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Abstract

Ischemic stroke, myocardial infarction and deep vein thrombosis are common
diseases which are related to thrombosis. Systemic thrombolytic therapy is one of the
most widely used treatments for recanalization of the occluded vessel. However, the
administration of thrombolytic agents has a major disadvantage of inducing
comprehensive hemorrhage and may cause death. Therefore, there is a clinical need for
treatment methods to increase the effectiveness of complete reperfusion without
increasing the probability of bleeding. Several studies have shown that low-frequency
ultrasound (20 kHz~2 MHz) enhances enzymatic thrombolysis by increasing the
transport of thrombolytic agents into clots _through cavitation-related mechanisms.
Besides, there were some studies shown a thrembolytic potential of ultrasound in

combination with ultrasound contrast agexnt. éyen without the presence of thrombolytic

agents. Thus, the use of ultrasound 'to e-ﬁhance and:accelerate the thrombolysis of
occluded vessels is an area of attiye: investigaﬁo_n. The purpose of this study was to
develop two approaches for improviﬁg the éfﬁéiency and safety of ultrasound-assisted
thrombolysis which were base upon the therapeutic frequency we chosen and the use of
targeted contrast agents : (1). Targeted ultrasound contrast agent : Ultrasound contrast
agents, mainly microbubbles, are good nuclei for reducing the threshold for cavitation
induction. By the virtue of the rapid discovery of novel biomarkers and affinity ligands,
targeted ultrasound contrast agents are developed to recognize thrombi and thereby
increasing the local concentration of microbubbles. One hypothesis of the present study
was that a targeted ultrasound contrast agent can enhance both the thrombolytic efficacy
and safety in transcutaneous (noninvasive) ultrasound for the same reason. (2). The

ultrasound frequency : For clinical need, we were trying to develop a high-frequency



ultrasound system with high-resolution for imaging and a possible combined diagnostic
and therapeutic in vivo application using the same transducer. Thus, one component of
this study is the investigation of the feasibility of sonothrombolysis by using
intravascular ultrasound (IVUS, > 20 MHz). Here we used the dual high-frequency
method to induce cavitation and estimate its intensity by measuring differential ICD,
acoustic intensity of the low frequency component. According to the experimental
results, we conclude that : 1. Our thrombus-targeted ultrasound contrast agent was
capable of targeting specific sites and has the potential for inducing localized cavitation
thus avoiding the possible endothelial damage in the clinical application. 2. The
magnitude of acoustic intensity plays a major rule in the cavitation induction using
high-frequency ultrasound. Besideés, du¢-to the limitation of high-frequency ultrasound
aperture size, sonothrombolysis using in_travasfcqlar. ultrasound may not be feasible.

MYl 'l

Keywords: Thrombolytic agent,  Ultrasound| contrast agent, Cavitation, Dual

high-frequency method, Intravaseular., ultrasound,: Thrombus-targeted ultrasound

contrast agent.
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HEALTH ULTRASOUHD FIGHTS GI.O'I'S DUHING STROKES

A new study found that ultrasound energy used with the anti-clot drug tissue
plasminogen activator restored blood flow in almost half of patients tested
within two hours. Nearly 163,000 deaths were from strokes in 2002, the

No. 3 cause of death in the United States.

Strokes are caused

Ultrasound by clots blocking
blood v;assels in
Anti-clot the brain
drug —--—-

Blood
vessel
in brain Ultrasound may
work by stirring
Ultrasound the anti-clot
boosts the medicine, helping

anti-clot drug mix it with the clot

Sources: Centers for Disease Control and Prevention;
New England Journal of Medicine Associated Press
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+
=

|
s
|

Pressure (atmospheres)
=

—
L
1
"
—

Bubble Radius (microns)

[]| | ] 1
L} o 02 03
Time (microsec®

Bl O fcf e X - M RBI[22] 425 Y S o FRIISMHz

5MHz- B ® B dcf i@ g 6P SHE S G AR DR (RAIA) o
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1.6 A&Z5 & i B fRic K

12 8¢ P TR b o AP M A 0 Aok (Y R~ T R SRR
FRBRES > UFERAIEL RIBER ARG AN 2
R RIS 0 F R M BT U2 R P E R Pl it S
WA F RBATEITA L it B R IR RIS 0 BT o0k E Mo 2R R
AT AT AR E AR TR G ST o

ISP EFFIALG AN L AR fRie R PP L ¢ 4o Francis ¥ 4 > 3§
? e 103 fEA (-PA) AR IOREE A F o dp AR R niER T T U R &
AR fes Bo? 3 I~ 0 (#[24]Everbach EC & 4 eh B 5 % 30 5 v & (i
Fig) ehter o FOLLE B R fLU, PR G { M 1273 fiE S ax[25] 0 A LR
s 7P FRA i A okt 805520 %_[26-2?]_\0 Suchk_ova LT R

FALG Aw S R b ) 5 1R i e ‘_%ééﬁ«k; [30].: frt % A 5] 5 0.25 W/em? »

0.75 W/em® ~ 1 Wem? ~ 1.5 Wiem? mlr o AE B R At kB S 3586% -~ 58
+6% ~ 75+6% ~77+8%(-‘Lims+ﬁ-—|—%zﬁa;)o Mfﬁ” IR G o SRt T e S
b R R G AT 0 AR AT R AT i RO T i A
A FEIEH[19, 31] H P 4B AF AR DT /2 RFHIREERF ADRE
ro i & 4 AP BE[19, 27-29, 31-33] -

AZF AW B R RIS AR AT T B Aok 30 W UF IR Y g g AR S
PR 20kHz ] 2MHz 2 B > 5055 * AQF s enié * AL o (e TR RF
PRFOFREEDEN R KB A BB I TRE L i Fp

A2 i (Intravascular Ultrasound, IVUS) % — 7k .o $§ 078 24 ¥ cfg o] i@

HAFEE (R 10) > 3 547 & 20MHz 2+ > d 2205 RfR4TR > VR B
POEESNE A Ao R L S s R PR RR AR 2B

B (R 1) > 7 v BATACS L % S 2 423 B AU 0 B P 1R
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fRisd o T bk F 3 R SR T RS R RS 0 E SIS & - p o

303 ATd LR B s AR A o

References

Protocol

Freg.

Thrombolytic

agents

Duration

Results/conclusions

Tachibana

et al.

In vitro

170
kHz

UK

60 sec

The presence of the
echo-contrast agent induced
further acceleration of

thrombolysis by US energy.

William

et al.

In vitro

IMHz

no

60 min

Greater percentage weight loss
with US + pbubble than

ultrasound alone.

Cintas et al.

In vitro

2MHz

rt-PA

30 min

The percent weight loss

US alone: 6.1 +1.9%

US + Levovist: 10.9 +3.6%
US +rt-PA: 13.1 £2.6%
US + Levovist + rt-PA:
30.7+£9.5%

Francis

et al.

In vitro

IMHz"

| 120/min

l

W

Ultrasound accelerates
transport of recombinant
tissue plasminogen activator

(rt-PA) into clots .

