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W E. 57%ELEEM #F (High intensity focused ultrasound, HIFU) 4 4 — 4% 47 & £ 4] 69 9L A K e &
WAEAESRA TEAMAREREERMNBET. AT FAZLES2GMB LT . HIFU Bt B R ERLEN
RAKERSG., ALGRT FRFFERABGRARRE  AREAR FFFEH e HIFU R £&
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TARFES AFERX R ERBESRARR X THRRKEFHOAR. ANMIREG T HIFU & 57 09 %
M (R THRINAMAEES ZTHHETBHRERES ., LR HIFU BRESREXE, KEib
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HIFU Tranmitter Based on Extraordinary Acoustic Transmission

Zhang Dong, Li Chenghai, Lin Zhou
(Institute of Acoustics, Nanjing University, Nanjing, 210093, China)

Abstract: As an emerging non-invasive surgical technique, high intensity focused ultrasound (HIFU) has
been used clinically in the treatment of various benign and malignant solid tumors. The focusing efficien-
cy of HIFU transducer still need to be improved to achieve safer and more effective tumor treatment.
This paper reviews the principle of the extraordinary acoustic transmission, as well as the recent research
on HIFU transducers that utilizing extraordinary acoustic transmission. Two aspects of work are in-
volved: (1) The artificially acoustic structure is introduced into the design of concave acoustic lens, and a
corrugated lens is designed and manufactured to improve the acoustic lens of the lens-focused transducer,
which has achieved the effect of reducing side lobe and improved the safety of HIFU treatment;
(2) Based on spherically periodic slot array, a metamaterial focusing transducer is designed and manufac-
tured to enhance the focusing efficiency of the HIFU transducer. Enhanced acoustic focusing is demon-
strated by both measuring and simulating sound pressure distribution of metamaterial focusing transducer
and traditional concave transducer, as well as temperature elevation generated in the tissue. The results
of this paper can further promote the wide application of HIFU in clinical treatment.

Key words: high intensity focused ultrasound; extraordinary acoustic transmission; artificially acoustic

structure; enhanced focusing
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(a) Conventional acoustic lens focused (b) Corrugated lens focused (c) Experimental samples of conventional
transducer transducer acoustic lens and corrugated lens
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Fig.3 Diagrams of two kinds of focused transduces and their experimental samples



F OAFATAAFERABRNZRARERFHRAES 579

B R P O B 1 S TR R A

TE P BB P b T A N LA BT RS d /N P PRI DRI R A A MRS 235 4 40 g ik 7
0P o T S ) 119 7 90 2 52 8 LAt T Ak 7R R A R IR o D TS T A L 2 R I ) B L A
2 (WA ) P — Y S B B SO SR A TR T 4 B i R B 75 R p, P IR N

Do =Deo + D PanoAw ((m—n) L)1, (8)

e AR MURE B9 77 5 DUAS B R 52 B2 A PO RS O O fF MRS AR B EARIC N — 1 B 210+ o F
Do 539NN NEE A MTREFD m A RS B RR S5 A0 75 55 A R A5 BONER m A MRS 2026 0 A VT HE 1Y
PG A s, O VR S A SR R

P A ) P R LA A RS S AR e A TR Ak A A P 3 Cp, ) RN TIG T A A 4
A (p,) o PR H I 5 Y B 3 T] LU 3R O

»(R) :—:Z %pgn eg’) AS — ZJ—;’LH . eDjw ds (9)

A p(R) ARTE R J A b (975 T 5 00 S UK Sl A A5 5 AS S B> MU B T AR s ¢ A o 23331 Oy A% i 08 5t vh
P AN B D 2R AR BES R M EE R . RO T A W B B0 R A A, 0t 5 1% i i
BE 7 AT A B R DL AT A i R AR ROR .
2.2 HEEYPMZENE

