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Treatment planning

Treatment Evaluation
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ZF 995 2o Oy 3ol B 4= gl
HIFU A&g2 G4 71o|=5 913k MRI®} patient

Qg 3) 48 MR g4 710|= HIFU AlAH]

xxizstsx 2014 2 149



‘ @Q0® O »»» zn3

MR compatible
Positioning HIFU
system transducer

AR MO AlAE

Treatment planning

Planning Image
(T2w)

Beam path
overlaying

Therapy monitoring

Tisgue ablation

1 o #A7} %it—Xlﬂ gelsl] sl 2o 2w wsks

Evaluation 7V8ll% & PRES 9Ato & =3 dlolslo @i 2sl=

Therapy assessment ’I‘]X]Oﬂ ZZ4 ] _60:] E’]‘]\;__‘ ’%‘ ]ﬂ ;1?_@— '/]E C})»)]\r/]' E}

il v olet HIFU ¥ 422 mele o2y HIFU 4

B 5 VR Tl HRUS N B AL Sl sl o g oI W

s HAo vl Arzs Al = W Az A

bed 12|l AAELE A|ojal7] 9I3F console unit & oA 253 TS o] gase)t W J12]al %
o7 FAHEL AR 2S5TE FA8H] gt MR S8 238 E= 99 Al = e e FH, 3%
compatible HZFA= (19 4)9} o] patient bed W &H E= o]AH AAof gt AgFo] X AdtE= HR
Hof #ghate] QA& 24T 7 Adegjo] Hr}, 53] W= soft
9} mechanical positioning % N tissueoll Hlel 25T S Al
R o X HIFU A2 X2 R
Aok At FHE WEEl A x1z2 9313 212 S0l chst x1ar;5-||ﬂ 7F o9 AL F=9ef] Al o]
o, myl= AxXlof st S xE 2 3] ulie] 2Aeu E5S &
MRI+= 34 =2 H3lof st HEE S & el 7hsAdol w=oh. weba] H

o
W 2 Ao thgt iz (contrast)
7k Fo] whitel] AR ol Mgshs T4o] Wy
stk E9F MRIS= proton resonance frequency shift
(PRFS) @A olgato] &%o] ¥sks 4T 4= 9)
7] W&o PRFS AR 7|Wtog of] 7px] -85

1 50 _ The Magazine of the IEIE

2= MR FabE

X|E Ssll 0|F0]

x|z UL,

A= A - o] mr EAEHA
B sy 11 gl Hast
H 2= QEE Hojr 2Ho| 5
A g ARE shis) Elojo g,

flet &2 WAS AR 2] «1A7F 2RlE L 4]
o] ¥ ARt MelEld A77F A 4 9ok, AR
A= ket A|we] Aehat £4-8-2 H sk

62



9 AR oS maksl T R9lo) djat L s}
o) A7} o Zasith, MRIEE (13 6)olA & 4

>>>O1A|- o

St o o

d=aszsiaz Q0@ @

|= HIFU A|AHo A= (17 8)olA
, Z47e] HAof A5k HEAE At

AUzol, thefek f1A19] #Al Felol tigk PRES ¥44= 5o /\}%@E}m]
= I5omy Mk A 4 e gF aud & HIFU 239 fIA& &st7] fig WHos
Q3 Ey A4 9 ome) e xzo] Buske Pwo]  acoustic backscattering'# HIFU ZFA]
ol &&= FAFRe 2N A7) oPAAS A 42 Q1 (interference)®” 1|1l W AHE2E ARSI i Eo]
oY el 24E L& HolE o83 thermal dose,  ASTEICE. 1 %, W AR A WHES MR 7hol=
= CEME Aoz 59| Ao Jws utofst 4= HIFU A dgy ¥ 4] H2E AMSh= 2 fAfst
Uom HA Al e AEHoR T 4 ok oA HIFU WHEHARolA Salel Z2auko] ofF
Ao g2 - 2= Aol gt FAE SAH(acoustic field)ollA]
B7k #18 MR 71ol= HIFUYl 512 oj;g|m ol xom gat o= AAteH(backscattering)®l 25
Ae AR FHo BT HFU Y ZZ U g Jof| it AeE GAske] JFoR st
Gadolinium ZFAE F¢g 2HAZ SEE MSE + UAS A2 L Hojr}, ety 22T} 413
B, TIAE AAS YER 7 It o A% A7) 7t 91A0] 7ps
Ame 2Aol= NS a5t 2ol migsh] wize] ¥ 7
= @yto] HIFUo| ofsff wh]x]7] wfitef Aol tf J Aol YA &elgk 4= Stk (1

