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Abstract: Biological tissue damage monitoring is an indispensable part of high-intensity focused
ultrasound (HIFU) treatment. As a nonlinear method, multi-scale permutation entropy (MPE) is
widely used in the monitoring of biological tissue. However, the traditional MPE method neglects
the amplitude information when calculating the time series complexity, and the stability of MPE
is poor due to the defects in the coarse-grained process. In order to solve the above problems, the
method of improved coarse-grained multi-scale weighted permutation entropy (IMWPE) is proposed
in this paper. Compared with the MPE, the IMWPE method not only includes the amplitude of signal
when calculating the signal complexity, but also improves the stability of entropy value. The IMWPE
method is applied to the HIFU echo signals during HIFU treatment, and the probabilistic neural
network (PNN) is used for monitoring the biological tissue damage. The results show that compared
with multi-scale sample entropy (MSE)-PNN and MPE-PNN methods, the proposed IMWPE-PNN
method can correctly identify all the normal tissues, and can more effectively identify damaged
tissues and denatured tissues. The recognition rate for the three kinds of biological tissues is higher,
up to 96.7%. This means that the IMWPE-PNN method can better monitor the status of biological
tissue damage during HIFU treatment.

Keywords: high-intensity focused ultrasound; biological tissue damage monitoring; improved
coarse-grained multi-scale weighted permutation entropy; probabilistic neural network

1. Introduction

Currently, high-intensity focused ultrasound (HIFU) is widely used in tumor ther-
apy [1–3]. HIFU treatment is noninvasive and safe compared with traditional tumor
therapy (surgical resection, chemotherapy, and radiotherapy) [4–6]. HIFU focuses high-
intensity ultrasound on the target area of the tumor, making the temperature of the target
area rise continuously, thus causing damage to the biological tissues in the target area.
When the temperature of the target area exceeds 63 ◦C, the tissues in the target area become
denatured [7–9]. The technique does not damage the normal tissues and cells outside
the target area, so as to achieve the purpose of destroying cancer cells. Thus, accurate
monitoring of the biological tissue damage in the target area is the key to ensure the safety
and efficiency of HIFU treatment.

So far, HIFU researchers have generally used ultrasound to monitor the entire process
of HIFU treatment [10–12]. Ralf Seip et al. used the energy characteristics of ultrasonic
signals to monitor the damage of biological tissue during HIFU treatment. The experimen-
tal results showed that the recognition accuracy based on energy characteristics reached
82% [13]. In [14], the sound velocity characteristics of ultrasonic signals were used to
monitor the damage of biological tissues during HIFU treatment, and the results showed
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that the sound velocity of damaged biological tissues was higher than that of non-damaged
tissues. However, the sound velocity measurement of biological tissues is easily affected by
environmental noise, which leads to the inaccuracy of the monitoring results of biological
tissue damage. From the perspective of nonlinear analysis, HIFU treatment can change
the entropy value of the ultrasonic signal in biological tissue [15–17]. Tsui et al. used the
Shannon entropy of ultrasound signals to monitor the damage of liver tissues [18]. The
results showed that there was a big difference between the Shannon entropy value of
the ultrasonic signal of the normal biological tissues and the damaged biological tissues.
In [19], the multi-scale sample entropy (MSE) of the radio frequency ultrasonic signals was
employed to monitor the damage of porcine tissues. Compared with the Shannon entropy
and MSE mentioned above, multi-scale permutation entropy (MPE) has the advantages
including strong noise resistance and robustness, so the MPE is often employed to analyze
the complexity of ultrasonic time series [20–22]. In [23], MPE, as the characteristic of the
ultrasonic scattering echo signal, was used to distinguish the non-denatured biological tis-
sue and denatured biological tissue during HIFU treatment. However, MPE also has some
shortcomings, such as, it loses information about the signal amplitude due to that MPE
does not analyze the amplitude difference between the same ordinal modes in analyzing
signal complexity. At the same time, the traditional coarse-grained method in the MPE
easily causes the fluctuation of MPE value, which reduces the stability of MPE [24–26].
In order to solve the above problems, the traditional MPE method was improved and a
new nonlinear analysis method was proposed, called improved coarse-grained multi-scale
weighted permutation entropy (IMWPE). IMWPE introduces a weighted algorithm on the
basis of MPE, which effectively solves the problem that the MPE method loses information
about the signal amplitude in analyzing signal complexity. In addition, IMWPE reduces
entropy fluctuations and improves the stability of entropy by improving the coarse-grained
process of multi-scale calculation.

In this paper, we consider the advantages of IMWPE in analyzing signal complexity,
IMWPE is used to extract the damage characteristics of HIFU echo signals from biological
tissues. Then, the probabilistic neural network (PNN) is employed to realize the identifi-
cation of three kinds of biological tissues (including normal tissues, damaged tissues and
denatured tissues) during HIFU treatment. In addition, the advantages of the IMWPE-PNN
method are illustrated compared with MSE-PNN and MPE-PNN methods. The outline of
this paper is as follows: Section 1 is the introduction; Section 2 is the materials and methods,
which includes the MPE, IMWPE, PNN methods, the process of IMWPE-PNN method and
the experimental system; Section 3 includes the analyzed results of simulated signals and
actual HIFU echo signals; Section 4 is the discussion; Section 5 is the conclusion.