— N3 F A BRICHK A (Comsol Multiphysics v4. 3, COMSOL Inc. , Palo Alto, CA, USA)JF % [t ¢
Fe A R TTHEIN B 3 B A% G2 7 05 45 3R AR 4 e 4 A5 o B B 4 RE A0 1O 75 T o0 Al . AP S B AR AL A
S E R PR r=75 mm, g ae sk M 0=40", JEJF H=10 mm. 7B B8 L HNA AN T8
SRCE MR K L=2. 72 mm (X WA 547 kH2) A FEE d=1 mm, BEE h=2 mm,
i) ] 18 A2 S O I3 15 D UK, HG % RE LA B 43 0 Ol pw =1 000 kg/m” Fl ey =1 490 m/s. B MK
B HOE RS B A3 B A o = 2 700 kg/m® Fl ey =6 400 m/s. MR E AT A oA K E L=
2.72 mm, X B ARy 547 kHz 4 23 26 W /1N T V1R &) 30T %8 17 1 A0 38 Ah 8 % 78 S OB S oL B
A 18 90 231 i MR8 118 2 BOE R P i #%

LRGN EEWE 4 Brs . 18 & S i F ik & A= 45 (33250A., Agilent Technologies, Santa
Clara, CA, USA) A I A5 5, BB & A # A2 i R A5 5 & 4 58 00 2 2 K 2% (53 dB gain,
22001, Electronics and Innovation Ltd, DIRIIRAE  PRiEL KW 2%

E&I 2200L NTR TNUOOO1A
Rochester, NY, USA) i K T 53K 3l F i # g | }‘
- B s |
o ERE I T HAR 0. 4 mm By EF KT 27 E\Q | *i%%ﬁ y
7
(HNC-0400, ONDA Corporation, Sunnyvale, I——————ﬂaé ———————

CA, USA) R 75 I Wi {8 . B XK W A o i

P >
PC I 3 T 1 Labview (National Instruments, %//r “ o
: ) 7. L =gils 759 — D //’ ‘ ;‘ > i
Austin, TX, USA) V& %5 102 7 5 Hl = 4 T A e SR i T\I;m?tﬁiﬂsﬁ7%\£§
j:ﬂ ﬁﬁ % % (Controller Model: XPS-C8, New- Agilent 33250A  Agilent S4830B

port, Irvine, CA, USA) 3L B GE &% £ Ik i A5 S

— N - Fig. 4 Schematic diagram of experimental device
Y4 [ 20 AT B0 R AR



580 HIEREEH LA Journal of Data Acquisition and Processing Vol. 33,No. 4, 2018

2.3 #R5iTiE

5 g i 1 AE 540 Kz B A WU T o A& 5875 7 B A P 08 B AR Y T AR P T 23 A1 1 B AU A 52
M A5 2R . NE S T LU L B (A AR A0 52 30 45 2R A 3 B i W) 4 S IR 45 R I T B (e AR UL A AT
ROPE o B UL S 6 25 SR M WY R X AR G R O B PR WO B T LA AT R A ) 5 L 4 e 2R AR

H 3.

© © I

0.8
-10 -5 0 5 10 -10 -5 0 5 10
x/mm x/mm
(a) {E G BB BRI (b) PR BB T (RS B 06
(a) Numerical simulation result of conventional (b) Numerical simulation result of
acoustic lens corrugated lens
0.4
0.2
0.0
“ ”~
-10 5 0 5 10 -10 -5 0 5 10
X/ mm x/ mm
(c) L F BRI RN B LR (d) PR H B AL R B 45 R
(c) Experimental measurement result of (d) Experimental measurement result of
conventional acoustic lens corrugated lens

5 A 40 P 3 i R 7S R 3 B0 A 1 T AL 7 e 40 A 1 B TH A 49 R0 S 0 ) 4 4 2R
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Fig. 8 Diagrams of conventional concave and metamaterial focused transducers and experimental samples

T UG A T A U 5 ) A 2R A e BE A 10 R A i OR[N B 7 S Y 5 A O T
) 2R 5 450 R i 15 1 8 1 T 450 R b 1) P T 20 A FITE 2 ZUrh 7 A IR T o 7 TR AR S i G A O 1 5 R o
B BB AT SEAR R o X TR 2 AR A L T, — SR SUR B g HIFU 4 MO 3R A 4R i T, 2
W1l AL 9FE T ) Pennes A= ) B4 05 B T Of 48 3t 2 1 o pep L BBE AR AL L I

T_ K .y Q
It [OOClV T+(00Cl

St T W ALURIE s, A0 S BE + K 1 C. 0 B0 A TR0 24 05 5 R BOMHC B . Q WK Rt
R

(10

Q=1 Saw | C, | (1)

