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CAPSULOTOMY REPAIR DEVICE AND METHOD FOR CAPSULOTOMY
REPAIR

FIELD OF THE INVENTION

The present invention relates generally to the field of ophthalmic surgery and more

particularly to methods and apparatus for performing a capsularhexis.

DESCRIPTION OF THE RELATED ART

An accepted treatment for the treatment of cataracts is surgical removal of the lens (e.g.,
through phacoemulsification) and replacement of the lens function by an artificial intraocular
lens (IOL). Prior to removing the cataractous lens, an opening, or rhexis, may be made in the
anterior capsule. During phacoemulsification, there may be tension on the cut edges of the
anterior capsularhexis while the lens nucleus is emulsified. Further, if the capsule is opened
with numerous small capsular tears, the small tags that remain may lead to radial capsular
tears that may extend into the posterior capsule. Such a radial tear may constitute a
complication since it may destabilize the lens for further cataract removal and safe intraocular
lens placement within the lens capsule later in the operation. In addition, if the posterior
capsule is punctured then the vitreous may gain access to the anterior chamber of the eye. If
this happens, the vitreous may need to be removed by an additional procedure with special
instruments. The loss of vitreous may lead to subsequent retinal detachment and/or infection
within the eye. Further, while some ophthalmic procedures may also require a posterior
capsularhexis, current devices designed for anterior capsularhexis may not have an optimal
geometry for performing a posterior capsularhexis.

The discussion of the background to the invention included herein including reference to
documents, acts, materials, devices, articles and the like is included to explain the context of
the present invention. This is not to be taken as an admission or a suggestion that any of the
material referred to was published, known or part of the common general knowledge in

Australia or in any other country as at the priority date of any of the claims.
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SUMMARY OF THE INVENTION

Various embodiments of a capsulotomy repair device include a resistive-heating
element comprising an electrically resistive, superelastic wire forming a loop between first
and second ends of the superelastic wire. The first and second ends of the loop may at least
partially extend at an angle from a planar face defined by the loop, to an insulating portion, to
form a transitional neck between the loop and the insulating portion. The capsulotomy repair
device may be positioned in the eye relative to a capsularhexis perimeter. For example, the
capsulotomy repair device may overlap tears in the capsularhexis perimeter and remove the
tear by burning around the tear (thus forming an adjusted capsularhexis perimeter). The
capsulotomy repair device may include an oblong/elliptical shape. Different shaped wires
may also be used for different tear geometries (for example, circular and parabolic). Different
sized loops may also be used to accommodate different tear sizes. In some embodiments, the
transitional neck may have a gap between the first and second ends at the insulating portion
that is wider than a gap between the first and second ends on the opposing side of the
transitional neck. The gap in the loop of superelastic wire may be sufficiently small to allow
the loop to form a continuous cut in a capsule of an eye.

Viewed from one aspect of the present invention, there is provided a capsulotomy repair
device, comprising: a resistive-heating element comprising an electrically resistive,
superelastic wire having first and second ends, the superelastic wire forming a loop with a gap
between the first and second ends; and an insulating portion comprising an electrically
insulating material separating the first and second ends of the superelastic wire, wherein the
first and second ends are adjacent to each other and at least partially extend at an angle from a
planar face defined by the loop, to the insulating portion, to form a transitional neck between
the loop and the insulating portion; wherein the first and second ends form at least one bend
between the planar face and the insulating portion; and wherein the resistive-heating element
has a length and width that are smaller than the length and width of a capsularhexis perimeter
to be repaired such that the resistive-heating element is configured to overlap a tear in the
capsularhexis perimeter for repair of the capsularhexis perimeter.

Viewed from another aspect of the present invention, there is provided a method for
repairing a capsulotomy in the eye, the method comprising the steps of: performing a

capsularhexis with a capsularhexis device to form a capsularhexis perimeter in a lens capsule
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of the eye, wherein the capsularhexis results in at least one tear in the capsularhexis perimeter;
withdrawing the capsularhexis device from the eye; inserting a capsulotomy repair device into
the eye; positioning a heating loop of the capsulotomy repair device in the eye to overlap a tear
of the at least one tear in the capsularhexis perimeter; electrically heating the heating loop to
burn the lens capsule along the loop; and withdrawing the capsulotomy repair device from the
eye.

Viewed from another aspect of the present invention, there is provided a method for
repairing a capsulotomy in an eye, the method comprising the steps of: performing a
capsularhexis with a capsularhexis device to form a capsularhexis perimeter in a lens capsule
of the eye, wherein the capsularhexis results in at least one tear in the capsularhexis perimeter;
withdrawing the capsularhexis device from the eye; inserting a capsulotomy repair device into
the eye, wherein the capsulotomy repair device comprises a resistive-heating element
comprising an electrically resistive, superelastic wire having first and second ends, the
superelastic wire forming a loop with a gap between the first and second ends and an
insulating portion comprising an electrically insulating material separating the first and
second ends of the superelastic wire, wherein the first and second ends are adjacent to each
other and at least partially extend at an angle from a planar face defined by the loop, to the
insulating portion, to form a transitional neck between the loop and the insulating portion,
wherein the resistive-heating element has a length and width that are smaller than the length
and width of the capsularhexis perimeter to be repaired such that the resistive-heating element
is configured to overlap a tear in the capsularhexis perimeter for repair of the capsularhexis
perimeter; positioning the loop of the capsulotomy repair device in the eye to overlap the tear
in the capsularhexis perimeter; electrically heating the resistive-heating element to burn the
lens capsule along the loop; and withdrawing the capsulotomy repair device from the eye.