Molina

et al.

In vivo

2MHz
(TCD)

t-PA

120 min

The administration of MBs
further enhances
US-augmented systemic
thrombolysis in acute
ischemic stroke, leading to a
more complete arterial

recanalization.

Birnbaum

Yet al.

In vivo

37kHz

no

Uptoa
total of 4
periods of

15 min

In vivo arterial clot dissolution
can be achieved with
intravenous microbubbles and
transcutaneous ultrasound

delivery alone.

Xie et al.

In vivo

IMHz

no

30 min

Therapeutic ultrasound was
applied during an intravenous

infusion of MRX-815
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microbubbles (ImaRx).
Restoration of rapid flow

within the graft was seen.

Tiukinhoy-

Laing et al.

In vitro

IMHz

rt-PA

2 min Ultrasound exposure of
tPA-loaded echogenic
liposomes resulted in
enhanced thrombolysis
(49.5% relative improvement

vs. no ultrasound).

Suchkova et

al.

In vitro

40 kHz

t-PA

No US & t-PA only : 20+5%
No t-PA &US only : 10%
US+t-PA
0.25 W/em® © 35+6%
0.75 W/em® : 58+6%
1 W/em® © 75+6%
1.5 W/em® : 77+8%

60 min

Soltani
and

Soliday

In vitro

Ultrasound with a frequency
of 1 MHz and intensities of

= 2.5-3.1W/cm? had no

| statistically significant impact
| on biological activity of
selected plasminogen

activators.

Single element

transducer
Guide wire
e
Catheter (@)
A.rr;y of transducers
— Guide wire
Catheter (b)

Ref: Proc. of SPIE, 2008, 6086, 60860F
B 10 B 5 Az d kT LW
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(a) single element ; (b) array of transducer °

Bl 11 o g pARS khn g B e (from Wikipedia) e

1r|l'r°’.r

F—%a’d%wmtawhq¢?m§@*P*ﬂw#ﬁﬂﬁa(%:ﬁu

S =

.I

«;5-;}}, \f‘ﬂ' {}*%) meﬂ’_ “E..,I-a

AT k7 P P AT i e
g
%;:f%'s_ fRiof X @ LA LR Y

o I

rqu B ek Bk 30 B et
R R f”kﬂﬂ4é %ﬁ*(ﬁ%*)ﬁﬁﬁ@ﬁﬁﬁﬁﬁ

R e iT g (B 12) ~ WA H A A F R Rl Ry [34] 5 1 EA Y

P Ak e AT S (S FAM IR RE AR F T R R ARt -
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A noradiation force B  with radiation force

transducer on

e targeted UCA

8,0 4 © ¢
#I#_P -u-? ﬂﬂw

enhanced
bubble cells bubble
adhesion MICTosco adhesion microscope

objectwgc (ot to scale) objective

)

Bl 120 425 slaf vb o b BAZ S L 800 R PR ge (7 [34] - (A)RATE LB HT &
A e b g REF AR A B 0 B F AR S € B 5 (B)B KA A o

FESES 15 0 T A LA T

ik L
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1.7 =5 o

195 WHO & R fF2 st G g A h (WP b) M2 SRR (Iok

PooyuT ) a BL A FE o BB o R AR 2 B Rt d L L
® P

G IR R RE R B : SN E U E S 1= SET Sl S IR 3 S RO S B 78 U ]

£ g A ek

%‘»

T ERIEY O REFEZ DN oo BRI D S
SERFTHMELI PR Ao 5 I MRl MaEAz S 4 (20 kHz~2
MHz) 22425 A 4y B (7% & 4 ) A2l (cavitation) » § 84 i 203 f2H L JF »
g R L e 2R R R T e

MATAZ R A E A2 RAE > T F T bR o o SNl e e R
TR MOFAZ AR P IR R 2 @#% 5 %%ﬁ B e chk JRAR 4P

i (1-5MHz) > % > 41* fef e m?mff J:)T% /p)?ﬂ T et g B R R

#l0 3 bE FIH A mrﬁugbﬂb 3% & hd g i (adverse
bio-effect)[35] o & fghk 3% T»F 7le & ”:F'Ti&q (> 20 MHz) » 827 % %3 =
Aol ftd AR5 Ay Fe’:‘*ﬁ'ef#‘r_fi o a‘%ﬁmﬁuﬁ':fﬁa"iﬂr&_ ' P A 3 e T pE
G o BF LR 2 NEFLISE S P che B AT A B Py ¥
BEAAZY R Tk R RIS SR 2R ST 0k S ARE B i A
B 13
L FAF%Ep CRERTADT AR 8RB RISR OV Al T
0B S
2. RCHMOEAT L E et BB iR L R In vivo SR E R 2 F
S d p Rl ke o B0 A FEd K Bt AL RaniE Y B g R i
AFAT S I RA s BB RIS P 2R ki o
30 BT ALY AAE REE > I v Y IR eR 2 2 35] &
BIRABHEARLT AT FFF BN > Fobn gprLF R
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(IVUS) B* »vqphk 1 o 1273 f#ip v (T o

B g

P AL AT AR RIS R 0 F 28 A

e I e tid 1R

B oh AT R R~ R RAL S R
(20 kHz~2 MHz) (> 20 MHz, High resolution)

% R4 B Ao Az L ¥ A Dict - DBEALF R
15 Bt ¢ iR fiE kS

Bl 13 1 R 2k d i I A2 B
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18 ¥ # 3

o ARM A R ETRA L iR S F AL RS R e
Rl o L AED R AT AN P B R o B R AT R
BB 2R R AR 2 s SR T R L ROAT L B 420 R i
Fro FIFHE P ] o = 22 R invivo dund ki FH e g
WA G E R Ao R b MU AZ B L S 1R fRATAL 1L BR T e I R il de &k o
e EREERMAD RGP RAOUR A BB ER MRS D VLR B
HAZH A B A RA S R L F A R R AT L (520 MHz)

Bt 2 inf A M A BT (T 0 R T F L BHEA K T
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$2% A AHB L R 5%

TLETRE
211 424 H A
MR EEp e F-v Hof ¢ (albumin-based microbubbles) # i MARAZ 5 A
BRI R B gy A 0 BTN AR T R % w9 v (Octapharma AG,
Lachen, Switzerland) f= PBS # 2 12 & % -k 12 A 114 REL > JI* £F
A ¥ Fi% (Branson, Danbury, USA) i~ C3Fg FHOERT R 2 A4 WH
%A g A e 4°C e i £ SRR TR TS EHRR &

[36] - % % % f g A Sa ol qudﬁ.*’ p 53m (T eris s 1.5um) . Rt

‘\

RS 9.7%107 3E/mL > 4oBl14 ey | | 1

Differential Number
124 —— MB

Number

Particle Diameter (um)
Sigma = 485

Bl 14: i * Coulter MultiSizer IIl & /B[ F % % p W H kR ELITA G B - L
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g s Aol R 1Syum>o ER L 4853/50 L (RigER 1 9.7¥10" $f/mL) -

