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ultrasound (H FU) transducers. In particular, it
relates to a conputer controlled nechani cal device for
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mechanical device for positioning HIFU transducers during medical procedures for the

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-operative 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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tissue volumes within the body. HIFU works by producing damage in the focal region of
an acoustic beam in a predictable and reproducible manner, while sparing overlying
tissue. Studies have shown that cancers/tumors 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 (shock-wave therapy), or tissue ablation (Focal Ultrasound



poi nt), stone disintegration (shock-wave therapy), or
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this system called Ablatherm® (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 lsraeli 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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according to the present jnven
Fig. 2is agperspectuvepwew of a first embo&ment of the treatment module of the

present invention.

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 vieyv 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.
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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
under 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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the motors is controlled using a PC-based controller through a user interface. The

transducers may be moved to focus the ultrasound on a single point or a series of

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, it is possible to carefully
control 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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This diagnostic module is utilized for pre-surgical planning and may also be used to
control the location of the treatment modules during the procedure.

This robotic system allows the use of either single or multiple 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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in energy distribution and mnim zes the
shapes and sizes and also provides flexibility in energy distribution and minimizes the
effects of non-linear propagation of ultrasound by reducing the possibility of standing
waves during continuous exposure routines.

Several types of HIFU transducers have been developed for extra-corporeal,
intra-cavitary and on-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

the 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,

8



effects of non-linear propagation of ultrasound by
reducing the possibility of standing waves during
W@ 00U5i10M621S exposure routines. Several types oPCHBE05/000143
transducers have been devel oped for extra-corporeal,
intra-cavitary and on-site/inpregnated applications.
The latter two can have a very selective a groach for . .
or lenshimensioget: @F PrRRRITES); Ar%eé'ﬁ?\ya%@f‘ﬂlﬂdedﬁ ghajliedl manipulation
offer a preferred choice for conpletely non-invasive
systegeiz therefae geguired e mowve she cultrasernd fesruse (. YNk IRah in case of
devices are, however, fixed in shape and in position
multiple t transdypees) to thee target decatiings). i Ebe i bearfshiapeals governed by
can be achieved only by changing the physica
transdicdpespdcificatibng, hans abus ds timamstebleeduring ¢he ppbtedurealThe specific
shell aperture or radius of curvature,or |ens

locatifh 8 Aé GRSUSBrgHrOPethel Rsthan Adodyewillstby affect thel design of applicator
mechani cal mani pul ati on systemis therefore required

systertr%. '@ﬁ\é@dt Nk’ & brisOfdtatibRTand Ratdfe bPtHe bBnémsdlity, the size
of multiple transducers) to the target |ocation(s).

and sﬁgggr@%?péﬁ%&%n@ﬂ%ﬂ qhi§ %@Beéhasgﬁ%g ‘gén_be evaluated by modeling

' on ~thus i's I nmut uring the
roce, . The .speci i ion of the tissue/organ
the ulfrﬁs?wglf{gfﬂfgr{r%ggﬁﬂﬁ {r?ﬁ%c?t%o%%ffect the design of

appl i cat or systens. ,Based on the di ' .
| Shatbicinin @Y remales 'aeazRd esHe Ablatcn)eing I, gormprses sudden
shape of the applicators (and thus the

e et P SBRBhS bachenchiie e SRS 51} Afroten of
of the transducers. The principle of remte, |ocalized )

ultrasoised uenerigyatlinen tersperatwes Uthssmindused (QR18RTC) ipEpdiige irreversible
necrosis in the focal |obe of the transducer due

chang@s il thet argéts. Binsyripstrunentatioh formpraging and aggurate targeting of the
tenperatures thus induced (60-800C) produce

inciddrit 'ePefd\Sisdfprivherggsrtantel inorder wedrisurd fthet, any undesirable exposure
instrumentation for precise and accurate targeting of

in nortntn‘ﬁ tissue is avoided. Thus, it is highly desirable to contrive a very accurate and
precise positioning system for the reasons of safety due to the risk of unwanted

exposure of overlying normal tissue.

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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concenDThe Magjor Treatmiesk oplioheifog peostateosartteni inblude omirgery, radiation,
therapy and a combination of medical therapy with surgery or with radiation and
chemotherapy. The popular surgical treatments include radical prostatectomy,
transurethral resection of the prostate (TURP), orchiectomy and cryosurgery. Normally,
prostate cancers/tumours are very small in size and can be found almost anywhere
within the prostate volume but Iarger-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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cancer in one's lifetime is 1 in 14. Prostate cancer

is therefore a serious public health concern. The
waorjosnotseeat ment options for prostate cancer |iPCHSGE05/000143

surgery, radiation, therapy and a conbi nati on of

medi cal therapy with surgery or with radi ati on and

chenot herapy. The, popul ar. sur.qgi cal treatngn i pal
case 41105A) [RUNERERC (b NorraiAR e AP (B s, THFRE has been
prostate (TURP),, orchiecto and cryosurgery... . .
clinicall RemPYstiaiede Jealrew EwIEARd R Sriget WIBPUY simylpting metastasis.
si ze and can be found al nbst anywhere wthi q.thg d of
piFosquendlyyibiediver isuthe sitegel; serondaly Wmals Lesflting,from the spread o
prostate are al so found anong ol der nen. Surgery is._
cancerssrom atheat angahs,ssughi s thermolomebbigasy Hewevaroprngpyliver cancers,
l oss with transfusion-related conplications, inpotence )
also aalfbdsinatigsantriupztornararchepatocedidiar icansingmagwhereby cells in the liver
intervention is not typically considered for patients

muta®h8a& fbinh & exResTbas avmosr,| eresalsbidrequentigaeportéch ag a major health
mnimally invasive | aparoscopi c radi cal prostatectony

probidmd§ted bire/ RigheseirfASaMnEARRYSarikEcaidereddo ncelated to infection
generally the treatnment cannot be repeated incases of

with g@cﬁ#&%ﬁﬁgﬁ NEOSELiveR cAnBaNis! VG ifiRURRBI B! uhleesude tumour is

as been clinically defronstrated to destroy
i ssue. and cur | t i i ASrSi ical
ound SRR ATV ALY B 1008 IR, TRt pfbere surgce
resulting.fromthe spre of n S tu » ;
s miond Sl PO SRR i AREEH Sl (L8061t stpndrer agains
| iver cancers, also called i gnant hepat.ona _or
whiclhefher H6GITGVGHIaES AE% AR SR e FaEp o g P7RJg o 10-20% o
mutate and forma cancerous tunour, are also,
patientsewbe rpregentepitht kier seangerfa) 1r others. & Gaminatian ghraare than one
are highest in Asia and Africa and considered to be
modadliey 4 edetl dfor nfeatingomatignanci¢se andpaany i difgrent types of wapcers. For

cancer is very difficult to control unless the tunour
metaktatit Gandemhentid liver, studiess saggest The ysecofadiovaniamethpds such as

deal with liver cancer is surgical
ablation along with liver resection. On resection of a single lobe of the liver, the
remaining other lesions can be ablated by the use of HIFU. The use of HIFU 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 testicular 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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resection along with a margin area of normal tissue,
and is the "gold standard" agai nst which ot her
wo eatioreed  pl ans are nmeasured. However, sur gerBCT/SG2005/000143

applicable to 10-20% of patients who present with
liver galncers. In others, a conbination of nore than
one nodality is used for [ [ [

spromty b B OSt§R e 5 acei e o A ke 3R HIEU abaton
cancers of the liver, studies suggest the use of

and iadjucabienif diagriased al @oreatly 8@t i on along with |iver
resection. On resection of a single | obe of the |iver,
t Hdhertrasoumigtransdcerewhishsare aise dorapeatmant iaye eowplgd ghrough an
of HIFU. The use of HIFU for ablating liver tissue in

approidteliquidisudhi azrdégusskd weer. Shanother gimipadiment, dhe tadsducers are
successful outcones. Testicular cancer is a malignant

encafs@aRan dsdaleF B8gasdat Wher beRisasith dhraphartiteliows atyresend to
of testicular cancer, sem noma and nonseni nona.