Where the terms "comprise"”, "comprises”, "comprised” or "comprising" are used in this
specification (including the claims) they are to be interpreted as specifying the presence of the
stated features, integers, steps or components, but not precluding the presence of one or more

other features, integers, steps or components, or group thereof.
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BRIEF DESCRIPTION OF THE DRAWINGS

For a more complete understanding of the present invention, reference is made to

the following description taken in conjunction with the accompanying drawings in which:

FIGs. la-b illustrate various positions of a capsularhexis device, according to an

embodiment;

FIGs. lc-d illustrate a head-on, cross-sectional view of two embodiments of a

transitional neck for a capsularhexis device;

FIGs. le-f illustrate an embodiment of the loop for posterior capsulorhexis;

FIGs. 1g-h illustrate an embodiment of the loop for anterior capsulorhexis;

FIGs. 2a-b illustrate an embodiment of the handpiece;

FIGs. 2¢-d illustrate an embodiment of an exposed loop and a withdrawn loop;

FIGs. 3a-d illustrate expansion and retraction of the capsularhexis device through

an insertion sleeve, according to an embodiment;

FIG. 4 illustrates an angled capsularhexis device, according to an embodiment;

FIG. 5 illustrates a side view of the capsularhexis device inserted into the

posterior capsule, according to an embodiment;

FIGs. 6a-b illustrate alternate configurations of the wire used in the capsularhexis

device, according to various embodiments;

FIG. 7 illustrates a flowchart of a method for performing a capsulotomy,

according to an embodiment;
Page 3
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FIG. 8 illustrates a processor and memory for the capsularhexis device, according

to an embodiment;

5 FIG. 9 illustrates a capsulotomy repair device, according to an embodiment;

FIGs. 10a-b illustrate a small tear repair using the capsulotomy repair device,

according to an embodiment;

10 FIGs. 11a-b illustrate a large tear repair using the capsulotomy repair device,

according to an embodiment; and

FIG. 12 illustrates a flowchart of a method for capsulotomy repair, according to

an embodiment.

15
It is to be understood that both the foregoing general description and the
following detailed description are exemplary and explanatory only and are intended to
provide a further explanation of the present invention as claimed.
20
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DETAILED DESCRIPTION OF THE EMBODIMENTS

Incorporation by Reference

U.S. Patent Application Publication entitled “CAPSULARHEXIS DEVICE,”
Publication No. 20060100617, Serial No. 10/984,383, by Mikhail Boukhny filed
November 9, 2004 is hereby incorporated by reference in its entirety as though fully and

completely set forth herein.

U.S. Patent Application entitled “CAPSULARHEXIS DEVICE WITH
FLEXIBLE HEATING ELEMENT,” Serial No. 12/249,982, by Glenn Sussman and
Guangyao Jia filed October 13, 2008 is hereby incorporated by reference in its entirety as

though fully and completely set forth herein.

FIGs. la-b show a plan view of some embodiments of a capsularhexis device 10.
Those skilled in the art will appreciate that FIGs. la-b, like the several other attached
figures, are not to scale, and that several of the features may be exaggerated to more
clearly illustrate various features. Those skilled in the art will also appreciate that the
illustrated structures are only exemplary, and not limiting. In some embodiments, the
capsularhexis device 10 may include a substantially circular, flexible loop 23 of a
resistance-heating element 12 that may be energized to produce localized heating on an
anterior lens capsule 509 and/or posterior lens capsule 513 (e.g., see FIG. 5) of an eye 32
to create a through cut or define a weakened boundary for detachment of the portion of
the capsule 36 within the loop 23. The capsularhexis device 10 may be positioned within
the anterior chamber 34 through a small incision 505 to perform the capsularhexis, or
capsulotomy. This procedure may facilitate, for example, phacoemulsification of a

cataractous lens and insertion of an artificial intraocular lens (IOL).

As seen in FIGs la-d, in various embodiments, the heating element 12 may
include a transitional neck 21 (e.g., formed by first and second wire ends 31a-b or 31c-d

(referred to generally herein as wire ends 31)) with an offsetting bend so as to offset a
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planar face 39 of the loop 23 above or below a centerline 27 of an insertion sleeve 19.
The wire ends 31 forming transitional neck 21 may bend away from the centerline 27
(e.g., a distance 29 as shown in FIG. I¢). Bending away from the centerline 27 may
allow the loop 23 to be placed more parallel with an anterior and/or posterior capsule
face. As seen in FIG. 5, the wire ends 31 in the transitional neck 21 may displace the
loop 23 a depth 33 of the capsule 36 to position the loop 23 for uniform contact with the
posterior capsule face 35. Since the heat-affected zone of the wire 14 is smaller on the
capsule because of the perpendicular orientation with respect to the capsule surface,
thermal insulation may not be needed for prevention of collateral thermal damage to the
capsule region underneath. In some embodiments, the diameter 401 (e.g., see FIG. 4) of
the loop 23 may be adjusted according to whether the loop 23 will be used in anterior
capsulorhexis or posterior capsulorhexis (which may use a smaller diameter 401 (e.g.,
approximately in a range of 2-4 millimeters (mm)) than in anterior capsulorhexis which
may use a diameter approximately in a range of 4-6 mm). Other diameters are also
contemplated. In some embodiments, the transitional neck 21 may have a length (a
distance from the insulating portion 17 to the loop 23) of approximately 1-2 mm (other

lengths are also contemplated).