2. Materials and Methods
2.1. Multi-Scale Permutation Entropy

Multi-scale permutation entropy (MPE) combines coarse-graining and permutation
entropy method to extract nonlinear features of time series. The specific calculation steps
are as follows:

(1) For embedding dimension m, delay time
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damaged tissues. However, the sound velocity measurement of biological tissues is easily 
affected by environmental noise, which leads to the inaccuracy of the monitoring results 
of biological tissue damage. From the perspective of nonlinear analysis, HIFU treatment 
can change the entropy value of the ultrasonic signal in biological tissue [15–17]. Tsui et 
al. used the Shannon entropy of ultrasound signals to monitor the damage of liver tissues 
[18]. The results showed that there was a big difference between the Shannon entropy 
value of the ultrasonic signal of the normal biological tissues and the damaged biological 
tissues. In [19], the multi-scale sample entropy (MSE) of the radio frequency ultrasonic 
signals was employed to monitor the damage of porcine tissues. Compared with the 
Shannon entropy and MSE mentioned above, multi-scale permutation entropy (MPE) has 
the advantages including strong noise resistance and robustness, so the MPE is often 
employed to analyze the complexity of ultrasonic time series [20–22]. In [23], MPE, as the 
characteristic of the ultrasonic scattering echo signal, was used to distinguish the non-
denatured biological tissue and denatured biological tissue during HIFU treatment. 
However, MPE also has some shortcomings, such as, it loses information about the signal 
amplitude due to that MPE does not analyze the amplitude difference between the same 
ordinal modes in analyzing signal complexity. At the same time, the traditional coarse-
grained method in the MPE easily causes the fluctuation of MPE value, which reduces the 
stability of MPE [24–26]. In order to solve the above problems, the traditional MPE method 
was improved and a new nonlinear analysis method was proposed, called improved 
coarse-grained multi-scale weighted permutation entropy (IMWPE). IMWPE introduces 
a weighted algorithm on the basis of MPE, which effectively solves the problem that the 
MPE method loses information about the signal amplitude in analyzing signal complexity. 
In addition, IMWPE reduces entropy fluctuations and improves the stability of entropy 
by improving the coarse-grained process of multi-scale calculation. 

In this paper, we consider the advantages of IMWPE in analyzing signal complexity, 
IMWPE is used to extract the damage characteristics of HIFU echo signals from biological 
tissues. Then, the probabilistic neural network (PNN) is employed to realize the 
identification of three kinds of biological tissues (including normal tissues, damaged 
tissues and denatured tissues) during HIFU treatment. In addition, the advantages of the 
IMWPE-PNN method are illustrated compared with MSE-PNN and MPE-PNN methods. 
The outline of this paper is as follows: Section 1 is the introduction; Section 2 is the 
materials and methods, which includes the MPE, IMWPE, PNN methods, the process of 
IMWPE-PNN method and the experimental system; Section 3 includes the analyzed 
results of simulated signals and actual HIFU echo signals; Section 4 is the discussion; 
Section 5 is the conclusion. 

2. Materials and Methods 
2.1. Multi-Scale Permutation Entropy 

Multi-scale permutation entropy (MPE) combines coarse-graining and permutation 
entropy method to extract nonlinear features of time series. The specific calculation steps 
are as follows: 

(1) For embedding dimensionm , delay time τ , time series { }NxxxX ,,21 ，=  can 
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can change the entropy value of the ultrasonic signal in biological tissue [15–17]. Tsui et 
al. used the Shannon entropy of ultrasound signals to monitor the damage of liver tissues 
[18]. The results showed that there was a big difference between the Shannon entropy 
value of the ultrasonic signal of the normal biological tissues and the damaged biological 
tissues. In [19], the multi-scale sample entropy (MSE) of the radio frequency ultrasonic 
signals was employed to monitor the damage of porcine tissues. Compared with the 
Shannon entropy and MSE mentioned above, multi-scale permutation entropy (MPE) has 
the advantages including strong noise resistance and robustness, so the MPE is often 
employed to analyze the complexity of ultrasonic time series [20–22]. In [23], MPE, as the 
characteristic of the ultrasonic scattering echo signal, was used to distinguish the non-
denatured biological tissue and denatured biological tissue during HIFU treatment. 
However, MPE also has some shortcomings, such as, it loses information about the signal 
amplitude due to that MPE does not analyze the amplitude difference between the same 
ordinal modes in analyzing signal complexity. At the same time, the traditional coarse-
grained method in the MPE easily causes the fluctuation of MPE value, which reduces the 
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was improved and a new nonlinear analysis method was proposed, called improved 
coarse-grained multi-scale weighted permutation entropy (IMWPE). IMWPE introduces 
a weighted algorithm on the basis of MPE, which effectively solves the problem that the 
MPE method loses information about the signal amplitude in analyzing signal complexity. 
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In this paper, we consider the advantages of IMWPE in analyzing signal complexity, 
IMWPE is used to extract the damage characteristics of HIFU echo signals from biological 
tissues. Then, the probabilistic neural network (PNN) is employed to realize the 
identification of three kinds of biological tissues (including normal tissues, damaged 
tissues and denatured tissues) during HIFU treatment. In addition, the advantages of the 
IMWPE-PNN method are illustrated compared with MSE-PNN and MPE-PNN methods. 
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materials and methods, which includes the MPE, IMWPE, PNN methods, the process of 
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results of simulated signals and actual HIFU echo signals; Section 4 is the discussion; 
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(5) The time series X = {x1 , x2, . . . , xN}with sequence length N was coarsely granulated,
and the coarse-grained sequence ys(j) is obtained as

ys(j) =
1
s

js

∑
i=(j−1)s+1

x(i) (6)

where j = 1, 2, . . . , [N/s].
(6) Multi-scale permutation entropy (MPE) can be defined as