coupfd 5@?89%@%1@5&9]{% énér?{l withlthe 1i%e@d. Thé tramkeuddtt ared
cancers, it

I's the nost” commbn cancer in young nmen

inde@%@péy? c{)rgtr(ﬁﬁeéj léi difrer Worle frﬁétﬁf(?g@taﬂan NN othbt 6 tod function

A o A reast tissu are abl e tosprea
thro d )t ' f
and Gt APeRKiB ey A SRP et o SRR bR ritndliic e
at an rly stage., The ultrasound transducers '
treatreal ogulendh t e it USERHRRAd B REls d&luehces. The
appropriate |liquid such as degassed er. |n, another, . ..
end RAVMAACHEIRY, IS ﬁ@@omphﬂM%? ?S&%WQH@%&WM‘&94 eJepeatability to
_seal ed degassed water bolus wth conpliant bellows at
W|th|m)nk§).13_mmto coupl e appropriate ultrasound energy with
the tissue. The transducers are independently
c dihier tektiadart sites cére bevamdessed csipgdomu inerprabelmedids with either a

other or to function and control independent
singlé To?j Agitipled pobeShmotttegieon todn Kidney,divegnal nangsites ¢anebe either

accessed through 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
harness with each leg 12 being connected to a central location by a top rail 14. The
manipulator 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 arrangement, or may involve a sliding arrangement
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treatnment nodules in two nodes either using manual or
aut omat ed sequences. The end point accuracy is
waemonpiseshed and tested within 0.5 nm and t hePCT/SG2005/000143
repeatability to within 0.1 nm The testicular sites
can be accessed using only one probe nmodule wth
either a single or multiple probes, nted on to jt
mountediae g trackyen thegiableipgrtially showndn(ig-of )y diceniral ¥edicy! shaft 18
t hrough trans-abdom nal or rib-interstices, _using
carriesithgvarious prdbesghat aegpeuntedigsLihetmaniPHIERN dhesg@re connected
through either single or nmultiple routes. Mechani cal
throudlai qenitral posiibmingelelie thawhichrmay betaevabde fronssidasdo sigle along
Fig. 1 as having a three-legged base harness wth each
the tdpa@il 12 fehseexponadistdot individuah patients dbdteindhisiagjusted for a
rail 14. The mani pulator 10 is placed on a treatnent

patieht2RiLIdcRed irﬁb%‘&@ﬁioﬁﬁoﬂ\ihieféhtﬁélﬁrdwdhﬁmt is placed. The
mani pul ator is connected to the table at the bottom of

eﬂ%a#)%tiﬁ?n&&% 24h8 shaséndeas, BisallyScémfaigdrdm the vertical shaft

posi t The apparatus (not shown) for fixing the

18. le;\% aéﬁo&ﬁ%&&%%ﬁ)ﬁ@fnseb%ngggf i@lgf‘d'r?g‘%‘cﬁpr%ﬁé?%ich is used for

rangement, or y 1 nvol
. arrangenment .npunt.ed-,on r . I b
mooBRUSEAFEER ERAOIE Rt PR AP v
e various probes.that ar unt on th P

surgagAip Sarihait the SESRNGA aseh IERea o, tp SQgiP e, e adiusting, for
_ posi tioning device 16 which m%y_be vable fr §i de . ..
instance, & gRnesicaeglariyPq Bigangsiic REPLEIN ageestis 'aaﬁ?%t ot g individual

_individual patients. Wen it is adjusted for a . .
patieqtattiie raughlyt adjsstedaraauallyt(segtos Hireefipn) sisingraagyally adjustable dial

procedure. A diagnostic nodule 24 is suspended,
26. ThendiaRproyidesemt origritatidi ofithetsectos plansaso b 4 setitpe inikial reference
di agnostic nodul e contains a diagnostic ultrasonic
imag®s.ORenotshizédlingaruévkrhent in the horizontal direction is then provided to the
diagnostic module such that two-dimensional images parallel to the reference image
can be obtained. Once this is set for an individual patient, 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 shaft
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
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i magi ng the area of interest. The probe defines a
traditional ultrasonic picture for the surgeon to
wo ewsawreat t he graphical user interface of thePCT/SG2005/000143
conmput er. When adjusting, for instance, a generic
?ector tyge di agnostic probe in a diagnostic nodul e
for an indjividual patient, it is roughly _adjusted
verticgleshafl rgm(tbe cogeserndieg herzontal iy ﬁﬁﬁﬂ@ﬁf@rﬁu jAQnstant offset
dial 26. The dial provides an orientation of the
since ke horizentaharmspargsstackeskyertigally; taiallow independant giovement.
i mges. A notorized |linear novenent in the horizontal
dThe ¢tansducer mbdulep 36\ard elgtachableeatdhapential shafbsughethat only a
such that two-dinensional inmages parallel to the

selecteel murabereofi HifyLtramsdusersobeed bednoudiee. Thesomputertprogram that
an individual patient, further novenent is controlled

contrél¥ thése @bdulks i§ amseuettertinta modukse ifastion shtldee nomber oed
transl ati on system 28. The central vertical shaft 18

particFHa%H? gﬁéddlé§ aPPaLFRY BY the e an e Beg@himg2Rroughithe grephical

arm each treatnent” nodul e. On each horizontally

user 'ﬁic%tvr\-n%l\%glr Qﬁy%r [m?ng'ca%\b? Bh%@%el%@@dtsi@ngadéer module, the

I The ho(rjl zlont arns are hovabl e through an
n Wi Vi . fit ; i .
cone e MR AR A B g oo
t ransducer ul. i ted at th .
(ron-SAFF U o Vs SRek o o e SRR 268y gopscuce
ol b ot S BRnSL onl 2L 228 D, AR ey B contro
stacked vertically to allow i ndependent novenent. The
strategy anddbue intrasigingerd@nged sat@tvchabl e at the central
shaft such that only a sel ected nunber of HI FU

t Fign 2cihovssa fiest éntbedimnent ofd traatenend medule 3gr dgransdusat holder .
controls these nodules is also witten in a nodul ar