In some embodiments, the transitional neck 21 may be substantially (e.g., +/- 20
degrees) perpendicular to a planer face 39 of the loop 23 (e.g., for posterior capsulorhexis
as seen in FIGs. le-f). Other angles are also contemplated. For example, the transitional
neck 21 may be approximately 135 degrees (e.g., for anterior capsulorhexis as seen in
FIGs. 1g-h) or 45 degrees measured to a back side of the plane as seen in FIG. 1h. Other
angles are also contemplated (e.g., the transitional neck may be approximately in a range
of 30 degrees to 90 degrees from a back side of the plane). In some embodiments, the
wire ends 31 may be bent toward each other to reduce the size of gap 25 between the wire
ends 31 of the resistance-heating element 12. The gap 25 may be minimized to maintain
enough distance to prevent a short between ends of the gap (i.e., so current travels around
the loop 23). For example, the gap 25 may have a width of approximately 0.003 inches
plus or minus 0.001 inches. Other dimensions are also contemplated (e.g., 0.006 inches

or, as another example, smaller than 0.002 inches). The gap 25 may insulate the wire
Page 6
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ends 31 from each other (such that electric current travels through wire 14 and not across
gap 25). Bending away from the centerline 27 may allow a further reduction in the size
of gap 25 than would be otherwise possible if the wire ends 31 were parallel to the
centerline 27. The reduced gap size may result in a more complete circular through cut
or a boundary for detachment. (While a circular loop 23 is shown, other shapes are also
contemplated (e.g., elliptical, rectangular, etc)). Due to the reduced gap size, contact with
the capsule 36 and wire 14 around gap 25 may provide bipolar diathermy in the capsule
36 to facilitate a more complete capsulotomy despite the discontinuity (i.e., gap 25) on
the heating element 12. The angled orientation of the transitional neck 21 with respect to
the planar face 39 may reduce straight edges in the capsule 36 at the gap 25 to form a
more circular ring with complete (or mostly complete) rhexis. Neighboring heat from the
wire 14 on either side of the gap 25 may thermally cut the portion of the capsule 36

between the gap 25 because of the reduced width of gap 25.

Wire ends 31 may be curved and/or straight (see FIGs. lc-d).  Other
configurations for the wire ends 31 are also contemplated. While the term “bending” is
used throughout, the wire ends 31a-b may be formed and/or shaped using other methods

(e.g., mold casting, extrusion, etc).

In various embodiments, the geometry of the loop 23 may be adjusted based on
whether the loop 23 will be used for posterior capsulorhexis (e.g., see FIGs. le-f) or

anterior capsulorhexis (e.g., see FIGs. 1g-h).

According to several embodiments, the resistive-heating element 12 may include
an at least partially bare resistance-heating element made from a super-elastic wire. By
combining the super-elasticity of the wire material with a relatively high electric
resistivity, a collapsible, ring-shaped heating element 12 may be constructed to perform
capsulotomy by localized heating. Because the heating element 12 may be collapsible,
the heating element 12 may be easily inserted into the eye 32 through a small incision
505 (e.g., 2 mm) in the cornea 511. Other incision sizes and locations are also

contemplated.
Page 7



10

15

20

25

30

WO 2010/141179 PCT/US2010/033893
Docket 3677F PCT Patent Application

The capsularhexis device 10 may include a fine, superelastic wire 14 for the
heating element 12. In some embodiments, the wire 14 may be formed from a nickel
titanium alloy, such as Nitinol, which may exhibit superelastic and shape memory
properties. Because the wire 14 may be superelastic (which term is intended herein as a
synonym for the somewhat more technically precise term “pseudoelastic”), the wire 14
may be able to withstand a significant amount of deformation when a load is applied and
return to its original shape when the load is removed. (Those skilled in the art will
appreciate that this property is distinct from, although related to, “shape memory”, which
refers to a property exhibited by some materials in which an object that is deformed while
below the material’s transformation temperature returns to its former shape when warmed
to above the transformation temperature. Nitinol exhibits both properties; superelasticity
is exhibited above the transformation temperature.) Further, Nitinol is resistive, and can
thus be heated with an electrical current, making it useful for forming the resistive-
heating element 12 illustrated in FIGs. la-c. Of course, those skilled in the art will
appreciate that other materials that are resistive and superelastic may be used instead of

Nitinol in some embodiments.

