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ACCOMMODATING INTRA-OCULAR LENS
SYSTEM

Matter enclosed in heavy brackets [ ]| appears in the
original patent but forms no part of this reissue specifica-
tion; matter printed in italics indicates the additions
made by reissue; a claim printed with strikethrough
indicates that the claim was canceled, disclaimed, or held
invalid by a prior post-patent action or proceeding.

FIELD OF THE INVENTION

The present invention relates generally to the correction
and/or cure ol presbyopia, and more particularly to the
reliable transduction of an accommodative impulse of the
ciliary muscle to an accommodating intra-ocular lens (10L).

BACKGROUND OF THE INVENTION

The human eye possesses natural accommodation capa-
bility, which nvolves relaxation and constriction of the
circular ciliary muscle of the eye, and zonules controlled by
the ciliary muscle, by the brain to provide the eye with near
and distant vision. This ciliary muscle action 1s automatic,
and varies the shape of the natural crystalline lens to an
appropriate optical configuration for focusing light rays
entering the eye on the retina. Cihary muscle relaxation,
which 1s the normal state of the muscle, shapes the human
crystalline lens for distant vision. Ciliary muscle contraction
deforms the lens for near vision, and the extent of contrac-
tion changes the focal length of the lens to the desired
endpoint. This change 1n eflective focal length 1n order to
focus on nearby objects 1s known as accommodation.

Normally the human eye loses its ability to accommodate
as individuals reach the age of 40. This condition, known as
presbyopia, 1s typically due to a progressive loss 1n the
clasticity of the lens of the eye, such that the ciliary muscle
can no longer exert the necessary deformation of the lens’
shape. In addition, the human eye 1s susceptible to disorders
and diseases which attack the crystalline lens, such as
cataracts.

Cataracts causing partial or complete blindness are typi-
cally treated by removing the crystalline lens and replacing
it with an 1ntra-ocular lens (IOL). While conventional I0L’s
have had great success at restoring vision, they have limited
ability for accommodation. The conventional solution to the
problem of presbyopia 1s a prescription for reading glasses
or, for individuals who already require glasses to correct
other refractive errors such as myopia or astigmatism, a
prescription of bifocal or multifocal glasses. This 1s neces-
sary for the subject’s eye to have clear vision of objects at
different distances.

Alternative attempts 1n the art to overcome presbyopia
focus on providing implantable IOL’s with accommodation
ability. Accommodative IOL’s have been mtroduced, for
example, which change the shape of the IOL by physically
deforming the lens to become more convex for focusing on
nearby objects, similar to the way the body’s natural crys-
talline lens focuses. Other accommodative 10L’s work by
moving the IOL along 1ts optical axis within the orbit of the
eye. However, synthetic IOLs implanted 1n subjects for the
treatment of cataracts typically do not have the ability to
change shape as do natural lenses. Thus, subjects with
synthetic accommodating 10L’s still have presbyopia and
cannot adequately focus on proximate visual targets due to
the reduced flexibility of the IOL relative to the tractive
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capabilities of the ciliary muscle. Therefore, such subjects
experience a degradation of their ability to accommodate.

It 1s believed that the neuromuscular activity of the ciliary
muscle correlates with a person’s eflort to adjust the focus
of the eye. Previously, enhancement of the physical move-
ment of the ciliary muscle has been utilized for IOL accom-
modation. For example, U.S. Pat. No. 7,060,094 to Shahi-
npoor et al discloses a circularly distributed assembly of
synthetic muscles 1 the form of mimi-bridges for augment-
ing the contraction force of the ciliary muscle transmitted to
the lens. However, 1t has been diflicult to capture the action
potential of the ciliary muscle and transfer 1t with enough
force to cause 10OL deformation, even when various multi-
pliers such as micropumps or levers are used.