32 cohtirty am opadinghehiohrid ¢ypicdllyatibdridahantoghivhdbé edtrasoaic
defined by the user in the beginning through the

transdliceP MHAbe placed. Screws or other fastening means may be inserted through
the sidewalls of 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 shaft) which interacts

with a rack provided on the edge of base plate 36. The motor 38 and bar 34 are
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user interface. Thus, in the case of only a sel ected
single transducer nodule, the control problemis
weeaphofeeed t o coordi nated control with only tPEI/SG2005/000143
di agnosti c nodul e (non-coordi nated control wi th other
treatnment nodules). Wthin a given transducer nodul e,
. r - .
o AT SIgR o 1A BB bl 76 i BRAZIBIS (rofhih) which

s Y ABCES AR ol o D398 g o YRR TRB 38 s e
o R B0, . B B S Sy o i
drec B T T RS SR PSS b B K s

. transducer in its proper |ocation. The transducer

direc§f)-der 32 is connected to the rest of the nodul e
through an angled bar 34. This bar extends the hol der
anBet meehamisn faynakingn yaw (ightranddleft) sand piteh (up-and-down)
nodul e so as to avoid any interference. The size,

movegtentds contaimest hndhe top of dse base plbtet3G: This meghbrism is shown in
varied as long as it provides a stable structure for

Figs. RpBdirg4t Motprso#@ ahdl4ehavetageanadudrel 48 clespectiviely)@danected for
plate 36 on which the notors of the nodule are

rotatidunTieese \J¥aps iBract WRRUsp R gearse4Br ahe 3m! dehe 3purNgears are
a forward and backward direction. Mtor 38 includes a

wnnﬁtﬂ] %oﬁ@ﬁ%&d(%dﬁ&r@%%'i& ehiioWats Qa?ﬁ@é&?%ﬁlieter gears

a rack provided on the edge of base plate

54 anﬁ@@%resﬁﬁflg?gﬁé@go@fh%%?T%Zecstp{ﬁgq g{b(vt%{hqoé)q?%tﬂ%%ﬁgh%ars. The

t he base p na sli own)

it St R BBl APR38R b b e i o s
shapd, o)+, GFAR 20 FRIPTOA o ouHIEc a8 #apha PO, SBIcH s gonnected to the
base Slg{é. X}ernlt?catl)%haf%drsze}g %xgél?/%%nplgcl:t%ce}rto %%artiicgl ghgfit r2n.2|t<€;l rsupport the entire
module from the base harness.

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 framé 60, and hence base plate 36, on which they are mounted moves in a
cIockwiée 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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direction. The mechani smfor naking yaw
(right-and-left) and pitch (up-and-down) novement is
weonsaimwerl on the top of the base plate 36. ThPGI/SG2005/000143

mechanismis shown in Figs. 2, 3 and 4. Mdtors 40 and
42th?ve a %ﬁar 44 and 48, respectively, connected for
rotation ese gears interact_with

then ot mhe sipss thy e venteach pibet Kam Hoy ngr@lﬂ%?i@e CBniPéimiter gear.
(unnunbered) which extend toward each ot her. er

This gauses the axies @6 which theyare ynewiipd @nddhe SRES eeasa ﬂe%aaﬂéo to also
nmove along with the spur gears. The mter gears have

not nddveanThe rofatioh dfrthe magtoss Hharhcawsesr gﬂaarm‘t‘iean@é&rt%@hmb” around
having a sim |l ar shape. These gears and notors are

spur Geart £61and 507 sespeBlvelyhivith one of dinegetrsdd4 andH8 iaviag up and the
plate. Vertical shaft 52 is fixedly connected to

otherVdePri CrhisTbRiel thE flatne60 RO pivot hp ot oiwneatyond @neaxis aligned with the
t he base harness. In order to acconplish a yaw noti on,

axbgﬁ&%@ﬂﬁeg P& Jeargause mter gears 54 and 56 to nove
the sane dlrectlon (i.e., clockw se or

sg'lﬁn e&%@%ﬁmh@ é‘(t,tl Gr%\’f&ﬁeﬁteéﬁméiorérhb%rndg@%e frame 60

ears advance around the fixed

is moapatué ay@ e@rr p%ﬁh@%@gh? fﬁug%%ug%se hase Eﬁé‘ 98 t@ﬂﬁé‘wnse move

y are nmoun

sinc%gquavr\%égp |%8‘gr? ot y% X d:{),sgeﬁélt o$% iﬁ Igcgﬂ{o;v%% Sfhe slide
plteigreehichobaroH: and 5@@%5@22%5% By icHdaRyER iipn ana yau

motors 40 and 42 in opposite directions in relation.to.
movemendcsactbat thel transduceyisesimiarly meved. flldheeanplarsere HBYe“ under
nove since they prevent each other from noving about
the cohteolasinhe abmputer; whiehrdetdimises thesamountand Hisection afithen
they are nmounted and the spur gears 46 and 50 to al so

movement.

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 while they are manually set.

Accordingly, the computer is aware of the actual position of the modules at all times by
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not nmove. The rotation of the notors then causes gears
44 and 48 to "clinb" around spur gears 46 and 50,
wo e®paciseyvel y, with one of the gears 44 and 48rPaeGTgs/000143
up and the other down. This forces the frane 60 to
pi vot up or down about an axis aligned with the axles
bet ween the spur gears. Thus, de endln% op bhe i al
countifig dedsesnfrom b cenaodens sarghal haiPostignsoT thaemedylgs is always
60 is noved in a yaw or pitch novenent. This causes
maintaireed. pit sheulgeuttbed be antesh thas e ZPHLBOINH M aaEAEOIdhS rgodules may
connected fixedly to the base plate 36. This al so
be defnesssas torigbnthe anidaginerh abithe hventigal Bxis feNthis @go grapped to the
are nmounted to |ikew se have a pitch and yaw novenent
“origifi0akdwén terdférensd imeage). sThustiil iarsimpledoattterniine tihe pesition of the
notors are driven under the control of the conputer,
trans¥iégih determ nes the amount and direction of the
novenent. By utilizing this arrangenent, the

t rﬁ\@%&‘(ﬁ ?&?\t ﬁLal‘j/ ke EAMISRdNdiRg bHARRR G diffgrestumeshanisms. Thus,

which al Fow three degrees of freedomso that the

it is pgrﬁ%gge_stgpﬁngg IQQ?Q‘rj rtnioﬁﬂ%% &?%é)fré@ﬁfc@r Fptﬁé‘@aﬁ&ﬁ%ﬂéﬁ #older which

