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Abstract—'l'his paper desen'bes a master-slave surgica)
" roboti¢ system with" software .modular system "design, which
integrates- various® independenﬂy developed -surgical devices.
When we addnew ‘fuictions to thé developed modular
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ée: arms The central arm holds ar endo-
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: arm, fo change the direction of viewing, or the two outer .

arms- for mampulatlon Together they. produce hlgh-quahty
- ‘precise operanons that ‘éould niot bé performed using con-

ventioridl surglcal instruments. For examiple, ‘da -Vinci [4]
* has clinically apphed one of these systems to’ thoracxc and
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. laparoscopic surgery. Master-sléve robotic systems are usu-

ally a monolithic software system, which consists of several
closely related components.[5]. It can manage ail the tasks
. and keép performance of the whole system stmply because
a monolithic system confines integration to speclahzed

components in system development. However, replacement -

of even a single device requires time-consuming redesign
of the whole system. On the other hand, modular systern
architecture consists of independently developed software
components by which the developed system achieves var-
ious: functions by changing components and thereby re-
solves the reprogramming problem. However it is difficult
to evaluate the computatlonal system load when we change
the system configuration depending on changes in the
cliiical requirements. In particular, a stable and reliable
control system with high sampling frequency is required for
a real-time surgical nechatronic system, such as a master-
slave surgical robot. Nevertheless, it is desirable to realize
various functions for sophisticated operattons in an actual
chmcal environment. There is a trade off between these two
requirements. -To realize -a modular master-slave surgical
robotics system, while maintaining reliable real-time con- .
trol, a new ‘approach for control system design is required.
This paper describes the design and implementation of a
new modular master-slave robotic system with reliable real-
time control, even with changes in system configuration,
and the results of experimerits. to “evaluate the ut1|1ty and
performance of this master-slave manipulator system.

IL MeTHOD L
 A. System overview

We have developed a. modular master-slave manipula-
_tor system with' various -high-efficiency surglcal tools for
laparoscoplc surgery ([6]). The system consists of the
following components (Fig.1(a)(b)).©

1) A robotic wide-angle view endoscope using wedge
prisms: [7]: We have developed a robotic wide-angle view
eiidoscope using wedge prisms, which can observe a wide
surgical field without moving or bendmg the laparoscope
* (Fig.1(c)). This was developed-independently as a stand-
alone surgical instrument; an embedded micro computer
mdependently controls thls robotic endoscope. The moving
direction of endoscopic view. is .defined in laparoscopic
cootdinates. It receives remote command for viéw angle



E Flg 1. ‘Overview’ of the master-slave system The master-slave system
) 'conslsts of a maSter(a) and’ ',s_lave(b) The master . consists of two
i mampulators(nght and '1éft) for sénsing . surgeons operation,
' mtor that shows an endoswpxc image.’ The slave

)OF). Each DOF is moved by a passive
_The surgeon can ‘set the forceps

“ap; 'pnate for each ‘operation using this
{¢). Endoscopic manipulator; A robotic wide-
wedge prisms; which can be auséd to observe &
r bendlng the lapamscope, (d) Various surgical

axis of the endoscope relative to the origin set at the
“the robotlc endoscope body was calculated by the micro
computer “This information was transmitted to_the other
system through RSZ32C communication- interface. Col-
lision problem between manipulators is-serious problem
when a number of s]ave mampulators with large work
space ‘are used. Since the body of the robotic endoscope
-does not move, the use of this- fobotic w1de-angle view
endoscope using wedge pnsms reduces the risk of co]hslon
of mampulators ]

2) Forceps manipulator: The foxceps manipulator has
four degrees of fréedom (DOFs) to create the same motion

of the forceps as in conventional laparoscoplc sufgery, two

DOFs for onentatlon -around the incision hole, and two

1] en,doscqpe The mampulator-posmonmg-

i) gmspmg forceps ,2)graspmg forceps for soft

DOFs for insertion and rotation of the forceps[6].

3) Bending forceps: We manufactured various types of
instruments; two types of needle holder, grasping forceps,
and special grasping forceps for soft tissue, such -as in-
testines (Fig.1(d))[6](8].

B. .Sjvstem configuration

Therefore, our modular master-s]ave manipulator system
consists of various -independently developed surgical de-
vices. While integrating components with individual differ-
ent samplmg frequencies in modular manner, the master-
slave system must be a stable and reliable control system
with high control sampimg frequericy, at least 100 ms to al-
low human visual feedback control. The consistent master-
slave operation in coordinates associated with changes in
the endoscopic view is also required. In addition, in clinical

situation, it-is possible that some of the surgical devices

are mterchanged with different surgical devices. Reliable

" real-time performance and consistent operation- should be
-fnaintained, even with changes in system configuration.

To meet these reéquirements, we proposed a new system

. conﬁguratlon with ‘the followmg three- major functional
. systems:

« Position reglstranon system. to achieve cons1stent op-
eration in the integrated coordinate system, °

« Modular system with asynchronous capabilities to
avoid performance changes caused by the introduction
‘of various subsystems in an individual control interval,

« Managemerit system to arbitrate inconsistencies be--

tween systems and to maintain consistent perfonnance
in the entire system.
These systemns are described m detall in the followmg
sections.

N

C. Position Registration System

. If we use various surgical tools at the same time, it.is
required to measure the various positions and orientations
of the instruments (Fig.2). An external measurement sensor,
such as an optical tracking sensor, is effective in achieving

- the above requirements because it can be selected indepen-

dently, regardless of the features of the integrated surgical
tools. An alternative method for measuring the position
of each subcomponent is the use of mechanical sensors,

- such as rotary encoders and potentiometers, 'installed in the

mechanical arms. The measurement area of the mechanical

" sensors is confined to the working space of the robotic
-mechanical arms and the additional electrical wiring makes

the system more bulky. Consequently, we used an optical
tracking sensor (POLARISRR, Northem Digital Inc.
Canada) as an external measurement sensor. Optical mark-
ers were mounted at the base of each device and the sensing
unit that emitted infrared light and received reflected light
from the markers tracked them. A root mean square (RMS)
érror of approximately 0.35mm -has been achieved.. The
sampling interval is approxxmately 50 ms. In master-slave
operation, surgeons operate based on the endoscopic view
at the master site and send the command to the slave.
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- sensor: Thete are various coordin in a modular master-slave system;

Coordmatw of edch. surg:cal msu-ument ‘and optical tracking.

