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Thermoacoustic imaging with current injection (TAI-CI) is a novel imaging technology that couples with electromag-
netic and acoustic research, which combines the advantages of high contrast of the electrical impedance tomography and
the high spatial resolution of sonography, and therefore has the potential for early diagnosis. To verify the feasibility of
TAI-CI for complex bone-containing biological tissues, the principle of TAI-CI and the coupling characteristics of fluid and
solid were analyzed. Meanwhile, thermoacoustic (TA) effects for fluid model and fluid—solid coupling model were analyzed
by numerical simulations. Moreover, we conducted experiments on animal cartilage, hard bone and biological soft tissue
phantom with low conductivity (0.5 S/m). By injecting a current into the phantom, the thermoacoustic signal was detected
by the ultrasonic transducer with a center frequency of 1 MHz, thereby the B-scan image of the objects was obtained. The
B-scan image of the cartilage experiment accurately reflects the distribution of cartilage and gel, and the hard bone has a
certain attenuation effect on the acoustic signal. However, compared with the ultrasonic imaging, the thermoacoustic signal
is only attenuated during the outward propagation. Even in this case, a clear image can still be obtained and the images can
reflect the change of the conductivity of the gel. This study confirmed the feasibility of TAI-CI for the imaging of biological
tissue under the presence of cartilage and the bone. The novel TAI-CI method provides further evidence that it can be used

in the diagnosis of human diseases.

Keywords: biomedical imaging, thermo-acoustic imaging, fluid—solid coupling, low conductivity
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1. Introduction

Cancer is the most commonly diagnosed type of serious
human disease and it has the highest mortality rate."*) How-
ever, current routine clinical structure imaging techniques can-
not provide an early diagnosis of tumours very well, although
it has been demonstrated that early detection can greatly in-
crease the cure rate of breast cancer. Therefore, there is an
urgent need to develop functional imaging techniques that en-
able early diagnosis. Compared with the normal tissue, the
electrical characteristics of tumors are quite different in the
process of occurrence and development,>-6! while the change
of electrical parameter of biological tissue often appears prior
to the change of the structure.!”) Therefore, under the guid-
ance of electrical impedance tomography (EIT), a functional
imaging method based on the electrical parameter spectrum of
biological tissue appears over time.[3-13]

For any imaging method, high contrast, high resolu-
tion, and enough penetration depths are important perfor-
mance indexes. At present, EIT has lower sensitivity and
spatial resolution, and conventional ultrasound is poor in soft
tissues, which makes it difficult to reliably separate normal

and malignant breast tissues.l'*! A technique to obtain the
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electrical parameter spectrum using a single physics field
will find it difficult to meet the performance requirements
that encompass the entire above-mentioned indexes. Ac-
cordingly, it is desirable to meet all of the performance re-
quirements with the help of multi-physical fields coupling

[15

methods.!">! So far, a variety of functional imaging tech-

niques have been developed, which can be divided into two
categories: the first based on magneto—acoustic effects!!o-1°]
and the second using thermo—-acoustic effects.?*->> The lat-
ter contains photoacoustic, *6-28) microwave-induced thermo—

20,23]

acoustic imaging (MI-TAI),! magnetically mediated

22241 apd  thermo—

thermo—acoustic imaging (MM-TAI),!
acoustic imaging with current injection (TAI-CI), which is
proposed in this paper.[?>!

Compared with EIT, TAI-CI is a new multi-physical field
imaging method that uses pulse current as an excitation source
and can detect ultrasonic signals, which can improve the reso-
lution and avoid the interference from contact impedance of
detection electrode. A comparative study on MM-TAI and
TAI-CI indicated that the magnetic acoustic effect exists in

129

the thermo—acoustic effects.!*®! The magnetic acoustic effect

of TAI-CI is smaller for biological tissues than that of MM-
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TAI so TAI-CI can avoid the issue of the mixing of magneto—
acoustic and thermo-acoustic effects in MM-TAI Meanwhile,
TAI-CI can also reduce the excitation source power and in-
crease the detected signal strength.

In comparison with microwave-induced thermo—acoustic
imaging, MM-TAI has the potential of deeper penetration
depth. For commonly used frequencies, such as 3 GHz,
the penetration depths for fat and muscle are estimated to
be 9 cm and 1.2 cm, respectively, while at 500 MHz, the
penetration depths are estimated to be 23.5 cm and 3.4 cm,
respectively. 3311 The excitation source of MM-TAI has a
width of 1 us and a carrier frequency at 12.4 MHz which offers
at least 15-cm penetration.??! The width of pulsed current for
TAI-CI is less than 1 ps, which can further increase the pen-
etration depth of biological tissue. Furthermore, TAI-CI can
reduce the excitation source power and increase the detected
signal strength on the basis of consistent security. In com-
parison with the magneto—acoustic tomography, TAI-CI can
simplify the imaging system and reduce costs.

Up to now, the preliminary theoretical basis of TAI-CI
has been formed and the experimental results of gel with low
conductivity have been reported. The resolution of the imag-
ing system can reach 2 mm when using an ultrasonic trans-
ducer with a center frequency of 1 MHz,3?! the resolution of
image is higher in the recent study. In the current research
on TAI-CI, the conductivity distribution acquired by acoustic
pressure inversion is based on the assumption that the target
is a whole fluid. However, the pure fluid model may not be
suitable for the actual organism, such as head or chest, which
contains solid matter. Obviously, it is necessary to investigate
the influence of a complex structure on the reconstruction of
an acoustic source or conductivity, starting with the acoustic
field model.