I mensional coordi hat es. en nultiple probes

. .are used, .the nodul ' ' f . . |

s a3 S S e, ABohFELAFRGaId, 7 RS possite o st
of the nodul es. and their. control. T # pch . :

bracket of pived RAcerya B8YIFS Wb BAMYES g TS il 4Rt gl Boation.
appropriate notor arrangenent can pe utjlized. The .
rm%!ﬂ-e§ FRYWHed| ﬁGW%L@PPW'%"tiﬂPﬁBgi PRt maqule-  In this
for a given patient. Al the joints are back-drivable

embaaiimentdbedriEU tahsducsreisnencastiatert i éndegassed Waiesyolus. The
whil e the nodul es are being noved are al so noved whil e

bolus imeludesea mahioval Parspex cylinder 62 in which is mounted a tubular holder 64

which is coupled to a three-axial wheel ring 66. The housing is water tight and has a
flexible bellow 68 at the front end in order to have a compliant coupling with the tissue.
The probe 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 arrangement. 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
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Accordingly, the conputer is aware of the actual

position of the nodules at all tinmes bycounting pul ses
wo easiivtse2 encoder so that the position of the pOOSGE®S/000143

is always maintained. It should further be noted that

the zero point for each of the nodul es may be defi ned

as horizontal and ainmed at the vertical i .
proba helderapd yaw motaiare sgyited. gince tha f@%@f%‘@h@héﬁ@ém ized weigh a
image). Thus, it is sinple to deternine the position
little a$ 206, grams,Todvement istascemplished aesiey be cal i br at ed
using a nunber of different nechanisns. Thus, it is
pdgi bishows anoitheérzembodiasnt afthe base drarmess. t inathisioase, the tripod
or the transducer holder which is ained at a specific
arrangehferp @ Bimitap. dHdvesvarnthet diagnosiicamnbdule 24 isi epldced with a different
possible to install a bracket or other nechani cal

diagritYit GRoddIEN IRBhIY Bdke, ttRe AROAIIET02¢rids8 trRTsoreletil rdrrangement which
| ocation. Fig. 3 shows a second enbodi nent of the

may bE&RAbUES hoNBSHhfy ubin tr'ﬂbéh@r!ﬂ?rﬂd'fﬂﬁﬂﬁch hiweblfbhvard and backward.

transducer is encapsu ated in a degassed water bol us.
I [

e SRR 40 A PR EPOER, ) 26 i 1 e
moqu\aﬂt L e tg%('niotﬁl\ggflb'lr c%l pggﬁlopﬁﬁbé}?rbgﬁ o OI;5I|shed using

or de A conpl i.ant . coupl.i th t etl
llnea&ﬂ@c[a%'se uadA | Shisiin st P9c<§’9§}9gtﬂ88 hasdfopeot¥ihalignt and his

in a piston arrangenent. The ofher novenents are

size. sT'?ﬁ centrl of thepksea odyle 3 reming hers@me- Fig. 2. An

al ternative arrangenent of the notor system pl aces

y &g £hshqvs anotbenempogimentofdpe b@ﬁ@hﬁrrmslsarh@ém’émboméent only

| i near novement remains sinmilar to that discussed
two legsov2 ard-iilzedr ,In tiie eyzhodimeat; deertoveriendzaf dherfegssaredfixgd to the

placing a notor directly in line with the probe hol der
table ( BiuBtatsble 0 sbhiRatthe drarsésss mpy de tilfedtat tanearghe o the table when
desired. Thus, for any particular part of the treatment, the harness is fixed in its position
but may be rotated if two different angles are necessary for the same patient.
Accordingly, the holder 78 may be fixed to the table with an adjustable rotating
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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hori zontal ly noves the transducer directly. The pitch
arrangenent is nmade by nounting a notor on the slide

w@b@sag7eee t h t he out put of the notor driving apcha6r00em00143
whi ch t heprobe hol der and yaw notor are nounted. Since
the notors which are utilized weigh a little as 200

s R EREETRNA o0 S0AD QBT B e o
ris PSR BSENSESTA B Byl o B prneum an

di agnostic noqule, In this case, the nodule carries a
SUPTEATHAL SeHSRa 10T 4 & HGBRERRIELHIPGROSHieymaduIRgy ovide muTtple route
horizontal | y usi ng nechani sm 72 whi ch noves forward
app"&ﬁﬂ”ﬂfa%’k@&ﬂtﬁ prostatefafexamaiel  bige Kvdowsrtbe aiseraf the two-legged
controlled in a simlar fashion to the |inear novenent
confighration afyherbase hamesshiseddecoople thostreatorent raosdudees, one in a
acconpl i shed using linear mechanical guide 74. This is
suprapubcbadangement ard posirn a dransfperineupad4 antanganheht along with a
size. The control of the treatnent nodul e 30 renains
trans-feetal 86wliagnagticprebews hismmblides erfaalipledute bpplitatibase the
harness. In this enbodinent, only two legs 12 are
prostatd, lfbz&@mplg. t hi s enbodi ment, the |ower end of the
legs are fixed to the table, but rotatable, so that

t %Jﬁﬁéﬂkﬁﬁ%iﬂ?@ﬂeg@rt@t %1 %ﬂ.uréﬁ'tg%? Fﬂﬁgltﬁaﬁsﬁu[:%‘r%oi% Zl’%’kglize a single jig

when desired. Th any particular par
on wHES SRty O ol kR8RS olnblufel. held5r208EH Ay B pountea so
e to ¥ 30 RENE e aun Y ek T Sl B0 o g e on o

mechani,sm whi ch may be selectively utilized when
"eatfﬂse{}@e@ Iehavna thisg Hegeees\af figedon erpthet pessiblegnayement
is still_provided for the various treatnment nodul es.

arranggments: | Thys. el transdiugers srmvclee mavedin thyeedirsstionsibut remain
roup of nodules is also provided in a different

fixed in relation to each other. This type of arrangement can be used where muiltiple

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 controlied 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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| ocation on the top bar. Thus, in this configuration,
the nodul es are nounted fromthe central sw vel nount

wQ B0as076ee t he previ ous designs. However, to faei1/8¢a0&000143
better access to certain renote organs, an additi onal
rotational notion is provided through the | ockable

st MFARE Gt By EBECTRBE et BE LB UIBI o A
e R e R LSS BPAREP LS ot over

trans-rectal di agnostic. nodul o0 provjde nmultiple i
the ep{iG I5SUB Of IMisesb LG HrepReRTS PE SARIRCLOFY Beafip Pba suitable
Fig. 7 shows the use of the two-|egged confijguration
expogredysationsef thetHELsbea dat & selgaisdrawes/ipteasityiayel) at one spot
transducers, one in a supra-pubic 82 arrangenent and
followingajsgaaninganetiqieef thenroldes and swgsanent expesyraiuntil the entire
trans-rectal 86 diagnostic probe. This provides a
volunmaubt thpllempasi teveredlin adhresnditrensionap mester.e, for
exanpl e. Anot her possible design for a plurality of
HFigJ 8t shamsscthe dhirserhatidsoofithe larraagemenb ghewhiing Fig) 7Whiihehindage data
plurality of transducers are nounted. The transducers

acquiS®y¥n ep Hékhﬁ%cﬁ@siﬁiah@mh@e@réﬁﬂfbridérd EBUATERAX, BRES I1). The

other and the jig. The jig may then be nounted on a

diagngtglﬁgﬁ%me : ﬁé‘%ﬁd'@;%Ydébﬂthﬁé’&\o@ﬁShﬁPa%o% 8@8%2%&& (in-out) for

I possSi e novenent arrangenents. T

tumorfr Ié%i&%ﬂ?lﬁ;%glgﬁ%tigﬁ a'ﬁ‘ay\ﬁ)%rt\g ctal&%%?ig ia{se\%i.lr%lgi‘e%};ﬁgée imaging.