. coordinate’ 6f ah optxcal tracking sensor(EP), coordinate. of an end of

- endoscoprc mampulawr(EE), coordmate of an endoseoplc v:ew-(Ee),

.slave mampulator'Ea and eoordmate of 8 master mampulaxorEM

At the slave- srte thrs command based on the coordmate

of endoscopw view is transformed to' the coordmate of

the slave'robotic manipulator, A slave rhanipulator follows
_the coordmates associated with changés in the endoscopic
view: when operated in the master-slave mode. In summiary,

,coordmate tmnslatron ﬂow in master-slave operatlon is as
shown in Flg 3. ’

D Modular system thh a.synchmnous and perzodzc re-
“_-sponse PR

others, avordmg mterference between mtegrated modules

Thrs method ‘simiply makes each subsystem take ‘most up-
to-date _$ampling data. Therefore, in the system- contro]
soﬁware, each dev1ce S conlrol soﬁware is ‘executed as an
' mdependent process ‘and communicates’ by, using shared
- memory. This achieves safe and quick removal of any of the
integrated' surgrcal devrces from the entire system during a
surgical .operation, ‘because each process executes individ-
ually. The functions above serve a large-scale system con-

' s1stmg of various components, such our modular system,

'ly, commrmxcat:'n between subsystems is real- 3

. MASTER.
Displacement of the positon and
orientation on master I (xyza,8,7)

A sngnal(mmalm,smp.md)wutevms

| and position on the
sampling period

Prsem posmon and

SLAVE

Fig. 3. Data ﬂow in master-slave operation; Snrgeons opmte based
on the endoseoprc view at the master site and send the command to
slave(3,T). Therefore, the command based on the coordinate at the master
site.was translatéd to the coordinate of endoscopic viewgT). At the slave
site, this command based ‘on the coordinate of endascopic view{ T) was
translated to the coordinaté of slave robotic mampulator%T) by way ‘of
polaris coordinaic(ZP).

requrred real-trme operation, all the subsystem should be

. -execute at constant period with reliable performance If we

use’ general Operating System(OS) such as Windows and
Linux; the performance of each subsystem-is determined
by OS at random. It causes jitter of execution period and
does not prohibit our.system from keeping the reliable real-
time performance. We must confidently expect the next
execution period of each subsystem to be without jitter for
a real-time sufgical mechatronic system, such as a master-
slave surgical robot. To-meet the condition, the subsystems -
should havé sufficient performance ‘to guax’an'tee adequate
execution of the required tasks. Realtime penodlc exe-
cution and CPU reservation is -guaranteed using functions
of the real-time- operating system (QS) (Ti ime Sys- Linux,
Tims Sys Corp, USA). This keeps the performance of
the surgical modules sufficiently :reliable to control each
subsystem. Therefore, we developed the modular system

-shown in Fig4 with asynchronous communication and

wrth safety Moreover, considering a master-slave system. -

o

penodxc executron using a real-time OS.

T E Management system

The position regrstratron system follows a series of pro-
cess, as shown Fig.?? Consrstent master-slave operation on



. asyncronousand SR
r\ penodlccommumcatlon o

Usmg"real-tune‘penodlc funiction’ enabled each’ component to execute at

‘a. constant ‘period.

the coordmates assoctated with changes in the endoscoptc

view cannot be achieved unless position - registration fol- .

“lows the proper procedures in the correct order. One of the
o solutlons of: achrevmg consxstency in. followmg thie proper
correct -order is to use a. synclironous,
: ow ver, this method changes the
erefore, we adopt asyn-

' orde, 3 Nevertheless we must achleve the posmon reglstra-
tton-_ by flowing the ‘proper procedures with asynchfonous
© operation. Moréover, master and slave are connected by
Ethernet connection using. TCP/IP commumcatlon Then,
-an unexpected jitter ‘caused by an mternet ‘conhection may
- not'guarantee reliable performance in the entire system. We-
mcluded the followmg arbltratton functtons to avord thease
srtuatton '
. Arbrtratlon between subcomponents To reahze syn-
~ chronize operatlon between subsystems, regardless of
asynchronous .manner,
« Arbitrdtion -between’. master ‘and slave: To maintain
real-tlme petformance between subsystems, regardless
of jitter.  * - '

1) Arbitaration among subcomponents A slave ma- -

mpulator follows the coordmates associated with changes
in the - endoscoplc view whén operated in master-slave
mode. Thé slave mampulator must therefore acqulre the
new coordlnates after-each change in-the endoscoptc view,
In our endoscoplc ‘manipulator it requlred approxunately

" ‘Master  Management Endoscopic  Slave
’ . system manipulator . manipulator
Slave : :
model - .
s Start
1
: Start Stop
Stave]
i Slave
mode
Slave
mode
Stant
Ti‘mé‘

Flg 5.  Overview of data exchange among master, management system,
endoscoplc mampulator and slave manipulator

Position * Position’

. mmj ling data(4, 6 end 8)

> ’l'lme

Tra_]ectory of s surgemns opernuon Trajectory of a slave mampulator ;

l-'lg 6. ‘l'he tra_]ectory of the slave from the last command sensed and the
‘newest one afier discarding opcratton Dashed line is trajectory of sensing
surgeon’s operation, continuous line is actual driving trajectory of a slave
manipulator and wlute circle is position data wlth tlme-stamp from 1 to.
10.

250 ms to acquire the repositioned coordinates after en-
doscopic view change whereas communication interval
between master and slave was 100 ms. Because of the-

. independent operatron of each subsystem with its specific

periodic execution schedule, if the slave manipulator moves -
before acquiring the new coordmates, its movement may
be incorrect.

