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A sensing system for implant surgery includes an insertion device for moving an implant into a narrow cavity in a patient's body. A
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device. An optical coherence tomography (OCT) system integrates the sensor and produces OCT images, which can be quantified
to distance measurements. The system Is particularly useful for cochlear implant surgery.
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(87) Abstract: A sensing system for implant surgery mcludes an msertion device for moving an implant into a narrow cavity in a pa-
tient's body. A sensor measures the distance from an end of the msertion device to anatomic surfaces at a distance from the end of
raphy (OCT) system integrates the sensor and produces OCT images, which can be
quantified to distance measurements. The system is particularly useful for cochlear implant surgery.
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OPTICAL SENSING SYSTEM FOR COCHLEAR IMPLANT SURGERY

REFERENCE TO RELATED APPLICATIONS
[0601] 'This application claims the benefit of ULS. Provisional Patent Application No.
61/384,934, filed on September 21, 2010, which 18 herehy mcorporated by reference for ali
purpeses as if fully set forth herein,

FIELD OF THE INVENTION

16002] The present mvention pertaing to an optical sensing system and method for moplant
surgery., More particularly, the present mvention pertains to a sensing system and methad for
preveniing damage o the cochlear d‘uring cochlear .imp lant surgery.

[003] Cochlear smplant sargery can be an mumense audiory, linguistic and developmental
benet to patients with severe hearmng deficiencies due to the loss of hawr cell transduction
within the cochlea. The surgreal procedure 15 potentially complhicated by difficulties with
implanting electrode array msertion, and serious complications may oecur.

{004} One particularty challenging step s the actual msertion of the implant mto the
cochilea. Afler accessing the scala {ympan (via direct round window msertion, or drilling
open a cochleostonwy o gain access to the cochlea). an electrode array 18 inserted o scala
Lympant of the cochlea. Several designs of cochlear implant arrays have relied on stylei-hased
msertion techniques.

[8003] Over the past 6 vears, the Cochlear Corporation Freedom and C5312 arrays have used

a stviet-based strategy. In particular, a stvlet s used to hold the implant strajght whilde i 18

inserted (o a deswred depth into the cochlea. The amrav is advanced over the stylet, which 1s
held i a fixed position.  The unplant naturally curves to follow the cochlea. The stvlet s then
withdrawn, I the stylet and implant are advanced too 1ar into the cochlea, the resulting
contact forces can damage the cochlea. There s also research to replace the stylet with a
sheath around the electrode array to hold # straight whitle the suplant 18 mserted down the
cochlear canal. One example of such a sheath s the Modiolar Research Array {R. Briggs et
al., “Development and ovaluation of the modular rescarch array — nulti-centre collaborative

study i human temporal bones”, Cochlear Implants Int. 2011 August 12 (3) pp. 129-139,

PMCID: PMC3159433),
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10006] Scveral approaches to providing guidance or assistance i avoiding damage {o the
cochlca durimg implant msertion have been reported recently. in particular, Schurzig,
fabadie, and Webster report a system that combmes an "active cannula™ robot with dehicate
force sensing capabilities to sense contact between the implant and the cochlea, using a force
sensor incorporated into the robotic mechamsm that advances the implant into the cochilea. D,
Schurzig, R. F. Labadie, and R. L Webster, "A force sensing robot for cochiear electrode
mmplantation”, wn 1EEE International Conterence on Robotics and Automation, 2010, pp.
3674- 3679, Rau et al. bave also proposed a robotic cochiear msertion device and have
reported phantom studies of insertion forces using a load cell attached to the msertion
mechanism.