nrelation to ea her.

rangenent e used er tiple transducers are
ParallRf R AERbs St i B Re PN Br e Bt el fiifstic Fduule and
i ndi vj dual imthe transducers. This .be_in the
are plaged 5o ek ARES Hitb [eppectis Mbarabs. (1B issidted GSing the
. available or where the target is externally accessible: - |
horizoptgigrans!atign@reangement 724&ig. &) Ape reach of the translatory motion is

restricted by a sufficient number of images to cover the target region in three-
dimensional 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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sites. Surgical Planning The nmechani cal system
descri bed above is controlled using an el ectronic

wo miosnézmei ng hardware with a PC havi ng cont r ol PEr/SGCa0S800143
and specially designed hardware that interfaces and
controls the system The typical |esion dinensions

o5 5 Sy o E S5 b e e
ety S S SS T o S h 550 L rpbo oo

dinterest. The treatnment is to be carried out by neans

The igragg cogrdinates ase Hussnetatad tarohat coprdimatesiincthenergranasative stage
sel ected power/intensity level) at one spot follow ng

and teanstadedhintig-operativelyf t he probes and subsequent
exposure until the entire volune of the lunp is
c Aveinderactiven interfaee ds nesigrasth formaliowing fhiegclirBcalhoses to employ
t he ki nematics of the arrangenent shown in Fig. 7. The

surgi¢dipastodalt af @hdiceLinidied Belestddy aitesetheldiFytransduig 8ystem seeks
gr abber card (MATROX, Meter I1). The diagnostic nodul e

its reféaéﬁée ?eﬁ@el%b&eﬁyg {8 sHiRg PSlireC dbtal fraPHid diigRBStic scan module.

linearly (in-out) for tunor |ocalization, registration

Dunngar a}ﬁfé P ﬁ?e&?’érs%t, 'uﬂagg§ Sgﬂréeﬁ%shﬁaﬁrgtdagﬁlrémb ven direction

anes are perpendi cular to

with 4 ﬁ@ @c?&{ gl#ggdrwtayg ?é”taree ﬁ@n St @bsm&%%qo@éle @ur}sor) and the

tumor%fr‘é%ésdcéﬁ B RF gaBHnG R AP B y ot on 15
bl Rbsh 0 S i s e PR pes con
and yaw axes of the trans-perineum nodul e define

be segnrig juklishest loternatienaArplicatiem W%§@59€ﬁéspw@§h\ﬁﬂl4ﬁ{§y 24, 2003.

in a cylindrical workspace (al ong
The discussion there further indicates the planning stages used for the diagnostic probe

in preparation for the activation and control of the treatment transducers.

The control interface is shown in Fig. 9. 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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with |inear novenent of diagnostic probe head during
the procedure), whose central axis coincides with the
w@eensnels2axi s of the i mage franes. The i mages BCES@O8000143
registered with other treatnment nodules if nultiple
nodul es are being utilized. Based on the dosinetry and
surgi cal protocol, 8|cal | esion size is estimated
combinedwiih $sonilige inages f\é Ryphe sKrgeaRdniccweicaliplanpingisection
l esion 96 is cylindrical in shape (with variable
108. diherrebet 1H) israpntroiedithireugin the rohot gamtrelisggtion 4he which relies on
l ength of the |l esion determ nes the required index
input friost theciatdrstceckd (thesungagekand theedathenanagement section 104. The
determ nes the inter-lesiondistance in a given
robottinuredicoRirsisanéldidgrvstic moduté@aad dfeatibht mbdules @4tare80 in terms
nmodul es, the resulting |l esions 98 are produced by the

of theﬂvmbbaﬁeﬁ{ whichidaBlte H8AEE Mbvémentror Bife didghestidMotiROshd
coordinates are thus related to robot coordinates in

movehltht® IrethRRSHcA! y%\ﬁ anH 9B ardTedtigRFbAiHRRreatment modules in order to

I ntra- operatlve interactive Interface is

reachdﬁﬂhgg)eq%n oNs vt Hu?YHenl?oJrEfarg Ham( @byggf ?ﬁ%‘r@on ? B%L’rigg the data

otocol s e un
FUtra s ucer s m seeks its reference target

acq“'é'IﬁS'P 389 SYEHEL R ﬂ’a"Bﬂ p%%%%) data fromthe diagnosti cg

scan nodul e. During the pre-planning phase, inages of

target tissue are captured in a given direction with a

gi ven i ndex. Tunor boundary points are defined (using
System &antal cursor) and the tumor vol ume is cal cul ated for

defi ni ng dosage paraneters. A further discussion of

t hiae dntegt obusinigam mobeficameterizest systemi isntoosutomatigaliyagesition and

can be seen in published International Application
registéC0ie 84 2hd diagmastibguiobed withdespeftIo elvh athecasd with respect to

there further indicates the planning stages used for

the pdtieht @r@(ﬂﬁ@?tlhca aesiksd confieanemt T firetioh&Ry af the @8bh®sl module
and control of the treatnment transducers.

comprises three basic functions: Image guided surgical planning (as explained in the

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 AP! 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 lrequired 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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The control interface is showm in Fig. 9. The control
software is witten using an object-oriented software
wale®sgoreeet hodol ogy and i npl ement ed usi ng M crecsD$G2005/000143

Vi sual C++ and open G.. GQUI 100 shows an on-1line inmage
vi ew and system nmenu and activates the correspondi ng
detail, functigns. The two. functions of the control
nGnpedhe siries) oteopliagCisieddadne BrePlenng Aliren gnd agnanual or,
robot control can be inplenented as a separate tab in

auto madmeeleston is shpae UkolRbPot AqcHEAtEeposilgns aldhgtrapsducers at
axi s novenents are displayed on the screen and are .

specifiedjilegatipag suich thatbei earytocal sggian is vaacigeapMith theqanned lesion
interface 100 is connected to a data base 102 through

positian dat a ginavaipeagentTheedatadhatiare managedrbyt theseantes! ametiule includes
retrieve data. This information isconbined with the

the rabot linitializZatieg,esosltidhab ynfoimeatiar, gach dsnthe positiginoaf] treatment modules
pl anni ng section 108. The robot 110 is controlled

and didyrivétio middulé abatgiveminsgint @atdapsty Kbatrohintdmiationgby @8ading limit
input fromthe interface 100 (the surgeon) and the

switcliE andBBR&HEENt section 104. The robot in turn
controls the diagnostic nodul e and treatnent nodul es

fﬁ"hé”l%e?% Mol B Qlﬁcgﬁgrdaet@éﬁm s%%é?f&eﬁ?‘@-l?%\%ges and the

i near novenent for t gnostic no e and
v ts i itch,. N [ [ f
selec{ R SRR s B4 bl e AP 0. 501 16 Rimor cae
osi tiQn i thi.n_the houndary. marked by .the .
the ufiFraledt? dasIpcalfn of oA adpoRaL IS SFURS Tnace il thg help of a
pl anni ng hasel). ?stem Control The, i ntent of usi nq a
cursof gglectien-nbie seleetedsprsitian IsthegmagesiseaytemeatiGallyJeansigied to robot
and register the H FU and di agnostic probes wth i
coordingégectising daverset tineraalirs,i ealcvlatipnst t Geometpat @pdt graphical
precisely, in a desired configuration. The
modufesrsalitiomsl itd yineérsehkineordatics| armdided for this purpose (15-17). On
confirmation of the position again the user prompts to position the chosen transducers
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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conprises three basic functions: |nmage guided surgical
pl anni ng (as expl ained in the above section), Robot
waeeonsneole2and traj ectory planning and H FU dosager/sG2005/000143

control. Robotic manipul ati on of various system
nodul es is governed by a PC- based controller (Glil,
DMC 1842) using APl programm ng for notion control.