The management system avords ‘this possxblllty by fil-

tering the motion commands ‘from"the master. When a

command for endoscoplc view change is issued from the

‘thaster mampulator system, the management systems starts

to dispose the motion commands for the slave manipulator
until the new endoscoptc coordinates are established and '
its data are sént from the endoscope. This - -ensures” that
the slave mampulator cannot move, however, an operator
can ¢ontrol the slave by communicating with the master at
fixed clock periods, regardless the condition of the slave
system. Once this registration is reestablished, the' slave:

» Time



mampulator starts to. follow the motron comnmnds from-'

the master manipulator(Fig.5).

2) Arbztaratwn between rmaster and .slave Intemet con= °

nection is possible to cause unexpected communication fre-
queticy between subsystems Another” ‘possible failure. can

occur when displacement requests from the master arrive at -

'afasterratethantheycanbeexecutedbythe management
system. The requests are accumulated over short periods

with the system time and:stored. for subsequent execution - -
]eadmg to unexpected delayed motion of the slave manip- -

ulator In- some cases, a flood of reqmred operauons may
. cause loss of control of the slave manipulator. To avoid this
problem, ‘we used the System time infofmation to identify
. the ‘most up-to-date request: from- the master dlscardlng

" commands that caniot be hanidled by the slave manipulator.
Generally speakmg, a hlgh rate_ of posmon command
. trénsmission 'is required..to- ‘achieve. a precise continuous

‘ ;path conlrol ‘of the slave mampulator Pomt-to-Pomt (PTP)

".-control “is -also. important to ‘achieve precise positioning )

“of "the surglcal device. That is, using the system time

. information t_he management system interprets’ the series
of positioning commands from the mastér irito a seriés of

: "'Tcommands ‘that can. be handled by the&lave manipulator.

*. ‘With this" command mterpretatron the: slave manipulator

_ approxrmately follows tlie positioning commands from the
master as precrsely as possrble with stabthty(Frg 6).

III EXPERIMENTS AND RESULTS

Expenments ‘were conducted 10 eva]uate the basic per-

formance of the proposed modular master-slave surgrcal_

robottc system

,.A Evaluatwn of .Regzstratton

e'r stte control]ed ‘the slave mampulator usmg

’ the coordmates ‘of the endoscoplc video image. The op- .
,,erators were two engmeers engaged in the development ;

of the master-slave system and one: volunteer that was
_not accustomed to ‘master-slave operatton “The operator

was requested to’ move a nng (drameter approxtmately I5-

mm) from ‘one’ cone’ to another Ease of ‘Operation was

“evaluated by measurmg the. operatron time, defined as time

from holdmg ‘the ring to. completion of the move. The
measurement was repeated three times for each operator.
Table 1 shows that the engineers have ‘better results than
the volunteer for operatmg speed-but all standard deviations
were similar. It appears that dlﬂ'erences in experience -of

master-slave operation were the main ‘factor in the varying ’

operating time results. The small standard deviation of op-
erating time for each operator mdxcated that operationality
changed little for each subject among trlals and stable
manipulation was ach:eved_ in this system. Thes_e results

Displacement on X axis[min]

Fig. 7. Experrmemal-envnumnent As one example of dexterious task

_wrthomreglstrauon,weprwaredsomeeolorcones(dmmaterxsabom
: lOmm, height is. about 20mm) placed at random.
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Fig. 8. Experimental results showmg the movement of a mampulator in
X coordmates

0. 5

showed that reglstratron and consistent placement on a
common coordinate were achreved
B. Evaluatzon experiment of the management .system

In this experiment, we used various surglcal devices, as
described in the system overview, and tested the capability

.of our open, modular system to perform as a ‘master-slave

system using the management system, even if the integrated
surgical device was mdependently developed and was not
designed to be a slave device.

1) Evaluation of arbitaration among subcomponents:
We attached optical tracking markers to the tip and the
base of the slave manipulator and measured the posi-
tions of ‘these’ markers using the optical tracking sen-
sor. We' simulated ‘a sequence of endoscopic coordiriates
on a computer (the Virtual Master), sent this sequence
from master to slave.using TCP/IP networking ‘at 100

“ms and evaluated whether state change was conducted

smoothly in two' different modes (slave ‘mode for driving
slave manipulator§ and endoscope mode for driving the

* endoscopic manipulators). Figure.8 shows that the driving

trajectory (displacement distance) of slave manipulator
followed the input data after changing the mode from
endoscope- mode to slave mode. The result in-endoscope

. mode showed approximately 0. This is why the endoscopic
-mampulator only drives and then the slave manipulator
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. Fig. 9 Companson result wnh and without the management system; This
Figure was that the result of data eommumcatron by the slave mampulator
control system’ from the mastér system. .

stops in. endoscope mode There is a fructuatron of the
slave ‘manululdtor motion’ data in Figure. 8; it is mainly
caused’ by the_measuremient errors. of the optlcal tacking
' sensor(RMS approxrmately 035mm) Although it took

;'250 .msec for the robotrc endscope to update the endo-. -

. scope <coordinates system after it changes its direction of
“--viéw, the management system ‘could successfully arbitrate
the transition of -the- old coordinates system to thé new
system by suspendmg the slave mampulator motion for

' approxxrmately 300 msec.. The updatmg period between

- master and slave was kept as 100 ms. This data showed

that the, system successfu]]y suspended the -opetation of

the slave mianipulator durmg new endosc(Jplc coordinate
acqulsmon ‘and restarted its motion afier reglstenng the

. subsystems using the new- endoscoplc coordmates In this
expériment, the commiunication to acquire coordmates from

" the. endoscope was slower than the commumcatlon between
master and slave mampulators Even under this condrtron,
-our managément system could ‘operate surgrcal devices at
-therr individual -control mtervals , .

