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Relationships of the internodal distance of biological tissue
with its sound velocity and attenuation at high frequency
in doublet mechanics*
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In view of the discrete characteristics of biological tissue, doublet mechanics has demonstrated its advantages in
the mathematic description of tissue in terms of high frequency (> 10 MHz) ultrasound. In this paper, we take human
breast biopsies as an example to study the influence of the internodal distance, a microscope parameter in biological tissue
in doublet mechanics, on the sound velocity and attenuation by numerical simulation. The internodal distance causes the
sound velocity and attenuation in biological tissue to change with the increase of frequency. The magnitude of such a change
in pathological tissue is distinctly different from that in normal tissue, which can be used to differentiate pathological tissue
from normal tissue and can depict the diseased tissue structure by obtaining the sound and attenuation distribution in the
sample at high ultrasound frequency. A comparison of sensitivity between the doublet model and conventional continuum
model is made, indicating that this is a new method of characterizing ultrasound tissue and diagnosing diseases.
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1. Introduction

With the development of ultrasonic technology, high fre-
quency ultrasound has become increasingly popular in the
fields of medicine, non-destructive testing, and many oth-
ers. Biological tissue as an ultrasound medium is disper-
sive by nature,[!! that is, the sound velocity in tissue will in-
crease as frequency increases. In medicine, when the ultra-
sonic frequency is tens of megahertz or higher, equivalently
its wavelength is close to or smaller than a cell size (micron
dimension), the frequency-dependent sound velocity becomes
evident.[>°! Therefore, when high frequency ultrasound is
used in the tissue characterization, the discrete characteristics
of tissue become evident.

To solve the phenomenon that sound velocity changes
with frequency, Ferrari et al. proposed the doublet mechan-
ics (DM) theory in 1997, which is also called nanomechanics,
to describe the discrete characteristics of the medium. ! In the
DM theory, the medium is composed of a series of discrete
nodes, the distance of the double nodes is named internodal
distance. The microscopic deformation between two nodes is
characterized by M-order Taylor expansion. The order of M
indicates the discrete degree of the medium rather than the pre-
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cision of the mathematics. When M = 1, only the first order of
the Taylor expansion is used, it reduces to the classical contin-
uum mechanics (CCM), and the system described by DM be-
comes a pure continuous system that does not have a discrete
nature at all. The results obtained from DM (M = 1) com-
pletely accord with those predicted by CCM. When M = oo,
it corresponds to a pure single crystal that has a regular and
periodic lattice structure. The success of ultrasonic applica-
tions in the characterization of the elastic properties of tissue
shows that DM is quite powerful in the description of wave
propagation in a partially discrete and granular material. For
example, in 2002, Liu and Ferrari carried out frozen thin slice
experiments of breast tissue (the frequency is 10 MHz) with
CCM and DM models, respectively, and found that the data
under the theory of DM were more reliable.[*! In 2004, Wu
et al.,”) and Layman and Wu!® studied the theory of a multi-
scale equation in DM and revealed that when the discrete fac-
tor M = 2, the results of the theory were most agreeable to the
experimental results, and they used the discrete model to sim-
ulate the longitudinal wave reflection coefficients in the dis-
eased tissue. In 2009, Jiang et al. put forward the attenuation
theory in DM and experimentally verified the modified DM
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theory of the reflection coefficient in multilayer tissues.!”-8!
In 2014, Ouyang et al. made an ultrasonic research on skin
cancer.!”) Due to the fact that the penetration ability is weak
for high frequency ultrasound, the high frequency ultrasound
is most suitable for studying the surface tissue. However, the
potential applications of DM, such as ultrasound imaging of
biological tissue, are still in their infancy, and its potential ap-
plications need to be explored and developed further.

In previous studies, the pathological tissue was consid-
ered as the layered structure and each layer had a constant
value of internodal distance.[**~°! In this paper, we take hu-
man breast biopsies as an example and assume that the intern-
odal distance continuously changes. Our goal is to seek the
differences in sound velocity and attenuation between patho-
logical tissue and normal tissue due to variation of the intern-
odal distance. The main reason that tissue is considered as
being homogeneous is that our goal in this paper is to explore
the ultrasound characteristics on superficial tissue or biopsy.
Whether normal tissue is used or diseased tissue is adopted, a
small piece of relatively homogeneous section or biopsy is al-
ways picked up and studied. By acknowledging the fact that at
the early stage of the tissue lesions (such as lesion 10%~50%),
the change of some physical parameters maybe small but the
change of the internodal distance can be large,!* we also im-
prove the accuracy of calculation by increasing the frequency
of the ultrasound in our simulation through the distributions of
the sound velocity and attenuation. We demonstrate that infor-
mation about the internodal distance of the biological tissue
can be obtained through the distributions of the sound velocity
and attenuation.