0o =1

2P n Ay B e IR U B A N Sy e RAE s a0 S AR N7 1 % 080 2R K0 0 S AT O PR R e Ol ) R AR
BC ol n WO MM EAFE. TR OOMUGE TR FA L%, Lk N=1,

U5 FLh S A GUR A g S50k % B p, =1 160 kg/m®, 75 3 ¢, =1 505 m/s, UL R HL o, =
6 Np/m/MHz (#£ 1 MHz 4b) . # (4 5 28 £ =0.5 W/m/C, L% C.=3 365 W » s/m’/C , T HFEHL
p=1, LK I, 754 0.25 mm B (T]72-CASS-010G-4, Omega, Engineering Inc. , Stamford, CT)
PG 2 B — AN AR (NT 9214, National Instruments, USA) [R] 25484 £ il BE A2 Ak o il JBE A6z i i A
o O H SRR CE T HIFU $e B8 g #5500 8 H G0 15 10 T2 B 40 °C

3.2 EHER

P9 g iy T AR OA A A B A A BB i R A% R AR B A 1 P TR 0 A A SR R B 9 Cal ) D BB
1020 kHzI 9 b 3R i 46 B8 A 451 1 b 75 s i) BB THIT A5 0 o 0 Tl A0 SR AR 4 RE 2 5 1 « AR AL 1 75 T
WK T Ge i e . & 9 Cend) S L A S 36 00 i 75 T 20 A1 25 2R 5 1 9 Can b) I BEIE TH 45 2R — B
X HE AR G R AR A BE A A SR AR R AR R DL AR S 5 I A I R Al R R IR A R TR . 10 Y
AN H5 R e BE AT A A Al 14 £ P TS B R X S5 M EE . A I B B B A% 1R T A 4 T T 2R 45 BE R AL A
e RS AT 3 KT B R ORI A SR AR RE R ALTE 1 020 kHz b 50 B AR . HLAH X 1% 5 45 BE
A2y 4 dB Y IR R 4 .




F OAFATEAFTERAEGGRARER P HAER

Rih / mm

242.0
237.0
232.0
227.0
222.0

44 48 52
Z&f1 / mm
(a) ERMI R AR I REBR SN 5 IR RO A

(a) Simulated acoustic pressure level distributions of
metamaterial focused transducer

242.0

235.0

Rih / mm

228.0

221.0

(c) BT AR B LIS B oA

(c) Experimental acoustic pressure level distributions of

metamaterial focused transducer

583

S N A

Rl / mm

242.0
237.0
232.0
227.0
222.0

40 44
Zﬂﬂ / mm
(b) FE G TR AL RE AU 5 R o A

(b) Simulated acoustic pressure level distributions of
conventional concave focused transducer

242.0

235.0

228.0

221.0

Z# / mm

() SR A REBS ST 5 R A
(d) Experimental acoustic pressure level distributions of
conventional concave focused transducer

P9 AR db 0 b 46 B 25 09 75 He 43 A7
Fig. 9 Acoustic pressure distributions of two types of transducers in the focal region
— SR AR (T3
2427 ----- ﬁ*’]%ﬁﬁﬁ %%(D’J‘ﬁ)
/ \ }
2401 S
AR
1
5 i
1 2361 b -
1 Lypy iy
- Y
L [
234 b \‘, vy
232 1 1 L )
800 900 1000 1100 1200
B | kHz

P10 BlSE 2 Ak i T R4 BE A £5 R TR

Fig. 10 Focus acoustic pressure of two transducers as a function of frequency

3.3 BHER

2 P S S A GUAEINT o 7 37 1 30 23 BE 2 i B IR AR I B O VRE . B 1L R T 8 AR [
6] (39 o) 45 A 15 Gt 5% A 49 RE e M0 AL 2R AR 400 BE A% 19 BHLVE T 30308 38 20 A o vl UL A% 2R 45 0 RE 4 21 1 3R
FERE B SR T8 AR R R . IR P 1 BREREE IR O 27 “C i iy 2 SR 43 ) B % Gt R 4R e R A AN