" 2) Evaluation of arbitaration between master dand slave: -
Thrs experxmental condition was the. same as that above.
Fig. 9 shows the nurnber 6f data stock by the slave manip-
ulator control system; 1 thie master. system Without this
arbitration, a flood of required operatrons may- causes loss

of control thig slave marn suldtor.. Even if an operator wants

_ 'ately the’ stop ‘motion required emergency
ited after some delay. Introduction. of the
proposed"management ‘system stabilized data- acquisition
requu'ed real:time- performance between master and the

. other subsystems '

IV DISCUSSION
Many telerobotrc systems with distributed modular ar--

* chitegture usmg standard rruddleware software have been- -

'deve]oped Several studies using- surglcal ‘robotic systems-
have been - reported using the common object request

. “broker architecture (CORBA), whichi is one of the many -

_ standard mrddleware software packages avallable CORBA
allows us. fo integrate various’ systemms in 4 transparent_
. manner, regardless of the hardware, operatlng system, or

programmmg language used. The application of a CORBA-
based system to control an image guided surgical robot
has been reported [9,10). Schorr et al. controlled an MRI
compatible biopsy robot by sending its control information: -
using CORBA. Considering the. nature of an MRI scanner,
it appears that the required bandwidth for communicating
navigation data in that :case is. not as high as the band-
width requlrements for communicating between our master
arms and slave manipulators or for the dynamic motion
control “of our robotic manipulators. These applications

require relatively slow response of the subsystems because

the manipulator was controlled by a surgical navigation
system without human interference. The command up-
dating frequency was relatively low and did not require
real-time operation. When we. unplement a master-slave
system that requires strict real-time operation, such as a
manipulator controller, then these non-real-time objects can

- create a bottleneck that will determiné the overall system

performance. The introduction of surgical navrgatlon in
the operation of a “master slave manipulator is required to
achieve'safe and more accurate surgical operation. CORBA
uses a communication protocol based on TCP/IP, which is
unpredictable for sending contrél commands. Therefore, it
is difficult fo realize a master-slave system requiring strict
real-time operation. To implement a more sophisticated
surgical robotic system, such as a master slave surgical
manipulator system, with surgical navigation, a- method

‘must be developed to keep satisfactory, stable overall sys-

tem performance- ‘while enabling the integration of various
subsystems. Our modular system with the combination

-of asynchmnous communication and real-time periodic

execution can integrate various surgical devices without

changing the intended performance of éach subsystem

and control processes with @ real-time OS, although our

modular design cannot provide some of the advantages -
of CORBA,_such as connection in a transparent manner;
independence from the operating ‘system. Introduction of
the proposed management system and enabled various
integrated surgical devices and their control process to be
executed asin synchronous system with no interferences. In
addition, it can stabilize data communication between mas-
ter and slave using asynchronous communication between
the other subsystems. We implemented position registration
of various surgical instruments using an optical tracking
gystem by the system design approach described above.

We could control ‘all the sibsystems in a consistent manner
as an entire master-slave surgical system on an integrated
coordmate system with stable real-time response.

- V. CONCLUSION

In this paper, we describe a modular master-slave_surgi.-’
cal robotics system, which maintains reliability-in real-trme
control. We propose. three design principles; a position reg-
istration system for achlevmg consistent operation between
surgical instruments, an asynchronous communication sys-

tem to. avoid interference between modular subsystems’

and the management system to keep the whole system

-



synchronized. We confirmed our methods through evalu-
ation experiments and described the difficulty of applying
CORBA to mastéer-slave systems. Position registration of
‘various surgical instruments using an optical tmckmg sys-
tem was. achieved. A task requiring, complicatéd manip-
ulation” without position registration, was performed. The
standard deviation of operation time was small and stable
manipulation for each. operator was indicated. We inte-
grated a robotic wide-angle view endoscope using wedge
prisms that has relatwely slow communication capabilities.’
Our management system allowed the ‘integration of such
devices with different perfonnance We -could control all
the subsystems consistently as an entire master-slave surgi-
cal- system ‘on ‘an mtegrated coordinate system with stable -
rea]-ume fesponse.. -Future developinents will include the
v ;mcorporat:on of ‘additional forms of surgi¢al devices to

. 1mprove the safety and accmacy of surglml procedures.
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’

Abstract. We developed a combined system of tumor detecuon by 5-ALA-

induced PpIX ﬂuorescence and precise ablation by | micro laser for the first time,

- with afi ‘automatic focusmg and robotic scanning mechanism for the brain

. surface 5-ALA ‘accumulates on tumors to be metabolized to become PpIX that

is-a ﬂuorescent Intra-operat:ve detection of 5-ALA induced PpIX fluorescence

_prowdes useful information for tumor detection. The wavelength of the micro

laser is2.8 um close to the absorpuon band of water. This-laser is effective only

on the surface of brain tissue, enabling precise ablation at the boundary between

. _-tumor’ and . normal tissue” identified by intra-operative 5-ALA induced

flubrescence. Combination tésts of the fluorescence measurement and the laser

. ablauon were performed and it was poss1ble to extract the area with fluores-

‘cence appropnately from the measurement data, and the micro laser with
automatically scanninig selecuvely ablated the. extmcted area,

1 mtroduction 4

In current -neurosurgical practice, surgeons can remove most of a tumor with an
accuracy of a few.millimeters by using a combination of conventional surgical
instruments, .such as an electric cautery, and a computer-alded navigation system
-based-on dJagnostw images, such as MR and CT i images. Residual tumor, especially if
the malignant tumor like glioma, may 1mpa1r the prognosis of the patients and it is
necessary to remove as much. of the tumor as poss1ble while keeping the normal tissue

R. Larsen; M. Nielsen, and J. Spomng (Eds.): MICCAI 2006, LNCS 4190, pp. 543~ 550 2006.
© Spnnger-Verlag Berlin Heldelberg 2006



. the : ' of “brain. tissue, enabling precise ablation at the boundary between tumor

' scannmg .mechanxsm for the brain surface This system is designed for possrble
' locahzed pmpomt detectron of the tumor, then ablating the fluorescent aréa with
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intact. However, it is dxfﬁcult to know the exact boundary between tumor and normal.

tissue, and excessive ablation of the riormal brain tissue will damage its furiction.
In craniotomy procediire, déformation of the brain tissue, called “brain shift”,
occurs due to cerebrospinal fluid leakage and surgical interventions. In some cases,