The conventional ultrasonic imaging method is based on
the echo principle — a beam of ultrasound is sent to the hu-
man body by the acoustic probe, and the ultrasonic reflected
signal is received by the receiving probe. An image of the
internal organs can then be obtained. In the process of receiv-
ing and transmitting, the ultrasonic signal is attenuated twice
due to the presence of bones. The thermal expansion of the
internal organs of the TAI-CI excites the thermo—acoustic sig-
nal and the ultrasonic signal is only attenuated during outward
propagation. Therefore, TAI-CI is expected to optimize signal
attenuation problems caused by bone decay.

In this paper, the principle of thermo—acoustic imaging
with current injection and the coupling characteristics of fluid
and solid are analyzed. Moreover, the thermo—acoustic ef-

fects of pure fluid model and fluid—solid coupling model are

analyzed by numerical simulation. Meanwhile, the experi-
mental system is established to test the animal cartilage, hard
bone and biological soft tissue phantom with low-conductivity
(0.5 S/m), and the acoustic signal is detected by an ultrasonic
transducer with a center frequency of 1 MHz. The mutual ver-
ification of theory, simulation, and experiment is realized. It is
further proven that this method is feasible for biological imag-
ing. The fluid—solid coupling model developed in this research
will provide an analytical means for accurate imaging in the

presence of a complex biological structure.

2. Principle and method

TAI-CI is a multi-field coupling imaging method that
combines electric, thermal, and acoustic techniques. A
schematic diagram of TAI-CI is shown in Fig. 1. By injecting a
pulse current into the object through a pair of electrodes, A and
B, joule heating is produced inside the object and the acoustic
signal is excited due to thermal expansion. The acoustic sig-
nal is then detected and finally the image can be reconstructed.
The image can reflect the electrical parameters of the target.

Because malignant tissue can absorb more energy than
normal tissue and emit stronger acoustic wave, the locations,
dimensions, and morphologies of tumors can be determined
from the image.

thermo—acoustic signal
ulse current

p . .
Mexcnatlon

electrode A

—_—

( .\'«ultrasonic
~ it detection
electrode B

Fig. 1. Principle diagram of thermo—acoustic imaging with current injection.

2.1. Electromagnetic-field model

The electromagnetic field forward problem is as follows:
the electrical conductivity of the object is a known quantity,
and it is required to solve the the heat absorption distribu-
tion produced by the injection current. The acoustic field for-
ward problem needs to solve the ultrasonic signal based on
the known heat absorption distribution. The ultrasonic signal
reflects the process of spreading outward of the acoustic wave.

According to the Helmholtz theorem, the electric field can
be expressed as Eq. (1) under the quasi static electric approxi-

mation condition.
E=-Vg¢, (1)

where ¢ is an electric scalar potential.
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According to the current continuity theorem, the equa-
tions of electric field and the boundary conditions of target

can be described as follows:

v [G(T‘/)V(Z)(’I"/J)] =0,
Gai — i@’

on IaB 0 2)
2 _, (
on L ’
¢(r/vt)|t:0 :07

where IA g is the position of the electrodes, I is the outer
boundary of the object except the electrode position, Ag is the
contact area between the electrode and object, I(¢) is the injec-
tion current, o is the conductivity, and d¢ /dn is the normal
derivative of ¢.

The current density distribution in an object is expressed

as follows:

S(r',1) = a(r')|[E( 1)’ + oeoel |E(r' 1) + opop! | H (r',1)

where & and L are the electric permittivity and magnetic per-
meability in free space, €/ is the imaginary part of the relative
permittivity that describes the losses, 1’ is the imaginary part
of the relative magnetic permeability that describes the mag-
netic losses within the medium, whereas E(r’,¢) and H (v' 1)
are the electric field and magnetic field in the medium. The
first two terms describe the resistance loss and dielectric loss,
which dominate in thermal energy generation in tissue. The
last term is magnetic loss because normally g,” = 0 in biolog-
ical tissues, the magnetic loss can be negligible in tissue.!®!
Then equation (4) can be rewritten as

‘2

S(r' 1) = (G(’P/) + a)soer”) ‘E(r’,t) (5)

For frequencies below 100 MHz, the resistance loss of
biological materials dominates over the dielectric loss.*®! For
1 MHz, the dielectric loss can almost be ignored. Equation (5)
can then be rewritten as Eq. (6). Tissue with high conductiv-
ity like muscle (6 = 0.5 ~ 0.7 S/m at 1 MHz) exhibits higher
energy absorption than the tissue with low conductivity, such
as fat (6 = 0.02 ~ 0.03 S/m at 1 MHz).37-38] The results of
thermo—acoustic image can reflect the conductivity distribu-

tions in the imaged object!*’!

