity of the theoretical method. Therefore, we can
predict the second harmonic sound distribution within
the region of tissue specimen. Figure 6 gives planar
scans of the second harmonic sound distribution in
the focusing plane with the insertion of liver and fatty
tissue. The vertical axis represents the normalized
second harmonic pressure compared with that in pure
water at z=0.051m. In the figure, it is easy to lo-
cate the convergence of the nonlinear sound beam in
the focusing region, which is helpful to improve the

resolution of nonlinear image.

1.0

ASA (b)
> experiment
0.8 1

0.6 1

0.4 1

0.2 4

s . 50,
0.004 0.006

0.0
0.000

0.002 0.008

z/m

Fig.5. Comparison of beam pattern for the second harmonic component at z=0.102m between the
prediction with ASA and the measurement with insertion of (a) egg white and (b) egg yolk.
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Fig.6. Planar scans in biological tissue at the plane z=0.051m (a) Fat (b) Liver.

5. Discussions and conclusion

In this paper, we study the second harmonic
sound propagation in layered biological tissues illumi-

nated by a focused piston transducer in theory as well

as in measurement. Several biological tissues, includ-
ing porcine fatty and liver tissue, egg white and egg
yolk, are used as the specimens inserted into the focus-

ing region. The planar scans of the second harmonic
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sound distributions beyond the focusing region are

theoretically predicted by using the angular spectrum

approach, and in good agreement with the measure-

ment. Therefore, we can predict the second harmonic

sound distribution within the tissue specimens with
the ASA technique, which could give helpful knowl-

edge for the second harmonic imaging of tissue.
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