2. Methods

In DM theory, the fundamental structure of biological tis-
sue is comprised of a series of nodes and each node is sur-
rounded by six nodes. The distance between a node and
its adjacent node is called the internodal distance Mg (00 =
1,2,...,6). For biological tissue, the internodal distance de-
scribes the distance between cells. For simplicity, it is assumed
that ng = 1.

When an acoustic wave is incident upon a medium, the
wave equation in the medium is given by[!

6 6 M x—1
; Z, ; lecBToci(n))C! Tkl ***
8758[; 82u,»
= 1
Tock)( anl -3)61{% p 812 ’ ( )
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M is the discrete degree of materials; Aaﬁ is the microlevel
elastic modulus, which is composed of a 6 x 6 matrix, and is
expressed as
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with Aj; = A +4u, App = A + U, Agg = 4U, Ais = —2U, A,
and u being the lame coefficients of the medium; T is a 6 x 3
matrix expressed by six directional cosine unit vectors, as fol-

lows:
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each subscript of k1, ...,k and i run through the integers 1, 2,
3 corresponding to three-dimensional Cartesian coordinates;
p is the density of the material; u;; is the displacement of the
wave along the direction x;.

When a longitudinal wave propagates along the direction

X1, we have
uy = uppe! (@ k) 5)

where u is the amplitude of the wave, ® is the angular fre-
quency, and k; is the wave number.
By substituting Eq. (5) into Eq. (1), we can obtain
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From Eq. (6) we obtain the sound velocity from the DM model
as follows:
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where f is the frequency. When M = 1, it reduces to CCM.
When M = 2, the dispersion relation from Eq. (9) accords
well with the experimental result.5] So for biological tissue,
we may always assume M = 2.

The relationships of Lame coefficients A and p each with

Young’s modulus E and Poisson’s ratio ¢ are
Eo E
A=———— and uy=——.
(1+o)1-200 " H= 3070

When pathological tissue appears, the physical parame-

(10)

ters of the tissue, such as Young’s modulus or Poisson’s ratio,
may change. Therefore, the sound velocities in the malignant
tissue and normal tissue are different. However, in some cases,
the changes of Young’s modulus and Poisson’s ratio are both
small and the sound velocity in biological tissue changes a lit-
tle from the CCM model. However, we can find that the sound
velocity in the tissue is a function of not only physical param-
eters, such as Lame coefficient, Young’s modulus or Poisson’s
ration, but also frequency and the internodal distance. If the
ultrasound frequency is high and the change of the internodal
distance is large, then the change of the sound velocity is large
from DM model.

Considering the fact that the attenuation in biological tis-
sue is mainly due to the viscous damping, the wave equation
with considering the attenuation in DM model is!”!
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where k = k; + i« is the viscous damping coefficient in the
tissue.

From Eq. (11), we can obtain that the wave number
k =k +ia, where k| = ®/Cy is the wave number and o
is the attenuation coefficient.

In previous studies, it was assumed that the changes of
internodal distances of normal and pathological tissues were
discrete. Now for the case close to reality we assume that
the internodal distance changes gradually in directions x; and
x3, where the x,—x3 plane is perpendicular to the direction x|
while the internodal distance is a constant along the direction
of wave propagation x; on condition that the thickness of the
tissue sample is thin. Considering the fact that the high fre-
quency (about 50 MHz) ultrasonic attenuation is high (about
40 dB/mm), the assumption of a thin sample is reasonable.

3. Simulations and discussion

In the simulation, the parameters in malignant and nor-
mal human breast tissues are shown in Table 1 from Ref. [4].
In the table, lesion 1 represents 10% of the whole process of
the lesion, lesion 2 denotes 50%, and lesion 3 refers to 100%.

Firstly, from the numerical calculations of Eq. (7), we can
obtain the relationships between sound velocity and internodal
distance at different frequencies in normal breast tissue, which
are shown in Fig. 1.

Table 1. Values for physical parameters in malignant tissue and normal
tissues.

p/(g/cm?) E/GPa c n/um
Normal 0.8147 0.1631 0.4830 2.60
Lesion 1 0.8163 0.1507 0.4844 2.99
Lesion 2 0.8231 0.1012 0.4900 455
Lesion 3 0.8315 0.0392 0.4969 6.50
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Fig. 1. Variations of sound velocity with internodal distance at different
frequencies in breast tissue.

From Fig. 1, we can find that the sound velocity changes
with the internodal distance: the larger the internodal distance
or the greater the frequency, the greater the sound velocity be-
comes. For example, when the internodal distance changes
from 1 um to 5 um, the sound speeds change by 4.87%,
26.86%, and 49.13%, respectively, at 10 MHz, 30 MHz, and
50 MHz. So at a certain frequency, we can obtain the infor-
mation about the internodal distance through measuring the
sound velocity. Figure 2 shows the variations of sound veloc-
ity with frequency at different degrees of pathological tissues
compared with the case of normal tissue.
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Fig. 2. Variations of sound velocity with frequency at different degrees
of pathological tissues compared with the case of normal tissue.
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In Fig. 2, when a 10% lesion process occurs, such as
lesion 1, it is difficult to distinguish the difference in sound
velocity between normal part and pathological part (about
15.81 m/s at 50 MHz). When an about 50% lesion process
happens, the difference in sound velocity between normal and
pathological part is also not obvious at low frequency (about
18.64 m/s at 10 MHz). However, as the frequency increases,
the difference becomes more evident (about 50.44 m/s and
101.03 m/s at 30 MHz and 50 MHz, respectively). So through
a comparison of sound velocity between the two parts at high
frequency we can judge which part is pathological tissue. But
in CCM theory, when the lesion reaches 50%, the difference
is 13.58 m/s and does not change with the frequency. So it is
difficult to distinguish the pathological part from the normal
part.