(1) = o () |[E( 1) ©6)

According to Refs. [20] and [33], the heating function
S(r',r) can be separated into a spatial absorption function and

a temporal function of the source

S(r' 1) = S(') - 1(t). )

J(r't)=o(r t)E(r'1). 3)

The short duration of pulse allows us to restrict the en-
ergy deposition and minimize the effect of thermal diffusion
on the thermo—acoustic waves. For this thermo—acoustic imag-
ing, the pulse duration 7, is shorter than the thermal transport
time of absorbed energy 7;, which is referred to as thermal

33.34] The condition of thermal confinement can

confinement.|
be expressed as 7, < Ty < 2 / o, where « is the thermal dif-
fusivity of the object and / is the penetration depth or the size
of the object. Within the same amount of time, the distance of
the acoustic wave propagation is longer than the length of the
heat transfer, even if the pulse width is 1 ps.

The instantaneous short pulse excites the joule heat. The
heating function can then be described by the power deposi-
tion in the object. The heating function can be written in the
following
|2

; “

The short pulse can be regarded as a Dirac delta function
I(t)=48(). ®)

Heat absorption distribution S (') is the total energy ab-
sorbed at position r during the excitation with the pulse width
of 7,, which is an integration of S(v/,1)

S(r') = /0 S (r' ) dr. )

To demonstrate the validity of electromagnetic field
model for TAI-CI, a simulation was conducted to calculate
the two-dimensional (2D) distribution of the heating absorp-
tion. The geometric model is shown in Fig. 2, which is mainly
divided into three regions: €21, €2, and 3, 2 and €2, repre-
sent the object area, which may be the fluid area or solid area;
Q3 represents coupling region, which can be regarded as fluid
area; and o(r’) can be used to represent the electrical conduc-
tivity distribution of the entire area. A and B are electrodes.

Fig. 2. The geometric model.
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2.2. Acoustic-field model for a fluid

When three regions are all fluid, the fluid model can be
built and solved for the acoustic problem.

Thermal diffusion in the thermo—acoustic process can be
neglected because the power pulse width (0.5 pus ~ 1 ps) is
much shorter than the thermal diffusion time in water and bi-
ological tissue.

The generation and propagation of thermo—acoustic sig-
nals for TAI-CI are described by the thermo-acoustic wave

equation3°!

1 d%p(r,r) 9T (r,1)
2 a7 ——PoﬁTv (10)

where p(r,t) is acoustic pressure depending on the location

V2p(r,1)

of r and time of ¢, T'(7,¢) is the temperature variation in space

and time, ¢ denotes the speed of sound, Cp and 8 denote the

specific heat capacity at constant volume and the thermal ex-

pansion coefficient, respectively. The temperature field is gov-

erned by the heat equation

aT (r,t)
ot

where k is the thermal conductivity, the relationship between

poCp —V-(kVT)=S8(r',1), (11)

k and the thermal diffusivity « is

_k
pOCp '

The ultrafast pulse excitation combined with the low val-

(04

12)

ues of the thermal diffusivity o in soft tissue results in faster

temperature changes and negligible heat transfer
V- (kVT) =0. 13)

Then equation (11) is reduced to

aT
poC, (g”) =51, (14)
t
By substituting Eq. (14) to Eq. (10), one obtains
1 92 B 9S(r',1)
v? - == =——1" 15
P = gt == =5 (1s)

The right-hand side of Eq. (15) includes the thermo—
acoustic source term dS (r’,1)/dt. Under thermal stress con-
finement, using Eqs. (7) and (8), the partial derivative of heat-
ing function, which is regarded as thermo—acoustic source can
be rewritten in the form

/
Lg’” ~S(r') %. (16)

With product separate contribution of the spatial S(r')
and temporal § (¢) parts,*! equation (15) can be rewritten in
the form

2
Vipri) = 3 gplrd) = -

a7

So, for the pure fluid model the thermo—acoustic wave
equation and the corresponding boundary conditions can be

described as follows:

1 92 B al(t)
2 - _ = !
Vip(ri) = gl =~ S G0
p(?",t)|t,0—0, (18)
dp(r,t)
=0,
at |,
p<r’t)|7'~>°°_o

The acoustic pressure p(r,t) at point r can be solved ac-

cording to Eq. (18)

1 B ., ,0I(t)é(t—R/c) .,
t)=— [ =—S(r)———-dQ 19
p(r.o) 47r/QCp (T)at R » (19)
where the expression of R is R = |r' —r|, r and 7’ are the

position of the transducer and the sound source.

2.3. Acoustic field model for fluid—solid coupling

When the three regions include a fluid and solid, it is nec-
essary to establish a fluid—solid coupling model and solve the
coupled acoustic field problem. It is assumed that regions €2
and 3 are fluids and regions £2; is the solid area.

In the regions £ and 23, the thermo—acoustic is still gov-
erned by the thermo—acoustic wave equation [Eq. (17)]. When
the vibration in the solid propagates to the interface of the
fluid, the force displacement u in the solid is converted to the
acoustic pressure in the fluid. Considering the solid boundary
displacement effects on the fluid, the thermo—acoustic wave

equation and boundary conditions in the fluid area can be de-

scribed as
2 B aI(t)

V2 t t ——S !

p(’r‘, ) galﬂp(r’ ) Cp (T’) (9[ ’

0%u
n-VP (rvt)|ﬁuid—solid = —pom- ﬁ ; d
fluid—solid (20)

p(’l",l)|t:0 = 0’
|,

a |
p(r7t)|r~>°° =0.