Other mventions aimed at improving the accommodative
abilities of implantable 10Ls include the following: U.S.
Pat. No. 7,334,892 to Goodall et al discloses an adjustable
lens system which detects a neural signal and then generates
a control signal to drive actuation of an adjustable 1I0OL.

U.S. Pat. No. 5,800,530 to Rizzo, III discloses an implant-
able and deformable IOL having microelectronic compo-
nents implanted thereon, 1n which a micromotor controlled
by a distance measuring apparatus changes tension 1n a band
encircling the periphery of the lens to vary its focal length.

U.S. Pat. No. 5,203,788 to Wiley discloses micromotors
powered by EMG or ultrasound to change the lens shape, in
which each micromotor 1s responsive to an externally gen-
erated control signal for selectively changing the circumfier-
ence and/or axial position of the lens. The changes made to
the lens are not automatic and are not under the control of
the subject.

U.S. Pat. No. 4,373,218 to Schacar discloses an expand-
able intra-ocular lens filled with liquid crystal material
which could be activated by an electrical signal originated
from the action potential of the ciliary muscle, sensed by an
clectrode which 1s sent to a microprocessor by miniature
wiring.

While such prior art devices and methods for the surgical
correction of presbyopia may be useful for their intended
purposes, those developed to date have generally achieved
limited success because they are unable to provide adequate
accommodation when compared to a healthy natural crys-
talline lens, are too complex to be practical to construct, or
fail to accurately and reliably focus on demand.

As such, 1t would be beneficial in the art to provide a
system and method that provides an enhanced capacity for
accommodation of implanted IOLs. It would also be ben-
eficial to detect a signal, such as an action potential, created
by the ciliary muscle and to convert this signal to activate
micromotors and/or nanomotors implanted into the eye for
creating accommodative forces. It would also be advanta-
geous to mimic the force of contraction created by the ciliary
muscle onto a native lens, thereby causing an accommodat-
ing shape change i an implanted I0L. It would also be
advantageous to provide an IOL system that can detect and
capture the action of the ciliary muscle and transfer 1t with
enough force to cause adequate IOL deformation and
accommeodation.

SUMMARY OF THE INVENTION

The present invention relates to a device which causes a
change in the shape of a compressible, accommodating
intra-ocular lens (1I0L) that has previously been implanted to
replace the original crystalline lens of a subject, and which
typically includes an internal deformable lens having an
external membrane, as 1s known 1n the art. The IOL 1s
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coupled to a sensor, such as an electromyographic (EMG)
receiver (or a series of EMG receivers), which detects a
signal created by the ciliary muscle around the eye. The
receiver then transmits the signal to a signal processor such
as a transducer or microprocessor which generates an elec-
trical signal. A transmitter then sends the resultant electrical
signal to a micromotor which creates a force of contraction
which acts on the IOL. The force of contraction created by
the micromotor can mimic that created by the ciliary muscle

onto a native lens, thereby causing a shape change 1n the
IOL.

A first aspect of the invention provides a system for
causing a change in the shape of a compressible, accommo-
dating intra-ocular lens (IOL) of a subject, the system
comprising: (a) an IOL complex comprising a compressible,
accommodating I0OL; (b) at least one sensor for detecting a
signal from the subject’s ciliary muscle; (¢) a signal pro-
cessor for recerving and processing the ciliary muscle signal
to generate a corresponding electrical signal; (d) a transmit-
ter for transmitting the electrical signal; and (e) at least one
micromotor for receiving the transmitted electrical signal
and causing a change 1n shape of the I0OL.

A second aspect of the invention provides a system for
causing a change 1n the shape of a compressible, accommo-
dating intra-ocular lens (IOL), the system comprising: (a) an
IOL complex comprising a compressible, accommodating
IOL, an external lens membrane, and an annular support ring
system for providing a means to cause a change 1n shape of
the IOL; (b) at least one sensor for detecting a signal from
the subject’s ciliary muscle; (¢) a microcomputer for modu-
lating the ciliary muscle signal into an electrical signal; (d)
a transmitter for transmitting the electrical signal; and (e) at
least one micromotor for receiving the transmitted electrical
signal and causing the annular support ring system to
compress the IOL.