584 HIEREEH LA Journal of Data Acquisition and Processing Vol. 33,No. 4, 2018

ey R A 480 BE i A [ 1) i J3E 3R 8 O 1 020 kHz; 3R 101 A5 I 81. 9 kPa) R A7 R IR . ARHEIAT 12 Fros . 7
R39S Py i LA R ZE B TF . BB RO AR b OB A R R RE AR LR TH UG A T SR RE AR 4L
IR 2ETE39 sHPIAFI R L 8 °C L 508 15 PR 713 45 R — B, X 78 70 Ul W1 1A T8 J00 I 91 3% o g 3¢ A fhe
o F) 7 P P 10 3 S SR AT B B R AT LA R ) Nk B LGOI R H R . D L SR Y 45
P R (I 13) nl DL L 4 SR AR RE A4 2L 5 IR 39 s I AR Ak vl L b €5 556 [0 1k 49 £ 102 i s T A 1 9 2R A 4
FE 7 4 N2 b T e v R Y o e 3R S — R 3K B BORE 015 2 4 0 MRS TR S8 A 1Y L3R B
(40 C) . PR e A IR 45 S B 2R WA O T B CIL I 13) .

6F 6
4 4
£ 2 g 2
S} )
-4k -4
-6 )
40 44 48 52 56 40 44 48 52 56
Z&h / mm Z&h / mm
(a) EEML SR AR AL (b) LR R EH AL
(a) Metamaterial focused transducer (b) Conventional concave focused transducer

P11 5[] B [ % HRL I TP e SR8 5 460 8 448 X I 8 S TRT 1) 0 S0 3L B 4 A
Fig. 11 Simulated temperature distribution on the focal plane of two kinds of focused transducers after an irradi-
ation duration of 39 s
o ZUIRHLAERS (SEH)  — SURHLAERS ()
o LT HLRERY (SER) - - R GRHRERs (T E)
121
10

It/ C

8
6
4
2
0

(a) MR AL (b) TR EHRER

(a) Metamaterial focused  (b) Conventional concave

0 5 10 15 20 25 30 35 40

) /s transducer focused transducer
12 B A by R SR T 13 T 3R A 4 BE 45 4 FRUG 09 5 41 8L s
Fig. 12  Temperature rise of focal point during the Fig. 13  Tissue phantoms after irradiation for two
irradiation kinds of focused transducers

4 LERIE

AR HIFU 536 57 IR 114 0T 5088 A 7 30 i O 17 92 B 4 i AR AR T - 480 RE i 19 IR AR IR X — 56
SR I AT SR T MR e o O3 — T T P N S R AT LS B O H) S 1] 5 4 G v A AR DORS 9 7R S S
75 S5 HIF 9 Bl 0 A 0 B 2 A R ) B D AR OB EAT 2500 51 AR R e fig #0331, B e iR/ HIFU
AE & A SR AR AR L Oy HIFU HefEas i BT 42 41— Mo R B

SE LWk

[1] Kennedy J E. High-intensity focused ultrasound in the treatment of solid tumours[J]. Nature Reviews Cancer, 2005, 5(4) ;



F OAEATAERFTEHNARHNERERERFHGE 585

321-327.

[2] Ter Haar G, Coussios C. High intensity focused ultrasound: Physical principles and devices[J]. International Journal of Hy-
perthermia, 2007, 23(2): 89-104.

[3] Tempany C M C, McDannold N J, Hynynen K, et al. Focused ultrasound surgery in oncology: Overview and principles[]J].
Radiology, 2011, 259(1) . 39-56.

[4] HaoR, QiuC Y. YeY T, etal. Transmission enhancement of acoustic waves through a thin hard plate embedded with elas-
tic inclusions[J]. Applied Physics Letters, 2012, 101(2):021910.

[5] Hou B, Mei J, Ke M Z, et al. Tuning Fabry-Perot resonances via diffraction evanescent waves[ J]. Physical Review B,
2007, 76(5):054303.

[6] Estrada H, Uris A, Meseguer F. Acoustic radiation efficiency of a periodically corrugated rigid piston[]J]. Applied Physics
Letters, 2012, 101(10):104103.

[7] Ebbesen T W, Lezec H J, Ghaemi H F, et al. Extraordinary optical transmission through sub-wavelength hole arrays[J].
Nature, 1998, 391(6668);: 667-669.