of opdttatien of transduders zawer in@achdigast, time eEexpastire at aashylpsation, and
sub- nodul es of the systemw thin a pre-defined and

off-tis@ nbétneiene dwao cknseoutive pexpdsures ifouzero ndlidiemelewould result into
probes are required to align to one point, the

contificiR@posre; AVttt aidit be farable in eertdinmnapitations. diowdver, in point
control software is witten using an object-oriented

to poitRirh¥RpaIafes i HplisRidHedRIFgoRage | dalveryegsrebl umdnébot @ontrol are
exanpl e, Mcrosoft Visual C++. Once the surgical

deco%% g?é" a 's%f&?%t‘?&%gygaﬁ hgs RbeaidNahy dnftiRPEncerHhda unintended

or, auto no election is chosen, the robot

oo RGP AT Th AR AP, SR Boparn
poantirh SR GG, ROSL e SR ol S8R T pover

the robot initialization,, positional .informtion C
modulafiony &g dexBiibh T Shebe aridk s D desiaiy Riagligen 2dvantage for
) nmodul e at a given instant and safety control .
tissug ablatiomtAlsp tgsys'me'é%nWSl and indikigyal Hég'yg%l opgratiyp fyodes present

~The user is allowed to select target areas on
flexibilibbindpatmentpotocals end gpgrating tifeeect ed protocol can be

repl ayed either in manual or auto node. In the forner

case, the user selects the |ocation of making a | esion

on the on-line image with the help of a cursor

s glirketthiRnappBistus @ Beinglisedsihtal raedical siationpiy és insperative that
automatically translated to robot coordi nates using

safetyg ﬁ%ﬁ?gﬁ;}@é"ﬁ%ﬁdﬁ&eﬁl%@{hétsinté‘i’n. GrrengifetyGnédsiire is set at the
software level where all of the maximum limits are set to prevent the robot from going
beyond the boundary of each 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 resolved.

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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nodul es/solutions to inverse kinematics are used for
this purpose (15-17). On confirmation of the position
W@gasnotske user pronpts to position the chosenPCT/SG2005/000143
transducers by pressing a control on the GJ for the
robot to nove. This sequence is repeated for all the
desired target points in a 2D frame one by one and
line plansing an¢ presissuartorizedrentrot alHIFAbirarsdusess. gi he system’s flexibility
target volume in 3-D. However, in the auto node,
is espegialynaduantagesusria uraldgined applicatiensnkle sehbtichsystemgetmodular in
boundary points in respective 2D i mages are sel ect ed.
desighhend baspravisioss) fbrdeath esingle andumutiplesraadie aceess to ¢k tanget sites
menory and by pressing the play button, the robot
for indl@parient and cporiinated supbaniposed enpesure aThe b otiadysferathas been
those | ocations and delivers a pre-defined thernal

tested @FaRDoraty Fﬁérﬂoﬁ’%ﬁbnéf& RIVRES dnlYex VD siR@esuch as excised
control nodul e includes surgical planning information

kidnegé“?/httf@er!?/r foastesel O%Bme@génd HWYH Ferod9§Bi86. The robotic system has

al cul ati"ons, frequency operation of transducers,

' i f ' .
also 8Alesldd, 7 AcB A vdicHBof andRE BHED (Rt Becuracy is
of f-ti,me. woul esult into continuous expQsure, i C .
accoriphshet WyB i T (EimPene B AL od osa MR el it while the

poi nt to point mani pul ation applications H FU dosage
repeagrliility és fecerdad @iiteaighy wbin GdMmol are decoupl ed as a
safety strategy so as to avoid any interference and
ufihe rebatieds ystgro avescaines the protileml with canventional, slifekhtransducers
allows renotely controll ed i ndependent paranetric
(whicls edrec fdidyn Hig, pardroangat® ngmHnFdigmetees) by prelvieling v design that
protocol s where power nodul ation and flexibility in

incorpthates &YWl ez ear®f ihdEpérfdntnsomtFats ent muRipledhrebesdeThe angular
for tissue ablation. Al so, the simnmultaneous and

con it foe s NG, e ealrct eronce o
the superimposed foci and destructive interference in the beam path provide for
trackless lesioning and thus minimizes damage to surrounding normal tissue.

The ability to manipulate multiple 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 possible 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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Since this apparatus is being used in a nedical
situation, it is inperative that safety neasures be

wo nmen@meat ed i nto the system One safety nmeasPCESGE05/000143
set at the software | evel where all of the nmaxi mum
l[imts are set to prevent the robot from goi ng beyond
t he boundary of each probe workspace. The second
saihajue te\thiseystesn alwo readdmbigh asicuitacywapgatabylitg ahd precision to the
recovery. In any instance of operation, the energency
C @aditiohig Aranidealiziag lability ransrédigr bums tane atsaf bbgereed frequently
energency button or by a hardware energency switch or

S g dfHer TRhRhY syKEks) 9art!¥*dﬂié‘&) HEEgEY \atepldtibh deingldry closely
of the axes are switched off automatically. During

jositibh8& Wlh‘?tf@ﬁ%ﬂél‘%kﬁtWF\ﬁ:ﬁ @g’reééh‘i‘s Boﬁn'iéld SRdIhighly attenuating

ormation so t it can reposition itself

a%é’&l@%' Cald 3@ QUL #ﬂﬂqgrﬁgggﬁ}cym)eﬁ |5ﬁ58¢é48?me§hﬁ1§t problem by

present inventron thus di'scroses a uII omat e

X { f
R T R T e —
Lo SR G T wcsgerry.ng

especi al | y advantageous in urol ogi cal applications.
TRempakfissie- systemis modul ar in design and has
provi sions for both single and nultiple route access
to the target sites for independent and coordi nated
superi nposed exposure. The robotic system has been

(b) t &drey amd dthbooegamsywifthransabdamihabreach vitro and ex
Vivo tissues such as excised kidneys with very precise
out cones and hi gh reproducibility. The robotic system
has al so been tested for functional validation and the

e Wﬁﬂpﬂiéqéreél?s@méﬂé @i Affsiied %y&ﬁé%&ér&hﬁfétem the multiple
.5 mm (conpensated accuracy is within 0.1

m éjsltdéeeg‘ﬁﬁ ﬁﬁbéﬂ}t )énUS recfsel \)ﬂﬁgsiﬂ%é@ dHdhaneuvered in

otl sys emao cones

pf)gg\l/eeern met Pb (frﬂgys?i'%k O?ﬁ]ll &lwﬂeg raf%{‘v%ﬂ{é%% over the current systems

using large single spherical or paraboloid HIFU applicators, which limit the target

region that can be treated 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 on-line MRI imaging as used in some commercial

systems.

