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Fig. 1. Time-domain diagram of the simulated signal and its non-noise components: (a) Time-domain diagram of the simulated

signal with added noise; (b) time-domain diagram corresponding to non-noise components.
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Fig. 2. Results of VMD and EMD: (a) VMD method; (b) EMD method.
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Fig. 3. Actual ultrasonic echo signals and their VMD results: (a) Actual ultrasonic echo signals; (b) VMD results of ultrasonic echo

signals.
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Fig. 4. MPE distribution of denatured and undenatured cases with different embedding dimension: (a) m = 3; (b) m = 5; (¢) m = 7.
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Table 1. The average entropy of the three samples at each

scale when the embedding dimension m = 7.

=051

SRAMRZS B MPE P E 250 80K, 53
RIENTZBARAEE R G; AR
MPE {ELRERE KT B AR JREtseh,
JER ] 70 2, R AHER m BON 7, 255 %1840
A RO I 1 s O 12, 383 LA _E o3 A n] LA
KB, MPE Fikn] DIE R R0 A= Py 20 41 15 A8
) — A E ERFIES AL

GK B 54 YA AT IR 5

WU 75U (5 S I EA S (55 293 F15k
P, R 20 dHFEAR . BEALIEBCE T 150 Bi%dE (3t
10 ZHAREAS) FER VAR, J5 143 BIEE (10 41k
A)AE R FEPUNFEAS, A H S B E 1
MPE {5 1 Jg RRAE 2 . 3 B 45 4F 1) B 48 5

3.3

GK BRI REF AT, 456 s RIS
V3T, DT S B AR M 2H U M A ). Ol ik
— LRI ITE AR, 7305k EMD-MPE
D7 ¥ LA S SCHR [8]#E /) WE 43 8T (VMD-WE) J7
PHRIURHES &, F e R ] GK B SRR )20
1.0 T T T
()

09 . *g”

R %%EPM
0.7 o EFErh2
0.6

04r
0.3 ',/,,,,,,, '
02F iven TN

0.1 - \ ~

0..

FEARL FEA2 FiA3
REEHF s
RASE AP AR AR KRR R
1 0.7068 0.7396 0.7085 0.7408 0.7028 0.7366
2 0.6504 0.7163 0.6491 0.7013 0.6449 0.6958
3 0.6200 0.6855 0.6194 0.6718 0.6145 0.6715
4 0.5836 0.6498 0.5839 0.6361 0.5781 0.6378
5 0.5569 0.6241 0.5575 0.6176 0.5530 0.6151
6 0.5328 0.5994 0.5329 0.5962 0.5273 0.5934
7 0.5142 0.5780 0.5130 0.5771 0.5087 0.5776
8 0.4954 0.5609 0.4958 0.5618 0.4908 0.5602
9 0.4792 0.5458 0.4796 0.5453 0.4737 0.5418
10 0.4657 0.5313 0.4646 0.5325 0.4622 0.5320
11 0.4536 0.5152 0.4506 0.5246 0.4471 0.5173
12 0.4384 0.5139 0.4379 0.5188 0.4350 0.5059
13 0.4364 0.4626 0.4367 0.4686 0.4289 0.5042
L0 s
a) _——
09 b e\
08 AN\
o EHrl .
07F oKL, |
0.6 \
=05}
04FS"
03t/ /o
02f/ [
0.1} :
07701 02 03 04 05 06 07 08 09 L0
T
L0 o
S
- RAE
09F | mp
0.8F 0 EEHLL
o RAEHL2
0
Bl 5 ONIR RS 5 i X o A8 M 5 78 P A i A U TR RS A S 0 SR R AR

(¢) VMD-MPE-GK
Fig. 5. Clustering effect on ultrasonic scattering echo signals of undenatured and denatured biological tissues through different
clustering methods: (a) EMD-MPE-GK; (b) VMD-WE-GK; (¢) VMD-MPE-GK.
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Table 2.  Recognition results of denatured and undenatured

tissues.

BRI PC XB PN/ %
VMD-MPE-GK 0.8119 4.498 93.81
EMD-MPE-GK 0.8088 11.589 87.44

VMD-WE-GK 0.790 14.878 85.29
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Abstract

It is an important practical problem to accurately recognize whether biological tissue is denatured during
high intensity focused ultrasound (HIFU) treatment. Ultrasonic scattering echo signals are related to some
physical properties of biological tissues. According to the characteristics of ultrasonic scattering echo signals, the
recognition of denatured biological tissues is studied based on the variational mode decomposition (VMD) and
multi-scale permutation entropy (MPE) in this paper. The ultrasonic echo signals are decomposed into various
modal components by the VMD. The noise components and the useful components are separated according to
the power spectrum information entropy of various modal components. The separated useful signals are
reconstructed and the MPE are extracted. Furthermore, Gustafson-Kessel (GK) fuzzy clustering analysis is
employed to obtain the standard clustering center, and the recognition of denatured biological tissues is carried
out by Euclid approach degree and principle of proximity. The proposed method is applied to ultrasonic
scattering echo signal during HIFU treatment. In order to determine the parameters of MPE algorithm for
ultrasonic scattering echo signals, the embedding dimension of the MPE is discussed, and the scale factor of the
MPE algorithm is optimized by genetic algorithm. When the delay time and the embedding dimension are 2
and 7 respectively, the MPE values decrease with scale factor increasing. Assuming that the scale factor is 12
from optimization results, the 293 ultrasonic scattering echo signals from normal tissues and denatured tissues
are analyzed by the MPE. It is found that the MPE values of the denatured tissues are higher than those of the
normal tissues. The MPE can be used to distinguish normal tissues and denatured tissues. Comparing with the
recognition methods of the EMD-MPE-GK fuzzy clustering method and the VMD-WE-GK fuzzy clustering, the
proposed method has good clustering performance and separability. Its partition coefficient (PC) is close to 1
and the Xie-Beni (XB) index is smaller. There are fewer feature points in the overlap region between MPE
features of denatured tissues and normal tissues. The recognition results of denatured biological tissues in this
experimental environment show that the recognition rate based on this method is higher, reaching up to
93.81%.

Keywords: high intensity focused ultrasound, variational mode decomposition, power spectrum information

entropy, multi-scale permutation entropy
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