When the acoustic signal encountered solid materials dur-
ing the transmission process in the flow, acoustic pressure is
converted to force at the interface between fluid and solid, and
then the displacement produced by vibration force in a solid.
When the elastic medium is in the state of stress and strain, the
resultant force of physical force and surface force acting on the
element should be balanced with the inertial force, the equi-

librium equation, temperature field equation and the boundary
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condition describing this process in the regions €2, can be ex-

pressed as
5 *u
A+ VYV utpVeiu—BrVT =po— 5,
Fliwidosotia = —7P|fuid-solid » @1
u (r7t)‘t=0 = 0’
d
wr|
9t o

where n is the normal vector at the interface between fluid
and solid, w is displacement produced by vibration in a solid,
A and p are Lame coefficient, Based on Egs. (7) and (14) the
temperature can be obtained as follows:
1 / 2 ,
S(r',t)dt. (22)
pOCp 0 ( )

T =

3. Numerical simulation

The geometric models for numerical simulation were es-
tablished to evaluate the proposed mathematical model. The
characteristics of TAI-CI were tested by simulation with dif-
ferent parameters of setups, fluid model and fluid—solid cou-
pling model were both analyzed.

It is reported that the conductivity of human or animal tis-
sues is commonly below 1.0 S/m.[*] For the same type of tis-
sue, the differences between the electrical properties of malig-
nant and that of normal are greatest in the mammary gland (av-
erage difference of conductivity is about 577%).!*!! The con-
ductivity of cartilage is commonly from 0.15 S/m to 0.3 S/m,
and conductivity of bone is about from 0.02 S/m to 0.04 S/m
in the frequency of 1 MHz.137-38] This provides a reference for

42,43

parameter selection in the simulation model.[*>*3] The simu-

lation geometric models were established to simulate normal,

tumor tissue, and bone, as in Fig. 3.

1.0
5
0.8
0 0.6
0.4
=5 0.2
0
-5 0 5

z/cm

y/cm

Fig. 3. Conductivity distribution.

The model was made of a rectangle measuring 50 mm X

120 mm and a concentric inner rectangle measuring 5 mm x

50 mm, the outer rectangle was used to simulate the normal
tissue, and the inner rectangle was used to simulate the tu-
mor tissue. The materials were set to muscle, and the electri-
cal conductivity of the outer rectangle and the inner rectangle
were set to 0.4 S/m and 1 S/m, respectively. There was also
a rectangle measuring 5 mm x 120 mm on the right-hand side
of the outer rectangle to simulate the bone — including carti-
lage and hard bone. To couple the acoustic field, the model
should be immersed into the insulating oil — the speed of
sound in the insulating oil was set to 1481 m/s. The acous-
tic system was set to be uniform without consideration of any
acoustic dispersion, attenuation and reflection. The function of
the pulse excitation added to the edges of the outer rectangle is
V(1) = 100e~(—2/2% with b =5x 10~ and ¢ = 1 x 10~".

3.1. Fluid model

When all of the targets are fluids, a fluid simulation model
can be built. While the actual organism contains solid struc-
tures such as fluid and bone, all of the objects are considered to
be equivalent to a fluid to simplify the modeling, create a geo-
metric model of the tumor embedded in the normal tissue, and
treat the bone as a fluid. The physical and acoustic properties
were then set.

The fluid model shown in Fig. 3 should be analyzed based
on the corresponding theoretical analysis described above, in-
cluding electromagnetic field model and acoustic field model
of fluid model. The rectangle on the right-hand side, which is
used to simulate the cartilage, is regarded as a fluid. As for the
physical and acoustic properties of the targets, the density of
tissue is set to be 1 g/cm?, the density of simulated cartilage is
set to be 1.668 g/cm?, the conductivity of simulated cartilage
is set to be 0.15 S/m, and the speed of sound in simulated tis-
sue is set to be 1481 m/s, and the speed of sound in simulated
cartilage is set to be 1540 m/s.

Figure 4 shows the normalization results of our simu-
lation. Figure 4(a) shows the thermo—acoustic source when
t = 0.46 ps. Figure 4(b) shows the current density modu-
lus distribution when r = 0.46 us, and figure 4(c) shows the
acoustic pressure distribution of the model when ¢ = 10 ps,
with the acoustic pressure distributed throughout the fluid area.
The normalized curves of the conductivity, thermo—acoustic
source, current density modulus, and the y component of the
electric field intensity along the central white straight line in
Fig. 4(a) are shown in Fig. 4(d).The result shows that the heat
absorption distribution and the thermo—acoustic source are re-
lated to the conductivity distribution. The thermo—acoustic
source due to the Joule heating is distributed in the whole fluid

arca.
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y/cm

y/cm

x/cm

0.4
1.0 (d) ij{lductivity 7(8) = 1.0
0.8 iii:;[urrenstodlégscitcy modulus 0 ?/\/\/mﬂlvv—__- §0 (f)
| |78 | Pis : : 0.5
0.4 e g
B
0.2 T —05
\ =
1! | =
[0 — e © —1.0
0 0.02 0.04 0.06 0.08 z 0 10 20 30 40
z/m f/MHz t/us

Fig. 4. The simulation results of the fluid model. (a) Thermo—acoustic source. (b) Current density modulus distribution. (c) Acoustic pressure distribution.
(d) Conductivity, thermo—acoustic source, current density modulus, and the y component of the electric field intensity for the white straight line. (e) The
impulse response and amplitude—frequency characteristic of the ultrasonic transducers. (f) Simulation convolved acoustic pressure waveform.