[0007] Zhang, Simaan, ¢t al. have developed an actively deforming, steerable, cochlear
mmplant that curves to follow the cochlea durmg msertion. See e.g., b Zhang, W, Wer, S,
Manohdis, 1. T, Roland, Ir., and N, Sinaan, "Path planning and Wf}.r*kﬁ;pace deternunation for
roboi-assisted mseriion of steerable electrode arrays for cochlesr wmplant surgery”, Med Image
Comput Comput Assist Imtery, volo 1= P2, pp. 692-700, 2008 J. Zhang, K. Xu, N. Simaan,
and 5. Manobdis, "A priol study of robot-assisted cochlear implant surgery usimg steerable
clectrode arvavs”, Med Inage Comput Comput Assist Interv, vol, 9- Pt 1, pp. 33-40, 2006; 1.
Zhang, W. Wel, L. Ding, 1T, Roland, S, Manolidis, and N. Simaan, "hnroads Toward Robot-
Assisted Cochlear Imiplant Surgery Using Steerable Electrode Arrays”, Qtology and
Newratolagy, p.in Press; Pablished ahead of print, 2010 10,1097 MAO.ObO 13318171 1 e
They report experanents using a foad cell mounted on thew robotic manipulation device.
Some hnntations of these systems melude reliance on a farly {arge and cuombersome robotic
in the case of the reported systems, the d_iﬁfi-cui‘ty 13 XA a:afrrha'tef;i by the mo vmg mass of the
mechamsm distal o the lorce sensor and possble friction forees.

[008]  Other anthors bave proposed robotic devices to assist m drilling the skall {o gam
access to the cochlea for implant msertion. These svstems do not address the problem ot
mserting an mplant withowt damage to the cochlea. See, g, C. 1 Coulson, R P, Taylor, A.
P. Rewd, M. V. Griffiths, B, W, Proops, and P. N, Brett, "An autonomous surgical robot for

drilling a cochleostomy: prelimunary porcine tnal”, Clin Otolaryrgal, vol. 33- 4,, pp. 343-7,
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F. Labadie, "Force measurement of msertion of cochlear implant electrode arrays m
vitroscomparison of surgeen (o gutomated msertion tool”, dota Olo-Larpngelogica, vol. 130+
Lopp. 31236, Jan 2010,

[009]  Skilied otologic surgeons have the manual dexterity and steadimess to wmsert implants
without damage 1o the cochlea. What they lack ¢ feedback to know when the implant or stylet
has been introdiwed too far into the cochlea. See, g, OO 1 Coulson, AL P Rexd, . W,
Proops, and P. N, Breft, "ENT challienges at the smalt scale”, ini J Med Robaot, vol. 3- 2, pp.
91-6, hun 2007

HI010]  Accordingly, there 18 a need m the art for a system that allows a surgeon o
information regardmg the location of the mplant with respect to the cochlea walls.

SUMMARY

{011} According to a first aspect of the present mverntion, a sensmg system tor implant
surgery comprises an insertion device for moving an implant into & narrow cavity in a
patient’s body, and a sensor for measuring distance from an end of the nsertion device to
anatonuic surfaces at a distance from the end of the msertion device.

[08012] According to a second aspect of the present invention, a sensing system for implant
surgery comprises an implant adapted to be postioned o a parrow cavity during waplant

surgery, and a sensor for moving the implant into the narrow cavity and for measuring

SEHSOL.
[013]  According to a third aspect of the present mvention, a method of umplant surgery
comprises providing an impiant having a sensor disposed therem, moving the impiant mto a
NArrow cavity in a patient’s body, measuring distance from an end of the sensor fo anatomic
surfaces at a distance from the end of the sensor, and measuring distance from an end of the
sensor to anatonue surfaces at a distance from sudes of the sensor or maplant so as to center #
from the cavity wall.

BRIEF DESCRIPTION OF THE DRAWINGS
10014} The accompanving drawings provide visual representations which will be used 1o

more fidly deseribe the representative embodiments disclosed herem and can be used by those
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skitled in the art to better understand them and thelr mberent advantages. i these drawings,

like reference numerals wWentily corresponding elements and;

[O1S]  FIG T dlustrates a schematic of an exemplary system according to the features of the
present nvention.

19016] PG 2 dlustraies a schematic of another exemplary svstem according to the fatures
of the present myvention,

[O017] FiG. 5 ilustrates a schematic o yet another exemplary system according o the
teatures of the present mvention.

[018] FiG. 4 llustrates a schematic of an exemplary system used n connection with a
steady hand robot according to the features of the present invention.

[B019] FIGS. 5 {a){¢) illustrate exemplary fiber optic presentations according to leatures of

the present ivention.

..... ap,

[020] FIG. 6 18 a graphical representation of OUT mmages as a function of distance

according to features of the present mvention.