MPE(X, m,

Information 2021, 12, 404 2 of 12 
 

 

to monitor the damage of biological tissues during HIFU treatment, and the results 
showed that the sound velocity of damaged biological tissues was higher than that of non-
damaged tissues. However, the sound velocity measurement of biological tissues is easily 
affected by environmental noise, which leads to the inaccuracy of the monitoring results 
of biological tissue damage. From the perspective of nonlinear analysis, HIFU treatment 
can change the entropy value of the ultrasonic signal in biological tissue [15–17]. Tsui et 
al. used the Shannon entropy of ultrasound signals to monitor the damage of liver tissues 
[18]. The results showed that there was a big difference between the Shannon entropy 
value of the ultrasonic signal of the normal biological tissues and the damaged biological 
tissues. In [19], the multi-scale sample entropy (MSE) of the radio frequency ultrasonic 
signals was employed to monitor the damage of porcine tissues. Compared with the 
Shannon entropy and MSE mentioned above, multi-scale permutation entropy (MPE) has 
the advantages including strong noise resistance and robustness, so the MPE is often 
employed to analyze the complexity of ultrasonic time series [20–22]. In [23], MPE, as the 
characteristic of the ultrasonic scattering echo signal, was used to distinguish the non-
denatured biological tissue and denatured biological tissue during HIFU treatment. 
However, MPE also has some shortcomings, such as, it loses information about the signal 
amplitude due to that MPE does not analyze the amplitude difference between the same 
ordinal modes in analyzing signal complexity. At the same time, the traditional coarse-
grained method in the MPE easily causes the fluctuation of MPE value, which reduces the 
stability of MPE [24–26]. In order to solve the above problems, the traditional MPE method 
was improved and a new nonlinear analysis method was proposed, called improved 
coarse-grained multi-scale weighted permutation entropy (IMWPE). IMWPE introduces 
a weighted algorithm on the basis of MPE, which effectively solves the problem that the 
MPE method loses information about the signal amplitude in analyzing signal complexity. 
In addition, IMWPE reduces entropy fluctuations and improves the stability of entropy 
by improving the coarse-grained process of multi-scale calculation. 

In this paper, we consider the advantages of IMWPE in analyzing signal complexity, 
IMWPE is used to extract the damage characteristics of HIFU echo signals from biological 
tissues. Then, the probabilistic neural network (PNN) is employed to realize the 
identification of three kinds of biological tissues (including normal tissues, damaged 
tissues and denatured tissues) during HIFU treatment. In addition, the advantages of the 
IMWPE-PNN method are illustrated compared with MSE-PNN and MPE-PNN methods. 
The outline of this paper is as follows: Section 1 is the introduction; Section 2 is the 
materials and methods, which includes the MPE, IMWPE, PNN methods, the process of 
IMWPE-PNN method and the experimental system; Section 3 includes the analyzed 
results of simulated signals and actual HIFU echo signals; Section 4 is the discussion; 
Section 5 is the conclusion. 

2. Materials and Methods 
2.1. Multi-Scale Permutation Entropy 

Multi-scale permutation entropy (MPE) combines coarse-graining and permutation 
entropy method to extract nonlinear features of time series. The specific calculation steps 
are as follows: 

(1) For embedding dimensionm , delay time τ , time series { }NxxxX ,,21 ，=  can 
be reconstructed in phase space as 

( ){ ( ) ( ) ( )( )}ττττττ 1--,,,2,1 ,,,,, mNXkXXXX mmmmm =   (1)

( )kX m τ,  can be defined as 

( ) ( ){ ( ) ( )( )}τττ 1-,,,, mkxkxkxkX m ++=    (2)

, s) = PE(ys, m,

Information 2021, 12, 404 2 of 12 
 

 