26



(which are fairly big, at around 10 cmin di anmeters)
by providing a design that incorporates the use and
wo peperseient control of nultiple probes. The arQub@005/000143
configurations for participating probes are chosen
such that constructive interference at the
superi nposed foci and destructive interference in the
beam pat h provide for tngustrial Applicablty ng and t hus
m ni m zes damage to surroundi ng normal tissue. The
ability to mani pulate multiple H FU probes to target a
selected region fromnultiple routes allows for better
t ar g&he sgbjett mechaeical manpulalbremiaybenyseshinpnedicaldesatment
di stinct advantages especially for applications in
envirb@heAts. Ng scenarios: (a) Prostate The ability to
target the tunor site fromthe trans-peri neumroute
and one or nore supra-pubic routes renders the system
wi th maxi mum maneuverability (flexibility) to reach
all possible target tunor sites, as opposed to the
limted notion inside the rectal cavity in the case of
trans-rectal systenms. The robotic techniquesuni que to
this system al so render high accuracy, repeatability
and precision to the positioning and |ocali zing
ability. Trans-rectal burns are al so observed
frequently in other current systens, partly due to the
energy attenuation being very closely positioned with
the rectal skin, which represents a thick and highly
attenuating nmedium The system of the present
i nventi on overcones that problem by avoiding
trans-rectal route and/or fractionating the energy
into nultiple | ow power beans/routes, thus resulting
i n mni mum damage to the overlying skin and ot her
normal tissue.
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(b) Kidney and other organs with trans-abdom nal reach
Wth the precise robotic techni ques afforded by the

w@emseois2syst em the multiple probes can be  PCT/SG2005/000143

extra-corporeally and precisely positioned and
maneuvered in between the rib interstices. This

provi des advantages over the current systems using

| arge sin Ie spherical or, parabol oid H FU applicators,
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Techni ques, Journal O Endourol ogy, Nov 2002, Vol. 16,

No. 9 : 635-643 12. Aarnink, Rene G et al..

Transrectal Utrasound O The Prostate: I|nnovations

WhathsClaimed is: Appl i cations. Journal O Urol ogy. 159(5):
1568- 1579, My 1998. 13. Haecker, MS. Mchel, P.

1. A Aldobanickl idanitdiatorfon mévindg hilfeld dranstiuters woendrisings ed
probes for Hi gh intensity focused ultrasound: An
exieidentearhass;i nvestigati on, 20th Wrld Congress on
Endour ol ogy and Shockwave, 19- 22 Sept 2002, Genoa,

|taéih)émlzéhafﬁHBUﬁti.ld(ah%mé'baslé/lha1?l1esl\s‘>L chel, P. Alken, K
U. Khrmann, A. Haecker,

H'agﬁlabr'ﬂcss%%%&y é%&ﬁﬁé’&'b@%@?@% chAFY) 1 nduced

honmeost asi s an tissue ablation, Bi OS' 03, Photonics
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theory, met hods, and al gorithns Springer,
"ans‘iigﬁ?roa% 2003: 1 SBN: 038795368X 17. Pfal zgraf: "On
GEonetrlc and Topol ogi cal Reasoning in Robotics".
AgaAgh ef said treataaalk megu'&ﬁd\amg motarg fon mewngisgicherebedrolder,
(1997) 279-318 (special issue on Al and Synbolic -
each migtepentdentiysof z{n:yrmger, tiyypugh dlarpecdirectibne af leashonerof which is a pitch
Campbel | (Eds.).Wat is Clainmed is: 1. A nechanica
or yawani pul ator for noving H FU transducers conprising: a
base harness; a main shaft nounted on said base
harness; a diagnostic nodul e nounted on said nain
shaft;

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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at | east one treatnent nodul e nounted on said main
shaft; each of said treatnent nodul es having a probe
whalodee76tDr recei ving a H FU transducer; and emchsS@005/000143
said treatnent nodul es having notors for noving said
probe hol der, each independently of any other, through
three directions at |east one of which is a pitch or
5. Themanipulatee ageaiding tatctrimat.cshereiiyeach teaimant modulggeetains three
two of said three directions are pitch and yaw. 3. The
motonsfadr podving theaprobediotdert o ¢l ai m 1, wherein each of said
treatnment nodul es are nounted on a vertical shaft
whi ch is connected to a horizontal arm nmounted for
rotation in a horizontal plane about said main shaft.

6. THe mEMpUIRDH Btdcrting taAtmds Nghdreircdrme of Said Wistoss lingafllynoves
treatment nodul es are nechanically detachable from

said §@b@ HEM&r toWafd afd allg fromisBid mbRY stfcor ding to claim
1, wherein each treatnent nodul e contains three notors

for nmoving the probe holder. 6. The mani pul at or
according to claim5, wherein one of said notors

7. Tﬂé &%ﬂ%&at@%@%ﬁﬂb%%&ﬁ% W& i g&@&rﬂi Qrgﬁj W?%nﬁtg{'anqive miter

ndnlpu ator accor

, d d. hi
oy B RERPRE AT AN i Gl e
yov G5 S o B e BB Y BLh

according to claim®6, wherein a second notor directly
drives said

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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probe hol der for yaw novenent and a third notor drives
a connecting structure for pitch novenent, said
W@ osRetseng structure carrying said second notePCT/SGEH05/000143

sai d probe holder. 9. The mani pul ator according to
claim1, wherein said diagnostic nodule is noved
hori zontally using a notorized slide. 10. The
mani pul ator according to claim1l, wherein said base
harness includes three |l egs and a top rail connecting

12. Ehe inaaipulatanactordimigdo labaim, 110 nvheheialthe biade inarmesshiaitourded on
mounted. 11 . The mani pul ator according to claim 10,

said trbatnesn tatsdle dshrs® shdy aeangermentount ed on a treat nent
tabl e. 12. The mani pul ator according to claim 11
wherein the base harness is nmounted on said treatnent
tabl e using a slide arrangenent. 13. The nani pul at or

13. Wﬁ%ﬂlﬂ‘&tbpaéé&&:ﬁp]to cY!?:%rﬁ'v&hérBﬁ théfb%sgfﬂarr‘ﬁé& mtmgs and a

legs and a top ra extending therebetween, wth said

top rmﬂeﬁc{ﬂﬁ{ﬁhé}%bggvéé&u %t‘ﬁgsa@nﬁa?ﬁ %Iééf?\%ﬁfn?; |Jnou d QLH;,gaéd top rail.

or accordi nhg t al m elnt
harness is nounted to a treatnent table so as to all ow
for rotation of the base harness at an angle to the

14, PSS ina B R L G RSB bR SR o o
nodul es are controll ed for nopvenent by a conputer. 16.
treatrprl 1Bl S0l s ratatign b the hass hamnegp et ap rangle to the table

encoders on said diagnostic nodul e and treatnent
surfaggdul es send | ocation information to said conputer for
determining | ocations of the various nodul es.