_ brain shift reaches to several tens of millimeters and continuously i increases during the
" procedure [1] ‘This _Trequires navigation based on intraoperative MR 1mages This

navxgatlon, however contains a few millimeters of errors at a maximum caused by a.
registration of preoperative dragnosrs images [1] and intraoperatiove images and an
accuracy ‘of the position tracking using $uch as an optical marker. Furthermore, there

s a tradeoff- between ‘high frequency of image acqulsmon for more. accurate

-nav1gat10n and not: Ume-consurmng imaging. : :
Sumlarly, the’ accuracy of conventional surgical procedures isa few rmlhmeters for

T removal of remdua] tumofs. Thérefore, we desired to dchieve a more precise operation
B ‘ accuracy of sub—mrlhmeters To that end each. of a measurement and remova] -

: mduced orotoporphyrm X (PpD() ﬂuorescence in the tumor and with accurate
‘ ablat:on of the tumor with the micro laser. 5-ALA, which is “orally administrated toa:
‘ paucnt, accumulates oh tumors to be metabolized to become PpIX that is a

ﬂuorescent substance [5). The wavelength of the micro laser is 2.8 yim. Light with this
wavelength is- mostly absorbéed by water, and therefore this laser is effective only on

stepprng “driven precise posmon control in the whole system. This is first attempt to
integrate mtraoperatrve fluorescerice detection and high precision laser- ablation-

-system. In. addrtron, each of the measurement and ablation is performed under the

'robonc posmon controlling.

2 Materlals and Methods

- In this chapter the tumor detectlon using 5- ALA-mduced PpIX ﬂuorescence, the

micro Jaser. module .the automati¢ focusing and robotic scanning ‘system, and the
whole ‘system mtegratmn are described. Fmally we proposed the expenmental

. -procedure for combrmng these surgrcal processes.

21 Intraoperatlve Detectlon System for Bram Tumor Usmg 5-ALA -

: Fluorescence of PpIX is fully observed a few hours after orally administrated 5-ALA. .
* Irradiating near-ultraviolet light of around 400 nm; PpIX emits the fluorescence of the ..

wavelength of _635‘nm at peak intensity from the brairi tissue.
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Applymg a hlghly sensitive Camiera is one of the reasonable ways for mtraoperatlve

' -detectlon of PpIX fluorescence. ‘Although it is possible to ‘acquire a wide-area 2-
:dlmenswnal data at one time, obtained. data contains only- light intensity and simple
color information; As PpIX fluorescence is so much weaker than the excitation light and
a guide laser of the AF system, it requxres the optical narrow-band-pass filter to cut off .
the other light sources. Nevertheless; it is difficult to separate the fluorescent component
from the-intensity and the color inforination of the image signal. Therefore, we chose
the use of a spectral photometer easily extracting the peak intensity of the fluorescence.
The ‘spectral data contains important information about tumors; for example, a spectral )
- shape . and a peak wavelength possibly vary with a density of tumor cells, a class of
tumors, and other. conditions of tissues. In- the future task, we consider- acqmsmons of
the functlonal mformatlon of tumors by spectral analysis.

o : - Spectrometer

Laser Diode

- Fig. L. Tumor_de'téctior'n' system using 5-ALA-induces PpIX fluorescence

Flg 2 Fluoresoence detectlon pivbe -

PpIX fluorescence - was collected by a detectmn probe and gulded into a
spectrophotometer through an ‘optical singlé-mode fiber, then performed spectral
analysis: (Fig. 1). The detector has a diameter of 8 mm, using asphenc lenses to
‘correct abérrations. ‘The detecnon resolution is set to 0. 6 mm, cons1denng a tradeoff
bétween fiot decreasmg “of the acqurred light intensity in proportion to the square of
the resolution. diameter and-improving the accuracy of the measurement (Fig. 2. A
band-pass filter; Wthh transmits over 60 % at 635 nm and up to 5 % at 670 nm, was
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fixed on the tip of the detector, cutting off the excitation llght and the gmde laser :
(peak at 670 nm) of the AF system The working distance of ‘the detector is 16 mm to
a tolerance of plus or minus 0 5 mm.

2.2 Micro Ablation Laser Module

For ablation of tumor tissues; we used a mid-infrared continuous-wave laser with a
" wavelength of 2.8 pm, bemg output by a microchip solid-state laser on the tip of a
laser -probe [4]. The pumping light source for the solid-state. laser is a near-infrared
diode laser with a wavelength of 970 nm, gurded through a quartz optical ﬁber to the _
laser probe

As the light wavelength around 3pm has strong absorptlon feature by water this laser
is effective only on the surface of the living tissue, and it can make a precise ablation
with a low: output-of 0.2 ‘W or less: The laser beam is focused to a diameter of 0.1 to
0.15 mm with a lens, and an ablation groove is formed equivalent to the spot diameter in
the soft v1tal tissue. The workmg dlstance of the laser probe is 15 mm £ 1 mm.

: 2.3 Automatlc Focusmg and Robotlc Scanmng System

" Both the ﬂuorescence detectlon probe and the micro laser probe have each workmg .
drstance and this requires an AF mechanism, constantly maintaining the distance
from the bram surface. In this practice, we used an AF system designed based on the
three—drmensxonal measurement system (Mitaka Ko-ki Co., Ltd.) (Fig. 3). In this
system, position measurement was performed using a confocal optical mechanism and
the guide laser was picked up with a split photodiode, .enabling a focusing with an
accuracy of micrometers. The wavelength of the guide laser is 670 nm. This system
was coupled with 2-axial automatic stepping drive stage and can make a robotic
scanning on the surface of the bram '

Fig. 3. Autor‘natic focusing and robotic -scan_nlng system
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Monitoring
surgical field

Data of the
~ fluorescence

" Ablation control based
on the fluorescence

 Adtomatic focusing and
robotic scanning system

Fig. 4. Syster configuration

System Integratmn

s

- -Frg 4 ,shows the system conﬁgurauon in thrs paper. The ﬂuorescence detection. probe,
~ and th micro laser ‘probe were attached to the AF system. The data from the spectral
: photor ster was stored into a- personal computer (PC). Swrtchmg of the micro laser
and’ sca?nmng with the steppmg drive were both controlled by the PC. We can observe
surgical fieldview- by .2 CCD camera in the AF system. This image was used to

