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Fi el e present 1nvention relates to a nmechani cal
mani pul ator for high intensity focused ultrasound

(H FU) transducers. In particular, it relates to a
conputer controlled nechanical device for positioning
H FU transducers duri rRelasst &ppligationedures for the

abl ation of tissues and cancers. Background Art The

devRisaRfERRAtidHal PhaEE WG TYAbPIIGESDM @1me phiowity Myl & Provisional
surgi cal techniques have renmained a prine research

a
Appﬁébqfé@e%dfsd%%@#g'f%gj@ g% bo84 §Hidg bf WARKAS Tlaihed andlwhlch is

dec advant ages over conventiona

uter- assisted surgery and
hem%g&?%gﬁord%%??c%e ave i nproved the ways in which
surgery has been done in the past. In inmage-guided
surgery, the pre-operative planning schene is
execut ed usi ng nedi cal iggﬁes/gg E[ such as CT, MR,
X-Ray or U trasound im ed prior to the
intervention. This information helps the sur%eons in
si The prasegt inventiemrelates do agneehai@c%lﬁeamegfagqr pghigh intensity
surglcal procedure (1-6). 1 WD 2005/107622
focuseginigas oo mmaranséuagrpt il partisudaroit relstestte asgrmputer controlled
conputer integration in medicine range from
mechanigalidevice foapositibning HIBUdransdocetsoduringomiedicahprogetoares for the
hi ghl y conpl ex surgical robots that

ablation of tissues and cancers.

Background Art

The development of minimally invasive and non-invasive surgical techniques
have remained a prime research focus in the bio-medical area over the past two
decades due to several advantages over conventional surgery methods. Computer-
. assisted surgery and medical robotics have improved the ways in which surgery has
'been done in the past. In image-guided surgery, the pre«opefative planning scheme is
.executed using medical images/data, such as CT, MRI, X-Ray or Ultrasound images,
gathered prior to the intervention. This information helps the surgeons in simulating,

visualizing, guiding and assisting a surgical procedure (1-6).



carry out surgical procedures under conputer control.

Most of the robotic systens for surgery aim at
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of nedi cal applications.
tissue. Studies have shown that cancersftumors are relatively more receptive to heat
and the range of temperatures induced by HIFU has been shown to achieve high
localized cytotoxicity. This is a phenomenon that does not occur with microwave or
' infrared exposure.
The use of ultrasound as a modality for diagnostic imaging in medicine has been
well known for more than two decades. Its therapeutic applications, for example in
sports medicine (micro-massaging action), cancer treatment (hyperthermia), enhanced

‘chemotherapy (e.g. breach of blood brain barrier by focusing ultrasound to a discrete

point), stone disintegration (shack-wave therapy), or tissue ablation (Focal Ultrasound
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Therapeutic ultrasound is established in the treatnent

of diverse surgical conditions, such as cataract,
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this §ETrH@ANed/AHathéi” (EDAP TMS S.A., France) is commercially available for

treatment of BPH and prostate cancers.

All of the above mentioned prostate treatment systems are primarily targeted for
BPH treatment with only a small percentage of success in prostate cancers without the
aid of any adjuvant modality. One reason for the latter could be the preferentially high
absorption in the rectal wall, thus allowing less energy to transfer deeper in the tissue.
 An Israeli company named Insightec, Ltd. has commercialized an image guided non-
invasive HIFU surgery system for applications in soft tissues. This system for breast

surgery relies on expensive MRI guidance.
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One system whi ch has been designed for breast cancer
is described in International Publication WO03/059434

WOUMIOP/447622 on July 24, 2003. This arrangenment R{ET/SG20e¢000143
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Fig. 3 is a perspective view of a second embodiment of the treatment module of

the present invention.
Fig. 4 is an upper view of the treatment module of the present invention.
Fig. 5 is a perspective View of a second arrangement of modules according to the

present invention.

'Fig. 6 is a perspective view of a two-legged base harness according to the

present invention.

* Fig. 7 is a diagram showing movement of the harness of Fig. 6.

Fig. 8 is a diagram showing the focus of the ultrasonic transducers and_ their

movement in the arrangement of Fig. 7.



nodul es. Di sclosure of the Invention The present
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The present invention also relates to a mechanical manipulator for ultrasonic

transducers having a base harness from which a diagnostic module and a plurality of
treatment modules are centrally mounted.

The present invention also relates to a mechanical manipulator having a plurality
of treatment modules, each of which allows -movements in three degrees of freedom
ﬁnder supervisory control of the surgeon through a computer. Each module allows the
~ transducer to move linearly under the control of a first motor, with additional motors
controlling the yaw and pitch. Each module is mounted from a vertical rod (serving as a

. common central axis) so that the transducers are originally aimed to a central focal

point.
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points to cause ablation of tissues.

In order to treat deep-seated abnormalities or cancers, especially cancers of the
urological organs, it is desirable to provide an automated mechanical manipulator
.'_system for controlling the movement of the HIFU transducers. By using a computer to
control the movement of the transducers in a robotic system, itis possible to carefully
contro! the location of the focused ultrasound transducer (and thereby the lesion
produced by it) to ablate the tissue as indicated by the surgeon through the computer.

This allows the ultrasound to be carefully controlled through a single, or a _set of multiple
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control the location of the treatment modules during the procedure.

This robotic system allows the use of either single or muitiple treatment probes
for organotripsy of various tissue types depending on their relative position in the body.
This system may also be used for other non-invasive procedures using, for example,

lasers or minimally invasive surgical tools. This system is equally suited for other
imaging modalities other than diagnostic ultrasound for on-line monitoring and surgical
_ guidance.

In order to ablate selective regions in urological organs, the use of multiple

transducers is preferable for a number of reasons. This allows better access to areas
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the source transducer (i.e., spherical shell aperture
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Several types of HIFU transducers have been developed for extra-corporeal,
- intra-cavitary and 6n-site/impregnated applications. The latter two can have a very
selective approach for fewer targets; however, the extra-corporeal probes offer a
preferred choice for completely non-invasive generic targets. The acoustic beams
~ produced by such devices are, however, fixed in shape and in position with respect to
ihe source. Modification of focal size can be achieved only by changing the physical

properties of the source transducer (i.e., spherical shell aperture or radius of curvature,
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Some Clinical Applications of HIFU

Renal cell carcinoma is the third most common cancer in urology and is reported
to be the most common malignant tumour of the kidney. For malignant and fast growths,
the tumour is resected surgically through either partial or total nephrectomy depending
upon the size and location of the tumour. For experimental studies, HIFU has been used

for selectively ablating the renal tissue prior to partial nephrectomy. Studies have used
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associated with significant norbidity, due to bl ood

concdros $he wngjor ttreaisient iaptions| fat pdostateptanceri inolude surgery, radiation,
i npot ence and stress incontinence. In addition,

therapurzgidcal combidiationt oo medicalotheramyi el sungergi clemdith fadiation and
patients whose |ife expectancy is less than 10 years.

~ chembthefapy NTAB! 'dbpiulhfa_sédfgi_cbﬁpﬁéélﬁfé?ﬁé Cirfohstiec atadical prostatectomy,
prostatectony a definitive cure cannot always be
trans%@gﬂﬁgge?ti%ﬂdofgﬁﬁeﬁrﬁga\fe (PORP) EacRRRorh §2Rat crySsurgery. Normally,
‘prostate cancers/tumours are very small in size and can be found almost anywhere
within the prostate volume but Iafger-volume tumours of the prostate are also found
among older men. Surgery is associated with significant morbidity, due to blood loss
with transfusion-related complications, impotence and stress incontinence. In addition,
surgical intervention is not typically considered for patients whose life expectancy is less

than 10 years. In a minimally invasive laparoscopic radical prostatectomy a definitive

cure cannot always be achieved, and generally the treatment cannot be repeated in
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10 WO 2005/ 107622 PCT/ SG2005/ 000143 cases of | ocal
recurrence. In a non-invasive approach, the use of