A third aspect of the imvention provides a method for
causing a change 1n shape of a compressible, accommodat-
ing intra-ocular lens (IOL) in a subject, the method com-
prising the steps of: (a) implanting at least one sensor for
detecting a signal from a subject’s ciliary muscle 1nto an eye
of the subject; (b) detecting a ciliary muscle signal with the
at least one sensor; (¢) transforming the ciliary muscle signal
into an electrical signal; and (d) transmitting the electrical
signal to at least one micromotor, wherein the micromotor
causes a change in shape of an IOL upon receipt of the
transmitted electrical signal.

The ciliary muscle signal can be 1n the form of a neuro-
clectrical 1mpulse, a muscle action potential, a muscle
contractile force, a chemical signal, or a combination of
these means. The nature and advantages of the present
invention will be more fully appreciated after reviewing the
accompanying drawings, detailed description and claims.

BRIEF DESCRIPTION OF THE DRAWINGS

The accompanying drawings illustrate embodiments of
the invention and, together with a general description of the
invention given above, and the detailed description given
below, serve to explain the principles of the invention.

FI1G. 1 1s a side view 1llustrating the anatomy of the human
eye.

FI1G. 2 1s a perspective frontal view of one embodiment of
the system of the invention.

FIG. 3 1s a partial cross-sectional view of the human eye
showing the embodiment of FIG. 2 after implantation into
the eye.
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FIG. 4 1s a side view illustrating the embodiment of FIG.
2 as positioned within the human eye.
FIG. 5 1s a partial cross-sectional view of the human eye

showing the embodiment of FIG. 2 after implantation nto
the eye.

DETAILED DESCRIPTION OF TH.
INVENTION

(1]

As defined herein, the term “ciliary muscle” means a ring
of striated smooth muscle encircling the eye that controls
accommodation for viewing objects at varying distances.
The ciliary muscle also regulates the flow of aqueous humor
into Schlemm’s canal, and has parasympathetic and sympa-
thetic mnervation. The terms “ciliary body” and “ciliary
complex™ are structures that include the ciliary muscle.

The term *““ciliary muscle signal” means an action detected
at the subject’s ciliary muscle, and more specifically means
an action relating to the ciliary muscle 1 the form of a
neuroelectrical pulsation, a muscle action potential, a muscle
contractile force or movement, a chemical signal, or a
combination of these means. The ciliary muscle signal can
be electrical/neuroelectrical or chemical/neurochemical in
nature, or it can be initiated by mechanical movement of the
ciliary muscle.

FIG. 1 1illustrates a human eye 10, which has an anterior
chamber 18 between the cornea 12 and 1ris 16, a posterior
chamber behind the 1iris containing a bi-convex natural
crystalline lens 14, a vitreous chamber 28 behind the lens 14
containing vitreous humor, and a retina 30 at the rear of the
vitreous chamber 28. Light 1s focused by the eye 10 by being
refracted through the cornea 12 and then refracted again
through the lens 14 and upon the retina 30 for transmission
to the brain by the optic nerve 34. The lens 14 1s encased in
a native lens capsule or capsular bag 22, which 1s attached
about 1ts equator or periphery to the ciliary muscle 24 by
zonular fibers 26, called zonules of Zinn. Between the 1ris 16
and the ciliary muscle 24 1s an annular crevice-like space
called the cihary sulcus 32.