[0U21]  The presently disclosed subject matter now will be described more lully hereinatier
with reference to the accompanying Drawmgs, i which some, but not all embodiments of the
mventions are shown, Like numbers refer 1o like elements throughout. The presently
disclosed subject matter may be embodied i many different forms and shoudd not be
construed as hmited {o the crobodiments set forth herem; rather, these embodinents are
provided so that this disclosure will satisfy apphcable legal requirements. Indeed, many
modifications and other embodiments of the presently disclosed subject matter set forth herem
will come {0 mind to one skilled in the art to which the presently disclosed subject natier
pertams having the benefit of the teachings presented in the foregeing descriptions and the
assecmied Drawmgs, Therelore, it 15 1o be understood that the presently disclosed subject
matter 18 not to be imited to the specific embodunents disclosed and that modifications and
other embodiments are mtended o be meluded within the scope of the appended clanns.
180221 The present mvention pertains {0 a sensmyg system for mplant surgery. While the

g system for use m cochiear tmplant surgery, #

L ~

preferred embodmments describe 8 sensin
should be understood that present vention may be applied to other similar types of unplant

surgery, where an inplant 15 placed mto a narrow cavity i a patient’s body.



CA 02811778 2013-03-19
WO 2012/040297 PCT/US2011/052503

180231 With reference to FIGS. 1.3, the sensing system 10 includes an insertion device {(or
stviety 12 for moving an mapiant 14 mto g narrow cavity 16 m a patient’s body, In the
preferred smbodument, the maplant 14 15 a cochlear implant. In other embodiments (not
shown), the msertion device 12 may be a sheath surrounding the mmplant 14, As s known in
the art, a cochlear implant may be inserted into the holow scala tympani of the cochilea of an
car. The cochlear implant includes an electrode array 20 with an clectrode cable 22 that 1s
connected {0 an snplanted recerver and stomulator vnit {not shown), The electrode array 20
receives processed signals, which ave applied to the basilar membrane and the nerve cells
within the cochlea, which causes the audtory nerve o be stimulated. A more detatled
discussion of the components and operation of a cochlear ymplant device are described, for
example, i ULS, Patent No. 4,332,930, the entire disclosure of which 1s meorporated by
reference herem.

{024 During tvpical cochiear implant surgery, a stvlet 15 used to move the implant mto the
scala tampant of the ear. A stylet 15 used to hold the implant straight while it 18 mserted mto 8
desired depth into the cochlea. The array is advanced over the stylet, which 1s held n a fixed
position, The implant s designed to naturally curve (o follow the cochilea. The stylet s then
withdrawn.

[025] To better sid in determining how {ar (o msert the mmplant, the sensing system 10
inchades a sensor 18 for measuring the distance from a distal end 19 of the stvlet or msertion
device 12 1o anatonue surfaces of the cavily 16 at a distance from the distal end 19 of the
stviet 12, Any sustable design may be used for the msertion device or stylet selt. For
exampie, the stylet mught include a thin fiber optic probe surrounded by a metal or plastic
sheath to provide strength and resistance to breaking. The sensor 18 may be integrated within
the stylet 12 as shown i FIG. 1, or the sensor 18 miay be disposed adjacent to the stylet 12, as
shown m FIG, 2. Alternatively, the fiber oplic probe may act as the stylet iselt.

H1026] The sensor s preferably an optical sensor, and may comprise an optical waveguide o
transnit and collect laser beam of huoht, Preferably, optical waveguide comprises an opticat
fiber. An optical fiber 3 preferred, as it can be manutactured 1 very small sizes and be
flexible. For emm;pﬁk:, the fiber optic probe miay be based on a standard communication grade
optical fiber having a 125 micron diameter or smaller. The fiber end may be cleaved and

polished perpendicular to the fiber or any angle between zero to 180 degrees to provide a
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forward or side looking beam. A large percentage of the fiber cladding can be removed
without atiecting the performance of the probe. 'This can be done chemcally to reduce the
fiber optie probe diameter to as stall as approximately 3 mucrons.