WA 05/H4622been clinically denonstrated to desPEFHG2005/000143
tissue and cure cancer w thout stimnulating netastasis.
Frequently, the liver is the site of secondary tunours

case%féﬂ!lécia?ge&?}r?%%&e{.‘elnsgrﬁ(?tgin%sivgaémfrbﬁ T 48 Q58S HIFU has been

_ suc he Col'on or "breast. wever, primary .
o SRSt o SRR P ARy AR il motastass

mutate and for.m a ncer ous, tuou ar I
f reiqaunly the s dhe site Of Speandbt fymois, S5llipo g the seread of
are highest in Asia and Africa ag)d c?néi dered t.0 ber ancers
canqess frerPther Prgrans: Fesh agihecolAR o BFRASt: ReWBVEs prmary liver ¢ -
Li ver cancer is very difficult to control unless the . .
alsotaaled malignanbbepatamienor hepajogaliuarsgaicinomp, v @%P@ﬁ% in the fiver
way to deal with |iver cancer is surgical resection |
mutaté amg formha amaewius mauroarenalsadrequentiyerepartadias adpajor health
"gol d standard" against which other treatnment plans )
probRihe. REtes wre highdmtdn Asia and 4éioa ad appsidesdd to b relgtegginy infection
of patients who present with liver cancers. In

with A epatitis-B GARISNRivepeavicety eeiyhdifficaiteto cortall iunjesssthe tumour is
used for treating nmalignancies and many different

foun{l)%?e% Rfisc@érgeé;ﬁau.':?ﬁe ﬂ?&v&éléﬁtaﬁvb? o204l withfliveReancer is surgical
st udi

iver, s suggest the use of adjuvant nethods
h | Ath i ' i I &5€7d iH¥*gofdstandard” against
resoffiaBig 8} FrhaltiTpRfobhimal kBle, SER el 0
. remining other |esio t fio 10-20% of
which i eimB S ans e SRl Pl U fitoBly EpatiERIg o 10-20%
_various stud ofocol s has sho hi gh t.enti al
patiog o WBoEEOl WO CRESTS. ol Sl ermn domangtorh of Jfidhe, than one
di sease that occurs in the testes. Ther_g are two F
modalify s usedtfes treaiingr meligeancies; apd 1BARY AHtersh J¥pRs Ghgancers. For
Al though it accounts for only 1 %of all nale related
metastaticaranceist of the lieennstudiessvuggest dhe dise of gdiyngnt@ethods such as
aged 15 to 34. Since it presents an external site, )
ablatnnalong witht iverbresestion Sueeddntivh of @ shigle dobe of the liver, the
remaining other lesions can be ablated by the use of HIFU. The use of HIFY for ablating

liver tissue in various study protocols has shown high potential and successful
~outcomes.

Testicular cancer is a malignant disease that occurs in the testes. There are two
.types of testif:ular cancer, seminoma and nonseminoma. Although it accounts for only
1% of all male related cancers, it is the most common cancer in young men aged 15 to

34. Since it presents an external site, similar to the breast tissue (both are able to
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11 WD 2005/ 107622 PCT/ SG2005/ 000143 spread through

| ynph nodes), it is a good candidate for both surgery
WAhWOHLE6R2abl ati on and is curable if di agnosed®CaISGHN5/000143
early stage. The ultrasound transducers which are used

for treatnment are coupled through an appropriate

l'i quid h d d water. |I. t nmbodi .
sora St 88 B % e Pantlefte BBl ERRR. ARk ablaton
wat er bolus with conpliant bellows at one end to

and ip gywiablesih giaghered at an €AHY 8RS energy with the tissue.

The transducers are independent I% controlled to
ei Theultrasoundiiransdresrsavhion aug usedia iregiment ae qaypled through an

function and control independent trajectories. The
appsyprigtoiinuid sucioas depasset watesulreanether embediment: the transducers are
nodul es in two nodes either using manual or automated
encaeisted @ a sthied doghsped materdmiusejthicomplianhbeéliciedt and end to
tested within 0.5 mmand the repeatability to wthin
couple hppropribie ultsblisd eferdy Wigs theatisse. dteassrediuceisngre
|y one probe nodule with either a single or

on
indeFHMérﬁ'_yechﬁr%hS& t0TBHMdraForRin tBofdinationdiilty eath viier ofrto function
ung si'tes can be either accessed through

and %@F@gﬁ%ﬂg@g{ trﬁfgcfdrﬂ%‘ﬂ1 Wh%rﬂn%%ﬁf gesu'z' ggﬁﬁ?iﬁelrdgﬁrgﬁnéﬁver the

. . ni pu tion .
L U
et Bl b R o E5 WBBS0 PE B3 i gty o

_ top rail 14. The manipulator 10 is placed on a
withipr {1 8™ t abl e (not shown) on which the patient is
pl aced. The mani pul ator is connected to the table at =
t NEhetastionlan Sitesican lhsgaegessadusingonlypne pebeavgdule with either a
| ocked in position. The apparatus (not shown) for )
singléioti mgltiphes pratys trmunter ohabl it IKidpeyi ivesr obeluagssites ean be either
screw arrangenent, or may involve a sliding ,
acce8$ecNBIBIBAL trans-abdominal or rib-interstices, using single or multiple probe

manipulation modules and through either single or multiple routes.

Mechanical Manipulator

The mechanical manipulator 10 is shown in Fig. 1 as having a three-legged base
.hamess with each leg 12 being connected to a central location by a top rail 14. The
| tﬁanipulator 10 is placed on a treatment table (not shown) on which the patient is
placed. The manipulator is connected to the table at the bottom of each leg so that the
base harness is locked in position. The apparatus (not shown) for fixing the legs to the

table may either be a simple screw amrangement, or may involve a sliding arrangement

12



12 WD 2005/ 107622 PCT/ S&005/ 000143 nmounted on a

track on the table (partially shown in Fig. 7). A
VERMOs/447632er t i cal shaft 18 carries the vari ou®Pgiyssiess/000143
that are nmounted on the mani pul ator. These are

connected through a central positioning device 16

o P AT 450 ) e BBt
s VoA S BT i e oot

24 is suspended, typically, centrally fromthe . .
througlt & iceatrakprsitioningdeviee 1§iveiel aydbaovabledmim sidestoside along
di agnostic ultrasonic probe, which is used for
the topmail g asireeded o afjushiasirdviduiratianish &Vaen jtigadigsted for a
traditional ultrasonic picture for the surgeon to

patigng it Bvioaited iheo positidn forlthe satirel proseduree of t he
conmput er. When adjusting, for instance, a generic

S ek Widgnbo¥ne nitida24 is suspeptied, typically, mgntrally romcttie vertical shaft
for an individual patient, it is roughly adjusted

18. TREURldnyslis AfJdRle btaiIRkiOMhgHEIRAIIESHHAE pyobay wiidhais! used for

dial "26. The dial provides an orientation of the

imagﬁ%f&%égr@é%@nmtéfésﬂsﬁﬂaﬁe 4&ndsd trhaitiohs Btr8stific picture for the

ori zed near novenent in the horizontal
directi I.Set r OVi ' iLcC na. f
soro S b B ApREA oL 6101 AR, R st for
. reference,i mage , can, be obt ai ned. kS G tin gt
instai. 4GP OSSR PERIAOIEIY RIS A aro S miodBir pRipcividual
_ by way of the conputer and a precigiqn slide nmotorize .
patieﬂﬁammraw'_aim adipsta apyall ct%ﬂrﬁﬁpmi‘}éfsc"i‘%ﬁ‘a"é’ﬂg\’ bl gtble dial
26. Tneriobpravidsts an crewtelien Abihel sciaPlaae RORSHp Bohing Injialreference
extending arm 20, a vertical shaft 22 extends _
imagesyAwaottiriyed Tihearhooveroentin the horiaortahdivedsion is thenupfevided to the

angle e and individual shafts 22 are |ocked into )
diagnostit infedul@ eact thn twsidigeasionakintgestpaeallehtathe reference image

transducer nodule 30 is nounted at the end of a
can bEEoBitaRd. Shiadd thizis sBifor! ANabvidfal pagént, further movement is
controlled by way of the computer and a precision slide motorized translation system
28.
The central vertical shaft 18 also carries horizontally extending arms 20, with one
arm for each treatment module. On each horizontally extending arm 20, a vertical shait
22 extends downwardly. The horizontal arms are movable through an angle © and

~ individual shafts 22 are locked into vertical position using screws or other means. Each

transducer module 30 is mounted at the end of a vertical shaft 22. The length of each

13



13 WD 2005/ 107622 PCT/ SG2005/ 000143 vertical shaft
fromthe correspondi ng horizontal arm20 wll differ

Wi, 2085/80762% ant of fset since the horizontal ar PCTHG005/000143
stacked vertically to allow i ndependent novenent. The
transducer nodul es 30 are detachable at the central

.shatt .such .t hat onl a el ected n er

vertigel Shafi ey L Germebonig AoR i arB At ey 7 canstang offset

. caontrols ese nodul es i,s al s itten jn _a,modul ar

sincg i harizontal avms A siseret vertisaly 16 alow MdsPefdrigodiment.
defined by the user in the beginning through tEe
gr Hihtransducgs odulps:39 aredetepliablead %i%e%‘g Shatt syah $haf only a
sel ected single transducer nodule, the contro

selegied pupher of silny transducers needihe matatede grie GIMpkteR pegrgm that
t he di agnostic nodule (non-coordinated control with

contoisthese necdutesits atsalwritieh in winnddulasfaghiparand thegwmalesr of
nodul e, the various axes are nechanically de-coupl ed,

partidipatiigemodules| aré yefiged by the osedh the begineing thnoughiie graphical
i ntroduci ng enhanced safety. Fig. 2 shows a first

user ABPALETEThUD fin the cRnd ofeorily Be@ldctedSingle framstiuder Afodule, the
hol der . 32 contains an opening, which is typically

contr%V;BlioBfgrﬁ FPSimpINES to\BbrAiEd BOAMFASAH Snly the BRGHEStic Mddule

e placed. Screws or other fastening neans may be

(non-itcgélsjgr{iaﬁ?% Itcﬁﬁ? FWith biter Hedfahd rﬁ?&fﬂegﬁ eWi‘tﬂIngg giv’:eﬂ t%f&ﬁgcer

transducer 1Tn 1S proper cdtion.