While the cornea 12 provides a significant portion of the
refractive power of the eye, the capacity for accommodation
1s primarily contributed by the lens 14, because of 1ts
inherent elastic properties. The inner ends of the zonules 26
are attached to the lens capsule 22, and the outer ends are
attached to the ciliary muscle 24. The ciliary muscle 24 1s
part of a sphincter-like ciliary body, which opens when it 1s
relaxed, thereby generating tension on the zonular fibers 26.
The ciliary muscle 24 1s relaxed in the unaccommodated
eye, and the ciliary body therefore assumes its largest inner
diameter, which 1n turn causes a tension on the zonules 26.
In this state, the zonules 26 are caused to pull radially
outward on the lens capsule 22, flattening and making the
lens 14 less convex. Thus, when the ciliary muscle 24 1is
relaxed, the refractive power of the lens 1s relatively low and
the eye 1s focused for clear vision of distant objects. The lens
capsule 22 1s comprised of membrane-like, elastic, optically
clear anterior and posterior walls or capsules. When the
ciliary muscle 24 contracts the lens capsule moves forward
and inward, thereby relaxing the outward pull of the zonules
26 on the equator of the lens capsule 22 and reducing the
zonular tension on the lens 14. The lens 14 becomes more
rounded, so that the eye 1s focused for clear vision of nearby
objects. Therefore, for near vision, the ciliary muscle con-
tracts and releases tension on the zonular fibers 26, allowing
the lens 14 to elastically rebound and thicken, and, in a
manner of speaking, “relax” back to 1ts more convex and
spherical natural state.
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Modern cataract surgery typically involves removing the
cloudy contents of the eye’s natural lens 14 while leaving the
clear outer membrane or capsule 22 (also referred to as a
capsular bag) to hold a new, artificial intra-ocular lens (I0L)
in place. As illustrated i FIGS. 2-5, a synthetic IOL 135
intended for use 1n the present invention replaces the natural
crystalline lens 14. The IOL can be part of an IOL complex,
which can include an internal compressible accommodating,
IOL 15 which incorporates a tlexible, elastic external lens
membrane 15a about 1ts periphery, and an annular support
ring system 40. The annular support ring system provides a
means to cause a change in shape of the IOL. The annular
support ring system typically consists of two (2) concentric,
adjacent encircling elements: an outer annular support ring
40a and an adjacent inner annular support ring 40b. The
inner annular ring 40b encircles, and 1s attached to, the
external lens membrane 15a, which encases the IOL 15. The
IOL 15, external lens membrane 15a and the annular support
ring system 40a, 40b are all positioned within the native
capsular bag 22, which previously encased the (now
removed) natural crystalline lens 14 of FIG. 1. The capsular
bag 22 and i1t’s supporting zonular ligaments 26 serve as a
support structure for the IOL complex and the annular
support ring system.

As 1illustrated in FIG. 2, the iner annular ring 40b
encircles the external lens membrane 15a and provides a
foundation/housing for a micromotor 42 to cause tightening/
shortening of the inner annular support ring 40b, which
results 1n a change 1n shape of the IOL 15. The micromotor
42 1s typically powered by a mimaturized power source such
as a rechargeable battery 44. A ciliary sulcus ring 46, which
can be implanted 1n the ciliary sulcus 32 wvia intra-ocular
endosurgery (now commonly and easily performed 1mn a
procedure called endocyclophotocoagulation), can commu-
nicate with the inner annular support ring 40b via a trans-
mitter 50 (FI1G. 2). The ciliary sulcus ring 46 supports at least
one and typically a series of ciliary muscle signal sensors 48,
illustrated here 1n the form of electromyographic (EMG)
receivers lfor detecting ciliary muscle contraction. Each
EMG receiver 48 can include contacts or mimaturized
clectrodes 1n the form of ciliary muscle probes 49, typically
in pairs, for entering the ciliary muscle 24 (FIG. 3). How-
ever, the mnvention can employ sensors known 1n the art that
can detect a ciliary muscle signal by electrical/neuroelectri-
cal means, chemical/neurochemical means, mechanical
movement of the ciliary muscle, or a combination of these
means.