212 2 B #

#®* 2 Z#x ¢ (BD Vacutainer, Franklin Lakes, NJ, USA) # & Jg o {6 » X 1
200uL 3 PCR 3t~ ¢ (Scientific Specialties, Lodi, CA, USA) - & o ¥ ¢ %5
125uL e w 2% 8ul JE & 5 0.46M s calcium chloride (Sigma, St. Louis, MO,
USA) Mg {74p it ie% > B F i r 4°C avkfa# 3 2 2 > w3z ¥ & L0

Mg B o (225 % 3mm> £ & 5 101.4+10.1 mg) o
g

213 F % o A

F B 2 Hdo @) 15 97T e ﬁ“.? e {‘é;.; i;‘.p%i’”/} % %8 (2 % agarose phantom) ¥ it
-a.ﬂ’;-""
FopReY L BESS mms /#)F‘. 215 cm i‘g;ﬁ% 4% 0.5 cm’ 4] 5 4

955§¢g§lﬂ-w$ﬂ|}£ﬂ_b\h*{‘%‘ft |‘__
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Power Amp
250A250A

| Clotand MB

1 MHz
transmitter

MB: microbubbles

\1. - |~- 3 Y
B 15 fag;;’féﬂ'afﬂ; B4 e A fE 56% AW o

SR SR e -2k &Tﬁdﬁ? P
Ya
Waltham, MA, USA) > & 4;_1,,.1 :

., g’ Sy sgi 4

g4+ (digital-to-analog converter COmpliﬁ'-}en hfe)O GaGe Applied Technologies,
Sy ey A L

Lachine, QC, Canada) » #7411 * &% br€ %48 F (pulse repetition frequency, PRF )

% 100 Hz » duty cycle % 0.1% o 5 = 934 2 2B F x4+ B (RF power amplifier,
250A250A, Amplifier Research, Souderton, PA, USA) » #-7T B+ {8 L 55# 45 5 &

é,.-]»o

2,14 n BB fRITY A3

5 fRIEY hdarl £ B REEE A (L(%)) (533 8 o & fdeT
W. - W
L. (%) = ———¢x100
Wi
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e oW W AR EFHRDEFT RSO BEER o 50 AR AR 423
-8 S I PEIR A = S ES Uk & AR ST ER ‘{m?}gk RPN STAE: WA VRN B 2
#1% (Control) : 33 F B (T ¥ o Hen@ 58 5 2.7 R4z 5 & (USonly) © 7 48
ot 2RO E G B A AR 3 A AR WA
(US+CA) : BB R &> i ¥t b BB 88 5 4.2k B 5 1000 U/ml#o Streptokinase
(Sigma, USA) % 304 48 (SK only) ; 5.2 Streptokinase T#* 304 4&{sf 4v » p
BB AT F kPR ST (USHCA+SK) o A5 A R STPFRT 395 30F) & e WA F
R BE o 10% RS HRHEET 2 P A4 > Bk B R s (CKX41,

Olympus, Japan) fpin $2/% f3 1% HeBLans 303G o

23



2.2 % 531#H

AR AR P e RBET RSB 160 Fidhs L eFRRF] fghs £

B RdER At (weightloss (%) ) o &% B MARAZ 5 A 25 A BET L 203
f&#| (Streptokinase) F 4p % chsf Bt (£ % > ¥ E PIE s 2 ko gl f 0

8 26% e weight loss o #7202 #F o AT L EF RIS DR BT 0 AL B

BfEL FARE RN E (Bl R ERRER AR AN T %) o

50
)
o~
S’
7] 30
L))
O
-
£
=

0

Control USonly Us+CA SKonly US+CA+SK

Bl 16: MHFAZ S AW B n RIBFEIEH o b s F B % T 4dh i weight loss (%) ©

& Hor B R deB] 17 FIR 21 907 0 fdleeng B R T 2 ek
- e B AR L ANDEA P ik 3k (] 17) 0 P A3 % gk (e e
R I RSN F R, SRR RS FEE R PR
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T O(R18)  m B L R T INA ow A DA 0 Bon A A iRk
Be LB Lo T FER M AMAERT AT RDRBIR TS 22T
] £ R 3] B (

19) 7 RN RA L L B {5 B

B 17 @ =42 27 # (Control) o
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Bl 19 423 k2 #1020 % (R A TE) (A ch B & (USHCA) -

AR R TR (F20) 0 B L NCLSCEE S SHL I RTE RS-
Rk 3R (W 21) 0 )

At og BB AL B
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Bl 20 : £2 5 4273 f2 % Streptokinase £ % 30 4 48 e B 3 (SK only) °

Bl 210 5 53 faA 8 R Bk e (E ¥ {5 i o # oo (USHCA+SK) -
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KR BSExE kg BEMMARLT R (IMHz) ~ 425 A &0 2 & i3 f#
Al RN R I L RAIRIET FARE R E 0 TS h R L R
WRATT & 24 7 9% (cavities) » w BB fEHE L &- HFEF L BP0 B EE Y D
Al cnsk o ER R E e R fES T a2 b NF B AT L PR ST
RPN 304 0 B AR AT F OREITEEHE F M b I3RS

O R MOEAZS A R L R RIEY Ak F s A 1R
B AR R R TT R A 607 A Pl 0 BEmR Y & e w AR L

A A B8 Mool Rk - a1 R RIS o
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Ay ._ﬁ Id 1, Ve ] - ‘\ ’
¥3F o LR R MAEAZ R A o
N

’Eﬁ/% ﬁ*’? >
wol4 &9 o i A F A R hA R e S ERY] ¢ ZERER
I A5 = 4p B £ biomarker 14 % fjicf i@ & o &gq; 27 ) biomarker & - 2 & fhfie i
£ (ligand)e 2 F ZH >0k ¢ B N {Eie & Az § A ¥+v¢ A (thrombus-targeted
ultrasound contrast agent) » & * e % ligand % Aggrastat (& fitirofiban) > ¥ &
- ByEne e E it s e & e P d-e (GP IIb/IMa) > & GP IIb/Illa %
Dol FPRE M A ER L FEEE R PR 0 FA A DR

B> €7 GP Ib/la ch+ £ R[11]rwdit sp¥em [z 4 5t AlTS > #-¢ i@

9

B RN HLAE 58 [0-11] <0 rﬂtb 3\ IF“@Q; e L RS € o A R0

-

}%"_I— 4}§ HTE”: =, j&-g ’L VS mﬁﬁﬁ‘:’ l‘::ﬁ\:%_FIFW i

R o
3.1.1 f= e 24T F L E A
Ryp LT R s 3 o1 2l F 2 S [11] #-4 dEa F 9 Fou 2 Aggrastat 12 1:1
St BIR i o LA r 2 M AROKR S MABE SRR S 124% arkipir o 24
Az % s Ftk (Branson, USA) il » CiFg f M mT R 204 - Wl 22
SR A T 4°C ko R B FABILE RTHRT EAEFESE (4
F AR oS 100 &) ket 2 o MRk de o ligand STRL S ehe Fod ch e 1R S
o] e ) o
B E P s e v g A A RE A B ER & 053 um (T oD