3t uptakeZ} HoluA] grol FAdollA thxeo] Skl
LFERLEA] Q8A] ek, whebs] 7 GAdolA K
non-perfused volume(NPV)& Al A 253t
 Blweto ZH HA Aol it dukE HrReE 4

%E]—[SO]
V. 285 94 7HoIE HIFU
MR 94 71o]= HIFUL: 317}e] #u]9l MRIZ 71

AZE 3t AL m HHTOH Al Hl%Ol uh - e

AR =

d
Y
S
pacs
_F,L
_\::1
n‘i
F«
%
o
i

*J 2= MRISE H] s}
o =77} zyl mjEol dA; S-§ Holol wa} A
o HHaigtoRn (18 DI 2ol portalbe Hehol
HIFU A]28]] A zto] 7Rssief ™,

Hj2 2y} YA MR G4 Blaske] =
57}. Uk ol ZA o] Zhe okl Eujd EA
& shgsto gy slo|tol HQE) éE—% =

o] 7Fs3ltt, ojuf X 7o} rto|= YA} B5S 9J%t
g o] o] 2474 U2 ] HOR %

o 4

63

-JN

A8 2T B4 J10IS HIFU AIAE

O 8) x=

Treatment Imaging
transducer transducer
U AN wExiE AT 281 YN tols

HIFUS| HEXt 25

sxtzstsix| 20142151



‘/'@@%ﬁ > b B8

AREAA WY F] o] ARe) WY HES
Ao i AgE & Ar B o,

Depth [cm]

= J8 S .
A7 e gelsh] f o W oe 2= MRIO|

3
4
3
6
7
8
9
10
0
1

= OF 55T7HA =7F 7Kgl wheh AEAor
7kl 540 Q7] "ol e5% Skl wE
echo shiftE speckle tracking techniques ©]-8-3f
SATo RN 2 BskE o 4= Qlot, SRR, 27}
LoV SN AR, 25 SR dadks =9
5439 oA wiitol A& e Hlehs W Oo RN

= ARgo] AlgtA ol

HIFU A&9] 3 & Al AxA(soft tissue)
2e7b S7VePHA AxAS sk 27F siA =]

A5 e glsy] ek o 7P bkt W whigell 2219 shear modulus”b 714 HE ofy e}

2 A7koll W echogenicity?] WS WS 2 WHOF FESF thermal doser} kiAW w7tz B4
ot} HIFU7Z} ¢l 7}% &= P S Ho7E doju™ shear modulus?t 27 F7kshcb=
echogenicityd W3al= o wAE %o &3 EAo] ds AT ol EALS olgstony en
impedance W3} = & *}éﬂr cavitationo] &Ja WIS FASHA] i FEA JA(shear wave
A= uld 713 giitolch ulAN] 7|3 soft tissue  elasography)e o83l HIFU 27 % A%z &4
of "l 3% impedance®| Zto|7} 7] wiitel (C1E & WSLE SAFORM A S 2RIE 4= 9l
1OYollA] & &= Ql5zo] Aol 9l YEh AR87E  7HsAdo] BHIE A,

Depth [em]