From the above analysis, we calculate the sound veloc-
ity distribution for a 4 cmx4 cm tissue containing a malig-
nant part by using the data in Table 1. The center of lesion
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(the most serious disease point) has 50% of the whole process,
corresponding to lesion 2 in Table 1. The distribution of phys-
ical parameters from normal point to the central point of the
tissue follows discrete Gauss distribution in order to show the
gradual distribution in reality. Figure 3(a) shows the distribu-
tion of the sound velocity difference (the difference in sound
velocity between pathological point and normal one) from the
CCM model. Figures 3(b) and 3(c) display the distributions of
the sound velocity difference from the DM model at 10 MHz
and 50 MHz, respectively. In Fig. 3(a) the change of velocity
is little, less than 20 m/s. In Fig. 3(b) the change of velocity
is about 50 m/s, a bit more obvious than in Fig. 3(a), but it is
also hard to distinguish. When the frequency is 50 MHz, the
change of velocity is obvious in Fig. 3(c), the malignant part is
observable. The results are in agreement with the experimen-
tal results in kidney and liver,[!%!"] where the sound velocities
of the normal and pathological tissues are obviously different
at high frequency.
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Fig. 3. (color online) Distributions of sound velocity increase predicted by (a) CCM model, DM model for (b) 10 MHz, and (c)

50 MHz.
i —10 MHz |

40 ~--30 MHz

- ~-. 50 MHz

5 30t ]

an}

o

~

& 20¢ .

B be-__

e e

I R

5 o TTm=-al___ b
0= 1 6 8 10

Internodal distance/pm

Fig. 4. Sound attenuations changing with internodal distance at differ-
ent frequencies.

Like the sound velocity, sound attenuation is also a pa-
rameter that responds to internodal distance.!”! Figure 4 shows
the variations of sound attenuation with the internodal distance

at different frequencies. Here, in simulation the viscous damp-
ing coefficient is assumed to be 1’ = 0.25.1"? We can find the
sound attenuation decreases with the increase of the internodal
distance. At high frequency, such as 50 MHz, the attenua-
tion reduces 97.69% but the attenuation under 10 MHz only
changes 30.34% when the internodal distance changes from
0 pm to 10 um. So in the normal tissue (the internodal dis-
tance is about 2.6 um), the decrement of sound amplitude is
weaker than that in pathological tissue (the internodal distance
is about 6.5 um). This is a new way to distinguish the intern-
odal distance between normal and abnormal tissue.

Figure 5 is the simulation result of tissues with a dot le-
sion part when the frequency is 50 MHz. The reasons why 50-
MHz frequency is used in this study are as follows: (i) when
the frequency increases, the differences in velocity and attenu-
ation between normal tissue and abnormal tissue are more ob-

vious and the imaging result is clearer (as shown in Fig. 3(c));
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and, (ii) this paper focuses mainly on the ultrasound charac-
teristics of superficial tissue or biopsy. No thick penetration
depth is required in the study. From Fig. 2, we can see when
the frequency is 10 MHz, the difference in sound velocity is
small, but when the frequency is 50 MHz the internodal dis-
tance 7 plays an important role in sound velocity. So the
change of velocity at high frequency can be used to predict the
internodal distance. The parameters in the center of the patho-
logical parts are assumed to be the same as those of lesion 2.

(cm)

The distribution of physical parameters from normal point to
the central point of the tissue also follows the discrete Gauss
distribution. Figure 5(a) shows the setting structure of the in-
ternodal distance distribution with dot lesions. Figures 5(b)
and 5(c) display the distributions of sound velocity and atten-
uation difference from calculation, respectively. From the im-
ages of simulation, we can see that the calculation results of
the sound velocity and attenuation distributions are in consis-
tence with the original lesion structure with background noise.

(m/s)

(dB/mm)

(cm) (cm)

Fig. 5. (color online) (a) Structure of the internodal distance with dot lesions, and distributions of (b) sound velocity and (c) attenuation

difference.

4. Conclusions

In this paper, we show that the microscopic structure in-
formation can be obtained from the sound velocity and atten-
uation changes of high frequency ultrasound based on the DM
model, which is useful for the early detection of pathological
tissues. Therefore, this method provides a new way to charac-
terize the biological tissue. This method will be further veri-
fied experimentally in the near future.
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