{0271 With continued reference to FIGS. 1-3, the sensor 18 may be connected to an optical
coherence tomography {OCT) system and computer 24, The distal end 19 of the sensor 18
provides a reference for the OCT distance sensor and emits ane or more laser sensing beams
to pass from the end andior side through the mmplant 14 to the wall of the scala tampany, and
back to monitor the position of the mnplant relative to the cochlea wall, Fiber couplers {not
shown) route the light source from the OCT to the fiber probes and return signal to the OCT
system, The reference signal i3 provided by the perpendicularly cleaved end of the fiber optlic
probe or simiar reflecting pomnt near the distal end of the fiber optic probe,

[O028]  Preferably, the OCT system 24 15 capable of providing at feast “A-mode”™ OCT
mmages of reflectmg surfaces surroundmyg the stylet. Typieally, the unage may melude the
poriion of the implant disial to the stvlet and the mierior sariace of the scala ympans,
Preferably, the OCT systent s a Fourer domain common path OCT system (FD-CPOCT)Y. A
FD-CPOCT permitls fast A~scan update rate with no mechanically moving paris,

Furthermore, it peromis the sensor to be disposable and allows a new sensor 1o be quickly

e

attached. However, other OQUT systems are possible, and withmn the scope of the mvention,

18029] The OCT system 24 includes a signal processor which may be a computer and is
capable ol processmg OCT fmages produced by the OCT systemn 24 from the sensor to
anatonne sarfaces, and convert the OCT images to distances. Preferably, the msertion device
12 13 posttioned within the mplant 14 at a known distance, typically less than 3 mun from the
end of the implant. Since the distance from the distal end of the insertion device to the
impiant s known, the processor may compute the distance from the implant tip to the scala
Lympan wall.

{034 Correct msertion of the mplant 14 requures that the msertion device 12 be advanced
unitid the tip of the implant 14 15 8t a predetermimed distance {(fypicaily a few hundred mucrons)

its charactenistic spiral shape. The sensing system 12 and QCT system 24 allows {or the

distance (o be sensed so that a surgeon s notified as to how much hurther to msert the mmplant.
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10031]  As shown m FIGS, 1.3, the surgeon may be notified of this distance by displaving the
distance on @ visual display 26, The visuagl display 20 may be a computer graphical display
showing the “A-mode™ OCT smage. For example, a graph of the mtensity of the OCT signal
against the distance from the end of the stylet or other roference may be displayed, as shown,
for example, 1 FIG. 6. Alternatively, a computer graphical display of the processed distance
information, stch as a bar graph with graduated marks, mn which the length of the bar 1s
proportional to the processed distance, may be displayed. The distance may also be presented
as a computer text display showmg the distance m a particnlar wat, such as microns. The
above displavs may be used wath addutional graphical imformation showing the desired sate
distance at which the surgeon should stop inserting. For example, this may be a simple line or
reference mark on & bar graph or A~-mode mmage display, but # may also be augmented by
color mtormation. For example, the display may be green when the msertion device 18 far
trom the wall, bt may twrn vellow when the msartion device 1s approgching the safety imit
and red when the stvlet is closer than the safety linut,

[10032] The distance may also be represeated as auditory mformation on an auditory device
28, either iy the form of spoken words or of onal or other audiory signals. The auditory
mformation may provide miormation about the distance 1o the wall oy about distance relative
to some safety lnmt. However, it should be understood that notthication to the surgeon 18 not
limited {0 the devices described above, but mayv be any inferface system or method known in
the art for providing miormation about the distance from the surgical tool to a surface or
relative to a desired salety barnier, or any combination of systems and methods described
above,

[0033] With reference to FIGS. 3 and 3, the sensor 18 may be a small angle cone-bean
scanning probe 30, With specific reference to FIG. 3, the scanmng probe 30 spins about an
axis formang an OCT scanning beam 32, A ar polar mmage 34 and nedr polar smage 35 may
be formed, having a tissae boundary 36 and the fiber 3R, These polar umages can be
combined to form a I-dimensional image of the cochlear up to the first turn with quaniitative
dimensions of the cochlear,

10034} As described above, the optical sensor may inclade facets for creating forward and
side viewing probe beams so as to measure multiple distances. The beams can be used to

constantly monttor both {forward and side distances 1o the cochlear wall, and provide real-time
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sensing of the distances as the implant i bemng mserted. The multiple distances may be
measured sinwianeonsly or sequentally.