5 15um) RigkR 5 6.6%107 38/mL > 4o 22 o
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Differential Number
114 — MB

MHumber
o @~
I I I
f——————]

| .
[l
T T T T T T T
2 3 4 5 6 7 & 910
Particle Diameter (um)
Sigma = 332

B 22 : ¢ % Coulter MultiSizer Il £ ] % % § Wi v Az 3 o $00 & ik B o2

AT 1 ) o T 3o T A ] 15&@*’—*‘%1%3,32 WS0uL (RikikA :6.6%10

$g/mL) ° ¥ N
)f h Y

E'r)oﬁbus targeted microbubbles,

=

sedesrrife it 4 [11]0 4o 230

s,
el B R o K 2 b g B E 00 e e (o e AR R b e 2
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B-Mcde (Scaled)

19 7
Control ;g

20 ROI
= 30
E 21 25 i 4
£ 22 20 w/o wash
0 23 15

24 10

9

2% 3 4 5 & 7
Width (mm)

(a)

(b) (c)

Bl 23 5 42iE0e 3% iRk (s dad ARAE 5 B Hdll] (a).2 & Bk (b).2tEEw
MHcH e ()d= w fpicq & of -

A

3.1.2 o B8] & == |

&

W

: &
Bhw b BEH 2 R e 212§

313 SR R

e (R AR R MOIFAZ G A IR ET R KT AR A AR A4 Y
3 i;—ﬂhb%/,l ﬁ"}\‘_\l_*i/p ﬁ*,J wu’ '&f'g] 24 ’,b ' %E*#mg mﬁ‘ F’E-’?Ewra'r’} i-LL

F e F e oo BB ST R AR E R ~ R ] e

PR RRG R B R ARG R AR %

N

ke

F

I Ry FE A
ALF A E B BRI LR .

P % EHAIE 24@ T o0 FHFEH P S F L IMHz (V302
Panametrics-NDT) » B 5Lk k f 7 %) ez @4+ (CompuGen 1100, GaGe

Applied Technologies) $-#]# * =% fir€ B AF 5 (pulse repetition frequency, PRF )
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%100 Hz » duty cycle 3 0.1% o = = e 255 1 T # F 2%+ B(RF power amplifier,

250A250A, Amplifier Research) » #-7 Bt {4 & Spd 3R 5 84 o F RPN 425

Fesa s d 10 MHz #8858 (V312, Panametrics-NDT) ¥4z s » &5 5072PR #v &

2z 4 ®az 4 (5072PR, Panametrics-NDT) > £ d #f+ $ic i~ #& #% + (CompuScope

12100, GaGe Applied Technologies) #1z » B {64 MatLab 3* & X 4T g cfe it o

kS

[e=2
|

GaGeADcard — s PC — s GaGeD/Acard

. Pre-amplifier ‘

Receiver
V312 (Fc: 10 MHz)

Power amplifier

|

Transmitter
2 \/302 (Fc: 1 MHz)

\ S @ﬂﬂ '
Flowsystem %, 0 static system

a5mm S50mm S5.0mm
6 -
. i § 25cm
|
L/"- -\ ‘_/(..-:
Thrombi & MB = Thrombi & MB
(b)
Bl 247 (a). 4SBT R (b) b LA LW

ot N R R R LR PR em o B LA R
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DL R R R B A A9 L 0.5cm’ (124 (b)) e RPN ki ¥ a
i+ %73 (Infusion pump, KDS Model 200, Holliston, MA, USA) #3141 5 1
mL/sec » B2 FR pL ik o] AN FE R R ek (12.5 mL/sec) 0 2 £ Ak ¥ e

Sg";ﬁgggfp;;.&ﬁq%i;m—r USRI+ £ U i W ;wmga]jﬂ 0 Kf gLz th s L g e g

g1 2 o [P R 5 R fRIE Y chit 4 X RO SHCE e 5 0 A s
N S Rl TR L R VRS RS R R e

(50 1 5o S TLE Bkt ik o tUF ALK E S P ) Sl b

PRAZ g A R ek 4 o

3.1.4 & A fRITY 203G
AL K Y o A WIRREOR AR (B —PE’ 2o M pcF 2) B PR OE
@’#ﬁ»i&’j&%ﬁﬁgﬁygﬁag%@g,%iﬁyﬂ,gm?%@
ﬁi%i§°ﬁ&mﬁﬁf*’*T§£;/w’b@‘ﬂ@ ST €3
. |
(tMB/MB) » 1 # i st §] i v 7] 25 ils,ﬁil W30 pfe A TG Bk ok B

i | '||-'
HE R R B E Lo W

2B REEY AGERE I NE S IFEWR Kff TN E RGN p HanE
ERiER At 2 th Rty F B S chn BLiRE T 10% SRS FRE T TR 4

B0 sk 8 BB B B E Y T (5 B T o

34



3 2
32 “‘P %-;—- M fzﬁ
FHBERE T 0 ARG RV ARER R ESHIT o FE Y B

e (A7 F R ED REO L BRI 0 F B AL EFHER 4 vt (weight loss

(%)) oL B 53 % (4ol 25) kb2 o R Bk E i (dICD) A

FALR o AT g eendk g P48 ligand T 7 ¢ BE R AR kR

BRI > Wi AR A P AR S R R Al B ik R
TR e AT R Bk h S o (e hde e i F e 27 2hie o MR e et
* kAR FEGFEOERT > (e kg e kAR S 1 6.6%10° 3i/ml 0 @ i
MK ek R S 7*1053;'/1111) B B A B TEh b g ApiT o SR

& &/}MT'”/*\“L*Tﬂ%F—E‘miE‘- pﬁérﬁl%”“r'ro

- l'
e 1

== ||
#
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50 - ; ; : ! ; ; : . ; : : 0.5

40
I \eight loss(%)
I 4ICD
= 30
B o
1) 9]
o )
£ 2
.a .,"_Q.
= 20
1 l ' l I i l
D 0
control US only us + MB Us +tMB
Bl 25: %ﬁ p:ﬁ;ﬂ}_ Hﬁ’* ﬁé; 1 .
R o

USZi’é%/ﬁt, MB: E—"’@M-‘ng rttMB B—*&fmé'ry%‘)‘?"