to monitor the damage of biological tissues during HIFU treatment, and the results 
showed that the sound velocity of damaged biological tissues was higher than that of non-
damaged tissues. However, the sound velocity measurement of biological tissues is easily 
affected by environmental noise, which leads to the inaccuracy of the monitoring results 
of biological tissue damage. From the perspective of nonlinear analysis, HIFU treatment 
can change the entropy value of the ultrasonic signal in biological tissue [15–17]. Tsui et 
al. used the Shannon entropy of ultrasound signals to monitor the damage of liver tissues 
[18]. The results showed that there was a big difference between the Shannon entropy 
value of the ultrasonic signal of the normal biological tissues and the damaged biological 
tissues. In [19], the multi-scale sample entropy (MSE) of the radio frequency ultrasonic 
signals was employed to monitor the damage of porcine tissues. Compared with the 
Shannon entropy and MSE mentioned above, multi-scale permutation entropy (MPE) has 
the advantages including strong noise resistance and robustness, so the MPE is often 
employed to analyze the complexity of ultrasonic time series [20–22]. In [23], MPE, as the 
characteristic of the ultrasonic scattering echo signal, was used to distinguish the non-
denatured biological tissue and denatured biological tissue during HIFU treatment. 
However, MPE also has some shortcomings, such as, it loses information about the signal 
amplitude due to that MPE does not analyze the amplitude difference between the same 
ordinal modes in analyzing signal complexity. At the same time, the traditional coarse-
grained method in the MPE easily causes the fluctuation of MPE value, which reduces the 
stability of MPE [24–26]. In order to solve the above problems, the traditional MPE method 
was improved and a new nonlinear analysis method was proposed, called improved 
coarse-grained multi-scale weighted permutation entropy (IMWPE). IMWPE introduces 
a weighted algorithm on the basis of MPE, which effectively solves the problem that the 
MPE method loses information about the signal amplitude in analyzing signal complexity. 
In addition, IMWPE reduces entropy fluctuations and improves the stability of entropy 
by improving the coarse-grained process of multi-scale calculation. 

In this paper, we consider the advantages of IMWPE in analyzing signal complexity, 
IMWPE is used to extract the damage characteristics of HIFU echo signals from biological 
tissues. Then, the probabilistic neural network (PNN) is employed to realize the 
identification of three kinds of biological tissues (including normal tissues, damaged 
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2.2. Improved Coarse-Grained Multi-Scale Weighted Permutation Entropy

MPE does not analyze the amplitude difference between the same ordinal modes in
analyzing signal complexity, resulting in the MPE feature not containing signal amplitude
information. In addition, the traditional coarse-grained process method is employed in
MPE analysis, as shown in Figure 1. In the traditional coarse-grained process, the number
of elements in the coarse-grained sequence will continue to decrease as the scale factor
increases. For example, when the scale factor is selected as 3, the number of elements
in the traditional coarse-grained sequence is only 1/3 of the original time series at most
(considering the rounding situation). In this case, the entropy value of the analyzed signal
will fluctuate, and the characteristics are unstable.

Figure 1. The traditional coarse-grained process with the scale factor s = 3.

In order to solve the above problems, an improved coarse-grained multi-scale weighted
permutation entropy (IMWPE) is proposed based on the MPE method. The specific calcu-
lation steps are as follows



Information 2021, 12, 404 4 of 12

(1) According to the definition of permutation entropy in Formula (5), the pω

(
πm,

Information 2021, 12, 404 2 of 12 
 

 