Alternatively, the ciliary muscle signal sensors can be 1n
the form of a first sensor positioned within the ciliary sulcus,
typically on the ciliary sulcus ring 46, and a companion
sensor positioned on the outer annular support ring 40a.
Movement of the first sensor relative to the companion
sensor provides the ability to detect ciliary muscle move-
ment 1n response to the accommodative reflex. Further, a
series ol ciliary muscle sensors can be supported on both the
ciliary sulcus ring 46 and the outer annular support ring 40a,
and the degree of movement of these sensors relative to one
another can provide very sensitive means for detecting an
accommodative signal from the ciliary muscle.

Looking at FIG. 2 1t can be appreciated that the inner
annular support ring 40b houses the micromotor 42. Acti-
vation ol the micromotor 42 causes the inner ring 40b to
slide upon 1itsell and tighten, thereby shortening the inner
ring 40b 1n both circumierence and diameter and exerting a
compressive force on the I0OL 15 to change the 1I0L shape.
The outer annular support ring 40a can typically be manu-
factured to be more rigid and adapted to resist compressive,
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fibrotic contraction forces of the native capsular bag 22.
Also, the outer annular ring 40a can include attachments of
optical, electrical or magnetic sensors (not shown) with
corresponding sensors/receivers located on the ciliary sulcus
ring 46. The sensors on the ciliary sulcus ring 46 and the
outer annular ring 40a would allow detection of the ciliary
muscle action by the relative movement of the two compo-
nents (40a,46) during accommodation.

As noted above, modern cataract surgery typically
involves removing the natural lens while leaving the clear
outer capsule 22 to hold the new intraocular lens in place.
The capsule 22 that remains has epithelial cells on 1t which
can continue to produce lens fibers. These fibers cannot be
laid down 1n an organized manner and will form little beads
or “pearls” on the lens capsule 22, forming a secondary
membrane. When these pearls accumulate 1n the pupil, they
cause a blurring of vision similar to that experienced with a
cataract. This occurs approximately 30-40% of the time and
can appear at any tume aiter cataract surgery, even as much
as five or more years later.

Thus, there 1s a risk that the surrounding capsular bag 22
will scar down, bind, compress, contract and otherwise
reduce the eflectiveness of a single annular ring. This can be
avoided by employing a double ring system as disclosed
above, which includes the outer annular support ring 40a and
the inner annular support ring 40b of the present invention.
With this double annular support ring configuration, the
outer annular support ring 40a can protect the inner annular
support ring 40b from the contractile forces of a fibrotic
capsular bag 22. For example, 1n FIG. 2 the outer ring 40a
1s attached to the mner ring 40b via attachment 41 near the
location of the micromotor 42 and battery 44 housed on the
inner ring 40b. The annular support rings 40a and 40b can
also be connected to one another by attachments 41 at
intervals along their lengths as shown, 1 needed for stability,
such as every one-third to one-fourth of the way around their
circumierence. The attachments 41 between the outer ring
40a and the mnner ring 40b would likely be via mini-welds
or clips.

As shown 1n FIG. 2, the inner ring 40b 1ncludes a free end
or distal portion 45 that can fit within the micromotor
housing or proximal portion 43, thereby allowing the distal
end 45 to shide within itself at the proximal end 43. The
housing of the micromotor 42 1s typically continuous with
the proximal end 43 of the inner ring 40b. This sliding of the
iner ring 40b within 1itself serves to decrease both the
diameter and circumierence of the inner ring 40b, resulting
in a compressive force being exerted upon the I0L. In the
embodiment shown i FIG. 2 the inner ring 40b 1s 1n a
partially compressed position with the distal end 45 located
to some extent within the proximal end 43 of the 1nner ring
40b.

It should be noted, however, that the inner ring 40b cannot
have a connection or attachment at its sliding distal end 45
because then the distal end of the inner ring 40b would not
be able to shide into its proximal end 43. That 1s, a shiding
inner ring 40b as described here must have a free, unattached
segment at 1ts distal end 45, the amount determined by the
degree of compression needed as the inner ring 40b 1s
shortened when 1t slides.

