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For the Design and Development
of High Intensity Focused Ultrasound

Therapy (HIFU) Device




High Intensity Focused Ultrasound therapy

*Prostate cancer
*Breast cancer

http://www.prostatecancercentre.co.uk/treatments/hifu.html

HIFU therapy has been developed for the treatment of deeply-placed cancer.

Brain cancer Liver cancer

C_ D

Displacement of focal point due to the

reflection and refraction of ultrasound at Control of the focal point
the interfaces of bones by an array transducer

http://www.imasonic.com/



Recent Development of HIFU Device

Products

(1) InSightec(GE) : Exablate 4000
Brain Treatment, Phase Control by Array Transducer
(1024 elements),

MR-Guided, (MR-ARFI under development) (1) InSightec: Exablate 4000
(2) Phillips: Treatment of uterus myoma,
MR-Guided
(3) Siemens: collaborating with (2)Phillips: Temperature
Chongging(Z ) HIFU, MR-Guided Monitoring by MRI
(4) Supersonic Imaging: collaborating
with Prof. Fink (Inserm), MR-ARFI (4) 256 Channels
(5) University of Michigan, Profs, C. Cain, B. Fowlkes, Z. Xu /

Histotripsy ( Cavitation induced Treatment)
Utilization of Cavitation, to Control the Focused Area

(5) Plague:
blown away



HIFU simulator



Comparison of the focal point

Without phase delay With phase delay
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Experimental Apparatus
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Ultrasound through acrylic plate (20deq)

Acrylic plate is arranged with the angle of 20 degrees.
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HIFU Simulation for Focus Control for Breast Cancer using MRI data

MRI image Numerical model

e 56c¢h transducer
 Focal distance 100 mm
 Frequency 2 MH

‘ 3D orthogonal mesh

e Sjze 120x110x110 mm
e 1200x1100x1100 grid
o 8x4x4 sub domains

Water

Parenchymal

Speed of w/o control | w/ control
Sound : :

[m/s]
Fat 14650 98501
lacteal gland 154712 103212

connective 161514 109014

tissue

[1] ICU REPORT 61, [2] T. D. Mast,, 2000



Parkinson’s Disease Simulation

Close collaboration among teams of
K. Doya(OIST),
Y. Nakamura(Univ. Tokyo),
T. Nomura(Osaka Univ.),
and S. Takagi (Univ. Tokyo)
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- PLoS One (2009)

- Hum Mov Sci (2008)
- J Theor Biol (2012)

- Math Biosci (2013)

LMk ER
MR &IEETIL
(2alL—S3Y)
WP A4329 T
il fElOFF
FHIHEES

108

0.01 0.41 1 5
Freq (Hz)

HEREE

N

A& (mm)

PSD (rad?/Hz)

-

Z A (mm)

Freq (Hz)

| IN—X Y UIREE |

/ UPDRS=53(0OFF)
E
E
¥
iz
Z %A (mm)

PSD (rad?/Hz)

-

Freq (Hz)

\

PSD (rad?/Hz)

EFARER
EERMSIEETIL
(U=2alb—o3Y)

= ZH|EHoN
BT 1 CREI
RELVES)
0.02
0.01
ol
-0.01+
0.02
0 60 120
Time (s)
15 - ;
102
10
106
108| -

0.01 0.1 1 5
Freq (Hz)



SETOERIKT (AR RSIaAL—3Y) (2011-2014F E)

Diesmann (—)vE#ZERT), A+ =& (OISTHAF—L) B
201347 A, ISLIMTRBIN=-IXNHER 2L —F NESTH
IVT, TIRIET, 10kEDHEEZTHFDORINE
’EUFE*EF‘& AN aL—av RIS

— A s RKDNAFE S aL—ay —
» 17123,00075 {& O 8% 1l id
+ 10Jk4,000( BB DL FTRES

T—EtEYMRED N ERE DL KRIEIZITER
ErDERERBRICRIT-F—%

TJLA)—X http://www.riken.jp/pr/topics/2013/20130802_2/

o 16
RIK=N 16



SETOEMRIKIT2 (2011-2014F E)