Because the wire 14 has superelastic properties, the wire may be able to collapse
during insertion and return to a pre-formed shape during use. In some embodiments, a
viscoelastic agent may be used to inflate the anterior chamber 34 prior to the
capsulotomy. The viscoelastic agent may have a sufficiently low thermal diffusivity to
serve as a thermal insulator around the heating element 12, thus facilitating the formation
of a highly concentrated thermally affected zone in the immediate vicinity of the heating
element 12. The concentration of this zone may reduce collateral damage to nearby
tissue. Although in practice it may be unavoidable to trap a thin film of viscoelastic
material between the heating element and the capsule, a small defined area on the capsule
36 may still respond sufficiently fast to the temperature rise in the heating element to
avoid collateral damage, due to the small thickness (e.g., approximately 10 micrometers)

of the fluid film.
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The resistive-heating element 12 may include a loop 23 formed from the
superelastic wire 14. The ends of the wire 14, extending away from the loop 23 to form a
lead section, may be kept electrically separate with a flexible, electrically insulating
portion 17. In some embodiments, the insulating portion 17 may surround a portion of
the lead section. However, those skilled in the art will appreciate that insulating portion
17 may surround only one lead, or may only partially surround either or both leads, in
some embodiments, provided that the two leads extending away from the loop 23 and
into the insertion sleeve 19 may be kept electrically separate so that electrical current may
be passed through the loop of the resistive-heating element 12. Insulating portion 17 may
include a bio-compatible and high temperature-resistant material, such as polyimide or
Teflon™. In some embodiments, insulating portion 17 may be flexible. In some
embodiments, one or more crimp tubes (e.g., silver crimp tubes) may be used to receive
the loop 23 (the tubes may be crimped onto the loop 23 to secure the loop 23 into the
handpiece). In some embodiments, insulating portion 17 may extend over the crimp

tubes to electrically insulate the tubes from each other.

In some embodiments, insertion sleeve 19 may include a flat or cylindrical tube
that engages a portion of a lead section, including the insulating portion 17. In some
embodiments, the insertion sleeve 19 may form a slip-fit with the insulating portion 17.
Insertion sleeve 19 may be used to insert the heating element 12 into the eye 32 during
the capsularhexis procedure and to retract the heating element 12 afterwards. The
insertion sleeve 19, which may be made from a thermoplastic, may also contain electrical
connectors and/or connecting wires so that the heating element 12 may be selectively
connected to a power source for heating. In some embodiments, the insertion sleeve 19,
insulation material 17, and wire 14 may form a disposable unit that can be selectively
connected during use to a handpiece or other apparatus that can supply electrical current.
In some embodiments, insertion sleeve 19 may be coupled to handpiece 41 (e.g., see

FIGs. 2a-b) which may be coupled to a surgical console 43 (e.g., see FIG. 8).

Because of its superelastic properties, the heating element 12 may be collapsed

for insertion into the anterior chamber 34 of the eye 32, regaining its pre-defined shape
Page 9
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within the anterior chamber 34. Accordingly, some embodiments include or may be used
with an insertion sleeve 19 through which the heating element 12 is pushed. A collapsed
heating element 12 in a retracted position in the insertion sleeve 19 is shown in FIG. 1b
and FIG. 2d. The heating element 12 may be collapsible upon retracting the heating
element 12 into the insertion sleeve 19 and expandable to its original shape upon ejection
from the insertion sleeve 19. In some embodiments, the insertion sleeve 19 and
insulating portion 17 may be incorporated in a single device (or separate devices). In
some embodiments, a separate cartridge may be used to collapse/expand the loop 23
through (e.g., separate from and/or in place of insertion sleeve 19). As seen in FIGs. 2a-
b, a handpiece 41 may include a retraction lever 45 which may ride in a slot 49. When
retraction lever 45 (attached to the insertion sleeve) is pushed towards the end of the slot
49, the loop 23 may be enclosed in the insertion sleeve 19 (e.g., see FIG. 2d). When the
retraction lever 45 is pulled back along the slot 49, the loop 23 may exit the insertion
sleeve 19 (see FIG. 2¢). Other configurations of the handpiece are also contemplated. In
various embodiments, the loop 23 may be partially withdrawn into the insertion sleeve 19
(e.g., as seen in FIG. 1b) or fully withdrawn into the insertion sleeve 19 (e.g., as seen in
FIG. 2d) before and/or after the procedure. In some embodiments, the partially exposed
wire (as seen in FIG. 1b) may act as a guide as the insertion sleeve 19 is inserted into an

incision.

FIGs. 3a-d illustrate the insertion of the heating element 12 into an eye 32,
according to an embodiment. Prior to the procedure, the loop 23 of the heating element
12 may be withdrawn into the insertion sleeve 19, so that, as seen in FIG. 3a, the loop 23
of heating element 12 is contained almost entirely within the insertion sleeve 19. Thus,
the leading tip of the apparatus may be inserted into the anterior chamber 34 of the eye
32, as shown in FIG. 3a, through a small incision 505 (see FIG. 5).