The outer ring 40a not only can provide ngidity to the
inner ring 40b 1n the face of scarring, thereby protecting the
inner ring, but as noted above 1t also can include sensors for
detecting relative motion of the ciliary sulcus ring 46. This
will allow detection of ciliary muscle action by the relative
movement of the two components (40a, 46) during accom-
modation. In this manner, a first sensor (or series of sensors)
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can be positioned on the ciliary sulcus ring 46, and a
companion sensor (or series ol sensors) can be located on the
outer annular support ring 40a, 1n order to detect relative
motion of the ciliary sulcus ring 46 following ciliary muscle
movement. Companion sensors can also be placed on the 1r1s
or other ocular tissue.

Looking again at FIG. 2, the ciliary muscle sensors 48 can
be flat or tubular areas contiguous with the main body of the
ciliary sulcus ring 46, and can provide electrical, mechanical
or chemical recognition of a ciliary muscle signal via
mimaturized electrode probes or contacts 49. A microcom-
puter and/or micropotentiometer 52 acts as a signal proces-
sor and modulates the ciliary muscle signal detected by the
sensor 48 and converts 1t to an electrical signal. This
clectrical signal created by the microcomputer 52 1s then
sent to the micromotor 42 via the transmitter 50. Typically
a single microcomputer/transmitter system 1s needed for a
ciliary sulcus ring 46; however, 1t can be appreciated that 1t
may become feasible to attach another set as backup 1n case
of a failure of one of the components. The transmitter 50 can
be directly wired to the micromotor 42, or it can work via
radio frequency (RF) transmission. The micromotor 42 then
creates a tightening of the inner annular ring 40b, and this
tightening compresses the compressible I0L 15.

As noted above, the ciliary muscle sensor 48 can be a
myoelectrical sensor such as an EMG receiver known 1n the
art for detecting muscle action potentials for taking clinical
EMG measurements. With EMG-type sensors, miniaturized
clectrode probes or contacts 49 are incorporated onto the
ciliary sulcus ring 46 and implanted into the ciliary muscle
via intra-ocular endosurgery (i.e. via endocyclophotocoagu-
lation). Known EMG electrodes or probes that may be useful
as a sensor supported on the ciliary sulcus ring of the
invention include those disclosed 1n U.S. Pat. No. 7,941,201
to Chiou et al., which 1s incorporated by reference herein in
its entirety, disclosing a microprobe array structure suitable
for electromyography which detects a neuroelectrical signal
through skin.

The ciliary sulcus ring 46 1s a generally circular ring
which 1s implanted into the ciliary sulcus 32 of a subject.
The ciliary sulcus ring 46 may be made of polymethylmeth-
acrylate, with or without a collamer coating, or a combina-
tion of biocompatible metals having conductive plates. If a
ciliary sulcus ring includes such conducting plates, the
plates can serve as the sensors/EMG contacts 48, and may
include fine wire appendages as probes 49 for entering the
ciliary muscle. The composition of the probes 49 should be
a metal material or an alloy that 1s both biocompatible and
conductive.

Regarding capturing ciliary muscle contraction by
mechanical means rather than electrical means, there may be
several ways of doing this. For example, a sensor could be
fixed to any ocular tissue adjacent the ciliary muscle, near
the ciliary sulcus ring, where the relative movement of the
companion sensors would be maximized. This could include
the outer annular support ring 40a, but can also include the
posterior 1ris base, the external sclera or episclera, or ciliary
zonular fibers. Such sensors could detect the relative move-
ment of a companion sensor located on the ciliary sulcus
ring.

The diameter of the ciliary sulcus ring 46 may be changed
by ciliary muscle contraction, which could be sensed by
clectrical methods within the ring itself. In one embodiment,
the ciliary sulcus ring 46 can be fashioned as a complete
circle. Alternatively, 1n order to facilitate 1nsertion and/or
movement, the ciliary sulcus ring can include a space or gap
between the ends. Sensors on the ciliary sulcus ring 46 and
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the outer annular ring 40a would allow detection of the
ciliary muscle action by the relative movement of these two
components during accommodation.