R fnds hd > d 350 4 ma @k ke 38 A G )

FoGochpcF e AL 2 FRtgrtie s il

—n

$ o de o f A F A EH R iR e R
T A 10% FFohenE BAA o 4o B 26 ¢

AR 267 AR e BcH e e (USHMB) ehE B g p At 5
23.0% > @ L 4% A US + tMB 2 (B 25) 9 £iRdEF A 5 13.5% -

J«LLZ?r_—ﬂ.L‘ﬁij\B "&’:\‘?5@‘:’ E“”é”f?_/?%f?';?/pn e * m%‘"ﬁ‘mﬂ f > d %/\&;’,@«?Eﬁ

Pon Bt - BB B2 0FR g :}‘/é ‘%‘zxi’gﬁﬁ: » FREN T ’%ﬁt :0.5cm’
A onls k BLY ST BT SBcf e B AR 5 30cm’ BE AR S A E Bk
e B0 e B kR RS A RS i g TR R AT R RET



bR LR oo

30
N 20
)
h
7]
Q
- 15
)
=
D
(4b}
; 10
5 .
0
control us + MB us + tMB
g] jg: n "gt °
'fi‘?:' ‘m g
= Ry
5‘5’;%} o §
ﬂf\f
(RCES Ty bwf%fWVk%&§“®ﬁ*i&¢ﬁ" ewi g
YepopeatS”
o R EMMABER LB PREY - B AT EROEER N Al ean
By B % el 27 (a) 0 — EL”"’f’fl ,‘ﬁ“mﬂ_iﬂumﬂs s - HEartx BF T

TESEMEA P e 3k (B 27(b) o st R R BT 0 AP % Wi BHF e R
RriER B T EA AR BN N R BRI G o TG

& Bz fE o
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W28~ 29 & e o s de o {2 M 2 4 S AT B E B IE Y (eni B 1
TP AT Plde e FHL R et e o gt R ehit i R d o 0 TRt ErgE T AW
ME R A AREE R (B]26)

a2 vt R 28 () )29 (a) DAt BB 0 AL A AT
AR BRI > AR FER LS o Tl L B DB -
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HER S o RFEet R et it e s it Blle ka2 L Bap 3 =
L

LrmBlot B5h I 9% p Ao e Bl § fRiei 4 > 52 8

~m)

FoAINEE RGN 0 BARTRARY b0 3 T U e 2R fRTA

TR E WL R FHG

(b)
Bl 28 @i h i o Zien L RS AL R T T Sl i P R
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AR B AATE RGBT H

%*ﬂ_ N bl—i_% .‘-l—
4.1.1 A5 k- A

F*F%kEp Wend 39 dcf ¢ (albumin-based microbubbles) i B 4742

BHE RABITER B A o

4.1.2 XA TR 2P
Wil R4t B-mode Wik RABBL FREE AHTA B A o B ET
ERS T SRR ERE & U0 rs Tor e i a o NS FIRNACE SO T

075 36 SRR R C A S A Bmode i 2 LR in
| . ..

SOEWAT YA AETFAL R TR RS FRE LD
SELERE S S TR I PIER R S LR T N o

i g PR R > # f $ B (dynamic range) X 5 60 dB -

4122 =z F R4 »cg—Inertial Cavitation Dose

P

RBIJenT R o e §3F ST 4 U3336[23,37-39] o AP - A
| & AL 5 Inertial Cavitation Dose (ICD) > e — B F B 7F T WX B 2 uip £

A7 agptdeens § ICD B2 3 pF o & o7 ficg @ o Bl SR %% 5 -
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g ICD B> ¥ P05 M TR BLiF L AR E (TEREMHN R &
K)o H o e 2 A7 A A (BeF e) 0 ICD ERE P AR E L 2 2 HF
7€ & ek B2l 0 A1t differential ICD[38] -

ICD eh 4@ 30 : #cf e BB 5 — B R3EL (spike) » ApFid + 224 =ity
[38] (B<p 2z 4 > B 30(a)) > A~ 4715 5 — WHEEL (B 30(b) ) HHH ¥ 3|k
30~40 MHz[40] o F] gt & 38 B~3f 3§ 48 5 0 B o dF 57 > $EB i f o2 A e i
BEL D@L R A A R P A o B B S e [l 50 35
12 & (Root Mean Square, RMS) ¥ 5 R 5Lcngag t 2 £ - F iz pFF 4 11> 4o @] 30(d)
ST o el AT hm A 0 AR - RPN R e A Rk > T ICD o

¥4 ICDE & ;fr% KRR ] ff A FD 0 ICDE » 7 3] differential ICD o

e Jicy] LS () e

S R
w Y 5 gy _;t=.{" o
e B

I
e
Il
P!
&

& 9

©) »

oscillation ollapse 5" oy
e, :»'-j; __ B

'i-_l :ti.:-\. ]
2 i
S 3 “RopEyels!
- =1
= time =
G =
£ £
o [+ ]

: frequency

(c)

v

ICD (bubble)

3

Harmonic
signal spike

»

magnitude

ICD (water)

1o0MH=z  frequency

time

(b) ()
B 30:ICD miZ -

42
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42 5 % P AR R EF R

I 16 E Y FId v F AR AL T RRR VAN S N B
RIS R SRR AE S JCTEY L W N S
TR RGRRE 0 NEBIsE -l e AR &I R B LS (> 20

MHz) 3 $f+t & R e emic 4R BN ALH A BT T R R R DT 7

421 Pk REH

= EPARFAETE RETET SRR 31 R HRA LA - LA FHY 27

PRI A3 - BEL Smm - ER 2.5emp %ﬁ g% 0.5em’ PR T 9

-

P W R E R T opB ;ﬂz#s&m PHmm ¥ 22 /25 Immenflis
bEs SEENL P RFRIFE “P (Slngl‘e element, center frequency: 40MHz,
diameter: 0.83mm, Boston Scientific, Masﬁ’éhusetts USA) T Y Jhee B E G ELK R

T o b el g L g g (CompuGen 1100 GaGe Apphed Technologies) » % = &7
B ﬂi%] I Fak B (25A250A, Amph.ﬁer'Research) D BT R S SRR
C1 —é"r”% P2 b i e FRACF AFH D e B R P AL HEE (10
L and LOGIQ 500, GE Medical Systems, Milwaukee, Wisconsin, USA) 1 g% (f gLip| 1

RN E R RN e AU R e AR
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Power Amp
25A250A

5.0mm
=3
RS

i .Llﬁlm!

s | s

.

microbubbles

Commercialized transducer
(7 MHz)

il S
1:i§wﬁ%%§%gé&%?%#ﬁ@°

& R
T,
422 4 F B ’5’}1}’* \*" &
e B
#ﬁ?%%%ﬁﬁ’&ﬁf ST PR R R R L ]
| Y
B RS o KA A Hz) i 3 2t R @ oefl - § 2
- o= 7

P - «1|

WOMAEAZ G L B S ﬁv%@[ﬁf : P ?f;fm RO EERE A BAAZE R
IR SRR O
FENL B AFFRERIRG DER o T RAF R I IR
(diameter: 0.25”) n 25 MHz#£ 8 (V324, Panametrics-NDT) » % &4 & 52 25 MHz
A F L WAL BIEAT T A F AR ERE A RETE - BRI R SR
*i*%’“jﬁﬂﬁﬁﬁﬁﬁ#&(%@ﬂ)“4%*iwww T8 4P 1
[42] : g2 i 78 % 4RAT AR BN T o AR AT B2 G EE R
BTl 0 4 FIRNELE 0 FET OO E RAT 0 19 IR AR S R eh M A (<5
MHz) » Fg* & § S #-5-4 L 0F7 7 [35] 0 @ % B a2 5 SRR A 2 MO