to monitor the damage of biological tissues during HIFU treatment, and the results 
showed that the sound velocity of damaged biological tissues was higher than that of non-
damaged tissues. However, the sound velocity measurement of biological tissues is easily 
affected by environmental noise, which leads to the inaccuracy of the monitoring results 
of biological tissue damage. From the perspective of nonlinear analysis, HIFU treatment 
can change the entropy value of the ultrasonic signal in biological tissue [15–17]. Tsui et 
al. used the Shannon entropy of ultrasound signals to monitor the damage of liver tissues 
[18]. The results showed that there was a big difference between the Shannon entropy 
value of the ultrasonic signal of the normal biological tissues and the damaged biological 
tissues. In [19], the multi-scale sample entropy (MSE) of the radio frequency ultrasonic 
signals was employed to monitor the damage of porcine tissues. Compared with the 
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identification of three kinds of biological tissues (including normal tissues, damaged 
tissues and denatured tissues) during HIFU treatment. In addition, the advantages of the 
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of biological tissue damage. From the perspective of nonlinear analysis, HIFU treatment 
can change the entropy value of the ultrasonic signal in biological tissue [15–17]. Tsui et 
al. used the Shannon entropy of ultrasound signals to monitor the damage of liver tissues 
[18]. The results showed that there was a big difference between the Shannon entropy 
value of the ultrasonic signal of the normal biological tissues and the damaged biological 
tissues. In [19], the multi-scale sample entropy (MSE) of the radio frequency ultrasonic 
signals was employed to monitor the damage of porcine tissues. Compared with the 
Shannon entropy and MSE mentioned above, multi-scale permutation entropy (MPE) has 
the advantages including strong noise resistance and robustness, so the MPE is often 
employed to analyze the complexity of ultrasonic time series [20–22]. In [23], MPE, as the 
characteristic of the ultrasonic scattering echo signal, was used to distinguish the non-
denatured biological tissue and denatured biological tissue during HIFU treatment. 
However, MPE also has some shortcomings, such as, it loses information about the signal 
amplitude due to that MPE does not analyze the amplitude difference between the same 
ordinal modes in analyzing signal complexity. At the same time, the traditional coarse-
grained method in the MPE easily causes the fluctuation of MPE value, which reduces the 
stability of MPE [24–26]. In order to solve the above problems, the traditional MPE method 
was improved and a new nonlinear analysis method was proposed, called improved 
coarse-grained multi-scale weighted permutation entropy (IMWPE). IMWPE introduces 
a weighted algorithm on the basis of MPE, which effectively solves the problem that the 
MPE method loses information about the signal amplitude in analyzing signal complexity. 
In addition, IMWPE reduces entropy fluctuations and improves the stability of entropy 
by improving the coarse-grained process of multi-scale calculation. 
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tissues. Then, the probabilistic neural network (PNN) is employed to realize the 
identification of three kinds of biological tissues (including normal tissues, damaged 
tissues and denatured tissues) during HIFU treatment. In addition, the advantages of the 
IMWPE-PNN method are illustrated compared with MSE-PNN and MPE-PNN methods. 
The outline of this paper is as follows: Section 1 is the introduction; Section 2 is the 
materials and methods, which includes the MPE, IMWPE, PNN methods, the process of 
IMWPE-PNN method and the experimental system; Section 3 includes the analyzed 
results of simulated signals and actual HIFU echo signals; Section 4 is the discussion; 
Section 5 is the conclusion. 
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of biological tissue damage. From the perspective of nonlinear analysis, HIFU treatment 
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[18]. The results showed that there was a big difference between the Shannon entropy 
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signals was employed to monitor the damage of porcine tissues. Compared with the 
Shannon entropy and MSE mentioned above, multi-scale permutation entropy (MPE) has 
the advantages including strong noise resistance and robustness, so the MPE is often 
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characteristic of the ultrasonic scattering echo signal, was used to distinguish the non-
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However, MPE also has some shortcomings, such as, it loses information about the signal 
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showed that the sound velocity of damaged biological tissues was higher than that of non-
damaged tissues. However, the sound velocity measurement of biological tissues is easily 
affected by environmental noise, which leads to the inaccuracy of the monitoring results 
of biological tissue damage. From the perspective of nonlinear analysis, HIFU treatment 
can change the entropy value of the ultrasonic signal in biological tissue [15–17]. Tsui et 
al. used the Shannon entropy of ultrasound signals to monitor the damage of liver tissues 
[18]. The results showed that there was a big difference between the Shannon entropy 
value of the ultrasonic signal of the normal biological tissues and the damaged biological 
tissues. In [19], the multi-scale sample entropy (MSE) of the radio frequency ultrasonic 
signals was employed to monitor the damage of porcine tissues. Compared with the 
Shannon entropy and MSE mentioned above, multi-scale permutation entropy (MPE) has 
the advantages including strong noise resistance and robustness, so the MPE is often 
employed to analyze the complexity of ultrasonic time series [20–22]. In [23], MPE, as the 
characteristic of the ultrasonic scattering echo signal, was used to distinguish the non-
denatured biological tissue and denatured biological tissue during HIFU treatment. 
However, MPE also has some shortcomings, such as, it loses information about the signal 
amplitude due to that MPE does not analyze the amplitude difference between the same 
ordinal modes in analyzing signal complexity. At the same time, the traditional coarse-
grained method in the MPE easily causes the fluctuation of MPE value, which reduces the 
stability of MPE [24–26]. In order to solve the above problems, the traditional MPE method 
was improved and a new nonlinear analysis method was proposed, called improved 
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identification of three kinds of biological tissues (including normal tissues, damaged 
tissues and denatured tissues) during HIFU treatment. In addition, the advantages of the 
IMWPE-PNN method are illustrated compared with MSE-PNN and MPE-PNN methods. 
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of biological tissue damage. From the perspective of nonlinear analysis, HIFU treatment 
can change the entropy value of the ultrasonic signal in biological tissue [15–17]. Tsui et 
al. used the Shannon entropy of ultrasound signals to monitor the damage of liver tissues 
[18]. The results showed that there was a big difference between the Shannon entropy 
value of the ultrasonic signal of the normal biological tissues and the damaged biological 
tissues. In [19], the multi-scale sample entropy (MSE) of the radio frequency ultrasonic 
signals was employed to monitor the damage of porcine tissues. Compared with the 
Shannon entropy and MSE mentioned above, multi-scale permutation entropy (MPE) has 
the advantages including strong noise resistance and robustness, so the MPE is often 
employed to analyze the complexity of ultrasonic time series [20–22]. In [23], MPE, as the 
characteristic of the ultrasonic scattering echo signal, was used to distinguish the non-
denatured biological tissue and denatured biological tissue during HIFU treatment. 
However, MPE also has some shortcomings, such as, it loses information about the signal 
amplitude due to that MPE does not analyze the amplitude difference between the same 
ordinal modes in analyzing signal complexity. At the same time, the traditional coarse-
grained method in the MPE easily causes the fluctuation of MPE value, which reduces the 
stability of MPE [24–26]. In order to solve the above problems, the traditional MPE method 
was improved and a new nonlinear analysis method was proposed, called improved 
coarse-grained multi-scale weighted permutation entropy (IMWPE). IMWPE introduces 
a weighted algorithm on the basis of MPE, which effectively solves the problem that the 
MPE method loses information about the signal amplitude in analyzing signal complexity. 
In addition, IMWPE reduces entropy fluctuations and improves the stability of entropy 
by improving the coarse-grained process of multi-scale calculation. 
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identification of three kinds of biological tissues (including normal tissues, damaged 
tissues and denatured tissues) during HIFU treatment. In addition, the advantages of the 
IMWPE-PNN method are illustrated compared with MSE-PNN and MPE-PNN methods. 
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materials and methods, which includes the MPE, IMWPE, PNN methods, the process of 
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showed that the sound velocity of damaged biological tissues was higher than that of non-
damaged tissues. However, the sound velocity measurement of biological tissues is easily 
affected by environmental noise, which leads to the inaccuracy of the monitoring results 
of biological tissue damage. From the perspective of nonlinear analysis, HIFU treatment 
can change the entropy value of the ultrasonic signal in biological tissue [15–17]. Tsui et 
al. used the Shannon entropy of ultrasound signals to monitor the damage of liver tissues 
[18]. The results showed that there was a big difference between the Shannon entropy 
value of the ultrasonic signal of the normal biological tissues and the damaged biological 
tissues. In [19], the multi-scale sample entropy (MSE) of the radio frequency ultrasonic 
signals was employed to monitor the damage of porcine tissues. Compared with the 
Shannon entropy and MSE mentioned above, multi-scale permutation entropy (MPE) has 
the advantages including strong noise resistance and robustness, so the MPE is often 
employed to analyze the complexity of ultrasonic time series [20–22]. In [23], MPE, as the 
characteristic of the ultrasonic scattering echo signal, was used to distinguish the non-
denatured biological tissue and denatured biological tissue during HIFU treatment. 
However, MPE also has some shortcomings, such as, it loses information about the signal 
amplitude due to that MPE does not analyze the amplitude difference between the same 
ordinal modes in analyzing signal complexity. At the same time, the traditional coarse-
grained method in the MPE easily causes the fluctuation of MPE value, which reduces the 
stability of MPE [24–26]. In order to solve the above problems, the traditional MPE method 
was improved and a new nonlinear analysis method was proposed, called improved 
coarse-grained multi-scale weighted permutation entropy (IMWPE). IMWPE introduces 
a weighted algorithm on the basis of MPE, which effectively solves the problem that the 
MPE method loses information about the signal amplitude in analyzing signal complexity. 
In addition, IMWPE reduces entropy fluctuations and improves the stability of entropy 
by improving the coarse-grained process of multi-scale calculation. 
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identification of three kinds of biological tissues (including normal tissues, damaged 
tissues and denatured tissues) during HIFU treatment. In addition, the advantages of the 
IMWPE-PNN method are illustrated compared with MSE-PNN and MPE-PNN methods. 
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of biological tissue damage. From the perspective of nonlinear analysis, HIFU treatment 
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employed to analyze the complexity of ultrasonic time series [20–22]. In [23], MPE, as the 
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denatured biological tissue and denatured biological tissue during HIFU treatment. 
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tissues. In [19], the multi-scale sample entropy (MSE) of the radio frequency ultrasonic 
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the advantages including strong noise resistance and robustness, so the MPE is often 
employed to analyze the complexity of ultrasonic time series [20–22]. In [23], MPE, as the 
characteristic of the ultrasonic scattering echo signal, was used to distinguish the non-
denatured biological tissue and denatured biological tissue during HIFU treatment. 
However, MPE also has some shortcomings, such as, it loses information about the signal 
amplitude due to that MPE does not analyze the amplitude difference between the same 
ordinal modes in analyzing signal complexity. At the same time, the traditional coarse-
grained method in the MPE easily causes the fluctuation of MPE value, which reduces the 
stability of MPE [24–26]. In order to solve the above problems, the traditional MPE method 
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(2) In the coarse-grained process, the coarse-grained process is improved by the over-
lapping sliding average method. Each sliding length is set to a sampling point. The
original signal will be transformed into the s groups of coarse-grained sequence
G(s)