The micromotor 42 activates the annular support ring
system 1ncluding the mnner annular ring 40b around the
compressible IOL 15. Since the micromotor 42 1s respond-
ing to a signal which originated in the ciliary muscle, the
action of the micromotor 42 converts the signal created by
the ciliary muscle to act on the IOL, causing an accommo-
dation change 1n the IOL shape. The motor mechanism can
be via Iriction drive, or 1t can be a sealed, geared motor
having a clutch/brake release. Such a micromotor/annular
ring combination that may be useful in the present invention
1s that disclosed in U.S. Pat. No. 5,800,530 to Rizzo, III,
incorporated herein by reference in 1ts entirety, which
changes tension 1n a band encircling the periphery of the lens
to vary 1ts focal length 1n response to a distance measuring
apparatus. Also, newly developed motors such as piezoelec-
tric motors having a simple, reversible, sliding action, or
micromotors such as those disclosed in U.S. Pat. No. 7,309,
943 to Henderson, or U.S. Pat. No. 7,795,782 to Wischnews-
k1j et al. may be used, both of which are incorporated herein
by reference 1n their entirety.

As noted above, the micromotor 42 causes the inner
annular support ring 40b to compress the I0L 15 and 1ts
external membrane 13a,either through piezoelectric action
or a geared mechanism. The inner annular ring 40b can
accomplish this by sliding upon itself, or into itself, 1t 1t 1s
tubular as shown 1n FIG. 2, to tighten and overlap itself,
thereby decreasing in both circumierence and diameter.
Regarding a tubular embodiment, the ring can be a tapered
tube 1n which the circumierence of the sliding end 1s smaller
than the opposite end of the ring, so that the sliding, smaller
end can fit mside the larger, stationary end as 1t slides;
alternatively, the sliding end can be larger than the other end
of the ring, so that the sliding end can envelop the stationary
end as 1t slides.

The natural accommodative response ivolves a rapid
ciliary muscle contraction, followed by sustained contrac-
tion until the accommodative eflort 1s voluntarily released.
The mechanisms are not completely understood, but there 1s
presumably an ongoing, continued recruitment of compo-
nents of the cilhiary muscle, such that the ciliary muscle
becomes “locked” into place until released. This natural
accommodated state 1s easily maintained, generally without
fatigue, until relaxation occurs. When released, the non-
accommodated state 1s attained rapidly, typically 1n less than
4 sec. In light of this, 1t 1s preferred that the micromotor/
annular ring combination of the present invention has the
ability to release almost mstantaneously to the non-accom-
modated state, and preferably within 0.1 seconds to 0.5
seconds, 1n order to match the natural speed of accommo-
dation. That 1s, 1t 1s preferable that the inner ring 40b quickly
releases the lens 15 so that the lens can return to 1ts original
circumierence soon aiter the inner ring 40b undergoes
shortening.

Typically the sensor 48, the signal processor 32 and the
micromotor 42 are powered by a rechargeable battery 44.
Power for the system can be obtained by long-lasting
implantable batteries, such as miniature lithium-1on batteries
and batteries having lives of up to 50 years, by light-charged
batteries through the pupil, or by ciliary complex-activated
or ciliary complex-charged batteries. Composite materials
for electrochemical storage that may be useful 1n such a
miniature, long-lasting, rechargeable battery of the present
invention are disclosed in Published U.S. App. No. 2011/

0177393 to Park et al., which 1s incorporated by reference
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herein in 1ts entirety. However, any source of electrical
power known 1n the art can be used to run the system.