T IHE R NTEY Ak
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PRSI AT (26 MH=)

mm

5 10 15 20 25 30 35 40 45 5 10 15 20 25 30 35 40
mm mm

Bl 32:25MHz 345423 ik B SACH & chB R B % 1

4.3 %ﬁﬁ,}r’f"‘ /z:'ﬁsf R 0(}%
B 5% (dual frequency excitation) j# » 2 A & RI2 § it 4o [35] 425 A F
g A5 X() 5 S B A AR S ensE i A KB les e 2SR (5 [43-45]) #-A

4 MAE e A

hy o N
Ik Ao T AL )
| =3

X(t) c|0s(’(ult) +Cos(@2t)

v}t‘l;y%\fp; |Lﬁi \‘\‘ ) '* \"" ;{ﬁn}\,

X(t)=2 cos(((wl_—zwz)}j . cos((%)tj

#¥ s el=2nfl > w2=2nf2- 1 B 33(a) 5 &> BX i d RE L P SHEF 19 MHz (f])
dhsnik o I RE G Y eH S 20 MHz (f2) chazid » RIS KA A e ahsil 4p b

TS BB X S e R g S E R TR 2 T R
4o®) 33(b) HEH ¢ e 19 &2 20 MHz jed 3 - % B o fe R AT R SR
X(0) g mH A A g A B bR RS TR O BLITIEE A 45 Ao R

33(c) enis#f (IMHz) % 5. 4oBl(a)® B ot 7@ 4+ = & (envelope component) °
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50
as (b)
40
35

The Low-fFrequency Envelope Component gg

4" 20
—_— : : fft 15
|/ 10
50

‘I | " [h ||] r 00 20 sr?ﬂHZio 50 60 70

” | | 3
fft

11 S
2704 08 08 1 12 14 1 Afterbubble “
osdllation 1

(a)

(c)

1

Tl

o] (G e e 020406081 121416182

5?%#54“9'-’”7?3’]'%’1/ (%4
o A48 R 2 Ha R s g
Efg ’ IP ,uq_lé,_fﬁl—ﬁﬁ'fy

Bl 331 A s JE'E“’T,LE]"”‘
#Aj) e t2d 19 MHz ; 3;_*3 b9
W o (). $H RS v 3
SE B (3P~ 2 MHz .u‘j__r

R D " y
%‘H:F‘/;I;élf ml&g‘h ,L _%/\f%;/

=

l}?iﬁ B (E‘arr'%er frequency) 42 i h 4 245
Sy [y o el
B ¥ R AIARS A BRSO B o T F {1 LR 2b R R A 2 Ol

= 4 (envelope frequency) » #& = B4 A 7 A % R ITR TE R o

431 F B ok

LY 20 MHz "1} hR AALS 1T 0 L RS JR42]Y Y HiE
B HRBEENP DT RFFT B RFZ DT T FRAEFACR 34 om0 R
Porhlic i gg 4+ (CompuGen 1100, GaGe Applied Technologies) Bg#+ i 2 &
4 B (AWG420, Tektronix, Beaverton, Oregon, USA) #7& # chpf#g 425 (9.5+10.5
MHz)> %3 21 3 7 F3x+ B (250A250A, Amplifier Research) #-7 B 3x + {8 £ Spé &2

< }EJ% AP FF e 10MHz 45 28 (diameter: 17, model V322, Panametrics-NDT) o 7 4 42
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ABECRIEY 5 SHRARE MUE SRR > ¥l IMHzadR R (V302
Panametrics-NDT) % 5073 PR *t+ % (Panametrics-NDT) 75 » #1858 3 7 4 B
(MSO 4104, Tektronix, USA) © % B~ ¥ f5fep * 425 AIFF L L F A & (T
B-mode # R R BP0 MR 2 AT A AT R -

AWG 420

Power Amp
250A250A
MSO 4104
00000

119]
5073PR

1 MHz
receiver

10MHz
transmitter

B 34 : gEAp peE 2 :?;’a} < zj@ +! £ %W 95MHz+105MHz envelope
frequency 5 1(10.5-9.5) Hz»” é;‘#j'ﬁ-& 1.5 & 2MPa 2 & o

EATAZ S A R BT h T B % dof] 35 #r
A WAL D 0 T g

pIlcF em 3 s BT o TR R AR

BN FU TR S RN

Bt RET G AR R RRRRH DN BRET AN P DT R
’fﬁ’_‘f %‘ﬁ;,;l—z}—a —\ RV P ;:33 :,\.,[ﬂf,'tsﬁ 4 mﬁf ﬁ&% iﬁ.‘f ifiﬁé U“%‘r—‘g
-F"-”m” 3 \jg?}b R 4B 7 i)@;
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before dual-freq. excitation

g i g =" T
1
£2
£3

4

5

2 4 6 8 10 12 14
mm
after dual-freq. excitation

30

2 4 ﬂ; Ino 12 14
B 35: %‘*};P/;f;?/zp s? \éﬂ' ﬂ)@-mﬁ lj\»ﬁ'ﬁ]if;@xb °
b AAF AR T kq¢%%wo dELHEFREG

4.3.2 7|‘ ?'F' \35 5’} R AR }:7[%

F‘s
BFE TR AT S R R RABLRT (TS AR H M 25 MHz GdFER
(diameter : 0.25”, model : V324, Panametrics-NDT) » 2 &+ 19+20 MHz 3 4542
Bk EARACR 3637 £ SR iEAn i R Y B AL A RBURR R R 1
% IMHz £ € R MAF BB AR > ¥ b4 - B 10 MHz 42§ R #F 5
(V312, Panametrics-NDT) # it R4 g &2 4 0 E 4 5 5L 0 5 5072 PR+ B

(Panametrics-NDT) {é » £ #- 2 5.5 d MatLab » 4735 " &3 ig& £ (ICD) -
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AWG 420

Power Amp
250A250A

MSO 4104

5072PR

10 MHz
receiver

5073PR

1 MHz
receiver

25MHz
transmitter

Bl 37: BER3HRESAFF BRI HRTE -
FREP L inicd B L OREME e ehE Rl e

AT R O FORIES o B SR AEAZE A (19120 MHz) © Hof e AT
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-\

LSRR SRS 0 AT R R BT R SRR T A L g A ()
38) c BAEELF MATS LG I F AT AR ERE S LT R
Mok e Bl o PUSRFAE A B A E R A e U] o £ ¢ B-mode # g %
B (R 39) 23 ARk F e n R LR W5 1dBy ARHERY &
BRI R RS D) o L 8- H U ERS SR e R BT o

AR Y (B 2 F) AEET MATEUHCE 2 15 2 T h ICD & 1T o 4o 40 -
S W MRT e AR AR B W RA W 5 19420 MHz £ | MHz todg 3
RBSMCF I AR BEEPFRE OB E BRI MT oG ET R E
}ffla‘t"% T i % p o differential ICD & » %4 NREHR Y PERAER AT AP A

IR AT RIL G o

0 020406081 12141618 2
MHz

B 38 : R MAFTAGHMABETLOREAH (B 2MHz 1T ) -
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before dual-freq. excitation