o S SHRD 45 kg RS S0, P SipBpd oo
s RS Sl o1, Toren S oo

shape, stren%th and di sposition of the bar ma% be
v kig- &shews afitstenbadipest ola Yeataentyneduye 39: tAransdycer holder .

hol di ng the probe hol der. Each nodul e includes a base
32 coplainsad @peninghimbicht is dypicaltyr eyliodrical cintmwihich theailtrasonic
nmounted. Mdtor 38 is used to drive probe holder 32 in
transduder may ble phatelda Sonaws or othdir fastening. mébnomayde insedeid ¢hrough
a pinion (nmounted on the notor's shaft) which
the sil&wvaN6f the holder in order to maintain the transducer in its proper location. The
transducer holder 32 is connected to the rest of the module through an angled bar 34.
This bar extends the holder and transducer away from the moving parts of the module
- so as to avoid any interference. The size, shape, strength and disposition of the bar
may be varied as long as it provides a stable structure for holding the probe holder.
Each module includes a base plate 36 on which the motors of the module are
“mounted. Motor 38 is used to drive probe holder 32 in a forward and backward
direction. Motor 38 includes a pinion (mounted on the motor's shaift) which interacts

with a rack provided on the edge of base plate 36. The motor 38 and bar 34 are

14



with a rack provided on the edge of base plate 36. The
notor 38 and bar 34 are 14 WD 2005/ 107622

VWEoS@Zeys/ 000143 connected on the bottom SaiesGEN05/000143
the base plate 36 on a slide plate (not shown) which
slidingly noves along the bottomof the base plate 36.

coniéetad ohethe ottt m3S§idé lof H%Sbésﬂaep!afé 36 A d Qﬁd@%‘&eﬂhﬂf‘&a&ﬁ}ﬂ which

rack, the slide plate slidingly noves along t

SlldthW%éM ABhg it gsfg&g:?igtt)lgé Ré]@@gﬁﬁggG P! %‘égﬁﬁe‘e rr‘clrib'ls38 drives the

carrying bar™ 34

i 8 B TREE 08 S B B e s s ergtna

ght - an
d"e&wf"hal%ﬂé bo30 plal€ A6 caiind B P okl Biobé oz n a siiter

dire%z have a gear 44 and 48, respectively, connected for
#8ati on. These gears interact with spur gears 46 and
connected through ax| es

50,, The spur, eafrs are, [ S
CuPRinBecBasilh toF, @iakingd Yeuelrhtapsiefnand Witk (up-and-down)
gears, 54 and 56 are fixedly nounted on these axles
movansnh@v%oma@ﬁg o) the tapcoisiherbapsaplate 36e This treechpedans is shown in
~ have a 45 angle which interacts with central mter
Figs.g&at aBd 4haMiotays #0sand #2have lregear dhane 48c sespaatidely, connected for
nmotors are nounted on franme 60, which is connected to

rotativhe These géarseintdfact it spunigeab? 465 ahidx6d] Y The spur gears are
connected to vertical shaft 22 to support the entire

conngttdd| thrdughnakies (hAREMBEreds which RxRindefowdd %ﬂ”&hbﬁ h Nﬂter gears

yaw notion, notors 40 and 42 cause mter gears

54 arkb56 aréfﬁi(&ﬂtﬁwdd?ﬁeéeﬁ\?hé’éi&ﬂ{eé %H oft a b%lﬁ“l &‘&'% gears. The

count er cl ockw se about t |xe

e S 58 T i S EAA obAE o  iitr

entral gear,

shapd) F1fsg lpehf a@’ﬁhﬁ?@%@% LR

8, Thus, the w
base g]atle Vqucal shaft 52 is fixedly co¥1nected to vertical shaft 22 to support the entire

module from the base hamess.

in order to accomplish a yaw motion, motors 40 and 42 cause miter gears 54 and
56 to move in the same direction (i.e., clockwise or counterclockwise) about the fixed
central miter gear 58. As miter gears 54 and 56 advance around the fixed central gear,
the entire frarﬁa 60, and hence base plate 36, on which they are mounted moves in a
clockwiae or counterclockwise direction about central miter gear 58. Thus, the yaw

- movement is about an axis aligned with vertical shaft 52.

In order to cause a pitch motion, miter gears 54 and 56 are driven by motors 40

~and 42 in opposite directions in relation to fixed central miter gear 58. These gears will
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novenent is about an axis aligned with vertical shaft

52. In order to cause a pitch notion, mter gears 54
VhPOSB0742% driven by notors 40 and 42 in oppdROTS62005/000143
directions in relation to fixed central mter gear 58.
These gears wi'll 15 WD 2005/ 107622 PCT/ S&005/ 000143

e A TR P B 950 o ot i o
bR Yo S B B0 e RN g 5815 % 50 o aio

t hen causes ?ears 44 and 48 to "clinb" arqund ur, . o,

not gxes Hee setalion of the moters,Bep caysen aames Q'}Pe‘*ég‘ar%"mb around
44 and 48 noving up and the other down. This forces

sputt gpears rdgnands 601 espeotivelyu ity orr ahthsugrars 44 apd ¢8 ne\ing yp and the
wth the axles between the spur gears. Thus, ]

othetl ejpaindi Thgs orces thealframetoto pifotrugyendewn @bopbai exisaligned with the
and 42, the frame 60 is noved in a yaw or pitch

axleBDetuEeN theldps gearsses base plate 36 to |ikew se nove
since the frame 60 is connected fixedly to the base

Pl Phis, Hepehling o B difeelsn b tdvehttnt op hititerso0 avid 48, the frame 60
bar 34 and holder 32 are nmounted to |ikew se have a

is mB\i/écF{F\aé‘PQw)@‘ﬁitg ntS Thid\@lusdel b adsedNad s likkwise move

simlarly nove | three motors are driven under
sincg e e €8 15 onhBEicl HXRUE tndBaco el SBTTIES plsbinoves the side
this.,arran nt,. the sduc [ |
plate BB EAT A DU i B PR RiEeRlsedeEn phiand yaw
freedom so that the probes can be posjtioned, and .. .
movemeBhea ihatihe Fenspisger isisiHiacy s Yach Abhire Bigterd; Hig diyen under
When nultiple probes are wused, the nodul es are
the qoatrat elcthe compuies whish delrrpimesithe amont aad direstion of the
target defines the nunber of the nodules and their

movemsbt.ol . The notors which are utilized are typically

DC
By utilizing this arrangement, the transducers are arranged with independent

modules which allow three degrees of freedom so that the probes can be positioned
and oriented in the desired three-dimensional coordinates. When multiple probes are
used, the modules are identical for ease of manipulation. The specific target defines the
number of the modules and their control. The motors which are utilized are typically DC
servo motors although any appropriate motor arrangement can be utilized.

The modules may be individually set in position manually for a given patient. All
the joints are back-drivable and encoders, which are normally driven by the motors
while the modules are being moved are also moved whi[e they are manually set.