As shown in FIG. 3b, the insertion sleeve 19 and collapsed heating element 12
may be pushed inside the lens capsule 36 (for posterior capsulotomy) (or near the anterior
lens capsule for anterior capsulotomy). The loop 23 of the heating element 12 may then

regain its pre-determined shape, as shown in FIG. 3c, and may then be positioned against
Page 10
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the capsule 36. The transitional neck may not be perceptible from the top down
perspective of the capsularhexis devices in FIGs. 3a-d. The heating element 12 may then
be energized, e.g., with a short pulse or series of pulses of current. As discussed above,
this heating may sear capsule 36 (e.g., the anterior lens capsule 509 and/or posterior lens
capsule 513) to create a smooth continuous cut on the capsule 36. The heating element
12 may then be retracted into the insertion sleeve 19, as shown in FIG. 3d, and then
removed from the eye 32. The cut portion of the capsule 36 may be readily removed

using a conventional surgical instrument, such as forceps.

Because the superelastic wire 14 is flexible, the insertion sleeve 19 may be bent
upwards when the heating element 12 is placed against the capsule 36. Because the
deformation properties of the wire 14 (and, in some cases, the insulation 17) may be
determined for a given device 10, the bending angle formed with respect to the plane of
the heating element 12 may be used as an indication of the force applied to the capsule 36
by the heating element 12. Thus, a range of acceptable bending angles may be defined
for a particular device 10, to correspond to a range of desirable application forces for
optimal cauterization of the capsule 36. Accordingly, a surgeon may conveniently
achieve a desired contact force between the heating element 12 and the capsule 36 by
simply manipulating the bending angle to match or approximately match a pre-
determined angle 6@, as shown in FIG. 4. In some embodiments, angle 6 may be
defined as the angle between a plane of the loop 23 and the insulating portion 17 (which
may be straight relative to the heating element 12 of the loop 23). For example, the angle
6 may be characterized by the bend in the transitions between the loop 23 and the neck

21.

In some embodiments, to further reduce any potential collateral damage to tissue
near the heating element 12, a thermally insulating layer may be disposed on at least a top
face 59 of the loop 23 formed by the resistive-heating element 12, such that a bottom face
61, which may be disposed against the capsule 36 during the capsularhexis procedure,
may be left bare. A cross-sectional view of one such embodiment is shown in FIG. 6A,

which shows a cross-section of a round wire 14, partially surrounded with a thermally
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insulating layer 55. In some embodiments, the superelastic wire 14 may have a square or
rectangular cross-section, as shown in FIG. 6B, in which case insulation 55 may be
disposed on three sides of the wire 14. In either case, insulation 55 may be disposed on
the wire 14 around all or substantially all of the loop 23 of the resistive-heating element

12.

With the above-described device configurations in mind, those skilled in the art
will appreciate that FIG. 7 illustrates a method for utilizing a capsularhexis device
according to some embodiments. The elements provided in the flowchart are illustrative
only. Various provided elements may be omitted, additional elements may be added,

and/or various elements may be performed in a different order than provided below.

At 701, the insertion sleeve 19 may be positioned into the eye 32. The heating
element 12 may be retracted into the insertion sleeve 19 prior to insertion into the eye.
For example, the heating element 12 may be retracted by a surgeon and/or during
manufacturing of the device 10. FIG. 1b illustrates an embodiment of a retracted heating
element 12. In some embodiments, positioning the insertion sleeve 19 into the eye may
include making a small incision 505 in the cornea 511 (or other part of the eye 32) for

inserting the insertion sleeve 19.

At 703, the heating element loop 23 may be expanded into the anterior chamber
34 of the eye 32 (for anterior capsulorhexis) or in the lens capsule (for posterior
capsulorhexis). Because the heating element 12 described herein may be collapsed, the
insertion sleeve 19 may be dimensioned to fit through an incision 505 that is smaller than

the expanded diameter 401 of the heating element’s loop 23.

At 705, once the loop 23 of the heating element 12 is expanded into the eye 32, it
may be positioned against the anterior lens capsule 509 and/or the posterior lens capsule
513. In some embodiments, the applied force between the heating element 12 and the
capsule 36 may be gauged by assessing a bend in the lead section of the heating element

12.
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At 707, the angle between the insertion sleeve 19 and the plane formed by the
heating element 12 may be matched to a pre-determined angle (e.g., see FIG. 4) to

determine if the correct force is applied.

At 709, after the heating element 12 is positioned against the capsule 36, the
heating element 12 may be energized by the application of electrical current, so that the
loop 23 may be heated to “burn” the lens capsule 36 with a substantially circular,

continuous cut on the anterior lens capsule 509 and/or the posterior lens capsule 513.

At 711, once the burning of the capsule 36 is complete, the heating element 12
may be retracted into the insertion sleeve 19 and, at 713, the insertion sleeve 19 may be
removed from the eye 32. In some embodiments, the detached portion of the capsule

may be removed using a surgical instrument such as forceps.