An acoustic signal is then excited due to thermal expan-
sion. The distance between the data acquisition site and the
center of the model is 0.035 m, which means that the position
of the simulative transducer is at the point (0.035 m, O m). In
practical experiments, the signals obtained by the transducers
are actually the convolution between the impulse response of
the ultrasonic transducers and the acoustic pressure. Conse-
quently, the simulation signals are processed by the convolu-
tion to compare with experiments. The impulse response and
amplitude—frequency characteristic of the ultrasonic transduc-
ers are shown in Fig. 4(e), figure 4(f) shows the convolved
acoustic pressure wave for the white straight line in Fig. 4(a).
There are five clusters in Fig. 4(f), indicating signals from dif-
ferent edges, the positions of the clusters are corresponding
to the position of the change of the conductivity. The wave
clusters begin at 3.375 us and end at 40.5 ps, the correspond-
ing time of the second cluster is 6.75 us, the corresponding
time of the third cluster is 21.0375 us, and the correspond-
ing time of the fourth cluster is 25.2 ps. The time of the first
cluster is consistent with the propagation time of the acoustic
wave from the right edge of the right rectangle model to the
transducer, the time of the second cluster is consistent with the
propagation time of the acoustic wave from the left edge of the
right rectangle model to the transducer, the time of the third
cluster is consistent with the propagation time of the acoustic
wave from the right edge of the inner rectangle model to the
transducer, the time of the fourth cluster is consistent with the

propagation time of the acoustic wave from the left edge of

the inner rectangle model to the transducer, and the time of
the fifth cluster is consistent with the propagation time of the
acoustic wave from the left edge of the outer rectangle model
to the transducer. These results prove that the acoustic signals
are caused by the different structures in the model and they
reveal the conductivity variation of the model.

There is a cluster at the right-hand edge of the right-hand
rectangle model in the acoustic pressure waveform. Based
on the distances from edges to the transducer and speed of
sound, we analyzed the acoustic propagation time from edge
of model to the transducer and then compared the theoretical
and simulation value. According to the theoretical calculation,
the corresponding time of each cluster is 3.376 us, 6.623 us,
21.815 s, 25.191 s, 40.384 us, and the results show that
the simulation results are in good agreement with the theo-
retical value. Compared with the theoretical value the errors
of the simulation results are 0.03%, 1.92%, 3.56%, 0.04%,
and 0.29%, respectively, which proves the feasibility of our
method.

The error is related to the calculation error and the result
of acoustic pressure convolving with probe characteristic re-
sponse. Even so, the numerical analysis result shows that the
changes of the acoustic signal and the thermo—acoustic source
reflect the conductivity changes of the object, the acoustic sig-
nal can reflect the anterior and posterior interface of simulative
cartilage, and the positions of the clusters in the numerical re-
sults are basically consistent with the positions of electrical

conductivity change.
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3.2. Fluid-solid coupling model
The fluid—solid coupling model should be analyzed ac-

cording to the corresponding theoretical analysis above, in-
cluding the electromagnetic field model and the acoustic field
model for fluid—solid coupling. The model is shown in Fig. 3,
the outer rectangle is used to simulate normal tissue and the in-
ner rectangle is used to simulate tumor tissue, which are con-
sidered to be fluids, and the rectangle on the right-hand side
that is used to simulate the bone is regarded as solid. Since
each part of the target has different physical and acoustic prop-
erties, the density of the fluid is set to be 1 g/cm?, the speed of
sound in fluid is set to be 1481 m/s, the conductivity of bone
is set to be 0.02 S/m, the density of simulated bone is set to be
1.668 g/cm?, and the speed of sound in simulated bone is set
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to be 1728 m/s.

Figure 5 shows the normalized simulation results of the
fluid—solid coupling model. The instantaneous short pulse
current excited Joule heating as thermo-acoustic source at
0.46 ps is shown in Fig. 5(a). Figure 5(b) shows the modular
of current density distribution when ¢ = 0.46 us, figure 5(c)
shows the acoustic pressure distribution of the model when
t = 10 ps. The figure shows the acoustic pressure exists only
in the fluid area. The normalized distributions of conductiv-
ity, the thermo—acoustic source, current density modulus, and
the y component of the electric field intensity along the cen-
tral white straight line in Fig. 5(a) are shown in Fig. 5(d). The
results show that the thermo—acoustic source is closely related
to the conductivity distribution.
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Fig. 5. The simulation results of the fluid—solid coupling model. (a) Thermo-acoustic source distribution. (b) Current density modulus distribution. (c)
Acoustic pressure distribution. (d) Conductivity, thermo—acoustic source distribution, current density modulus, and the y component of the electric field
intensity for the white straight line. (e) Simulation convolved acoustic pressure waveform.