i =
{

y(s)i,1 , y(s)i,2 , . . . |i = 1, 2, . . . s} through the overlapping sliding windows under
the same scale factor s, which can avoid the loss of elements in a coarse-grained
sequence. Where y(s)i,j is expressed as

y(s)i,j =

s−1
∑

f=0
x f+i+s(j−1)

s
(11)

(3) When the scale factor s and embedding dimension m are determined, we calculate the
WPE entropy value of each coarse-grained sequence. Then, the entropy values of WPE
of the coarse-grained sequence are averaged to obtain the improved coarse-grained
multi-scale weighted permutation entropy (IMWPE). The IMWPE is defined as

IMWPE(X, m,
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2.3. Probabilistic Neural Network

A probabilistic neural network (PNN) is developed on the basis of radial basis neural
network, which integrates Parzen window probability density function estimation and
Bayes classification criterion, and can achieve arbitrary nonlinear approximation and
converge to the optimal solution of Bayesian classification [27,28]. The specific learning
steps are as follows:

(1) The sample data is normalized and then input into the pattern layer of PNN, and the
Euclidean distance between the normalized sample data and the training sample data
is calculated as
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(2) The radial basis function (RBF) is selected as the activation function to process the
normalized samples and training samples to be identified, so as to obtain the initial
probability matrix P.
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 (14)

(3) The output value of the pattern layer is calculated. Then, the initial probability sum
of the type of the sample to be identified is calculated according to the Formula (15),
so as to realize the PNN pattern recognition.

S =



k
∑

l=1
P1l

2k
∑

l=2
P1l · · ·

m
∑

l=m−k+1
P1l

k
∑

l=1
P2l

2k
∑

l=2
P2l · · ·

m
∑

l=m−k+1
P2l

...
...