As was briefly discussed above, the energizing of the resistance-heating element
12 may advantageously include a short pulse (e.g., 20 milliseconds) of electrical current,
or a series of pulses (e.g., 1 millisecond each). In some embodiments, pulsed radio-
frequency power may be used to reduce collateral thermal damage on the capsule and
avoid electrochemical reaction at the gap 25. The frequency, waveform, voltage, pulse
width, and duration of the radiofrequency power may be configured to attain a continuous
through-cut on the capsule 36 while reducing collateral damage. Those skilled in the art
will appreciate that the power settings (e.g., voltage, current, pulse width, number of
pulses, etc.) may be established for a particular heating element configuration so that a
continuous, circular (or oval) through-cut on the capsule 36 may be attained, while
minimizing collateral damage to portions of the capsule 36 surrounding the portion to be
removed. When determining the power settings for a particular heating element 12
according to those described herein, those skilled in the art may consider that multiple
working mechanisms may contribute to the “cutting” of the capsule 36. For instance, a

steam “explosion” in the viscoelastic material and tissue water caused by rapid heating of
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the heating element 12 may contribute to the cut-through of the capsule 36, in addition to

the thermal breakdown of the capsule material.

FIG. 9 illustrates an embodiment of a capsulotomy repair device. In some
embodiments, a smaller capsularhexis device 10 (herein referred to as “capsulotomy
repair device 901”) may be used to repair capsulotomies (e.g., a continuous curvilinear
capsulorhexis (CCC)). During a capsulotomy, rips or tears may occur along the edges of
the capsulotomy perimeter 1041 that may extend into the posterior capsule. These radial
tears may destabilize the lens for further cataract removal and safe intraocular lens
placement. The resistive-heating element loop 23 of the capsulotomy repair device 901
may have an oblong shape and may have a length and width that is smaller than a length
and width of a lens capsule. In some embodiments, both the length and width may be
smaller than approximately 10 millimeters (mm) (e.g., a length approximately in a range
of 4 to 5 mm and a width approximately in a range of 2 to 3 mm). Other lengths and
widths are also possible. In some embodiments, the loop 23 of the capsulotomy repair
device 901 may have a length and width that is smaller than a capsulotomy perimeter
1041 (e.g., as seen in FIGs. 3a-d, a capsulotomy perimeter 1041 may be shaped to
remove the lens capsule for subsequent intraocular lens placement within the lens
capsule). While an oblong/elliptical shape is shown in FIGs. 9-11b, other shapes may
also be used. For example, different shaped wires may be used for different tear
geometries. Wire shapes may include, for example, circular and parabolic. Different
sized loops and length to width ratios may also be used to accommodate different tear

sizes.

In some embodiments, the capsulotomy repair device 901 may have a structure
that is substantially similar to the capsularhexis device 10 described above (but, in some
embodiments, may have smaller dimensions than the capsularhexis device 10). For
example, the loop 23 of the capsulotomy repair device 901 may include a heating element
with a transitional neck 21 (e.g., see FIG. la) with an offsetting bend so as to offset a
planar face 39 of the loop 23 above or below a centerline 27 of an insertion sleeve 19 (the

wire ends 31 forming transitional neck 21 may bend away from the centerline 27). In
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some embodiments, the capsulotomy repair device 901 may not include a transitional
neck (e.g., the capsulotomy repair device 901 may include a straight neck). In some
embodiments, the capsulotomy repair device 901 may use separate crimp tubes around
each end of the loop 23 to insulate the ends from each other in the insertion sleeve 19. In
some embodiments, the insertion sleeve 19 may not be used. For example, the loop 23
may have a reduced diameter that can be inserted into the eye without being retracted into

an insertion sleeve 19.

FIGs. 10a-b illustrate an embodiment of a small tear repair using the capsulotomy
repair device. As noted above, the loop 23 may be retracted into an insertion sleeve 19
prior to insertion into the eye. Once in the eye, the loop 23 of the capsulotomy repair
device 901 may be extended out of the sleeve 19 where it may expand to its original
shape. As seen in FIG. 10a, the loop 23 may be aligned to overlap with a small side tear
1051 (e.g., a tear approximately O to 1 mm in length). Other tear sizes are also possible.
The capsulotomy repair device 901 may be inserted through the same hole in the eye
used to insert the main capsularhexis device (e.g., capsularhexis device 10 or another
capsularhexis device used to remove the main portion of the lens capsule). In some
embodiments, the loop 23 may be aligned with the tear 1051 to slightly overlap the tear
1051 with the broader region of the capsulotomy repair device 901 to create a gradual
curved profile on the capsulotomy perimeter 1041. In this way, the entry and exits points
1053a,b of the repair curve 1055 may have a reduced/curved profile (to reduce stress

concentrations that may themselves lead to tears).

FIGs. 11a-b illustrate an embodiment of a large tear repair using the capsulotomy
repair device. FIG. 11a shows the loop 23 of the capsulotomy repair device 901 aligned
over an extended tear 1151 (e.g., a tear approximately 1 mm to 2 mm in length) in the
lens capsule. Other tear lengths are also possible. The repair curve 1155 may form a
substantially continuous curved profile with the capsulotomy perimeter 1041. The
narrower region of the oblong heating element loop 903 of the capsulotomy repair device
901 may be used for extended tears 115 to reduce the amount of surrounding material

removed during the repair. As noted above, in some embodiments, different loop
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geometries may be used for different tear sizes (e.g., a more eccentric ellipse-shaped wire

may be used for extended tears).