B T R S O

o rlr
e

d
o:
¢

rr

V.2 &
B leHo| A= ujAGH A7 el HIFUS| Yok
A4 AR 2 A7 solse] e A sttt &
e 3], Atk 94471710l MRISH 283} Afo] HIFUS} &

Lateral divection [mm] Lateral direction [mm|

e FEo] Ttolo] Wash thokst 7)5S AEEho sy
= HIFU A=7} 2of obdsial AeksiA Alsd = Qltt
AL & 4= 98tk MR 7ho]|= HIFUE £ ¥}
o]-§3 7to|E s VNI Al AR 243}
7} o]0l A QIA|E, Blgo] Bt wAIE WSkl

mkﬂ okl

mlm rlr

Axial direction fmm|

| B (] 0 40 o b 3 2 o 0 40 60

Lateral direction [mm] Laneral direction fmm] O]q. O]% H‘aH ‘q.o’é‘j‘— i_%\], OZ]/\ ]]:]]—'/] 7].0]1: ]:”—
(ag 10) HIFU x|z Zloll hE echogenicity| 3t HEo] AotElglon ukek HIFU Al 2|23}y

b

1 52 _ The Magazine of the IEIE 64



or 2
>

[1] C. M. Rumack, S. R. Wilson, J. W. Charboneau and
D. Levine, Diagnostic ultrasound, Mosby,
Philadelphia, PA, 2005.

[2] K. G. Baker, V. J. Robertson and F. A. Duck, ‘A
review of therapeutic ultrasound: biophysical
effects,” Phys. Ther,, Vol. 81, No. 7, pp. 1351-1358,
2001.

[3]1J. B. Fowlkes and C. K. Holland, “‘Mechanical
bioeffects from diagnostic ultrasound: AIUM
consensus statements,” J. Ultrasound Med., Vol. 19,
No. 2, pp. 69-72, 2000,

[4] N. Sanghvi and R. Hawes, ‘High-intensity focused
ultrasound,” Experim. Invest. Endoscopy, Vol. 4, No.
2, pp. 383-395, 1994,

[51D. Jocham, C. Chaussy and E. Schmiedt,
“Extracoporeal shock wave lithotripsy,” Urol. Int., Vol.
41, No. 5, pp. 357-368, 1986.

[6] A. V. Alexandrov, C. A. Molina, J. C. Grotta, Z
Garami, S. R. Ford, J. Alvarez—Sabin, J. Montaner,
M. Sagqur, A. M. Demchuk, L. A. Moye, M. D. Hill
and A. W. Wojner, “Ultrasound—enhanced systemic
thrombolysis for acute ischemic stroke,” New. Engl.
J. Med., Vol. 351, pp. 2170-2178, 2004.

[71 E. C. Driscoll, L. Crum, W. K. Law and S. DeMarta,
Methods and device for providing acoustic
hemostasis, US Patent 6083159, 2000.

[8] G. ter Haar, “High intensity ultrasound,” Semin.
Laparosc. Surg., Vol. 8, pp. 77-89, 2001.

[9] E. A. Steward, J. Rabinovici, C. M. Tempany et. al,
“Clinical outcomes of focused ultrasound surgery for
the treatment of uterine fibroids,” Fertil. Steril., Vol.
85, No. 1, pp. 22-29, 2006.

[10] S. Madersbacher, M. Pedevilla, L. Vingers, M.

65

> > SRR 2T

iia}
v

£y
=

iz 0@ @

Susani and M. Marberger, “Effect of high—intensity
focused ultrasound on human prostate cancer in
vivo,” Cancer Res., Vol. 55, pp. 3346-3351, 1995.

[11] H. Furusawa, K. Namba, H. Nakahara, C. Tanaka, Y.
Yasuda, E. Hirabara, M. Imahariyama and K.
Komaki, “The evolving non-surgical ablation of
breast cancer: MR guided focused ultrasound
(MRgFUS),” Breast Cancer, Vol. 14, pp. 55-58, 2007.