B CONtFO electnc motors to: posmon the ﬂuorescence measurement system and the laser

"ablatron system

- 2;5 -*_Exp"_e’x"irnental_ Procedure :

. Measurement of Fluorescence Signal

. Measurément . area “was defined on a CCD camera view of the’ AF system and
sectloned 1n a grid pattern. Measurement was performed on each grip pornt with raster

‘Highly fluorescent region |¥ Dura matter

_Fig. 5. Anexample of the measurement procedure of the flucrescence on a porcine brain
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scanning.- A pomt in -the measurernent area was regarded to have same ﬂuorescent
property. with nearest gnd point.. A grid interval was determined to 0.4 mm,
. considering that the grid square was included in the circle of the measurement
resolution of 0.6 mm. As a measurement required more than a few *hundred of
rmlhseconds it took' several, tens of seconds or more to measure a few millimeters
square Frg 5 shows an'example of the ﬂuorescence measurement procedure ‘

Ablatron of the Target Area

A threshold was ‘set for the: ‘intensity level of measured fluorescence. In this paper, a
surgeon .or an expenmenter defermined the threshold, viewing the measurement area
on the CCD camera- image.. Then" scanmng was started, and the mlcro laser was
automatlcal]y 1rrad1ated on, the region over the threshold

3 Results '
Combmanon tests of. the tumor detectron system and the micro ablation laser module
were’ performed fora bromedrcal simulant material (phantom) ‘and a porcine brain.

31 Ph’ahtbr‘n Experirnent :

~The: phantom was- composed of -agar plate- contarnmg Intrahprd-lO% that is 1ntra-
:€nous. lipid “emulsion ‘and-'used for scattering medium [6]. The concentrauon of -
Intrahprd—lO% ‘was adjusted 80 that the scattering coefficient became 3 cm™ whrch is
srmllar to that of Glioma [6][7] A -half part-of the phantom contained PpIX to ermt
- ﬂ Orescence and the other half part did not contain PpIX. -

Frg 6(a) shows ‘one’ of. the results of expériments. Black rectangular area stands for
" the scanned area by the system The system could 1dentrfy the boundary between the
area wrth ﬂuorescence -and - without fluorescence, and could- precrsely ablate the.
ﬂuorescent area wrth automaucally scanning. :

Dura matter

Measurement area
3.2x3.2mm

Brain cortex
AY

Fig. 6. Result of the combination tests of the tumor detectron system and the micro ablation
laser module :
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3.2 Porcine Brain Experiment

The target was the surface of a porcine bram exposed by cramotomy under anesthesia,

Before the expenment 5-ALA ‘was administrated ‘in sufficient quantities to
accumulate on a normal brain tissue and metabolize to become PpIX. A half of the-
. measurement .area was covered with dura matter,’ where the ﬂuorescence was not
observed; and the other half-was exposirg brain cortex.

~ Fig: 6(b) -shows one of the results of expenments Black rectangular area stands for
the scanned area by the system. The dura matter covering the porcine brain could not
'completely block the fliuorescence. We could identify weak signal of fluorescence
from some part of the dura matter. As shown in Fig. 6(b), ablatlon laser was irradiated

10 such drea on the-covered region. ‘We could successfully identify and ablate the
2 area of the porcine brain based on the fluorescerice data. The AF ‘system

functloned’;properly ever.for porcine brain and was effective to stabrhze both of the

condmons of the measurement and the laser ablat.ton :

. ) X '

4 Drscussnon and Conclusxons

We developed a combmed system of tumor. detect10n by 5- ALA-mduced PpIX
fluorescence and precise-ablation by micro laser for the first time, with an automatic
focusing and: fobotic ‘scanning mechanism for the brain surface. In this system,
‘ablation was- performed based on the ﬂuorescent information under the robotic
posmon controllmg L .
. Combination tests of the fluoréscence measurément and the laser ablatJon were
.performed for a blomedlcal simulant matérial (phantom) ‘and a porcine brain.
areas of the phantom- and the porcme brain were. both -separated into
o .ﬂuorescent.,part and rion-fluorescent part. In each test, it was possible to extract the
vith ﬂuorescence appropnately from the measufément data; and the extmcted
. area was: selectlvely ablated by the micro laser with automatically scanning.

“In thls practice, the expenmental targets were clearly separated into the area ‘with

ﬂuorescence and without ﬂuorescence In clinical cases,.the boundaries between

turmors and noimal tissues are -often unclear, and tumors invade normal tissues. -
' Therefore thresholdmg of a fluorescence .data and an, extraction of the area for

ablation will have problems, and are considered makmg some automation process. -
:Solutxons for these problems are desired in the future work. To, automatically

“discriminate the tumor' région by ﬂuorescence data, a multlple class1ﬁcatton

. analysis - ‘basedf on -another. spectral features not only peak mtens;ty of the
: ﬂuorescence w1ll be mvestlgated

Acknowledgments

i We wrsh to' thank many ‘people and groups who have contributed to this effort.
Research on medical devices for analyzing, supporting and substituting the function
- of human body funded by Mlmstry of Health, Labour and Welfare.



550 -

S

.M Noguehi etal. -

' References

Clétz (Oliver, et. al, Robust nonrigid registration to capture brain shift from intraoperative
MRI, - IEEE Transactions on Medical Imaging, vol. 24, no. 11, November, pp. 1417- 1427
2005. T

. T: Maruydma, et al, “Intraopemuve deteeuon of malignant gliomas using 5- Armnolevuhmc

acid - induced protoporphynn fluorescence, openMRI .and real-time navigation system,”
Computer ‘Assisted Radiology and Surgery, vol. 15; pp. 270-275, 2001.
K. ‘Shimizu, et al, “Application of blue semiconductor lasér to measurement of 5-ALA

" induced fluorescence for intraoperative- detection of brain tumor,” Proceedings of 6th

Japan-France Congress on Mechatronics and 4th Asna-Europe Congress on Mechatromcs,

. 2003, pp. 135-140.