The acoustic signal is then excited due to thermal expan-
sion. The distance between the data acquisition site and the
center of the model was 0.035 m. The signals obtained by
the transducers are actually the convolution between the im-
pulse response of the ultrasonic transducers and the acoustic
pressure. The simulation signals were then processed with the
convolution. Figure 5(e) shows the convolved acoustic pres-
sure wave at the white straight line in Fig. 5(a). There exist
four clusters, as shown in Fig. 5(e), which represent the sig-
nals from different edges of fluid targets. The position of ev-
ery cluster corresponds to the site of conductivity change. The
wave clusters begin at 6.1 us and end at 40 us, the correspond-
ing time of the second cluster is 21.2 ps and the corresponding
time of the third cluster is 25 ps. The time of the first cluster is

consistent with the propagation time of the acoustic wave from
the right edge of the outer rectangle model to the transducer,
the time of the second cluster is consistent with the propaga-
tion time of the acoustic wave from the right edge of the inner
rectangle model to the transducer, the time of the third cluster
is consistent with the propagation time of the acoustic wave
from the left edge of the inner rectangle model to the trans-
ducer, and the time of the fourth cluster is consistent with the
propagation time of the acoustic wave from the left edge of the
outer rectangle model to the transducer. These results demon-
strate that the acoustic signals are caused by the different ge-
ometric model. They also reveal the conductivity changes of
the model. There is no acoustic pressure occurrence in the
hard bone area.
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There is no cluster on the right-hand edge of the right-
hand rectangle model in the acoustic pressure waveform. The
acoustic propagation time from edge of object to the trans-
ducer can be analyzed according to the distances from edges
to the transducer and speed of sound. By comparing theoreti-
cal analysis, simulated values and theoretical calculations, the
corresponding times of each cluster are 6.27 us, 21.462 us,
24.838 s, and 40.031 ps according to theoretical calculation.
The results show that the simulation results are in good agree-
ment with the theoretical value. Compared with the theoretical
value, the errors of the simulation results are 2.71%, 1.22%,
0.65%, and 0.08% respectively, which confirm the feasibility
of our method.

4. Experimental method

To verify the results of theoretical and simulation analy-
sis, the TAI-CI experimental system as shown in Fig. 6 was
established for experimental research.

The experimental system mainly includes four parts: ex-
citation source system, ultrasonic detection system, scanning
system, acquisition, and imaging system.

Excitation source system: The pulse excitation source
system consists of the signal generation system, pulse source,
and a pair of excitation sheet copper electrode. The signal gen-
eration system controls the working state of the pulse source
by controlling the input square wave pulse signal of the pulse
source. The power switching tube is used to realize the quick
charge and discharge of energy storage capacitors. The pulse
current is then generated and injected into the target body

z
A
Y
function
generator

]

through the copper electrodes. The pulse width of the current
is 0.5 pus ~ 1 us with the change of the load, and the voltage
of the storage capacitor is 0 V~ 800 V, the discharge peak
current can be continuously adjusted.

Acoustic signal detection system: The acoustic signal
detection system mainly includes ultrasonic transducer, low
noise preamplifier, filter and data acquisition system. The ul-
trasonic transducer is placed in a glass tank filled with insu-
lating oil, and the transducer and the targets are at the same
height. The acoustic signal is detected by the ultrasonic trans-
ducer with a center frequency of 1 MHz and the bandwidth of
0.87 MHz to 1.27 MHz. The signal was then amplified by 60-
dB low noise preamplifier and filtered by 0.1 MHz~ 3 MHz
band pass filter. The acoustic pressure signals were then col-
lected and stored. The pressure data will then be used to re-
construct the images.

Scanning system: The acoustic pressure signals were col-
lected by B-scan. The scanning system is shown in Fig. 6,
ultrasonic transducer can be controlled to move in the x, y, and
z directions by rotating B, A, and C, respectively. The data ac-
quisition in the three directions with stepping-mode can then
be realized. In this paper, the transducer was moved in the step
of I mm.

Imaging system: Imaging of the acoustic pressure and the
thermo—acoustic source distribution is carried out by using the
processed acoustic pressure signal.

Submerged inside insulating oil for acoustic coupling, the
sample and the ultrasonic transducer are placed in a glass tank
that is filled with insulating oil. The position of the target
imaging is at the same level as the ultrasonic transducer.

power
amplifier

insulating oil

electrode A

%}Q

scanning system C
N imaging
[}
data
acquisition
[}
K filter
l"' ‘
—»{ amplifier
object
Va
/7 *
electrode B transducer

platform

Fig. 6. Schematic diagram of the TAI-CI experimental system.

The instantaneous energy density and repetition fre-
quency ensure tat there is enough energy density to produce
sound. The matching between the dominant frequency of ex-
citation source and that of the ultrasonic transducer is another

important factor to detect the acoustic signals effectively.

A safety assessment was carried out. A phantom with
a conductivity of 0.2 S/m was used for the experiment. The
width of the pulse current was less than 1 ps, and the ampli-
tude was adjusted from zero until the acoustic pressure signal
can be detected by ultrasonic probe. The experiment shows
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that the acoustic pressure signal can be detected when root-
mean-square value of current is 6.708 mA, and this level of
instantaneous short pulse excitation current used in the exper-
iment is far less than the standard of human ventricular fib-
rillation or for damage to human organs. Finally, no harmful
physiological effects occurred.

In the experiments, the 0.27% sodium chloride solution
was mixed with agar powder and was then heated. The gel
was then formed by cooling — the conductivity of this gel is
0.5 S/m. The gel was used to simulate biological tissue, the
crescent cartilage and hard bone of pig were tightly attached
on one side of the gel. The experimental research was then
carried out to verify the effect of bone on acoustic signal de-
tection and imaging.