Accordingly, the computer is aware of the actual position of the modules at all times by
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servo notors al though any appropriate notor

arrangenent can be utilized. The nodul es may be
WhoHi1en623 | y set in position manually for a giREYSG2005/600143
patient. Al the joints are back-drivable and

encoders, which are normally driven by the notors

coule BulES SRS GLBa0e 'ﬁ@%yﬁvﬁﬂa pos ES@OE@%?@?‘W’-L s always
mainipied. 8%%@&%&%3@"88%'2 Shibe SEBGEANIEG2ad of the modules may

counting pulses fromthe encoder so that He posi ti
be dsfinedcasborizental andiaimps ahthenvartical axist (a0dois| also mapped to the
further be noted that the zero point for each of the
“origin§canessomting refesenizsf innage)asT Husy itioaimple émdef@rm 'é‘le Ragition of the
vertical axis (and is also mapped to the "origin"
trangdigeron the reference image). Thus, it is sinple to
determine the position of the transducer. The zero

POTHE zBRYpdIat mal iblerallibehted iusihgea number obdiffeidnt eneshianisms. Thus,
mechani snms. Thus, it is possible to utilize a |aser

it is Wi@ o OBl Iéée@ﬁ‘ﬁcﬂjiﬁéd oflthEh@nstaserdsrare tlamsdacer holder which

Is ainmed at a specific zero point to determ ne

is antngat o O%cifgz% erb bolnt t@Héfér%é tHt fodeflioh N$ti8ldisPpossible to install a

nmechani cal device wth markings to

bracgee %kgﬂgrn@%gﬁ%@gél%egﬂ r“nﬂtn ﬁgag{ungg 10 Eé estf\%%ﬁlé‘ gomt location.
Se s o i, Buegend AR %ﬁeﬁﬁgg@ﬁﬁﬁﬁﬁfﬁ%ﬂe- In this

Perspex cylinder 62 in which is noynted t ubul ar
mba@me, e’ HiFl drancaugei, i EceRs B SR0aPSeHh digter bolus. The

ring 66. The housing is water tight and has a

bolus nlidsseatutliowPerspax aylieder 63tinaMach is graited @ fubpiarsholder 64
conpliant coupling with the tissue. The probe hol der

which ds Icouplad| typ alttepeaoced whiessl dinge§6.i ﬂ'cﬂlerhceﬁlngwlsawgtejtttght and has a
arrangenment. The other novenments are simlar to those

flexifié ®aNow g Aethefhafliomanih orleFtaghae aAwongliaat natpling with the tissue.

arrangenent of the notor system places the yaw and
The Bi'otb@holder is linearly displaced inside cylinder 62 in a piston arrangement. The
other movements are similar to those shown in the embodiment of Fig. 2.

An alternative arrangement of the motor system places the yaw and pitch

controls in a different arangement. The linear movement remains similar to that
~ discussed above. However, the yaw arrangement is accomplished by placing a motor
directly in line with the probe holder (mounted to the motor shaft) so that the motor

horizontally moves the transducer directly. The pitch arrangement is made by mounting

a motor on the slide plate, with the output of the motor driving a shaft on which the

17



controls in a different arrangenent. The |i near

novenment remains simlar to that discussed above.

V¥R 597622 he yaw arrangenent is acconplished BCT/SG2005/000143
placing a motor directly in line with the probe

hoI der (mounted to the notor shaft) so that t he not or

ont aII noves the tr ducer dire The ch .
P"O%‘? 7 heRgE B yin Sroiare obbliiE  Hce 44 bRt iipion ar&ifzea weigh a
. with the output of the nptor, driving a shaft on
"tﬂ‘t/@ﬁ éﬁ’P 9?%"&1“%@%’65? aeoeppligher) e@9¥05/ 000143  pr obe
hol der_and yaw notor are nounted. Since the notors
whifith Saplows ianpthen efghasimgnt pf the basgshamesgy alﬂsthfs case, the tripod
novenment is acconplished easily. Fig. 5 shows anot her
arrapgeménhisnsimiar. t Howexee thadirgnostic madule 244s écplaped with a different
tripod arrangenent is simlar. However, the
diagtoatim exidute. minl thie c24e) the apldate dastiesta trads-fréeiabatrangement which
di agnostic nodule. In this case, the nodule carries a

mayt b@ RsovieRiCharizonlliyNgsng Meokizintdin AZewhich mowvexdforward and backward.
hori zontal | y usi ng nechani sm 72 whi ch noves forward

Theaaﬂwmcmrb@ckwat@nf@@wﬂ i8nsbribdNkdvan G BIRIRIFERABhion to the linear

controlled in a simlar fashion to the |inear

movBREAIRAlisédh B n‘g { Eﬁf tqhé@(fﬂl&‘lepélﬁﬁéﬂtﬁ@'caﬁ%é tdc@@htg;ﬂshed using

can be acco SI ng i near nechani cal gUI

inee] b 4 SR el BRS¢ i ana s
h h d f
size; Be 5R0E01 e grgatmﬁr"’t'n PSR HE RS Tesi0e t o | cas
{11561 & ghowp anpiies @mtpdiment SEDeGass T e AdNS ord ergeomment only
that the harness may be tilted at an angle to th

two leap 12 anp siflizase snrthis. embedimend, tha dgwersn @ftﬂtarle%ate dixed to the
the treatnment, the harness is fixed in its position

tablebbut régtable, raot thatthei Harness thalyfhey tilted atrayi anglete the table when
necessary for the same patient. Accordingly, the
desired] déius,/Br any pattidularqrart of thedraatinknat, the hamesads fixédin s position
rotating mechani smwhich may be selectively utilized
but m¥iEbe PREERAF tWd\diffBieht BAGRASAreTIETLESAryJor the same patient.
Accordingly, the holder 78 may be fixed to the table with an adjustable rofating
mechanism which may be selectively utilized when needed. In this harness system, a
connection point 76 is still provided for the various treatment modules. However, an
additional connection 80 for a second group of modules is also provided in a different
location on the top bar.
Thus, in this configuration, the modules are mounted from the central swivel

mount 76 as in the previous designs. However, to facilitate better access to certain

remote organs, an additional rotational motion is provided through the lockable swivel
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connection point 76 is still provided for the various
treat ment nodul es. However, an additional connection
V29031078225 econd group of nodul es is al so proviR{EPBGH0HA0143
different |ocation on the top bar. Thus, in this
configuration, the nodul es are nmounted fromthe

hesit g af the Waselof P lekfs wWiferdthéyald RoBheY 84 glﬁﬁji&éf fable. Thus,

However, to facilitate better” access to cert _
i : [ .
R e e RE W AP Ao Gh e ARt R s perineum an
) Q8 ds 7 t the base of
SURFRBHpE SRS SERYTRT Aot Hivlng 3 Woeie i greuie el route
A j rra nt can be UsS Wit h treat nent
appfiifins or o R dBNPIRTOr afneler G uhlowe s i ohie two-legged
ccess or.faor a trans-rectal diagnostic nodule to )
con 9‘6’9?“&% °frmetq?1ﬁeeh¢f88§% usgth I cQURIE bua trgptment transducers, onein a
rost.rate for exanple. Fig. 7 shows the use of the
S“PE%/‘\B*-“?'@%@F anggmeny @nhgransrin s tramsperineun Sdrarsangesesnt adong with a
couple two treatnment transducers, one in a
trangipyrtal $7 diagnesticprobeg drhis pravide seneuiltiple raute mpplieationdorthe
84 arrangenent along with a trans-rectal 86

prosiategios sxampler obe. This provides a multiple route
application to the prostate, for exanple. Another

poAsotheepdesibigridsign for ol plumlityt of HIFUHFMS ducaPsRUBRifizd & single jig
to utilize a single jig on which a plurality of

on which's plueslity offranSLErE dre mbﬁniéc@”ﬁ%‘ﬁﬁﬁ&d&ﬁs be moynted so
mounted so as to be fixed in regard to each other ana|

as td befixedin réb8rd foledBWothBFAnd ﬂg{‘?i’g#f PE@%H%?%% t&tehglfé felhted on a

nodul e having three degrees
' r e ts. Thus, the transducers
treatfiEne iR Rirge HeaRRE RO it SthehibprS bR ouS e
tion-t O ch other. This type of arrangenment can .
- a”‘""{%@hﬁ%‘é% This R drePpiicers mabaiced in tarez raeligge futremain
but ere it is not _necessary to individually aimthe
fixed iry &‘Héﬁ%‘@r%@%ﬂh@ﬂ s typeiaf aeagemest aap be usadawiere multiple
acoustic window to the target is
transducers are advantageous, but where it is not necessary to individually aim the
transducers. This may be in the case where a large acoustic window to the target is

available or where the target is externally accessible such as in breast and testicular

sites.