FIG. 12 illustrates a flowchart of an embodiment of a method for capsulotomy
repair. The elements provided in the flowchart are illustrative only. Various provided
elements may be omitted, additional elements may be added, and/or various elements

may be performed in a different order than provided below.

At 1201, a capsularhexis may be performed (e.g., according to the method
described in FIG. 7). Other methods of performing a capsularhexis are also contemplated
(e.g., using a surgical knife). The capsulotomy may include a posterior capsulotomy or
an anterior capsulotomy. During the capsularhexis a tear 1051/1151 may form in the

capsulotomy perimeter 1041.

At 1203, a capsulotomy repair device 901 may be inserted into the hole used to
insert the original capsularhexis device 10. In some embodiments, the capsulotomy
repair device 901 may be inserted into a different hole (e.g., a new hole formed for the
capsulotomy repair). The loop 23 of the capsulotomy repair device 901 may be retracted

into the insertion sleeve 19 during the insertion.

At 1205, the loop 23 of the capsulotomy repair device 901 may be pushed out of
the sleeve 19 into the lens capsule and may expand to its original shape (as noted above,
the loop 23 may be formed of a superelastic nitinol wire or some other shape memory
material). In some embodiments, the loop 23 may be pushed out of the insertion sleeve
19 or the insertion sleeve 19 may be pulled back to expose the loop 23 (e.g., using a lever
45 as seen in FIGs. 2a-b). Other extension methods are also possible (e.g., using a spring

or solenoid).

At 1207, the loop 23 may be placed onto the capsulotomy perimeter 1041 such
that it overlaps the tear 1051/1151.
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At 1209, a current may be applied to the loop 23 which may burn through the
underlying lens capsule material to form a substantially continuous curved profile with

the capsulotomy perimeter 1041 (e.g., see FIGs. 10b and 11b).

At 1211, the loop 23 may be retracted into the sleeve 19 and the capsulotomy
repair device 901 may be withdrawn from the eye. In some embodiments, the loop 23
may be pulled into the insertion sleeve 19 or the insertion sleeve 19 may be pushed over
the loop 23 (e.g., using a lever 45 as seen in FIGs. 2a-b). Other retraction methods are

also possible (e.g., using a spring or solenoid).

In some embodiments, the capsularhexis device 10 (including the capsulotomy
repair device 901) and/or a management system for the capsularhexis device 10 (e.g.,
handpiece 41 and/or console 43) may include one or more processors (e.g., processor
1001) and/or memories 1003 (e.g., see FIG. 8). The processor 1001 may include single
processing devices or a plurality of processing devices. Such a processing device may be
a microprocessor, controller (which may be a micro-controller), digital signal processor,
microcomputer, central processing unit, field programmable gate array, programmable
logic device, state machine, logic circuitry, control circuitry, analog circuitry, digital
circuitry, and/or any device that manipulates signals (analog and/or digital) based on
operational instructions. The memory 1003 coupled to and/or embedded in the
processors 1001 may be a single memory device or a plurality of memory devices. Such
a memory device may be a read-only memory, random access memory, volatile memory,
non-volatile memory, static memory, dynamic memory, flash memory, cache memory,
and/or any device that stores digital information. Note that when the processors 1001
implement one or more of its functions via a state machine, analog circuitry, digital
circuitry, and/or logic circuitry, the memory 1003 storing the corresponding operational
instructions may be embedded within, or external to, the circuitry comprising the state
machine, analog circuitry, digital circuitry, and/or logic circuitry. The memory 1003 may
store, and the processor 1001 may execute, operational instructions corresponding to at

least some of the elements illustrated and described in association with the figures.
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Various modifications may be made to the presented embodiments by a person of
ordinary skill in the art. For example, although some of the embodiments are described
above in connection with capsularhexis devices 10 it can also be used with other thermal
surgical devices. Other embodiments of the present invention will be apparent to those
skilled in the art from consideration of the present specification and practice of the
present invention disclosed herein. It is intended that the present specification and
examples be considered as exemplary only with a true scope and spirit of the invention

being indicated by the following claims and equivalents thereof.
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The claims defining the invention are as follows:

1. A capsulotomy repair device, comprising:
a resistive-heating element comprising an electrically resistive, superelastic wire having first
and second ends, the superelastic wire forming a loop with a gap between the first and second ends;
5 and
an insulating portion comprising an electrically insulating material separating the first and
second ends of the superelastic wire, wherein the first and second ends are adjacent to each other
and at least partially extend at an angle from a planar face defined by the loop, to the insulating
portion, to form a transitional neck between the loop and the insulating portion;
0 wherein the first and second ends form at least one bend between the planar face and the
insulating portion; and
wherein the resistive-heating element has a length and width that are smaller than the length
and width of a capsularhexis perimeter to be repaired such that the resistive-heating element is

configured to overlap a tear in the capsularhexis perimeter for repair of the capsularhexis perimeter.

5 2. The capsulotomy repair device of claim 1, wherein a length and width of a loop

formed by the resistive-heating element are less than 6 mm.