. . .
...

k
∑

l=1
Ppl

2k
∑

l=2
Ppl · · ·

m
∑

l=m−k+1
Ppl


=


S11 S12 · · · S1c
S21 S22 · · · S2c

...
...

. . .
...

Sp1 Sp2 · · · Spc

 (15)

2.4. The Process of IMWPE-PNN Method

A new biological tissue damage monitoring method based on IMWPE and PNN
during HIFU treatment is proposed in this section. Figure 2 is the flow chart of the
proposed IMWPE-PNN method. The process is as follows.

(1) The HIFU echo signals data were collected in real-time through the HIFU irradiation
experimental system.

(2) The damage characteristics of HIFU echo signals are extracted by IMWPE methods.
The damage characteristics sets are randomly divided into training samples sets and
test samples sets. The training samples sets are input into the PNN for establishing
the PNN prediction model.

(3) The test samples sets are entered into the PNN prediction model to realize pattern
recognition and the recognition results and accuracy are obtained.

2.5. Experimental System

The HIFU irradiation experiment system is shown in Figure 3. Before the irradiation
experiment, povidone was added to remove air bubbles in the water, so as not to affect
the results of the experiment. Then, fresh in vivo porcine muscle tissue (thickness: 40 mm)
was fixed on a rubber plate and placed directly under the HIFU transducer (PRO2008,
Shenzhen, China). The HIFU system was operated to adjust the irradiation position of
the HIFU transducer by computer, and the HIFU transducer was used to irradiate porcine
muscle tissue. The pictures of porcine muscle tissue sample and B-mode ultrasonography
are shown in Figure 4. The irradiation power of the HIFU transducer was 210–300 W and
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the center frequency of the HIFU transducer is 1.39 MHz. The fiber optical hydrophone
(FOPH2000, Leutenbach, Germany) was used to receive the HIFU echo signal. The received
HIFU echo signals were transformed into the digital signals through the digital oscilloscope
(MDO3032, Tektronix, Beaverton, OR, USA), and stored in the computer. Meanwhile, the
thermometer at the HIFU irradiation target area was used to measure the temperature of
the irradiation area. The B-ultrasound probe of the B-mode ultrasonography was used to
monitor the HIFU irradiation area. The subtraction images of the irradiation area are shown
in Figure 5. According to the reference [23,26], the actual damaged status of biological
tissues were determined by the temperature and subtraction image of the irradiation
area. The porcine muscle tissue before HIFU irradiation is normal tissue, and the tissue
subtraction image shows that there is no white bright block in the irradiated area according
to Figure 5a. After HIFU irradiation, when the temperature of the irradiated area exceeds
63 ◦C and the irradiated area presents a large number of white bright blocks as shown
in Figure 5c, the tissue has been denatured. When the temperature of the irradiated area
does not exceed 63 ◦C, but white bright blocks appear in the irradiated area, the tissue has
been damaged.

Figure 2. Flow chart of the proposed method.

Figure 3. HIFU irradiation experiment system.
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Figure 4. The pictures of porcine muscle tissue sample and B-mode ultrasonography. (a) porcine
muscle tissue sample; (b) B-mode ultrasonography.

Figure 5. Subtraction images of irradiation area. (a) Normal tissue; (b) Damaged tissue; (c) Denatured tissue.

3. Results
3.1. The Analyzed Results of Simulated Signals

According to the reference [29], Gaussian white noise with 5000 sampling points is
used as a simulation signal to prove the advantages of IMWPE compare with the MPE
method. Both MPE and IMWPE methods are analyzed for the simulation signal. The
embedding dimension is selected as 4, 5, 6, 7 and 8. The delay time is selected as 2 and the
maximum scale factor is 50. The entropy values of MPE and IMWPE are shown in Figure 6.
When the embedded dimensions are 4 and 5, the downward trend of the entropy values of
MPE and IMWPE is still not obvious, and the advantages of multi-scale entropy are not
effectively exploited. When the embedding dimensions are 6, 7 and 8, with the increase in
scale factor, the entropy values of MPE and IMWPE show an obvious downward trend. In
addition, the IMWPE value decreases faster than MPE, which means that IMWPE includes
amplitude information when analyzing the complexity of the signal. Compared with MPE,
the entropy value of IMWPE have less fluctuation and better stability, which means that the
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IMWPE method can effectively improve the stability and reliability of the entropy value by
improving the coarse-grained process.

Figure 6. The entropy values of MPE and IMWPE under different dimension.

In order to further illustrate the advantages of the IMWPE method over the traditional
MPE method, we also analyze the Gaussian white noise with 500, 1000, and 3000 sampling
points. Table 1 shows the comparison results between MPE and IMWPE of Gaussian white
noise with different sampling points. As demonstrated, the standard deviation of IMWPE
is lower than that of MPE under different sampling points conditions, which means that
the stability of IMWPE is better than that of MPE. In addition, the running time of the
IMWPE method is slightly higher than that of the MPE. This is because the IMWPE method
averages the new coarse-grained sequence and also weights the signal amplitude, which
slightly increases the computational complexity of the algorithm.