Surgical Planning

The mechanical system described above is controlled using an electronic
interfacing hardware with a PC having controller cards and specially designed hardware

that interfaces and controls the system. The typical lesion dimensions produced by a
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avai l abl e or where the target is externally accessible
such as in breast and testicular sites. Surgical

V¥ 29MIIH§22The mechani cal system descri bed aboveP(Té$G2005/000143
controll ed using an electronic interfacing hardware

with a PC having controller cards and specially

singie6f Gﬁﬂ@)l@ﬁfdﬁ\é@rﬁag{ hbfte hME]S CBFESIhR EhIFE %Fuﬁ{f%f; thg dfgired

system The typical |esion dinmensions produce

Rt/ 1L s/ té%gaﬂn%ﬂé%éan fljlé‘g{ﬁerﬂ'ﬁe&;%%f r}‘ge{ﬁu‘tually over

targ%ﬁ?ées may not be~able to cover the entire

tno S 86546 BT E0kn 1 SRR by ogpagig sutabe
exo s BOLAOEH 58 MR b B4 Sl BE b BEATBRG B e spo
follind AgckhiG P e s e SRt oS e bntre

and subsequent exposure until the entire volunme of
volupeof|thefume iIseanared in a thregrlisengphalidpBRel manner .
Fig. 8 shows the kinematics of the arrangenent shown
i rFigi § shqws the kinemgtica of the arcangamentshaven irfigr anbe image data
usi ng an i mage grabber card (MATROX, Meter 11). The
acquiiittgnisprogramyded eising atsinsagk grabbescardg MIAEROXS tNeter [1). The
ul trasound probe linearly (in-out) for tunor
diaghastielImadilié doldsr @gl ghides tandiaghostie) WiBse@d ploblel [HBaa (in-out) for
well as real tinme 1maging. Parallel inmage franes

tumo? thcllizAion, F&ji@@éﬁi?rﬁéﬁ@f/o!hﬁletéﬁc%étﬂfﬁ% Adiizds r@agﬁﬂe%hﬁing.

nodul e and are placed at an i ndex di stance w

Paraﬂé%ﬂﬁgé frtaﬁwéé"@o,QF%t?S efptindticufardb s &gﬂfﬁégﬁgg%ﬂﬁqﬂg module and

hori zontal transl ati on "arrangenent

o B 8 5, HEBAST B G oS 3 BBy e

surficre
rorzblg B AR B el o i P niion s
restriéga :E)S{@rg é Sieagqg&@ipgggf i’(rggtgg;éo rcg\slgrl tthiqurgiert] rggion in three-
dimensionat space. The pitch and yaw axes of the trans-perineum module define a
circular work space 94 on each image, thus resulting in a cylindrical workspace (along
with linear movement of diagnostic probe head during the procedure), whose central
axis coincides with the central axis of the image frames. The images are also registered
with other treatment modules if multiple modules are being utilized. Based on the
dosimetry and surgical protocol, a typical lesion size is estimated in a given tissue using
a priori knowledge. The HIFU lesion 96 is cylindrical in shape (with variable diameter

along the axis-oblate/cigar shape) and the length of the lesion determines the required

index distance between the images while the diameter determines the inter-lesion
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with |inear novenent of diagnostic probe head during

the grocedure), whose central axis coincides with the
HOP/40762i s of the image frames. The inmages RCI/HKI28¢5/000143

reglstered with other treatnment nodules if nmultiple
nodul es are being utilized. Based on the dosinetry

distaHe i W e twRURh&ERonal Fran¥d! fddadetSH! rﬁatiglie.ztfe%tﬁﬁ'nte la'nggules, the

estimated in a gl ven tilssue uslng

sl Bl ???&%@é?&dﬁﬁob%e%%éﬁﬁ g&'@@éﬁ%@g L ——
ho gt B Ao SR B 5Bl 3 A sige

d el % the i nt r-I esi on 20 WD 2005/107622
an E‘@W%@f’gﬂ ?tﬂ?@i"flﬂs" ¥i stance in a given two-di mensional

frame. In case of nultiple treatnent nodul es, the
r Ay |'meﬁ@CH\fssinéﬁ’réa@s'Saﬂ@ﬁgn@dJ@écallwlnméh%\ﬂérI!cab ugers to employ

mul tiple beans at the probe foci. The inmage
surgiegbipi@iqnpleel ehaice Hpdersslested controlshbhe bﬁBUdramdesen system seeks

the pre-operative stage and transl ated
its reéfenenae dpegedtspot by, ackessingeomtine \data tomn fthe eliagnostic scan module,
designed for allowing the clinical users to enpl oy :

Durirguthei pretplanrihg phbse dmaglesi of targed fissrehrRcé fAuRaThra0given direction
The HI FU transducer system seeks its reference target

with & Rilerbindag. cmﬁbﬂaomuérz Rirfldlare efAbd (EsiAg a0M8aseé eursor) and the.
scan nodul e During the pre-planning phase, inmages of

[ irection wth
tumot 3618 i cBRAa184 for it Lgﬁdé%éra{;e}af}g@?%rge cction

a given index. Tumor

r
i B BB 4R i g s

di Seussi f the sur
ve seipifid &8@%@@‘8&}?"08@%8@%%“ GBI 20 2005

c@?@él cat 3/ 059434, published July 24, 2003.

The si68ithere fuciher indiaates tenplppaingstages ysahior dae gta@gegtlc probe
) used for the diagnostic probe in preparation for the .
in pregaratipafroine:andivation aad contrelaf the trgatment tranaduderser s.

The control interface is shown in Fig. 9. The control

s biie wanteoliinterfiace isshawm imFign9. The control software is written using an
object-oriented software design methodology and implemented using Microsoft Visual
C++ and open GL. GUI 100 shows an on-line image view and system menu and
activates the corresponding detail functions. The two functions of the control module,
namely the image guided surgical planning and robot control can be implemented as a
separate tab in a function interface shown to the user. All the prime axis movements
are displayed on the screen and are registered with the image display.

The graphic user interface 100 is connected to a data base 102 through a data

management section 104 in order to store and retrieve data. This information is
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obj ect-oriented software design net hodol ogy and

i npl emented using Mcrosoft Visual C++ and open G..
WRR003040763hows an on-1ine i mage vi ew and syst eAGTRER005/000143
and activates the corresponding detail functions. The
two functions of the control nodule, nanely the inmage

ol it o Ing i, N BV s, Stieqhit mﬁra?’r%ﬁﬁ-nﬂﬁifméscﬁf’"
108 H-Eﬁlrﬁé‘é'd‘} @S@E{r@@ﬁe‘@mtﬁu&@rrﬁp@%@f 36600 12 which refies on

i mage di SP| ay. The graphic user interface 100 is

input BARCEdBleriata TQQt(&ieﬁéggeqr@zartmm;@ia managgment section 104. The
managenent section 104 in order to store and retrieve

robod iy &l.gn Tankols ihe diagnpslic medate @l freateiard nexules 24 and 30 in terms
PCT/ S&005/ 000143 conbined with the on-1line imges

of theipendvernéyet vehicly eam bera linesan ngincahent! fanthierdiagrestic amodule and
108. The robot 110 is controlled through the robot

movemehtsin the pittlarnyald@ndvmedr dikictioas o thé teatméntanvddiles in order to
interface 100 (the surgeon) and the data managenent

reach efl'th@ poditiéns Within theBRUndanyt mark the lfse‘i‘/@ﬁrgeon (durlng the data
di agnosti c nodul e and treatnent nodul es 24 and

acquistidPPand Euldial pldriR PHdsedhi ch can be a |inear

nmovenent for the diagnostic nodule and novenents in
the pitch, yaw and linear directions for the treatnent
nodules in order to reach all the positions within

dary marked by the user/surgeon (during the
Syst PCO% qui sition and surgi cal pI anni ng phase). System
trol The intent using .a robotic notorjzed, s
I heCPert et DRBE Tod BriZath gvsiagtis [ pulcestigeiy postion and
. and di agnostl c. probes with respect to each other and
registgy tie HiEPand diggnestic prabeswithhrespnestio eaghothen esidrwith respect to
configuration. The functionality of the control nodule
the patiergrpreciselyhines desised cbofiguiatins: Thedigrctipnalitybfthe giordiol module
pl anning (as explained in the above section), Robot
compases timeeabakit fagatiohss imadayuidel sodiddl fplaegdas explained in the
control .
above section), Robot control and trajectory planning and HIFU dosage control.

Robotic manipulation of various system modules is governed by a PC-based
controller (Galil, DMC 1842) using API programming for motion control. Three 4-axis PC
based controller units govern various sub-modules of the system within a pre-defined
and constrained work envelope. As various independent probes are required to align to
one point, the kinematics constraints include coordinated motion. The control software is

written using an object-oriented software design methodology and implemented using,

for example, Microsoft Visual C++.
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Roboti c mani pul ati on of various system nodules is

W?é)verned by a PC-based controller (Galil, DMC 1842)
PRY1B22 progranmi ng for notion control. Thr RCTASGRPF00143

PC based controller units govern various sub-nodul es
of the systemw thin a pre-defined and constrained

Wofjflc%ri & 58 ‘ﬁ' ?ﬁot%ﬂgéi i§ ldécl*d@g ?ﬁ Wﬁg&l?h@ﬁgﬁhgés and a manual or,

requir e one _
o O, A IEHAGG ﬂﬂg@;%%gﬁ%awzqqsé@sgzaﬁw‘wsducers .

t hod nd | nted usi.n

spodlfigthfitaliy snga it 7 coaBea edion (w5obg4pnioT she planned lesion
PCT/ S&2005/ 000143_ Once the surgical protocol is

positien pacR| S[veN Magsy Ehg|data that FR-Benager by the cearobmodule includes
aut o node selection is chosen, the robot accurat el

the rgbst initialization. nositionabingermatios, guch gp dae ppaition @&ateag'ngnt modules
such that the con-focal region is coincident with the

and giagnasiic medutenat  givieniinstaohard gafety contegjdnfomnetiora(ky reading limit
that are managed by the control nodul e includes the

switchelsand sensoed)i zati on, positional information, such as
the position of treatnent nodules and diagnostic

nothd asét isaaliivieinto BeleaDtargbt afsiscby stdBEG@nt 2-D images and the
information (by reading [imt swtches and sensors).