As shown in Fig. 7(a), the crescent cartilage attached to
the side of the gel phantom is shown in Fig. 7(b). The thick-
est portion of the crescent bone has a thickness of 5 mm. The
length and width of the phantom are 12 cm and 5 cm, respec-
tively. In the center location of the model a small rectangle
phantom was cut away, the length and width of the rectangular
hollow are 2 cm and 5 mm. This hollow is full of insulating
oil.

Fig. 7. Photographs of cartilage and phantom. (a) Crescent bone of the pig
and (b) experimental photographs.

The hard bone used in the experiment is shown in
Fig. 8(a). The hard bone attached on one side of the gel phan-
tom is shown in Fig. 8(b). The thickness of the thinnest part
of the hard bone is 5 mm, the thickness of the thickest part of
the hard bone is 10 mm. The length and width of the phantom
are 12 cm and 5 cm, respectively. In the center location of the
model a small rectangle phantom was cut away. The length
and width of the rectangular hollow are 2 cm and 5 mm. This
hollow was full of insulating oil.

Fig. 8. Photographs of hard bone and phantom. (a) Hard bone of the pig and
(b) experimental photographs.
A high voltage narrow pulse excitation source is used to
inject pulse current into the target body through a pair of cop-
per electrodes, the pulse width of pulse current is 0.8 ps and

the repetition frequency is 80 Hz. Immediately after inject-
ing current into the gel, joule heating is produced inside the
gel which contains a certain concentration of sodium chloride.
Due to the application of a transient short pulse, the heat con-
duction can be ignored. The Joule heat then excites the ther-
mal expansion to generate ultrasonic signals, and the acoustic
signals are received by the ultrasonic transducer.

Both experiments using the pure gel without bone shield-
ing and the coupled bone shielding are carried out. The bone
is located between the gel and the transducer, and it is tightly
attached on the surface of the gel. The distance between this
surface of the gel and the ultrasonic transducer is 5.5 cm.

5. Experimental results
5.1. Experimental results of the gel

The position of the ultrasonic transducer is shown in
Fig. 7(b), and the ultrasonic transducer is perpendicular to the
length direction of the gel. When the gel is not covered by
bone, the acoustic signals are received by ultrasonic transducer
and then are processed through preamplifier and filters. The
waveform diagram of ultrasonic signal without bone is shown
in Fig. 9, the first wave cluster appeared at 39 us, because the
ultrasonic transducer is 5.5 cm away from the boundary of the
gel. The time of the first cluster is consistent with the propaga-
tion time of the acoustic wave from the right edge of the outer
rectangle model to the transducer, subsequently, there are three
more wave clusters in the process of sound signal propaga-
tion, the corresponding times of the three wave clusters were
54 ps, 57.5 ps, and 73 us, respectively. The time of the second
cluster is consistent with the propagation time of the acoustic
wave from the right-hand edge of the inner rectangular hollow
model to the transducer, the time of the third cluster is consis-
tent with the propagation time of the acoustic wave from the
left-hand edge of the inner rectangular hollow model to the
transducer, and the time of the fourth cluster is consistent with
the propagation time of the acoustic wave from the left-hand
edge of the outer rectangular model to the transducer.

In Fig. 9, the first cluster and the fourth cluster correspond
to the two boundaries of outer gel, whose width was 5 cm. The
time difference between the ultrasonic signal propagating from
these two boundaries to the ultrasonic transducer is 34 us, and
the speed of sound for insulating oil is 1425 m/s. In theory,
the time difference between the ultrasonic signal propagating
from these two boundaries to the ultrasonic transducer and the
time of ultrasonic propagation from the outer boundary of the
gel to the ultrasonic transducer should be

d 0.05m
d 0.055m
A== s s~ OSORS: @9
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In comparison with the theoretical results, the experimen-
tal time difference between the ultrasonic signal propagating
from these two boundaries to the ultrasonic transducer is 34 ps
and the propagation time of the acoustic wave from the right
outer boundary of the gel model to the transducer is 39 us.
There is a certain error due to the measurement errors includ-
ing the size of gel and the position of the ultrasonic transducer.
However, it can be considered that the experimental value is
basically consistent with the theoretical value.

4

2\ 4\
S

Ay

22 42 62 82 102
t/us

Fig. 9. Waveform diagram of ultrasonic signal without bone.

5.2. Experimental results of gel and cartilage

An experiment was performed to verify the effect of car-
tilage on the TAI-CI ultrasonic signal, as shown in Fig. 7(b).
The applied pulse excitation parameters remain the same, and
the ultrasonic signal is collected and processed, as shown in
Fig. 10.

22 42 62 82 102
t/us

Fig. 10. Waveform diagram of ultrasonic signal with the cartilage.

It can be seen in Fig. 10 that there are five clusters in the
waveform profile. The time of the first cluster is consistent
with the propagation time of the acoustic wave from the outer
boundary of the cartilage to the transducer. The position of the
second cluster is basically the same as that of the first cluster in

Fig. 9, which means the position of the second wave cluster in
Fig. 10 is consistent with the boundary between cartilage and
gel. The positions of the third and the fourth wave clusters
in Fig. 10 are consistent with the propagation times that the
acoustic wave propagates from the two boundaries of the in-
ner rectangle hollow to the transducer. The position of the last
cluster is consistent with the propagation time that the acoustic
wave propagates from the last edge of the target to the trans-
ducer. The positions of the five clusters in the waveform are
consistent with the theoretical calculation value of sound wave
propagation. It can be seen from Fig. 10 that the amplitude of
detected acoustic signal does not decrease significantly, which
means that the presence of cartilage does not affect the signal
detection.