[12] L. L. Xiong, J. H. Hwang, X. B. Huang, S. S. Yao, C.
J. He, X. H. ge, H. Y. Ge and X. F. Wang, ‘Early
clinical experience using high intensity focused
ultrasound for palliation of inoperable pancreatic
cancer,” JOP J. Pancreas, Vol. 10, No. 2, pp. 123-
129, 2009.

[18] W. A. N'Djin, D. Melodelima, H. Parmentier, S.
Chesnais, M. Rivoire and J. Y. Chapelon, “Utility of
a tumor—mimic model for the evaluation of the
accuracy of HIFU treatments. Results of in vitro
experiments in the liver,” Ultrasound Med. Biol., Vol.
34, No. 12, pp. 1934-1943, 2008.

[14] C. Chaussy and S. Thuroff, ‘Results and side
effects of high—intensity focused ultrasound in
localized prostate cancer,” J. Endourol., Vol. 15, pp.
437-448, 2001.

[15] M. R. Bailey, V. A. Khokhlova, O. A. Sapozhnikov,
S. G. Kargl and L. A. Crum, “Physical mechanisms
of the therapeutic effect of ultrasound (a review),”
Acoust. Phys., Vol. 49, pp. 369-388, 2003,

[16] H. H. Pennes, ‘Analysis of tissue and arterial blood
temperatures in the resting human forearm,” J.
Appl. Physiol., Vol. 1, pp. 93-122, 1948,

[17]1 C. Damianou and K. Hynynen, ‘The effect of
various physical parameters on the size and shape
of necrosed tissue volume during ultrasound
surgery,” J. Acoust. Soc. Am., Vol. 95, pp. 1641—
1649, 1994.

[18] R. Seip, R. F. Carlson, W. Chen, N. T. Sanghvi, M.

mxizstax 2014 2153



T @0@@ »>» =3

A. Penna, K. A. Dines, R. Pfile, T. A. Gardner and
M. Koch, “Automated HIFU treatment planning and
execution based on 3-D modeling of the prostate,
urethra, and rectal wall” Proc. of IEEE Ultrason.
Symp., Vol. 3, pp. 1781-1784, 2004.

[19] M. O'Donnel and S. Flax, “Phase aberration
measurements in medical ultrasound: human
studies,” Ultrason., Imag., Vol. 10, pp. 1-11, 1988.

[20] D. R. Daum, N. B. Smith, R, King and K. Hynynen,
‘In vivo demonstration of noninvasive thermal
surgery of the liver and kidney using an ultrasonic
phased array,” Ultrasound Med. Biol., Vol. 25, No.
7, pp. 1087-1098, 1999.

[21] V. Khokhlova, S. Bobkova and L. Gavrilov, ‘Focus
splitting associated with propagation of focused
ultrasound through the rib cage,” Acoust. Phys.,
Vol. 56, No. 5, pp. 665-674, 2010,

[22] S. Vaezy, X. Shi, R. W. Martin, E. Chi, P. I. Nelson,
M. R. Bailey and L. A. Crum, “Real-time
visualization of high—intensity focused ultrasound
treatment using ultrasound imaging,” Ultrasound
Med. Biol., Vol. 27, No. 1, pp. 33-42, 2001.

[23] S. Yan, J. Yuan and C. Hou, ‘Ultrasound image
enhancement for HIFU lesion detection and
measurement,” Proc. of Electronic Measurement
and Instruments, pp. 193-196, 2009.

[24] M. Kohler, J. Enholm, C. Mougenot and T. Andreae,
2011. Sonalleve MR-HIFU: Philips MR-guided high
intensity focused ultrasound. White paper,
Koninkijke Philips Electronics N.V.

[25] K. Hynynen, “MRI-guided focused ultrasound
treatments,” Ultrasonics, Vol. 50, pp. 221-229, 2010.