selecté@® prstBtoll Sarfbbk T8BRyEE PPt MaHude br AERAde. In the former case,
subsequent 2-D inmagés and the selected protocol can

the u?@r EERERVRE IS&étE)@ of MakR ue?ies%r} ﬁHttl‘?e BRdfre zHgsfg@WEh the help of a

Oor ner case, user s Iec t's | 'ocat| on

oursch eF4180, fhg 2ot pbbfioh E@?‘fiﬂa%@% W%H@ﬁ#?&c%év ?*ﬁaa'@ted to robot

cursor
[.S .automatical | transla .ed to r coqr di nat es .
coordifa@y U SBVRiSeLswaticn, coicuElBRs. © ClisRmee ang oraphical
raphi cal nodul es/solutions to inverse kinematics are
modl{@,%aolﬁwnﬁ HPsiyEFSso kingmaticsy are crised: I i thisaPlEresst (19d7)-  On
position again the user pronpts to position the chosen
confimatiendefcieposifipnpagaieithg uset prempts torpasiliorciile echesarisansducers
robot to nove. This sequence is repeated for all
by pressing a control on the GUI for the robot to move. This sequence is repeated for all
‘the desired target points in a 2D frame one by one and then in consequent frames, thus
ablating a given target volume in 3-D. However, in the auto mode, lesion margins and
indices are defined and the target boundary points in respective 2D images are
selected. The locations and sequences thus entered are stored in memory and by
pressing the play button, the robot replays and positions the transducers automatically
at those locations and delivers a pre-defined thermal dosage.
The data that are managed by HIFU-Dosage control module includes surgical

| planning information such as protocol settings, thermal dosage calculations, frequency
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the desired target points in a 2D frane one by one and
then in consequent frames, thus ablating a given
WQRWELOGH une in 3-D. However, in the auto nod@ET/SG2005/000143
| esion margins and indices are defined and the target
boundary points in respective 2D i mages are sel ected.

The || ocati ons and sequences, thus entered are stored.in .
of ORRIAHPY OLANBICE SEWE A EREN BRAT DTN O EXPPRire Bigion 1oCation, and
replays and positions the transducers autopmaticall .
off-tige thesween otwe | eorsesHlivelcPXRASESS) Hr gerroffripne; | result into

dosage. The data that are managed by H FU-Dosage ) )
continsioue expesidel whichcmayde fayprtiain centain pplicationss higweyar, in point
such as protocol settings, thermal dosage
to paiat endripulaticsy applicatiens \HIFRB dyeage0deliviedy @@ptrol and robot control are
PCT/ S&005/ 000143 of operation of transducers, power

decduple&bcls hesafety i statedy escpasute avbicany intedériense amdl unintended
of f-time between two consecutive exposures. A zero

expddlfe dufilgWarhibultionl t The! eystemnkilowe Lrémagbwmmuwl iblependent
may be favorable in certain applications. wever, in

paraRfgitid seleBtiti? it@tpdméib&iﬂ%mm BBbs GRideRitfivel grbtadenpdhere power
delivery control and robot control are decoupled as a
A tg Ak . t ' ' f tage fi
mod RIS} %ol APATEY 8 (b Ind PILof I IGRIGE' AESERG 8 Gdvantage for
. alhows r tely.controll ' ent r |.C
tissuf gbfafre AP st FRbh G S oo HEPED RO Epodes present
Jprotocols where power . nodulatjon and flexibility in
ﬂexﬂ:ﬁlﬁgﬂbtrgweg]t ?éOtSE"'ﬂ?é‘dl WG {W‘@sent s an advant age
for tissue ablation. Also, the simnultaneous and
i ndi vi dual or hybrid operative nodes present
flexibility in treatment protocols and operating tine,
SiSinee this apparptusds beingussad ing medital situatianditdaimperative that
situation, it is inperative that safety neasures be

safety nuespreshe thcomaratdibinky thieesystaine Oref sdafgtymaaasure is set at the
set at the software |evel where all of the maxi num

softwhidlicve! whéresall of the PhAU@RIM lifits BRYsét thrrevetithe rotistfroml going
the boundary of each probe workspace. The second

beyordiH BodnE BT bach PRobe workspace. The second safety system is the

hardware with emergency safe recovery. In any instance of operation, the emergency

condition can be called upon either by the software emergency button or by a hardware

emergency switch or sensor safety routine. In the emergency condition, all of the axes

~ are switched off automatically. During this time the computer stores all the positional

information so that it can reposition itself automatically once the emergency is resoived.

The present invention thus discloses a fully automated robotic system designed,

developed and tested for clinical applications, which incorporates pre-surgical and on-
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hardware wi th enmergency safe recovery. In any instance

of operation, the energency condition can be called
WEWAS/M76Rer by t he software energency button ®CTIBEG2605/000143
har dware energency switch or sensor safety routine.

In the emergency condition, all of the axes are

switched off autonmtically. ri this tinme_the ,

ine B3RO S arBE rapriess cpticeal BHER tasBubeer e stems ity
that it can reposition itself automatically once

ts e%@&&@@yan@gﬁe%wwomﬁ@ Frrlisatiens. mhenfopgtic tsbfﬁ@m 'S modular in
di scl oses a fully autonmated robotic system desi gned,

desigre paf dipsdpranisianssfoe fotho single and arultipigirpuie: aeness tarthe Harget sites
i ncorporates pre-surgical and on- 24 WD 2005/107622

for irkigpesdaticiidoomrddatéchsupsrinposeg expdspre dinearobrotio sisteoh has been
control ,of H FU transducers. The systems flexibility

testedsor dparatiry \phant@ns eapeboa hnvitro drabieg aliva tiskuesisucisas excised
The robotic systemis nodular in design and has

kidngysowith ivens prédisd @utcom & lafdaiigh MapidducibilitpUTite d66@RSsystem has
to the target sites for independent and coordi nat ed

also BHER teSIBP FStduRXRIMNEY VSlidatiof 4Bk &&M&h?ﬁh&ﬁﬁp&?ﬁed accuracy is
tested on | aboratory phantons and on in vitro and ex

Y,
oo PARL IR U BB L BRFAP M Y0, e e
em has .al so. been tested for functlonal val i dati on
reped{Rlfe ey e B MBI G cBmceur acy | s
agl_%on'pl ished within 0.5 pm (conpensat ed accurag_i/ i S
iThgirRbolic sysipy Qrarremerdhe nEpkigtywithjcopvertionad s transducers
quite high, within 0.1 mm The robotic system
(whlcbveliecéwds bige abr atoiuath A0t o miametens) byl providing a design that
transducers (which are fairly big, at around 10 cmin
incorpbiratest éhe ) udy amdvindepgnderde sogtnolt lvdit multipter pabasesThe angular
the use and i ndependent control of nultiple probes.
configlrgticrizdfol particisting ProBés ars cheserPauidH tap ebhiteudtiveliaterference at
are chosen such that constructive interference at the

the sﬁﬁﬂﬁhbm%mf ARl ABstreaRk' Hﬁéﬂfé’r@nbé‘t iRl {HY Heaf '&tﬁ herovide for
beam path provide for trackless |esioning and t
trackiBddYeBiohfiy SRS hifinildes %%d@qow&&lndﬁfgsﬂﬁal tissue.

The ability to manipulate multipie HIFU probes to target a selected region from

multiple routes allows for better targeting of remote tissue. The invention provides

- distinct advantages especially for applications in following scenarios:

(a) Prostate

The ability to target the tumor site from the trans-perineum route and one or more
supra-pubic routes renders the system with maximum maneuverability (flexibility)
to reach all pbssible target tumor sites, as opposed to the limited motion inside

the rectal cavity in the case of trans-rectal systems. The robotic techniques
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The ability to manipulate nmultiple H FU probes to
target a selected region from nultiple routes allows

WOHORH 762 targeting of renote tissue. The i nPERISGAMS/000143
provi des distinct advantages especially for
applications in follow ng scenarios: (a) Prostate The
ability to target the tunor site fromthe
t r Hpigupde thie systemaleo senteshiglhyacesaey, repgatabilityrng precision fo the
routes renders the systemw th nmaxi nrum maneuverability
(f besititmihg tapyl localizirgpabilig! Trapsseictdll butrer et alsarabserved frequently
sites, as opposed to the [imted notion inside the
r einit gthec awrirént dyatdrhe, satig dak thrthe eneapt aftersyeatioarteing ery closely
robotic techniques 25 WD 2005/107622
PGIosHb WA Ghé FectanisRING wiHich %JﬁeSdﬁtbQintmbl‘é @andetigrly attenuating
hi gh accuracy, repeatability and precision to the
POcHiUPR Tle2B¥stEMC BF '-tﬁbnﬁll'e;/%@hi | ihVentibh2Bercdficd tiRatr Broblem by

are al so observed frequen In other current
=YSUR0Tig BPLI-baPNEA Gntfof ERBPRNIE SR PING St low power
o RERT B ahid Sy 1 Bitinhutt GBS 18 e REEhYRY sfiand other

by av 'hdi rélg trans-rectal route and/or fractionating
tﬁp'gﬁg WHS nto nultiple | ow power beans/routes, thus

resulting in mninmmdamage to the overlying skin and
other normal tissue. (b) Kidney and other organs wth
trans-abdom nal reach Wth the precise robotic