FER-ARREEHEEIIaL—3Y (BF, &K, HA)

(1) PyNEST + MUSIC + K-Body
BHHBEETILEHBRIAVETILOES

EERT—AZ A5 iED

ETILINSA—EDRETE 2alb—i3ay

)

STIMULATION

Steady-State

Cm, | Membrane

[

Excitatory Synapses
Inhibitory Synapses

CmT _: Capacitances
Fmax, 1 Motor Unit
Fmax. . maxforces
T
Dynamic
s | Contraction
[ Times
a —----- Torquescale [[lP
BB BB+ ‘ Synaptic W @
+r + ‘> wei-ghts & '\ "R‘
1+ Opis variances 0
T s | V
A1k
I

—BRAASNFE N SINFE K > = BEFH O 7 iE B Il

N

=BAFSN
=N
=BEFMN

ZEEfMMN

EE(MN) - BRE(SN) - ME=2—A(INND R/ 8195
(HFAXDINENEDMS)EIZFE NG B)

.1 (2) K-Body+HI-Muscle

EH5FHRETILE
FARERET LD

TEROFESEHENE




Numerical Method
Suitable for Medical Image Data

(Full Eulerian FSI simulations)

Gaehtgens et al.(1980) Blood Cells., 6, 799.



Background
Fluid-Structure coupling analysis of living body

Diagnostic image (CT, MRI)

%

Voxel data (Volume Fraction of Constituents)
representing multi-component geometry

@ without Mesh Generation

(Finite-Difference or Finite-Element) Simulation

on EUlerian frame

http://Www.rehab.research.va?govA
jour/02/39/3/ledouxf06.ipg



Full Eulerian approach for Fluid-Structure Interactions

Lagrangian

Solid
Fluid

by the boundary of mesh

-

by the displacement of
material points themselves

VS.

Solid
Fluid
0

Eulerian
How Is the two-phase distinguished ?

2

1
0.5

by solid volume fraction
How Is the solid deformation described?
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deformation tensor

- Sugiyama, li et al. (2011) J. Comput . Phys., 230, 596.
- li, Sugiyama et al. (2011) Int. J. Numer. Meth. Fluids, 65, 150.



Basic equations for conservation and constitutive law
V.v=0, p,(6,v+(v-V)v)=-Vp+V-c,,
Cauchy 's stress tensor in mixture form
6, =(1-4)0" + 40,
oITid volume fraction
fluid (Newtonian): solid (visco-hyperelasto):

G'f _ 2,Uf Dr’ Mooney-Rivlin model:
1 T G, = 201?’+202(tr(B)B—B-B)’+2ySD’.
D=—(VV+VV ),
. left Cauchy-Green deformation
strain rate OX.
B=F-F', F, = -

- Sugiyama, li et al. (2011) J. Comput . Phys., 230, 596.



Basic equations for kinematics of solid motion
solid volume fraction
0.9, +(vV-V)p, =0,

left Cauchy-Green deformation tensor

0B+(v-V)B=L-B+B-L',

where | =VVv'.

- Sugiyama, li et al. (2011) J. Comput . Phys., 230, 596.



Validation |
Comparison with available numerical data

Gao & Hu (2009)
J. Comput. Phys. 228, 2132.

particle-particle interactions
In a shear flow

full Lagrangian



Particle-particle interactions in a shear flow

(roll-over and bounce-back modes) @® material points (tracers)
contour: vorticity (spin)

Movie  p=p=1,1,78,1,=4,4=20,C,;=0,C,=80 \; _q

4\/"__1—'

bottom™



Comparison with Gao & Hu(JCP2009)'s results
—  Gao & Hu (full Lagrangian)

— Present (full Eulerian)
N,XN,=1024x512

~2

~2

I =2




Extension to 10-particle system

@® material points (tracers)

. contour: vorticity (spin)
Movie  p=p=1,1,78,1,=4,4=20,C,;=0,C,=80 \; _q

top™
é _3 1

e —

bottom:



Feature: full Eulerian approach
-makes it easily possible to perform FSI simulations
with complex geometry

Initial voxel data FSI simulation

without mesh generation/reconstruction
- Sugiyama, li et al. (2010) Comput . Mech., 46, 147.