[26] Y. Ishihara, A. Calderon, H. Watanabe, K. Okamoto,
Y. Suzuki, K. Kuroda and Y. Suzuki, “A precise and
fast temperature mapping using water proton
chemical shift,” Magn. Reson. Med., Vol. 34, pp.
814-823, 1995,

1 54 _ The Magazine of the IEIE

[27] G. K. Hesley, K. R. Gorny and D. A. Woodrum,
‘MR-guided focused ultrasound for the treatment of
uterine fibroids,” Cardiovasc. Intervent. Radiol.,
2012

[28] Theraclion, “Echopulse product data,” available:
http://www.theraclion.com/echopulse/product-
data/. [Accessed January 15, 2014].

[29] Edap—tms, “Ablatherm® HIFU features, treatment
procedure and safety features,” available:
http://www.edap—-tms.com/products-
services/ablatherm—hifu/ablatherm-hifu-
device.html. [Accessed January 15, 2014].

[30] M. J. Voogt, et al., “Volumetric feedback ablation of
uterine fibroids using magnetic resonance—guided
high intensity focused ultrasound therapy,” Eur.
Radiol., Vol. 22, pp. 411-417, 2012.

[31] X. Zheng and S. Vaezy, “An acoustic backscatter—
based method for localization of lesions induced by
high—intensity focused ultrasound,” Ultrasound Med.
Biol., Vol. 36, pp. 610—622. 2010.

[32] C. C. Wy, C. N. Chen, M. C. Ho, W. S. Chen and P.
H. Lee, “Using the acoustic interference pattern to
locate the focus of a high—intensity focused
ultrasound (HIFU) transducer,” Ultrasound Med.
Biol., Vol. 34, No. 1, pp. 137-146, 2008,

[33] Jae Hee Song, 2012. Real-time targeting and
monitoring methods for high—intensity focused
ultrasound. PhD Thesis, Graduate School of
Sogang University, Seoul, Korea.

[34] J. H. Song, Y. Yoo, T.-K. Song and J. H. Chang,
“‘Real-time monitoring of HIFU treatment using
pulse inversion,” Phys. Med. Biol., Vol. 58, pp.
5333-5350, 2013,

[35] J. Seo, B. C. Tran, T. L. Hall, J. B. Fowlkes, G. D.
Abrams, M. O'Donnell and C. A. Cain, “Evaluation
of ultrasound tissue damage based on changes in

image echogenicity in canine kidney,” IEEE Trans.

66



Ultrason. Ferroelectr. Freq. Control, Vol. 52, No. 7,
pp. 1111-1120, 2005.

[36] R. Seip and E. Ebbini, “Non-invasive estimation of

tissue temperature response to heating fields using
diagnostic ultrasound,” IEEE Trans. Biomed. Eng.,
Vol. 42, No. 8, pp. 828-839, 1995,

[37] E. Sapin—de Brosses, J.-L. Gennisson, M. Pernot,

M. Fink and M. Tanter, “Temperature dependence
of the shear modulus of soft tissues assessed by
ultrasound,” Phys. Med. Biol., Vol. 55, pp. 1701-
1718, 2010.

[38] B. Amal, M. Pernot and M. Tanter, “Monitoring of

67

thermal therapy based on shear modulus change:
Il. Shear wave imaging of thermal leions,” Trans.
Ultrason. Ferroelectr. Freq. Control, Vol. 58, pp.
1603-1611, 2011.

R

20049 29 Aol H3rE ekt (kA

20063 84 A7dehetal tekd Akt (AAD

20129 29 A7diehal ieked whol gt
HEd (AP

20129 39~TA MAvE7Ied dmrle s

St
Image—guided therapy, Shear wave
elastography, Point—of—care

> > SHREILEH

A

e
=/

EME@@@Q‘

HR1Z

st
5}

sz 2014.2_155