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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17. A nodule for noving H FU transducers conprising: a
probe hol der; a connecting structure attached to said
w@embaotsel der; a base plate connected to sai d PCT/SG2005/000143
connecting structure;a first notor for noving said
probe hol der and connecting structure |ongitudinally
al ong said base plate; and second and third notors for
cadisstrgotpaferanavipd seid probe heldesfranggannesting strugture lgpgitudinally
hol di ng said second and third notors on said base
alongaid baseplate;tanchl shaft connected to said frame for
connecting said nodule to a structure. 18. The nodul e
asecurdi vyl thirdahators fof, caukipigeiaw aad gitele mdtioak of kaidtmodule;
carries a central mter gear and said second and third

NBinte HHIdIR) $Ail 8ecORhaRd GirdPPasTs oh sidbaseplaai d
fixed mter gear for yaw notions. 19. The nodul e

ag GRHHaNShaP cohriddird to sl Hlafidifor FoAnESHRshid Mbdule tfla
notors drive spur gears on opposite sides of said

structlifd™® causing a pitch notion of said nodule. 20. The
nodul e according to claim 17, wherein said first notor
and said connecting structure are nounted on a |inear
slide which is nmounted on said base plate, said base

| at e, havi ng mounted. t hereon a rack for . e enent .
18. Thp ol AP GHE o Caram paid ey SRIEEEMET A central miter
nmodul e according to claim17, wherein said second \
gear afgt 71 sgCR ADE dhishmokera delyR faitar grFrs PP RAPGFEe pides pf Raid fixed
~ movenent of said probe holder.22. The nodul e according
miter gearcfoayawvmotiaiiser ein said third nmotor is nounted on
sai d
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

plate 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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base plate for noving said connecting structure, said
first notor and said probe holder in a pitch notion.
w@2osAoweonput er control | ed mani pul at or for H RET/SG2005/000143

transducers conprising: a base harness; a diagnhostic
nodul e nounted on said base harness; at |east one
treat nent nodul e nounted on said base har ness; each of

22. The modulggacssrdied taalaira21awherqin saickihird Faekar issmaaRiedpn said
at | east one notor for novenent; a conputer

base plate fori maving saisheenmneasting struaiuge, dsaa@ fiest metonaad saidgmmabe holder
treatment nodul es for control of novenents of said

in a pitoch onctiomf sai d di agnostic and treat nent nodul es; each
of said treatnment nodul es having a probe hol der for
nmounting a H FU transducer; whereby said conputer
controls novenent of said probe holders to direct

23. A%drﬁﬁét@ﬂb@nt%ﬂdé”h%nfph%rs@rF'ilﬂ-‘U’ﬁkéﬁsHaaét@Ltf‘oﬁli;ﬁlsu%"r The

manl puI ator according to claim 23, wherein each of
b% rﬁ@,&,éc%dt modul es contain three notors for noving
said pro ol der in three degrees of freedom said

mtﬁﬁﬁgb%mmﬁl hedloR oRrbsssenamaser . 25, The

or accor wherein the
a8l et Bt o R B R e} BRI BES BReT ot on
pag&rre} &5.3 ageno%?lg tn"ruc? J|§sda,-k,’(¥ trgg{rr(?erg:to rTBcl'fules having at least one
motor for movement;
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 controlled by said computer.
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26. A mani pul ator according to claim 23, wherein the

di agnosti c nodul e provides an i nage through said
weospabme2 f or a surgeon to |locate an area for PCESGIBHD0143

and direct novenents of said transducers to act on

said area of treatnment. 27. The mani pul ator accordi ng

I 23, wh h i d. dul
25. TkBEBPNan AEEpREe SR WTs mr‘Be“gF%s%cdw BEB frgm said
conmuni cat i n% the positiaons with the co
transaeeaI§Are disedi ‘PéE'{aﬁ%ﬁsﬁHqsr'%o’HFé'C@ frpene ARS8 i spgitaton parameters

transducers, conprising: providing a diagnostic nodul e

are canigoliad bysaifl comPUtereat nent nodul e nounted on a base
harness; selecting an area for treatnment using an
i mage from said diagnostic nodule; directing a
conputer to control the aimng of said H FU

26. A maniplilster accordinigtg ckamd23, ivdereierthe diajyriostic myoduderprovides an
linear translation, and at |east one of pitch and yaw

imag8¥velBRsaid (Edmdutéﬁfdr saurdeon tepldcatd ahlafés forareatinent and direct
to sald area for treatnent, by controlling notors on

movetierits 'HS‘PQHﬂdQFaﬁsBUQé'r%rto Rt 6n %‘ém’é'rte%fof trfatméRe net hod
according to claim28, wherein said aimng is

acconpl i shed using a mani pul ator conprising:a base
harness; a main shaft nounted on said base harness;

27. %%?ﬁ%&!aﬁ p%’éjéélrc‘f’ n g@fa‘ﬁq P g nr?éicﬂ of I%% im}p?hlésq{?ﬂhdes

nounted on Sai
enco$%rcf§?gg§$&{n§1&frtllgn§%gltlgr?sd s s?asld I?ﬁlgtljqus and rcgrt%l%grﬁlcgtmg th%rposmons with.

the computer.

28. A method for directing ultrasonic outputs of HIFU transducers, comprising:
providing a diagnostic module and at least one treatment module mounted on a
base harness;
selecting an area for treatment using an image from said diagnostic module;
directing a computer 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 area for

treatment, by controlling motors on said modules through said computer.

29. The method according to claim 28, wherein said aiming is accomplished using a

manipulator comprising:
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transducer; and each of said treatnment nodul es having
nmotors for noving said probe hol der, each

w0 paepemdent | y of any ot her, through three di rect/sem®s/000143
at |l east one of which is a pitch or yaw. 30. The
met hod of claim29, in which the probe hol der may be
nmoved in both pitch and yaw. 3 1. A nechani cal
nm@P359 RABESY or novi ng HI FU transducers, conprising: a
base harness; a main shaft nounted on said base
h&meigsshaft mpuated on saidbase damras ed on said main
shaft; a treatnment nodule nounted on said main shaft,
s @ dlagnesticmeodulenthunted anisaid enain shaft;hol der; a jig
fixedly holding a plurality of H FU transducers, said
| iagld2st bge reatrhedt modudeindoyiteld @nhsaidierain shaftt t r eat ment
nodul e being novable in three directions so as to nove
s @iagh IdF E&ldttFeatmeHt@odules having a probe holder for receiving a HIFU

transducer; and
each of said treatment modules having motors for moving said probe holder,

each independently of any other, through three directions at least one of which is a pitch

or yaw.

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

yaw.

31. A mechanical manipulator for moving HIFU transducers, comprising:
a base harness;
a main shaft mounted on said base harness;
a diagnostic module mounted on said main shaft;
a treatment module mounted on said main shaft, said treatment module having a

probe holder;

a jig 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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