(b} t dddneyyard oifer organs With traasabdeminalseaelem t he
mul tiple probes can be extra-corporeally and
preci sely positioned and maneuvered in between the
rib interstices. This provides advantages over the

C Witlethe pretistm®bots itechriquacafiondel chysthlegsresant system, the multiple
par abol oid H FU applicators, which Iimt the target

I pEbiEs EARtbeE aRtrBorpabid amadpitisdly paBitishe® &1 maneuvered in
i ntercepted by bone.” The _ '

between the rib interstices. This provides advantages over the current systems
using large single spherical or paraboloid HIFU applicators, which limit the target
region that can be freated and which can also be intercepted by bone. The
present system is aiso an improvement over the current laparoscopic renal
ablation systems, which is an invasive technique.
Furthermore, the robotic system utilizes inexpensive on-line ultrasound imaging

for guidance of the probe-positioning and controlling robotic trajectories inside the

remote target, as opposed to ondine MRI imaging as used in some commercial

systems.
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present systemis also an inprovenent over the current

| aparoscopic renal ablation systens, which is an
Wh45i67622% echni que. Furthernore, the robotic PEIVSERN05/000143
utilizes inexpensive on-line ultrasound inmaging for

gui dance of the probe-positioning and controlling

robotic trajectories insjide LhF renpte target, as
opposed to on-line MR ikikﬁ¥¥¥éEQMé§iﬁin sone
commercial systens. 26 WO 2005/ 107622
PCT/ SG2005/ 000143 Industrial Applicability The
subj ect nechani cal mani pul ator may be used in nmedica
t r eat Highsubjeehmedhanieal nanipulalor 7eaisbe gged in medical treatment
PCT/ S&G2005/ 000143 The followi ng references are cited
enviranmédspr esent specification. Each is hereby
i ncorporated by reference in its entirety and for al
purposes. 1. Chauhan, S.(1999) The Applications O
H FU And Robotic Technol ogy In Surgery', Phd Thesis
(Medi cal Robotics), Inperial College O Sc. Tech. And
Med. 1999. 2. R H Taylor, Et Al. An Image-bBirected
Robotic System For Precise Othopedic Surgery | EEE
Trans. On Robotics And Automation, 10(3):261-275,
1994. 3. Davies, B.L, Chauhan, S and Lowe MJ A
Roboti ¢ Approach to H FU Based Neurosurgery. Lecture
Notes in Conputer Science 1496, pp.386-396. Springer
Verlag, October, 1998 4. Sunita Chauhan, A Mechatronic
System for Non Invasive Treatnent of the Breast
Ti ssue, Mechatronics and Machi ne Vi sion 2002: current
Practice, 359-366, Research Studies Press Ltd. 5. F.
Tendi ck, and M C. Cavusoglu, Human Machi ne Interfaces
for Mnimally Invasive Surgery. In
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16. gg%ﬁ nfélﬁ;%m%}g%ﬁ@% [% i Fi%ilcsé% 2 Itlgég) éflﬁeﬁ{o%, and algorithms

enatlc nmputing), Jacques Cal net,

Pt1 A :P@EBQ&L& a&tﬁq 010 cgl9 )AQO:% 1"_}{ i{ggcﬁég als o athematics an
" A:%}a%%%ﬂ%ﬂgow?mﬁ%%ﬁﬁs %Eﬁbﬁﬁg%sshé ‘onlAl anﬁ?? Z’Iizblsslth;m:-.ttl(:a(li

d&ﬁaﬁﬁtﬁ% @Jcﬂﬁesdafmeﬁn)&lhﬂégda'}n nt(Egr)sducers conprising. a
base harness; a nmain shaft nopunted on said base

har ness; a dlagnostlc nodul e nounted on said main
shaft; at |east one treatnment nodul e nounted on said
mai n shaft; each of said treatnent nodul es having a
probe hol der for receiving a HFU transducer; and
each of said treatnent nodul es having notors for
nmovi ng sai d probe holder, each independently of any
other, through three directions at |east one of which
is a pitch or yaw.
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2. The mani pul ator according to claim1, in which two
of said three directions are pitch and yaw. 3. The
WaaMiopml7ator according to claiml, wherein eaclPCIfSGAISA00143
treatment nodules are nounted on a vertical shaft
which is connected to a horizontal arm nounted for
rotation in a horizontal plane about said main shaft.

What is Glaimeghispul at or according to claim 3, wherein said
treatment nodul es are nechanically detachable from

1. Asmegharical rsariptlat@don o Qo LY 8ansdRCh SEIDPESI000143
5. The mani pul ator according to claim1, wherein each
t r sdagedarmessl e contains three notors for noving the
probe hol der. 6. The mani pul ator according to claimS5,
whamnesin shaft nodurged dnsaidbasd hatessy noves said probe
hol der toward and away fromsaid nain shaft. 7. The

Med gk B vl floDBtedCor bAld&in sMagf ei n a second and
athird notor drive mter gears which interact with a

ceatibadt did PéatdRAL BRI ﬁBuﬁfboG(gi? gaMﬁgéib hitshaft to

cause yaw and pitch -novenents sai robe hol der.

. SN PR TGS e 8 PR Rer bRy

transhale g TENt and a third notor drives a connecting
structure for pitch novenent, said connecting

B8 S B il 553 bR i 5 oo,
wherei n sai d_di agnostic nodule is noved horizontally . .
eachd%‘g%erﬁi%v 6f ARy ather, throughghres, direglians at least one of whighyis a pitch

to claim1, wherein said base harness includes three
Oryawegs and a top rail connecting at |least two of said
| egs, on which said main shaft is nounted.

2. The manipulator according to claim 1, in which two of said three directions are pitch

and yaw.

3. The manipulator according to claim 1, wherein each of said treatment modules are
mounted on a vertical shaft which is connected to a horizontal arm mounted for rotation

in a horizontal plane about said main shaft.

4. The manipulator according to claim 3, wherein said treatment modules are

mechanically detachable from said main shaft.
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11. The mani pul ator according to claim 10, wherein
said base harness is nmounted on a treatnent table. 31

WAR9§ 62207622 PCT/ SG2005/ 000143 12. The PCT/5G2005/000143
mani pul ator according to claim 11, wherein the base
harness is nounted on said treatnent tabl e usi ng a

5. The fanpuldhcscionting &0 plabn °t, Micsi B e Rh0Rtl contains three

top, rail @endl ng, t her ebet ween, with sald mal n shaft
mOtBéﬁpﬁ%"?ﬂymﬂ & iR %Qp’tﬂ’efop rail. 14. The mani pul ator
according to claim 13, wherein the base harness is
nounted to a treatnment table so as to allow for
rotati on of the base harness at an angle to the table
6. Thermaoipulale actheding to plaim oo wheseio ogierd saisl miptaranlinearly moves
wherein said diagnostic nodule and said treatnent

saidmrdbeé beldar boveandtanol dveay from said @maintshbfy. a conputer. 16.
The mani pul ator according to claim15, wherein
encoders on said diagnostic nodule and treatnent
nodul es send |l ocation information to said conputer for

7. ToetrRambilatd dc@mﬁngﬂfbsclai‘m Bh@headih aWectRd dh@s third- métor drive miter
nodul e for noving HI FU transducers conprising: a

gearBvithiéh nﬁér‘é‘éf witl} a%‘ﬁﬂ%F Hn‘éﬂ 8@51‘ RolH{cd & §a8 %ﬁld&ﬂ’ shaft fo cause

probe hol der; a base connected to said

yaw %@E}?)‘Eﬁé nggrﬁgf)%éfjéﬁd prgge W6\ 05/ 107622

8. The manipulator according to claim 6, wherein a second motor directly drives said
probe holder for yaw movement and a third motor drives a connecting structure for pitch

movement, said connecting structure carrying said second motor and said probe holder.

9. The manipulator according to claim 1, wherein said diagnostic module is moved

horizontally using a motorized slide.

10. The manipulator according to claim 1, wherein said base harness includes three

legs and a top rail connecting at least two of said legs, on which said main shaft is

“mounted.