The height of the ultrasonic transducer in the insulating
oil is kept constant.The transducer is moved in the length di-
rection of the gel in the step of 1 mm. The acoustic signals are
then collected and processed. Finally, the normalized image is
reconstructed using processed data, as shown in Fig. 11.
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Fig. 11. The B-scan image of the cartilage and phantom.

The result shows that the image structure is in agree-
ment with the original photograph of the phantom and carti-
lage structure in Fig. 7(b). The position of the inner rectangle
hollow with different conductivity can be obtained. From the
photograph shown in Fig. 7(b), it can be seen that the middle
position of the cartilage is compacted with the gel phantom
but the two ends of the cartilage are thin and slightly upturned.
Then, there is insulating oil between the gel and the ends of
the cartilage, which corresponds with Fig. 11. There are two
boundaries in the position where the cartilage is attached to
the gel more tightly, which means that the anterior and pos-
terior interface of the cartilage itself can be identified. There
are three boundaries at the ends of the cartilage. By compar-
ing Fig. 11 with Fig. 7(b), the B-Scan images obtained can
accurately reflect the distribution of cartilage and gel with dif-
ferent conductivity. The image results further illuminate that

044302-10



Chin. Phys. B Vol. 28, No. 4 (2019) 044302

the signals are generated by the abrupt pressure changes at
conductivity boundaries.

5.3. Experimental results of gel and hard bone

For thicker hard bone and lower electrical conductivity,
the experiment was carried out using gel phantom and hard
bone. The applied pulse excitation parameters remained the
same. The acoustic signal was obtained as a means of evalu-
ating the impact of the hard bone. The waveform diagram of
ultrasonic signal and the B-scan image are shown in Figs. 12
and 13. respectively.

4
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7
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4
22 42 62 82 102
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Fig. 12. Waveform diagram of ultrasonic signal with the hard bone.

There are four clusters. The position of each cluster cor-
responds to the boundaries of the outer and inner rectangle
models. The amplitude of ultrasonic signal in Fig. 12 has a
downward trend.

Images of samples were also obtained using the B-Scan
approach, the transducer was moved in the length direction of
the gel in the step of 1 mm, and the acoustic signals were col-
lected and processed. The normalized image was then recon-
structed using collected data, as shown in Fig. 13. Although
the hard bone plays a certain role in attenuating the acoustic
signal, a clear normalized image can still be obtained, and the
image can reflect the position of the conductivity change of the
sample.

In conclusion, By comparing Fig. 9 with Fig. 10, we can
see that the results of cartilage test agree well with the simula-
tion results of the pure fluid model, the acoustic signal can re-
flect the anterior and posterior interface of cartilage, and there
is slight attenuation of the acoustic signal in the experiment in-
cluding cartilage. The results of the hard bone experiment are
consistent with the simulation results of the fluid-solid cou-
pling model. The acoustic signal can only reflect the posterior
interface of hard bone. By comparison with Fig. 9 and Fig. 10,
the amplitude of ultrasonic signal in Fig. 12 has a downward
trend, indicating that the harder and thicker bone weakens the

acoustic signal. However, the acoustic signal wave clusters

still clearly reflect the characteristics of ultrasonic signal prop-
agation from different positions of the target to the ultrasonic

transducer.
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Fig. 13. The B-scan image of the hard bone and phantom.

6. Conclusion

In this paper, we highlighted the potential of the TAI-CI
as a new method for cancer detection. The basic principle,
simulation for both of pure fluid and fluid—solid coupling mod-
els, and experiment including cartilage and hard bone are re-
ported in this paper. This research indicates that the results
of cartilage test agree well with the simulation results of pure
fluid model. The acoustic signal can reflect the anterior and
posterior interface of cartilage, which illustrates the crescent
cartilage selected in this paper can be equivalent to the fluid.
The conductivity of cartilage has difference with outer rectan-
gle gel and insulating oil. Meanwhile the results of the hard
bone experiment are consistent with the simulation results of
the fluid—solid coupling model, which means that the hard
bone should be regarded as a solid in the simulation analysis.
Consequently, our theoretical analysis, simulation results, and
data from proof-of-concept experiments provide a more accu-
rate interpretation of the difference in thermo—acoustic signals
between the two targets. The structure distribution of gel with
different conductivity shown by the B-scan can confirm that
the imaging can reflect the variation of electrical parameters
of target. The validity and reliability analytical methods for
the pure fluid and the fluid—solid model have been verified.
We will further study the reconstruction of conductivity based
on this improved model.

The simulation and experiments on cartilage and hard
bone combined with low electrical conductivity gel verify the
feasibility of TAI-CI for low conductivity target and biological
tissue target, even with bone shielding. This benefits from the
thermo—acoustic signal, which is attenuated only during the
outward propagation. This provides a basis for further study
on the reconstruction of conductivity images of complex bio-
logical tissues. The imaging of brain tumors, liver cancers, and
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breast cancer can be considered as further applications of this

imaging system. This method and system will promote the

application of multiple physical field coupled imaging tech-

nology in the early diagnosis of these diseases.
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