1
2
£ 3
£
4
5
6
1 2 3 4 5 8
mm

Bl 390 R ATATE AR R T S hT IR R LB o

Lo Agg BT T35
2R 155dB; + R F AR 2 N4 TR R S 147dB -

afterdual-freq. excitation

mm

05
TMHz
045 background |
) signal ({saline)
19+20MH
04| =]
0.35

Amplitude
o 2 o
MR W

(@]
O
[4)]

O
-

Time (sec)
Bl 40 : ICD & %\ $i @] -

4.4 BB+ %335
PpE 2 o S OE R BRONI LN E A Rk &

2

PEFIH[46, 47] 1 A2 d A W B B CH s 2 AT S APT (<5 MHy) 0 ¥

A A BB o A % PR R (AR A AE) - AR S E R
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PO CR 0 NN RALB AT A B R R RS

Bor o
FEEH 5 9.5+10.5 MHz hfEA4z 3 i 4

25 MHz =% 4545 55 % 5419420 MHzen % #5423 4 & &4 4o 10 MHz

YA R 0 L EArH R F] s e

#Ld ;}!le R~ = SE N T A/

o4 EAERE 2B R BT d B iE L R

Bubble Transducer The envelope Pulse length
destruction frequency
Yes 10MHz IMHz 10us
(diameter: 17)
No 25MHz 1MHz 10us
(diameter: 0.25”) :

-t :

-I

249 5@ fhEcE S —\w@(wn@@;\/ﬂ\ 1MHZ,.ML MAE A A S R

L EnPH AL A x}ﬁ%rr-vfsgéi E_Lqﬁ'ilgﬁ ﬁ’?&j—ﬁ-,‘ﬁ @ﬁ(:ﬁ Je izt

@ﬁﬁ@@,%éiﬁaﬁﬁﬁﬁ (#1L41) - )
5 _{__ \ \ /.- ,_""
compm1mmpmd° E
1 : T g e T oMz transducer
ool @5+105MH) ||
M — 25MHZ bransgucer
08 | {19+20 MHz)

Amplitude

lf!

e
1 MW& Ay

02 04 06

B 41 :

1

12 14

MH=z
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FWY oA IMHz Rty ) Tl F A4 > &4 25MHz R 5 6
BERAMEATS AP fraE s e A SRV R FlAcT 1R ERE B
3R EEBMARS A (19420 MHz) % 8445 % 5 9.5+10.5 MHz 1 & » &%
#* L ReavrkiEE B ERIAHcg e dR Y 2 e AR AR %R WD
Mg e av Fv fiefie > @ ¥ Leanp v 423 4 # H 4 SonoVue (Bracco,
Amsterdam, Netherlands) # g Fitv i ¢ g WenE g - S5 2 HREFBH 7 F

@Al R B R BELE 0 AL R B 36 PR LFHIFY LE
Sonovue ¢ > 519420 MHzen 4R AR 3 L > 7% & L jicf i@ sl > » Fpt ¥y
POF AF&RE P A AR AL R 3FE R F AL S~ 10 MHz £8P
#95 25MHz 50 16 & (diameter: 17 v.s 0.257) & T4 sti £ 77 % 4p % <
A FE 0 5 T g SR 7 im‘ T AR ﬁ’xé_i RAR ST

SN Sk ‘“FL‘H | '1}%"}‘ RAEICE 0 FO R OARALE D

i

h‘:

Faﬁ%%’uﬂ*%%m%@%&}£%$@éian’»ﬂprehi
© (diameter: < Imm) i ¥ P\ iglfl /)9‘» (IVUS) Vg B Ot O 2R R eniT

PR AT e R TIEE R  PadnEA
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N Al | 3 14
$53 BHmer i kit
AFIRICRARLF A AL RIBRISFAPCTFUEZ 2 PR (X

DL F R BRI TN FRIAEE SR R FAcR 42

RN

FAALF AT IR RIS D 2 8 R

S R S -

R h oA | e ~ R AEAT R
(20 kHz~2 MHz) ~ (> 20 MHz, High resolution)

=<\
! k| |
A m}%— il |;

"é’}__'f?—: | {"_f?; |

2ge A2 4 A R4 BB RIS L_SQW%W$%%ﬁ%%ﬁ%ﬁ@

(R A PIET R & SO Lt - DR R
5 B TEd 4 ¢ i ARG A 8 S

Bl 42 FBRiARE B %

AEFLRY G LR REAEET SO AAE AT AL R

FEF T LG R B n AR R R s A BV D B BRET A (Vi
Flie 5 X 30%) 0 B P T A ani®r ] L R A er e kehit £ % 70 MR
Pt A4 g & TG IR IEAE L HIR L AP B Y e

@R e 3k F1A G FlA o PR Rk R 2 0 i iR L &
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AR AN R RS £33 S T e BAF G (B 17 E R
27) > = FIp LEF O RA B R RIEY hE R o
TR R R D R MO AT A R R AT e R ehR A Pkl

(e PR AP G) AR T %20 WU pfewAgf A s A %%E’ e eh
B - PR B e RAINERSH R SER > nE I & - B pEs
Ko KFBERFNFROTREEFHT & T Lohe e s A awm B
PRI S o DR RINERE RGN AR RTRREY L 0 T AW
foa B G enF 2T RS R oA o

BAR R AT R RO AT L A R TE S iy 2 g > AP R E
R R 8 0 SN 29/ TRl O S TR SUECPER S sl R AR ST
BB R (v E xbvipi&ﬂ,ﬁ‘mnﬂﬁp;\é\ (<5MHz)u» Flp AR e H
AR w2 0 1 d g g e ‘ﬁﬁ‘ «‘ffff'* B 2 2 WA & 4 (envelope
frequency) » 14 = F EE RAB I o 4_@:%«56?"@%””“‘ PTG e o A
7 ARV U AR ;j‘i‘ rgﬁ;'ﬁq WETHE S G fF K0 10 TN B
BR G R B zé’é_iﬂl% ’a 'LU’“ &73'3“.2;_1 /| (diameter: < 1 mm) s F
RAZF A (IVUS) 7 i &2 % *t o RIBfEie® > g ek Mg 5 en= 50
SRR T TS 5 I P R

AKRILIE3 G > g2Re WP %Y FF p WIew A F R R ehiRde i 4
ZoHb R RITH chpt o ROATTRA B b BIRLSEO AL 0 R-f 5 TR
R S RIER S N L -CuiE AL PSR Dk FA TS A
S TR EBE G B BT F o R S0 A F AP e Y fhen
AR FARH AR L R e FRT b faeniEr g TR @ e
cd BB e d e R P (R - Pt (Rl 4 I A ki
RS (T L R s ] > R e 2 3R BT R B R 0 R 6
H ARG R FE R N HRF B - RDRT SR A 2R R
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o™ 3L o

g4 e d B 1906 # V.FK Bjerknes *t L2 F 2 ez § A B3 Lt
SINEREFLB FARN  RFIAF I RGP Y NF e v
RFRADRBRAFTY o+ S et > P ARBER I T ARSI FRREEL P
ARG RTES b4 § o TR 54 (Radiation force) » & £ ¥ Bjerkness force
[34,48-51] > A &d A fEa4 & o

d gt (primary force): 5 B AREAL § A STRE ST R TR PIFEE S v

i 0 RVREGFOP M (dofie) A2 B8 LML DFIRT o

FEBBE N S Rt TR TS g e H[S1]

2e Pamiaq/ﬁ»m%%%@LR%m ,"/ P T A ) s LR IER
!I.