. S::Otori, Y. Muragaki, 1. Sakuma, and H. Iseki, “Robotrc laser surgery with A = 2. 8um

. ',";mlcrolaser in neurosurgery,” Journal of . .Robotics and Mechatronics, vol. 16, no. 2, pp.
" 122-128, 2004.-

M.. Nono, et al; In light of recent developments, application of fluorescence spectral
analysxs in tumor dlagnosrs, Applied’ Spectroscopy Reviews, Vol. 39, no. 4, November PP
437-455, 2004.

J. van. Stavemn, M. Moes,J van Marle; A. Prahl, J. C. van Germert, “Light scattering in
Intrahprd 10% in the wavelength range of 400-1100 nm,” Appl Opt, vol. 30, pp. 4507-
4514, 1991,

Sterenborg HIJ, et al, “The spectral dependence of the opncal propemes of the human
bram,” Lasers Med Scr, vol. 4 pp. 221-227, 1989 '



_~¥£; .
i
: g_

06(XIII):96 -

Fi&#i&ﬂﬂ%ﬁl H %mm** 7’7 v k2 7!'—-4\

A,oﬁﬁﬁtﬂﬁhg 28 +o0—T3 > RIE O Eg
COFk " B0 Bt ¥ R AN JORTY B A,

Nl Y, HE B OB BY MM b
f!ﬁk%#%% SHESARNLIION, | TGN, AN S ES

:ﬁﬁ%‘!ﬁ#*Eﬂk#ﬂ#gﬂﬂ HH#?Eﬁ*#*ﬁﬁ SRAGER
EBEHE T N E

EMthN@mm.Hh@ mthmbkmmmmfrmmwmu“megM“
H.Iséld® aind 1.Sakuma®

'Gmﬂu&hﬂqmmmﬁ&mm%wmm&hwqummmkumeq
Tokyo, © Graduate School of Medical Sciences, Kyushu Universiy, * Deperment of
- Newroswrgery, Neurological Institte, Tokyo Womens Medical University, * Faculty of

S L ’E:’c

vﬁﬁi’b

Advariced Techno-Swgery (FATS), Instirwte of Advanced Biomedical Engmeemg ‘and
'Saeme. GraduareSchooquMedmme. Tokyo Wom&MchnMwy

. eonﬁ:me,d‘ nmgmilsysumscﬂ"ecuvemdxmealm

using muhqnmlmdmgmmsolwoutmpnﬂmnlwghmhmmm

L .KeyWords:Nunmgsy Symnummomluadmgmowhmn

__nsvxmﬁavumﬁﬁ$wiﬂ/erbu
q OB B SHKME - Ry
FARELEEORERIC RS, EEASICDEE
yirkmﬂﬁ%ﬁoféf

ok 5 2 EE &x&ewmaw +ry—/ax

: iﬂ‘ﬂki‘thﬂ?ﬁkﬁméﬂf; L, J:D%%#Jit%_
: ﬁi'ﬁ‘l:’b'—va/tiiﬁ.'t‘%b}:’;xbhb ziT

B, ﬁi‘tﬁﬂﬁﬁk&l%‘?z#/% A D=—uEEY

o, :f&]bfﬁﬁ@ﬁﬁwxmwmamawmd
‘_mfmw ')'E&'—/s./ﬁﬁ.hl-&m%ﬁ'ﬁlﬂﬁﬁV' .
z-fAmsssa% orarr[_nv &1:.. ﬁszv-A-m:t 4

ﬁo?‘ LaL, ft#it&ﬂﬁw

isﬂu &0&&Hw§lbw&brﬁwm§0mw'_
mtmm#ﬁena—x BIEGE, SRR,

o,gttzvyﬁﬁena EREXoTHERTE
CRSHE (UT:F/0—Ua ) Bhd. #iE

WRTHE, ABEOM, Y2 b TBERS. £
. BREERCTERTIND, ErINBHRENIS

BRBHD. TOLE, UERMBITHSG T OREHE

’_nawnavef.+za-/s/vm%mi§ﬁﬁ
o RBERD IoFIN-Te LOMBIERL, TR
_.e&amuumxueﬁxu BHEEFOHERRE
S E=HYLIFELTHRTIFESRRENTY

312)- uﬁ&tb&mﬁmﬁﬂ%mwb T, 1

L —223—

L Onﬂtru-m-;T_', W'ﬂuﬂ-gm!' onﬁ'l'mlggmc

iy 'Cmcerdmﬂnn niten ¢
ﬁl!u ww M '

Fxg.l Integmed surgical robouc pletform using NDDS

é@ﬁwt‘ﬁﬁénf* ﬁ‘*'(‘ b, Hwﬁlﬁfxﬁﬁkﬁ
L/ #:{6 LT, HENBOFTIN—D: /025&

. WRBC L‘:)*'l‘té FITARTR, ﬁtﬁﬂ'ﬁ%ﬂ

I:R&&%ﬁf"% 2'911'—:‘/'1: YURELABSIC
BWTY, FEH—vavitk SFWXBNTIELHK
emﬂzeroxx&ﬁqr

2. FE
T 21 VATARRR

SLFNERL AT A(Fig. )L, SALA induced PpIX
ERVANTRERFEALBIIC L IRERESRT 4,
F¥HF—-vs ././37'-1—\ . 3 #6&&#0)\2%‘-‘*
ok aar -} /Z‘i'.b. WP Yo 2FAIZLY AR Eh
5. #FEXBUAT AR, IRITC=0 MEEO
19T % Network Data Delivery ServiceNDDS)& 4
T&ﬁ&ﬁ'cf;. ‘BT bVEBORIBIE, OS

CEEPTEEY UV e



20054108

?707953E.A—P9=7Lﬁﬁbtw

ems;.n LT /z-rAaeor »oﬁ!&&rbm. ’

‘nxatvﬂﬁewﬁnaﬁba uhbw/zfA
T, Intinet Pmtocolar)kﬁdb\f# z b 9—

. TEMEHTHE.