3. The capsulotomy repair device of claim 1 or claim 2, wherein a length and width of
a loop formed by the resistive-heating element are approximately in a range of 4 mm to 5 mm and

2 mm to 3 mm, respectively.

20 4. A method for repairing a capsulotomy in the eye, the method comprising the steps
of:
performing a capsularhexis with a capsularhexis device to form a capsularhexis perimeter in a
lens capsule of the eye, wherein the capsularhexis results in at least one tear in the capsularhexis
perimeter;
25 withdrawing the capsularhexis device from the eye;
inserting a capsulotomy repair device into the eye;
positioning a heating loop of the capsulotomy repair device in the eye to overlap a tear of the

at least one tear in the capsularhexis perimeter;
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electrically heating the heating loop to burn the lens capsule along the loop; and

withdrawing the capsulotomy repair device from the eye.

5. The method of claim 4, wherein the capsulotomy repair device comprises an
insertion sleeve and wherein the method further comprises:

ejecting the heating loop from the insertion sleeve in the eye; and

retracting the heating loop into the insertion sleeve before removal of the capsulotomy repair

device from the eye.

6. The method of claim 4 or claim 5, wherein the heating loop comprises an
electrically resistive, superelastic wire having first and second ends, the superelastic wire formed
with a loop and a gap between the first and second ends, wherein the first and second ends are
adjacent to each other and at least partially extend at an angle from a planar face, defined by the
loop to form a transitional neck between the loop and an insulating portion holding the first and

second ends.

1. The method of claim 6, wherein at least partially extending at an angle from the
planar face defined by the loop comprises extending approximately 45 degrees as measured to a

back side of the planar face defined by the loop.

8. A method for repairing a capsulotomy in an eye, the method comprising the steps

of:

performing a capsularhexis with a capsularhexis device to form a capsularhexis perimeter in a
lens capsule of the eye, wherein the capsularhexis results in at least one tear in the capsularhexis
perimeter;

withdrawing the capsularhexis device from the eye;

inserting a capsulotomy repair device into the eye, wherein the capsulotomy repair device
comprises a resistive-heating element comprising an electrically resistive, superelastic wire having
first and second ends, the superelastic wire forming a loop with a gap between the first and second
ends and an insulating portion comprising an electrically insulating material separating the first and
second ends of the superelastic wire, wherein the first and second ends are adjacent to each other

and at least partially extend at an angle from a planar face defined by the loop, to the insulating
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portion, to form a transitional neck between the loop and the insulating portion, wherein the
resistive-heating element has a length and width that are smaller than the length and width of the
capsularhexis perimeter to be repaired such that the resistive-heating element is configured to
overlap a tear in the capsularhexis perimeter for repair of the capsularhexis perimeter;

positioning the loop of the capsulotomy repair device in the eye to overlap the tear in the
capsularhexis perimeter;

electrically heating the resistive-heating element to burn the lens capsule along the loop; and

withdrawing the capsulotomy repair device from the eye.

9. The method of claim 8, wherein a length and width of a loop formed by the

resistive-heating element are less than 10 mm.

10. The method of claim 8 or claim 9, wherein a length and width of a loop formed by

the resistive-heating element are approximately in a range of 3 mm to 7 mm.

11. The method of any one of claims 8 to 10, wherein the gap in the loop of
superelastic wire is sufficiently small to allow the loop to form a circular, continuous cut in a

capsule of an eye when current is applied to the loop while positioned in contact with the capsule.

12. The capsulotomy repair device of any one of claims 1 to 3, or the method of any

one of claims 8 to 11, wherein the resistive heating element comprises an oblong, elliptical shape.

13. The capsulotomy repair device of any one of claims 1 to 3 and 12, or the method of
any one of claims 6 and 8 to 12, wherein at least partially extending at an angle from the planar
face defined by the loop comprises extending approximately perpendicular from the planar face

defined by the loop.

14. The capsulotomy repair device of any one of claims 1 to 3, 12 and 13, or the
method of any one of claims 8 to 12, further comprising an insertion sleeve configured to fit
around the insulating portion and to substantially contain the resistive-heating element when the

resistive-heating element is in a retracted position.
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15. The capsulotomy repair device of any one of claims 1 to 3 and 12 to 14, or the method of
any one of claims 6 to 14, wherein a gap between the first and second ends at the insulating portion
on one side of the transitional neck is wider than a gap between the first and second ends on an

opposing side of the transitional neck at the loop.

16. The capsulotomy repair device or method of claim 15, wherein the gap between
the first and second ends on the opposing side of the transitional neck is approximately 0.0762

mim.

17. The method of claim 15, wherein the gap between the first and second ends on the

opposing side of the transitional neck is at least 0.0762 mm.

18. The capsulotomy repair device of claim 15, wherein the gap between the first and
second ends of the superelastic wire on the opposing side of the transitional neck of the loop is
sufficiently small to allow the loop to form a circular, continuous cut when current is applied to the

loop while positioned in contact with the capsule.

19. The method of any one of claims 4 to 18,

wherein the heating loop is oblong having two extended sides and a narrow tip region.
20. The method of claim 19,

wherein the tear is a large tear and wherein positioning the heating loop comprises positioning

the tip to overlap the large tear.
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