- Nagano, Sugiyama et al. (2010) J. Fluid Sci. Tech., 5, 475.
- Takagi, Sugiyama et al. (2012) J. Appl. Mech., 79, 010911.



The Super-Fast FSI Solver: ZZ-EFSI|

/Z-EFSI| achieved the actual
speed of 4.5 PETA FLOPS!!!

Software availablle at
http://Iwww.islim.org/islim-dl e.html







Development of Multiscale

Thrombosis Simulator



Multiscale modeling of initial stage of thromobosis

Protein(WWF)-Protein

(GP1ba) binding
(stochastic process)

*Substance diffusion %

Metabolic reaction and activation Molecular interaction
*Morphology change (molecular dynamics)




Blood flow simulation
e [0,44] % [0,22] % [0,22] [um], D=20 [um],

« 30 RBCs, 10 platelets (Ht =20 [%])
o <U>=2[mm/s] 320x160x160 mesh, MPC-RICC at RIKEN (256 cores)

- 11, Sugiyama et al. (2012) J. Biomech. Sci. Eng.,7, 72.



Stochastic Monte Carlo Simulation of
Cell adhesion on vessel wall

kf R: Receptor Jianrong Li, et. al(2009)
R+I— T C L: Ligand
r C: R—L complex Platelet
k. Binding React. Rate Cnst.
k : Dissosc. React. Rate Cnst. Vesse| Wall

AAAAAAAAAA

Receptor—Ligand Bind. Force
f, = Function of (1-1;)



Ligand-Receptor Binding Model

Stochastic model with energetic elasticity

Eyring (1935) J. Chem. Phys., 3, 107.

Bell (1978) Science, 200, 618.

Dembo (1988) Proc. R. Soc. Lond. B, 234, 55.
Hammer & Apte (1992) Biophys. J., 63, 35.

P; =1-exp(—k;At) = Ry — formation
P, =1-exp(—k,At) > R, — breakage
(R;,R, €[0,1] : Random numbers)

Luo et al. (2007) Blood, 109, 603.

f=o,(1-1)
forward reaction rate  Formation
| —1.)? Model Parameter
Ke(l)=k¢gexp —O'ts( 0) 4
2k, T o, =10"" [N/m], o =0.90, [N/m]

reverse reaction rate Breakage lp =60 [nm], kg =3 [s71]

B (I - |0)2 Fox et al. (1988) J. Biol. Chem., 263, 4882.
Ky (1) = ko exp ((Up o) T Arya et al. (2005) Biophys. J., 88, 4391,
Kim et al. (2010) Nature, 466, 992.




Motion of an adhering platelet

dimensionless time: t* = ¢t

y = 1000 (1/s)

y = 3000 (L/s)

¥ = 6000 (L/s)



Simulated Example : Wall-Adhering Platelet moving in Shear Flow

Experiment
Reininger et al., blood, 107
(2006) 3537

Simulation

(y=3000s?)
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Ht value
© Goto

(Tokai Univ.)

Number of adhering platelets

Experimental data by Goto & Tamura.






Numerical Simulations for the Experiment by Goto et al.

Domain Size: 144umx72pumx72um
# of grid points: 480x240x24
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platelet adhesion

Comp. extent:  400umx100pumx100um
Num. grid points: 2,048x512x512
2,048 nodes (16,384 cores) on the K computer
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Effect of arteriosclerosis size ( Hematocrit Value: 20% )



Effect of arteriosclerosis size ( Hematocrit Value: 0% )
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Research Achievement (2015)
Won a Distinguished Simulation Award!!!

UT-Heart (Hisada et al.)



Principal Investigators
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