[033] o addition, multple sensors may be used o measure multiple distances between
multiple anatomical locations. For example, one or more fibers may be used for this purpose.
in one exemplary embodiment, three hiber probes may be bundied together- one forward
leoking and tweo side looking probes bt orthoganal to cach other,  Three different distances
would be determined and presented to the surgeon, to help the surgeon center the probes and
prevent collision of the probes agamnst the cochlear walll In other embodiments, a bundle of
optical fibers may be used to provide “B-mode” {cross~-sectional) or “C-mode” {(volumetry)
images of the nearby anatomy. In still other embodiments, ultrasound sensors may be used {o
provide distances {0 anatomic surfaces or nmages of nearby anatomy. Such sensing
configurations may be particularly well adapied to sheath-styvle msertion devices.

[036] Preferably, the fibers are suthiciently strong so that they may bend with the mplant
withoul breaking. Many such matenals are known in the art, and the chowe may be made
depending on the spectie optical and physical properties required. For example, a thinned
optical fiber having 80 micron or less i diameter, with or without bemg coaled with a
polvmer, v suffictently Hexible for this appheation. The sensor can be used to reshape the
implant by mampulating s spatial relationship relative (o the implant.

180371 Although the present invention 1 designed to be workable with conventional hand-

held instruments (¢.¢., cochlear implant joweler’s forceps and claws), i may also be used with

robotic devices, such as Johms Hopkins Steady Hand robots, nucrosurgical tele-operation or

mayv be positioned above the patient for viewing by the surgeon. The surgeon may then
manipuiate the ool holder 42 and thereby move the implant mto the cochlea of a patient. The
OCT miormation may be sent back to an OCT system and computer 48 1o be displaved
thereon, The OCT distance mformation i these systens may etther be used o provide
feedback miormation to the surgeon, or may be meorporated mto the robot control to enable
the robot to maintain a desared stylet-to-wall distance or mplement some other form of safety

barrier, usmg methods known in the art.



CA 02811778 2013-03-19
WO 2012/040297 PCT/US2011/052503

EXAMPLE
[O83R] 1he fellowing bxample has been included (o provide guidance 1o one of ordinary
skitl i the art for practicmg representative embodiments of the presently disclosed sabject

matier. In light of the present disclosure and the general leved of skill i the art, those of skill

can appreciate that the following Example 18 mtended to be exemplary ondy and that
numerous changes, modiications, and alterations can be employved without departing from the
scope of the presently disclosed subject matter. The tollowmg Example 15 offered by way of
tlustration and pot by way of nstation.

039 A common-path fiber optic probe having 123 nucron i diameter connected to a FD-
CPOCT system was mserted mto a cochlea on a cadaveric temporal bone tor vabidation. In
another experiment, a 123 nucron hiber probe was mserted imto a Cochlear Corp umplant,
replacimg the stvlet. The fiber/mmplant combination was mserted mio a cochlea phantom. In
both cases, the QCT probe was able to detect the wall of the cochlea as the probefunplant
approached the turn, FIG. 6 shows the OCT A-mwode signals as the implant approaches the
target wall of the cochlea phantom. The A-mode signal was obtained at the rate of 70 KHz
which allows the real~time continuoas distance monttoring between the implant tip and the
target wall.

[040]  Although the present mvention has been described m connection with preferved
srbodiments thereofl it will be appreciated by those skilled m the art that additions, deletions,
mxdifications, and substifutions not specitically deseribed may be made without depariing

from the spird and scope of the mvention as defined m the appended claims.
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CLAIMS

i. A sensmg system for maplant surgery, comprismyg:

an msartion device oy stylet {for moving an implant mto 3 narrow cavity in a patient’s
body: and

a sensor for measwng distance from an end of the insertion device 10 anatomic surfaces

at a distance from the end of the msertion device.

2. The sensing device of clanm 1, wheremn the implant is a cochiear implant.

3. The sensing systent of elaim 1, wherem the sensor for measuring distanee 1s an optical

M IROH,

4. The sensing system of clanm 3, wherem the optical sensor comprises an oplical

waveptnde to tragsmit and collect laser beany of Hight.