Table 1. The comparison results between MPE and IMWPE with different sampling points.

Standard Deviation/Running Time(s)
Sampling Points

500 1000 3000 5000

MPE 0.0993/0.458 0.0587/0.965 0.0192/4.074 0.0133/7.206
IMWPE 0.0328/0.772 0.0226/1.938 0.0121/6.482 0.0089/11.073

3.2. The Analyzed Results of Actual HIFU Echo Signals

The time–domain diagram and frequency spectrum of HIFU echo signals are shown
in Figure 7. The center frequency of the HIFU echo signals is 1.39 MHz. The MSE, MPE
and IMWPE methods are used to calculate the entropy values of 240 HIFU echo signals
(including 80 normal status, 80 damaged status and 80 denatured status). The delay time is
selected as 2 and the embedding dimension is selected as 7. Probabilistic neural network
(PNN) is used to recognize the extracted features. 150 HIFU echo signals (including
50 normal status, 50 damaged status and 50 denatured status) are randomly selected as
the training set, and the remaining 90 HIFU echo signals (including 30 normal status,
30 damaged status and 30 denatured status) are selected as the test set.
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Figure 7. The time–domain diagram and frequency spectrum of HIFU echo signal. (a) Time–domain
diagram; (b) Frequency spectrum.

After cross-validation, the smoothing factor parameter of PNN is determined to be 1.5.
Figure 8 shows the damaged recognition results of biological tissue based on MSE-PNN,
MPE-PNN and IMWPE-PNN. Abscissa 1 to 30 are normal tissue samples, 31 to 60 are
damaged tissue samples, and 61 to 90 are denatured tissue samples. The ordinate type 1
represents the normal tissue status, type 2 represents the damaged tissue status, and type 3
represents the denatured tissue status. It can be seen that the identification ability of
MPE-PNN method is superior to MSE-PNN method. The damaged recognition rate of
biological tissue based on MPE-PNN is 88.9%. Compared with MSE-PNN and MPE-PNN
methods, the IMWPE-PNN method can correctly identify all the normal tissues to be
identified. In addition, IMWPE-PNN has fewer misidentification samples of damaged
tissues and denatured tissues. The sensitivity and specificity of IMWPE-PNN are higher
than MSE-PNN and MPE-PNN methods, reaching 0.933 and 0.967, respectively. The
damaged recognition rate of biological tissue based on IMWPE-PNN reaches 96.7%.

Figure 8. The damaged recognition results of biological tissue based on MSE-PNN, MPE-PNN and
IMWPE-PNN. (a) MSE-PNN; (b) MPE-PNN; (c) IMWPE-PNN.
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4. Discussion

In HIFU treatment, MPE was widely used in the damaged monitoring of biological
tissue. However, the traditional MPE method loses information about the signal amplitude
when analyzing the complexity of the signals, and the stability of MPE is poor due to
the defects in the traditional coarse-grained process, which will reduce the separability.
To solve the above problems, the IMWPE method is proposed based on MPE. IMWPE
introduces a weighted algorithm on the basis of MPE, which effectively solves the problem
that the MPE loses information about the signal amplitude due to that MPE does not
analyze the amplitude difference between the same ordinal modes in analyzing signal
complexity. In addition, IMWPE reduces entropy fluctuations and improves the stability of
entropy compare MPE. The analyzed results of simulated signals show that the IMWPE
method not only contains the amplitude information of the signal when analyzing the
complexity of the signal, but also improves the stability of the entropy value compared
with MPE (Figure 6 and Table 1). The MSE, MPE and IMWPE methods are applied to the
HIFU echo signals during HIFU treatment, and the probabilistic neural network (PNN) is
used to recognize the status of biological tissue. Compared with MSE-PNN and MPE-PNN
methods, the IMWPE-PNN method can correctly identify all the normal tissues to be
identified. In addition, IMWPE-PNN has fewer misidentification samples of damaged
tissues and denatured tissues (Figure 8). The analyzed results of actual HIFU echo signals
show that the IMWPE-PNN method has a better recognition effect on the state of biological
tissues (including normal tissues, damaged tissues and denatured tissues) than MSE-PNN
and MPE-PNN. The damaged recognition rate of biological tissue based on IMWPE-PNN
reaches 96.7%. The above results support the hypothesis that the IMWPE-PNN method
has a better identification effect to monitor the HIFU treatment. Finally, we may consider
combining entropy theory and advanced signal processing technology to further improve
the recognition accuracy and anti-noise ability.

5. Conclusions

This paper realizes biological tissue damage monitoring based on IMWPE and PNN
during HIFU treatment. To solve the defects of MPE, an IMWPE method is put forward.
The analyzed results of simulated signals prove the superiority of the IMWPE method. The
MSE, MPE and IMWPE methods are applied to calculate the entropy value of the actual
HIFU echo signals of three types of tissues. PNN is used to recognize the extracted features.
The results show that the IMWPE-PNN method has a better recognition effect to monitor
the state of biological tissues than MSE-PNN and MPE-PNN. The damaged recognition rate
of biological tissue based on IMWPE-PNN reaches 96.7%. In future research, the second
harmonic characteristics of the HIFU echo signal may be extracted to monitor the biological
tissue damage during HIFU treatment.
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