11. The manipulator according to claim 10, wherein said base harness-is mounted on a

treatment table.
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a first notor for noving said probe hol der and

connecting structure longitudinally along said base

WY 2108107422 second and third motors for causi ngdGrAYF248P00143
pitch notions of said nodule; a frame holding said

second and third notors on said base plate; a vertica
shaft connected to said franme for connecting said

nodul e to a structure. 18. The nodul e according to
t carrjes

aim 17 erein said vertical sha a .
12. ?&%TQP'PM%@“Q@%[PQ 1561850 14 Sbefa tie 45e hameas fmeunted on
,drive mt \r gears aon opposite sides of said fixed

Sa'%‘%%?‘eﬁétﬁ%?B$'"9&§|W@tqrfﬁ@_eﬂﬁ!t- The nodul e accordi ng

to claim17, wherein said second and third notors

drive spur gears on opposite sides of said franme

causing a pitch notion of said nodule. 20. The nodul e
13. dbedananipgiatas accarding © claime leivheran the bass hamess haadwo legs and a

said connecting structure are nounted on a linear
top il iedtendingtherebetweah aditio saiglandinkshaé haiag mountedliohaaid top rail.

pl at e havi ng nounted thereon a rack for engagenent

with a pinion nmounted on said first notor. 21. The

nodul e according to claim 17, wherein said second

14. TRé Bianiul SRY BESSHdMY RAISm $9NIREEINBeBdseddth8sd R'mydWed to a
nmovenent of said probe holder. 33 WO 2005/ 107622 .

treatigflé’m %9@%@@8 %géw for lgﬁant{)ot-F{)‘trﬁ’ tABPYLE hd gﬁét&%l 4 f%gcgtﬂa table

el n sai thir I'S nounte

surfa%ate for noving said connecting structure, said first
not or and said probe holder in a pitch notion. 23. A
comput er controlled mani pul ator for H FU transducers

conpri si ng:
15. The manipulator according to claim 1, wherein said diagnostic module and said

treatment modules are controlled for movement by a computer.

16. The manipulator according to claim 15, wherein encoders on said diaghostic
module and treatment modules send location information to said computer for

determining locations of the various modules.

17. A module for moving HIFU transducers comprising:

a probe holder;
a connecting structure attached to said probe holder;

a base plate connected to said connecting structure;
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a base harness; a diagnostic nodule nounted on said

base harness; at |east one treatnent nodul e nounted on
VEQRWIMREER2 har ness; each of said di agnostic nodRIRSG2AAH000143
treatment nodul es having at | east one notor for

novenent; a conputer electrically connect ed to said

dia stic dule and. tre dul es for traol ..
Sl B anodad geidrabe Nofes g Gnasru siEclyg longitudinally
nent nodul es; each of said treatnent nodul es
-alO“Ha?\?F @%B‘P&b@'ﬁol der for nounting a H FU transducer;
wher eby said conputer controls novenent of said probe
hoserand ansl Wirdaaetorsfor causing yavianslipiéch mtwa%pﬁsami module;
transducers. 24. The mani pul ator according to claim
2 3a fratver ldidingasstid eécaral and thirdtmetors oo daldebasecplateai n
three notors for noving said probe holder in three
d ey vedisaloshaft ceathatedstai sid framerfer benmertingrdaidimoddlety a
said computer. 34 PCT/ S&005/000143 25. The
struotmel pul at or according to claim23, wherein the
ultrasonic outputs fromsaid transducers are used to
abl ate tissues in a nedical treatnment and excitation

paranmeters are controlled by said conmputer. 26. A

. : t . . _
18. 'gﬁ?é;gf#ggtfgl %cr?ggiﬁnpgg Ir?!%\?i ﬁé Wrdr&h&3id V@l‘ﬁ ?f()%hgﬂiﬂﬁ %s a centiral miter

S an 1mage t

gear %ﬂg@%faf%%c{oﬂﬁ n%h fﬁ{gﬁ &8 og@\?egﬁiﬁtgra ﬁgg%::cgrfg é)ésllter ?@Mmd fixed

aid.area of .treatnment.
mlter gear for yaw motions.

19. The module according to claim 17, wherein said second and third motors drive spur

gears on opposite sides of said frame causing a pitch motion of said module.

20. The module according to claim 17, wherein said first motor and said connecting
structure are mounted on a linear slide which is mounted on said base plate, said base

piate having mounted thereon a rack for engagement with a pinion mounted on said first

motor.

- 21. The module according to claim 17, wherein said second motor is mounted on said

connecting structure for yaw movement of said probe holder.
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27. The mani pul ator according to claim23, wherein

each of said nodul es includes encoder for determ ning
WIH206i197432 of said nodul es and conmuni cati ng t HRET/SG2005/000143

positions with the conputer. 28. A nethod for

directing ultrasonic outputs of H FU transducers,

2 TR AT RN e s oo
v 6 i B 5 s 5 e85 A8 Bt e

. control,  the aimng of said H FU transducers; noving

"‘agﬁaH"FF@ﬁtnent modul es by conbined |inear translation
and at |east one of pitch and yaw novenents, to
direct said output of H FU transducers to said area
for treatnent, by controlling notors on said nodul es

23. Armommherseordraliedpoanipulatan dorditir s tradsdudens ngmpdsing:
acconpl i shed usi ng a mani pul ator conprising: a base
haa bass hamessj n shaft nounted on said base harness;
35 Anmended Sheet | PEA/ AU PCT/ S&2005/ 000143 a

di agiagabstc moduleembnitetanh shld bakd hapnessshaf t; at | east
one treatnent nodul e nbunted on said main shaft; each

ofat§@agl oheqrddieht ARdUieaRolRedth SailRE Haphalay for
receiving a HFU transducer; and each of said

Lﬁ@;&?%%ﬁﬁ@%@gms %nhqge%t&%t ﬁﬁw&t@g@gﬁﬁem one

, eac ndent |y of "any ot her,
motol ArSfoti i85t 1 ons at | east one of which is a pitch

a computer electrically connected to said diagnostic module and treatment
modules for control of movements of said motors of said diagnostic and treatment
modules;

each of said treatment modules having a probe holder for mounting a HIFU

transducer,
whereby said computer controls movement of said probe holders to direct

ultrasonic outputs from said HIFU transducers.
. 24. The manipulator according to claim 23, wherein each of said treatment modules

contain three motors for moving said probe holder in three degrees of freedom, said

| motors being controlied by said computer.
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or yaw. 29. The nethod of claim28, in which the prR§BESG2005/000143
hol der may be noved in both pitch and yaw 30. A
mechani cal mani pul ator for noving H FU transducers,
~conprising: a base harness; a main shaft nmounted on
sai d base harness; a diagnostic nodule nounted on said
mai n shaft; a treatnment nodul e nounted on said main
shaft, said treatnent nodul e having a probe holder; a
25. Theinganipwdetiirychariditige daipl 28,abidrginahe WitFdohicansplute $foPn said
said jig being nmounted on said probe holder; said

transduceentireeugedrodiblate ties s My AlRkRal fedthic®® aHd R6itdtRADaFAneters
as to nove said H FU transducers. 36 Anended Sheet -

are corltfiA4 AY said computer.

26. A manipulator according to claim 23, wherein the diagnostic module provides an
image through said computer for a Surgeon to locate an area for treatment and direct

movements of said transducers to act on said area of treatment.

27. The manipulator according to claim 23, wherein each of said modules includes
encoder for determining positions of said modules and communicating the positions with

the computer.

28. A method for directing ultrasonic outputs of HIFU transducers, comprising:
providing a diagnostic module and atrieast one treatment module mouhted ona
base harness; | |

selectihg an area for freatment using an image from said diagnostic module;

directing a corhputer to control the aiming of said HIFU transducers;

‘moving said treatment modules by combined linear translation, and at least one
of pitch and yaw' movements, to direct said output of HIFU transducers to said érea for
~treatment, by controlling motors on said modules through said computer. whefein said
aiming ié accomplished using a manipulatbr comprising:

a base harness;

a main shaft mounted on said base harness; -
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a diagnostic module mounted on said main shaft;

at least one treatment module mounted on said main shaft;

each of said treatment modules having a prabe holder for réceiving é HIFU
transducer; and

each of said treatment modules having motors for moving said probe holder,
.each independenﬂ_y of any other, through three directions at least one of which is a pitch

or yaw.

29. The method of claim 28, in which the probe holder may be moved in both pitch and

yaw.

30. A mechanical manipulator for moving HIFU transducers, comprising;
‘a base hamess;
a main shaft mounted on said base harnesé;
é diagnostic module maunted on said main shaft;
é treatment module mounted on said_‘main shaft, said treatment module having a
probe holder:; |
a j'ig fixedly holding a plurality of HIFU transducers, said jig being mounted on
| said probe holder; |
~ said-treatment module being movable in three directions so as to move said

HiFU transducers.
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