LA
+

The sensing system of claim 4, wherem the optical waveguwide comprises an optical fiber.,

&, The sensmyg svstem of claun 3, wherem the oplical sensor 1§ incorporated within the
nsertion device.

i, The sensimng system of claim 1, wherein the sensor is disposed adjacent 1o or mtegrated
with the msertion device,

8. The sensing svstem of claim 1, further comprising an optical coherence tomography

(OCT) system.

9. The sensimg svstem of claun 8, wherem the OCT svstem includes a computer processor
for processmg QUT images from the sensor (o anatomie surtaces and convert the OUT mmages to

distances.
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10, 1he sensing sysiem of clam 8, further comprising a display device tor displavig OCT
mmages or distance miormation to the surgeon.
tl.  The sensme svstem of claim &, further comprising an auditory device for providing

auditory mformation representing the distance information.

i2. The sensing system of claum 3, wherem said optical sensor mncludes facels for creating

torward and side viewing probe beams so as to measure muultiple distances.

13, The sensmyg system of clanm 12, wherein the muliipie distances are nasured

siiitancously.

{4, The sensmg svsten of claim 12, wherem the multiple distances are mieasured

sequentiaily.

15, The sensing system of ¢lanm 1, further comprismg multiple sensors to measure multiple

distances between multiple anatomceal locations.

i6. The sensing system of claim 1, wherein the distance measurements are directed to a

control system of a robotic device for cochlear maplant surgery.

7. A sensmyg system for implant surgery, COmprising;
an implant adapted to be posttioned mio a narrow cavity during tmplant sargery; and
a sensor for measuring distance from an end of the sensor to anatomical surfaces at a

distance from the end of the sensor.

{8, The senstng svstem of claim 17, wherein the implant 15 a cochlear mplant.

19, The sensimg system of clatm 17, wherem the sensor 1s used to reshape the umplant by

manipuiating its spatial relationship relative to the implant.
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20, The sensing system of claim 17, urther comprising one or more optical fibers disposed

within the implant, sad optical bhibers conligured o measure muliple distances trom the forward

and sides of the cavity wall.

21, The sensing svstens of elaim 17, wherein the sensor for measuring distance s an optical

Tk S N

ol The sensinyy svstem of clann 21, wherem the optical sensor comprises an optical
B . . | _

waveguide to transmit and collect laser beam of hght.

23 The sensing system of clauym 22, wherem the optical waveguide comprises an optical

24, The sensing system of elam 17, further comprising an optical coherence tomography

(OCT) swstem, sald OCT system for producing A-mode OCT images.

23 The sensmye systemn of clann 24, wherem the OCT svstem includes a computer processor
for processing OCT mmages from the sensor to anatomie surfaces and convert OCT images to

distances.

26, The sensmg system of claum 24, Rarther comprising a display device for displaying OCT

nages or distance miormation to the surgeon.

27, The sensing system of claim 17, turther comprising an auditory device for providmg

auditory mormation representmyg the distance miormation,

28, The sensmg system of clamm 23, wherein said fiber optic probe mchudes facets for

creating forward and side viewing probe beams so as (o measure multuple distances.

29, The sensing svsten of claim 28, wherein the multiple distances are measured
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sinntitaneously.

30, The sensmyg system of claim 28, wherein the muliiple distances are measured

sequentiatly,

Lﬁ .

31.  The sensing system of claim 17, wherein the distance measurements are directed to a

32, A method of implant surgery, comprising:
providmg an inplant having a sensor mtegrated thereing
moving the mplant inte a narrow cavily i g patient’s body: and
measuring distance from an end of the sensor to anatomic surfaces at a distance from the

end of the sensor.

33, The method of claim 32, funther comprising measuring distance from an end of the sensor
to anatonue surfaces al a distance Irom sides of the sensor or implant 50 as to center it from the

cavity wall.

34, The sensing system of elaim 1, wherem the sensing system 1z an ulirasound sensor,

35, The sensing system of elaum 1, wherem the insertion device s a stvlet.

36, The seasmy system of claim 1, wherem the msertion device 1s a sheath,

37, The sensing system of claim 36, wherein the sensmg device 13 an ultrasound sensor.

38, The sensing system of ¢laun 8, wherem the OUT system produces A-mode OCT mages.

39, The sensing system of clamm X, wherem the OCT system produces B-mode OCT mages.

4. The sensing systen of claim 8, wherein the OUT system produces U~mode OUT mmages.
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