(damping) % 8 > @wo = M F e R #E*KE—»‘ = = VR Cagq ke i
#oo Ve REEMGFE R D A RIFERH ST UT 07 o € B EL it Fy
gk o] o

2. = B fght4  (secondary force) : i AZH A ¥ M2 B asl 4 o § A kg st
g e d e ok B EEY ShP RS (S 0 i F e 2 B ehenadg st 0 Mg R R e
B AR e A B AR MR e 2 BB e Bl A 4] B

be T [51] :
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B o RAMFE 2T £ F e REE s BEF o dEa B e
P 2 ENfEYE o

AT HT] 0 o AT R P B o SRR BT R R 2 i s
?ﬁ%ﬁﬁy’%dﬁglkﬁﬁﬁ%ﬂ@mb*%%ﬁ%ﬁ’%?ﬁﬁﬁﬁ%
e PP o den FATA B UL E o e ptde s RN F G xR E P R
BoodgH EE” drck A3 EAHRE A gl TR N AL e
7 3F 5% : Dayton ¥ Fowlkes & A3tk ¢ B3k p o s ejicf @ # 14 ;{ﬁ“cj Az
FAGE S it > B4 F e AL TS F N A SNiE¥ 5 £ [50, 52] 5 # % Dayton
Bn AR & Y KR MR TR Y L 5554 (primary radiation
force) ermr™ ridadeALH A H AR AL F Y A D L B RS (W] 43) 0 TP B X
\&W%Wﬁ%ét?*%ﬂﬁ%*ﬁﬁﬁﬁﬁﬂﬁmﬂiﬁ%ﬁ&@%“uils

mm/s ' % % 1 mm/s) » “"?56;’} IE,H,%:F ,e m.: Kgﬁfg{g—g R bR AT R R

e n ik B e @ B 4 0 @ @ﬁﬁﬁsfiﬁ,w}d% SR F ek R EAH G DA

K ; Rychak 2 Zhao % % { i& db‘flﬁ gi;,kd—w# rrnt'if Vi AP P R 80 &1
||1 .

by RE T F*ﬂéﬂ”mpm%J?%;ﬁgﬁﬁgﬁg—@$%ﬁ%

+1[34, 48, 53] -

cantrust J1_|:I1| 11-asuL

TN

,I'|l a
1
&b wm vessel

(a) (b) (c)

L
Bl 43 : {554 (Radiation force) & = ¥t B hix 4 2 BAF R %[50] - (a)= F ~ ¥
CEEA R ARl R T LR (D)FREL R Dficy et R BUp FR Y

m%%%’mip7Mmmo@)%%kqﬁw&%@ﬁ%AL?J”<3$%W
B o) E A D e AR O 0 B e S 1 mm)s ¢
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Renkii o A g atd LR RS Y SRcF e AL B H o R 2 e HRlE R
BE o P REE M F e B R R TR e L BB atd T e
%ﬁé%ﬁ» 5 S iR R A E R L Al F e kR RO RELI SR 0 6§
B AT AR FENG FL SPGB ES GRS S RISK BT [34, 51,
53-56] v fe £z iR fRIT® AR BEAT T BAR AT D 2% 0w BN A KA R
Tpit4 1T A e g ReniT Y 6 i) R BT T e B B
S BB 2R TR s Aok o B SRR H B R i A2
Lo S LY S

I 4 A2 enmE sREFEAMTRTEY DLEFEET UG AL

BRA o Mg S a7 B 0 L@ * {564 k¥ X T (radiation force balance,

National Physical Laboratory, UK). & /Rl k’q”‘ e o] o 20 @R TR AR A

745 42 i hBLRLEGe EE  71 B P 2 2 g o A % e

B 9% EA-BEYHY s@,fﬂ;ﬂﬁ-&git’ L& B E S SmmiERE 2.5cme
!i -';

A9 5E 05 cm’ ShflRA R ﬁ@wﬁw@(mmymﬂ o 1 A8+ Tl

¥ 1 MHz % 435 2 (\/302I Panametrlcs-NDT) C BERK R R PN iz
gt g4+ (CompuGen 1100, GaGe Applied Technologies) » #5413 & ¢ «~4f
Z 5 1.5MHz~40 B3 &+i% 8 ~ "% 7€ 45 48 & (pulse repetition frequency, PRF)
% 1000 Hz 73z [49, 50, 52, 55, 56] c % = e A% 413 # F 2+ B (RF
power amplifier, 250A250A, Amplifier Research) - #-F &2z < {8 £ 5> §5 2 &
Sfo PR WGP Y AT AR E RGP RIS e R AR > B
¥ B+ (frame grabber, UPG 410 B, UPMOST Corp.) %= = 2 & 47 o $fB~n
B Ap B Ao 44 () 0 HA D = 2RABLPIF R4 hiEr o B¢ part] % iE
PHSHIEF h % opart 2 ZIFF R E G o part 3 L EBITF SFF R o 4
Fl M % partl G E B R R o opart2 - part3 O R E R R B R NS
(partl+part2+part3) # §pF > T¥ BRFE 4 F 4 2 o R E R
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* *;E?%E&EJ/E]JZ%C;%’ /é’ ﬂ’j’i’ Ellig,éj—rl rjl—f-é_i ﬁvfif,% o

—’l Frame grabber card I—) PC

Commercial A/D card
Ulirasound D/A ca rd

Imaging

sysiem

| Power
Amp
7 MIlz

(@)

1 MHz transducer

(©
B 44:fstd A st @) RAREHALE: ) RHREYTE © ¥

>
fenip ¥tz 2 & % LRl LB -

EERER S E s e T TR LR etz ki

WO iR IR R REARS e R d AT L 1R AT

0 o] 45(a) R L BRTE B o AR e 3R siiaE 5 L mbsec
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SIS AT S A B 5 1 B KT S 8 B Rt B S B R AE B
3 & (low intensity) ~ & % &% # (long pulse duration) e4gF & » | *
(554 e e L HCR ¢ 4 S BehiE Y 8 6 (] 45(0)) ¢

3. % F @ * 3 %A (highintensity) 423 A FHF Rl > TR H 4 &

fe o AT L H AR I Y T 0 BT P R TRt

Infusion Pump

Step 1: Radiation force pushing ttB

'_-L”)Hl)lder adhere to the clot.

Step 2: induce cavitation.

&
mm'/

holder

Clot
1MHz

transducer ' n&duéer flow direction

Transducer
on

Bl 450 f5 s et o g A AL R R R AT A - QF HEH
B 4R gD A S B L E T F €A R IR ® S B 5 (b) AL -
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