L:E&&obbmlﬂwﬁl%mwrﬁmﬁﬁ
: mu&mz:ﬂﬁﬂfaﬁmmuu id i8Ik
 ®&!3nr&lL£derwﬂﬁTb6f» % .
BUBRRAZNIT, HEMBLERZS. E2T, HE
isnamuﬂam¢v zme&aﬁm#&ﬁﬁus
¢5ﬁL&zénrv—w&aeuzL EROFEN
HETRENRL mgngeogﬁeurmmmn

ERVBOITLT, am&mﬂmaumva—w&

:ﬂmmawmawwm& Lo %#it&ﬂﬂwﬁ
B AB, t‘&l"éi‘bfﬁl\.hwf. Bmy f:bﬁt!’&
: 5&6%b6b‘ﬁﬁﬁv—w X HBHRERZDF

"‘ﬁﬂﬁbbhuaﬁv—t&E&YkL PERLE

mELA Q E&f\wgﬁﬂﬁﬁ'ﬁl& or &i&?‘b L,

Hwﬁ&xvu.ﬁwﬁlA#&ﬂ.ﬂﬂrtbt_

)

_umﬁusmeu ngeurnwsna_ots
1ggﬁxmemﬁwgnraznaﬂwwgvong
*mpug#t&ﬁéﬁ&!ﬂé§ru.xmmxvﬁ
. ﬁa)ﬁﬂ& UTRDBVBTRICR 5.
"T-‘To’T—xT-’T m

3 %%&

%#a&m’rwﬁﬁ (POLARIS@ ‘Northem Digital inc. )
ERE L3 /J@o%#itﬁtﬂﬁwal(vmo
Northier ngnal Inc e AgLE Flg.l oL 9"&&“"*/

AF KR L, ERTQ&E%’EE L In vivo ﬂ’ﬁ .

TFIBNT, n&k#é&lﬂwﬁﬁh&crtaw
- ¥ zmabiﬁﬁ Lr-ﬁét-:kab\'f %, fﬁ LTt
EY—y s VL SERTRBRRTETHIDRIE
EfFok: RRTI, I#ﬂ&kbhmﬂﬂﬂbr7
(S Fr=2M00MB LERRFT, #E8HE LR
.Lfﬁ%*iﬁﬁ&%#i&lﬂwﬁﬁ#&ﬂbha
&ﬁﬂﬂkﬁtdﬂ.f!#—/s/ﬁﬁlktm&
ATl KM, YFO RIS R UG
éhbﬂ‘éﬁbc?‘t‘ Fon—p /ﬁﬁzl#kli

F -y b --—

_ftL , |

-n-r
e R R4 A
Lh 4 0

’ ‘nme[l]
Flg.z The nlacoon result of optiul mcldng sensor in

useol‘oc:lnsigg: e

 Fig:3 Navigation result in in-vivo experiment

ARERSUBHUERNBEL, ARNGIREE
BOHELATARRAENTVD I LRRENR
Fig2). &7, TR L2 JIUEHBEELAAE £,
KT L?")'K'}"—:/ | /Twﬁiﬁiﬂ»"ﬁltﬁ‘l‘bb el
k»ﬂménr(ngs)

4. TL®

AHTH, AEXURHBEROFI A~ VB
Hisrial, B—ORURNRORY RVEERATS
Adiz, TRELZIREAUEHRAEREAVLES
YAFLADRBET ok BREEEE LR I vivo BY
K&, T24—La U BRELABEIEVTY,
ARERSURHBBEMIBEL, Fry—seiic

EBRELAFHRBENT ) D LBTETH- 2. %

HRO-EI, EENSTRRRADHS [t REWR
ity FERORR BT 3T (HIS—749—
002) X HWMEHERITTNS.

##Iﬁ ; :

[l] Wk R Hh: B#&ﬂ-ﬁ%ﬁldsr}bﬁ*ﬂﬁﬁé./
19-1.0!!5 %2 ﬂ 2 }waaremnramam—* =
¥ + DB, ROBOMEC'06, WO, 2006

2] Kopfle, A et al:A modular scilable approach to occlislon-robust
low-latency optical tracking: MICCAI 2004, VoL Vol2 , pp. 1085+6,
2004 '




et

OG(XHI)94

5-ALA ﬁiﬁ PplX ﬁi‘:’:ﬁ;ﬁﬂk J: 3

‘?ﬁ%i%ﬁ%ﬁﬁ%ﬂi/ZTA
.0 Bﬂ:ﬁi 2, A, /J\#%ﬁ-?- 2 kﬁﬁ b, ﬁiﬂ%?%c B’Bﬂ# ¢
ﬁﬂ\l’aﬁ—EB 4
°KFU<+ k E’:ﬁﬁiﬁﬂﬁiﬂ%%ﬂ ”TIlf’E &),
- .=EJ§#%E$U<+ X#ﬁ%ﬁiﬁ&ﬂ%%ﬁ%ﬁlenﬁﬁ
LARRKE jw-ﬁ:l:#%ﬁf?ﬁﬂ
- A Handheld Device for Locahzed Idenuﬁcanon of Brain Tumor with 5-ALA
‘Indiiced PpIX Fluorescence Detection '
:»M.Noguchl E.Aoki®, E.Kobayash:' S.Omor® Y.Mumgakl HIsek1° L.Sakurha®, K.Nakamurae
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Abstract S Ammolevulunc Acid (5- ALA) aocumulates on tumors to be metabolized to become Pmtoporphynnlx (PplX) that

T isa ﬂuomccm substance Intm-opcrauve detecnon of 5-ALA induced PpIX ﬂuorescence provides useful mformanon for mamor
- detection. We developed a handheld device for localized identification- system of brain tumor with - -ALA ipduced
-»ProtoporphynnD!_ﬁuorescence detechon The theasuretent resolution of the device was 0.6mm. This device was desxgzed
o 'based on a surg]ca'i sucker':’l‘he concept was mtraopemtwe detection of residual tumors w:th a faverite surgical tool and without

eon twted measurcmenl perfoxmance and usabxlxty of the dev:ce in in vivo expenmem. Bet:mse of
8.0f. 0: 6mm, it was dxfﬁcult to hold the device during a2 measurement and to keep the appropriate
pomt Iti is necessaxy toadd a ‘guide mechanism for posmomug. such &s usmg a gmdc laser beam, And,

some other mprovements were reqmred ‘about the weiglit, the size and the grip.
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