[8] Barnes W L, Dereux A, Ebbesen T W. Surface plasmon subwavelength optics[J]. Nature, 2003, 424(6950); 824-830.

[9] Christensen J, Fernandez-Dominguez A I, De Leon-Perez F, et al. Collimation of sound assisted by acoustic surface waves
[J]. Nature Physics, 2007, 3(12). 851-852.

[10] Lu M H, Liu X K, Feng L, et al. Extraordinary acoustic transmission through a 1D grating with very narrow apertures[ J].
Physical Review Letters, 2007, 99(17):174301.

[11] He ZJ, Jia H, Qiu C Y, et al. Acoustic transmission enhancement through a periodically structured stiff plate without any
opening[ J]. Physical Review Letters, 2010, 105(7):074301.

[12] Zhou Y., Lu M H, Feng L, et al. Acoustic surface evanescent wave and its dominant contribution to extraordinary acoustic
transmission and collimation of sound[]]. Physical Review Letters, 2010, 104(16):164301.

[13] Qi D X, Fan R H, Peng R W, et al. Multiple-band transmission of acoustic wave through metallic gratings[]J]. Applied
Physics Letters, 2012, 101(6):061912.

[14] LiCH, Ke M Z, Ye Y T, et al. Broadband asymmetric acoustic transmission by a plate with quasi-periodic surface ridges
[J]. Applied Physics Letters, 2014, 105(2):023511.

[15] Christensen J, Martin-Moreno L, Garcia-Vidal F J. Enhanced acoustical transmission and beaming effect through a single ap-
erture[ J]. Physical Review B, 2010, 81(17):174104.

[16] Christensen J, Martin-Moreno L, Garcia-Vidal F J. Theory of resonant acoustic transmission through subwavelength aper-
tures[ J]. Physical Review Letters, 2008, 101(1):014301.

[17] Garcia de Abajo J F,Estrada H, Meseguer F. Diacritical study of light, electrons and sound scattering by particles and holes
[J]. New Journal of Physics, 2009, 11:093013.

[18] Wang X L. Acoustical mechanism for the extraordinary sound transmission through subwavelength apertures[J]. Applied
Physics Letters, 2010, 96(13):134104.

[19] Mei J, Hou B, Ke M Z, et al. Acoustic wave transmission through a bull’s eye structure[ J]. Applied Physics Letters,
2008, 92(12):124106.

[20] Lezec H J, Degiron A, Devaux E, et al. Beaming light from a subwavelength aperture[J]. Science, 2002, 297(5582) ; 820-
822.

[21] LinZ, Guo X S, Tu]J, etal. A collimated focused ultrasound beam of high acoustic transmission and minimum diffraction a-
chieved by using a lens with subwavelength structures[J]. Applied Physics Letters, 2015, 107(11) :113505.

[227] Chapelon J Y, Cathigol D, Cain C, et al. New piezoelectric transducers for therapeutic ultrasound[]J]. Ultrasound in Medi-
cine and Biology. 2000, 26(1): 153-159.

[23] LiC H, Yang Y Y, Guo X S, et al. Enhanced ultrasonic focusing and temperature elevation via a therapeutic ultrasonic
transducer with sub-wavelength periodic structure[J]. Applied Physics Letters, 2017, 111(5):053701.

[247] Pennes H H. Analysis of tissue and arterial blood temperatures in the resting human forearm[]]. Journal of Applied Physiol-
ogy. 1948, 1(2); 93-122.

[25] Li F Q. Wang H. Zeng D P, et al. Sub-wavelength ultrasonic therapy using a spherical cavity transducer with open ends[]].
Applied Physics Letters, 2013, 102(20):204102.

[26] Shich J, Chen SR, Chen G S, et al. Acrylic acid controlled reusable temperature-sensitive hydrogel phantoms for thermal
ablation therapy[J]. Applied Thermal Engineering, 2014, 62(2): 322-329.

EEE I

ER (1969, 9, # 2, o
LTI A ) R 2R S L E-
mail; dzhang@nju. edu. cn,

ZERE (1987, B fH 4 F
S BRI A ) BE 2
.,

R (1988-) . T, 1l -1 BF 5%
ARG A B R

Fio

(%% 24)