The method of implanting the device of the mvention 1s
technically diflicult but can be successtully performed by a
skilled ophthalmic surgeon. While the ciliary sulcus ring 1s
relatively easy to implant, since 1t does not have to be a
complete circle, the external annular ring 40a may mnitially
have to include a detachable end that can be directed through
a small incision for placement, and then clipped together,
making it a complete, rigid circle. The mner ring 40b of
course needs to be more flexible so it can be deformed to
pass through a 3-5 mm 1incision. Thus, the inner annular ring,
40b, the lens 15 and the flexible membrane 15a can be
collapsed and the lens filled by cannula with a low-viscosity
refractive polymer aiter the insertion. After the inner ring
and lens complex 1s inserted, the detachable ends of the
outer ring 40a are then clipped together, and the now circular
outer ring 40a 1s then clipped onto the 1mnner ring 40b. Both
rings 40a, 40b are typically individually inserted into the
anterior chamber, anterior to the 1ris, and subsequently the
entire complex including the rings 40a and 40b and the lens
clements 15 and 13a can be easily slipped into the native
capsular bag.

In another embodiment of the invention, a thin acrylic
circular plate can be implanted first onto the back surface of
the native capsular bag 22 prior to implanting the other
components of the IOL complex, and would serve as a
platiorm to the other parts of the IOL complex which would
be implanted anterior to the acrylic plate. This 1s done in
case a YAG (Yttrium Aluminum Garnet) laser capsulotomy
would need to be done due to a secondary cataract. As noted
above, continued epithelial proliferation and fibrosis of the
lens capsule 22 1s a common occurrence with 10Ls follow-
ing cataract surgery. A YAG laser capsulotomy can easily
clear the blurred vision produced by a scarred capsular bag
22. The placement of an acrylic circular plate onto the back
surface of the native capsular bag 22 would protect the thin,
tflexible, posterior portion of the external IOL membrane 15a
from rupture.

Alternatively, 1n another embodiment of the invention, the
posterior surface of the IOL 15 1tself can be made of acrylic.
In this embodiment, the posterior surface of the IOL has a
fixed curvature, and only the anterior portion of the external
IOL membrane 15a 1s flexible enough to alter the power of
the lens 15. These concepts arise because, although some
materials are resistant to the YAG pulses, a highly flexible
membrane such as that intended for the external IOL mem-
brane 15a may not be. Thus, 1t 1s believed that 1f suflicient
compression and shape change of the IOL 15 can be
accomplished with only the anterior portion of the external
IOL membrane 15a, the posterior portion can be acrylic,
which 1s currently the material commonly used for fixed
IOLs.

Taking this concept one step further, another embodiment
of the invention can include two separate acrylic plates, one
acting as a posterior portion of the lens and the other as the
anterior lens. These acrylic plates can replace the IOL 15
(which 1s typically a fluid- or copolymer-filled bag) and its
surrounding flexible membrane 15a. However, the posterior
and anterior plates can be connected by a circumierential
flexible membrane similar to the IOL membrane 15a,
wherein the membrane 1s acted upon by an interveming
movable dual annular support ring system, as described
above for the present invention. The acrylic refractive sur-
faces can be separated by the annular support ring system,
and the distance between the plates (lenses) can be changed
by the micromotor/ring system, for example by causing the

10

15

20

25

30

35

40

45

50

55

60

65

10

anterior, forward plate to shift forward, thereby adjusting the
focus. Examples of inventions utilizing this dual plate tech-

nology are disclosed 1n U.S. Pat. No. 7,118,596 to Zadno-
Azizi at al., and U.S. Pat. No. 7,198,640 to Nguyen, both of
which are incorporated by reference herein in their entirety.

The present invention utilizes recent advances in micro-
technology, including micromotors and/or nanomotors, to
convert signals created by the ciliary muscle mto contractile
forces acting on an implanted IOL. Other advantages of the
invention include easy implantability, exceptional optical
characteristics, high accommodative range, and excellent
natural controllability of refractive eflect by accommodative
ellort and resistance to the natural fibrotic and proliferative
forces of the healing capsular bag and intra-capsular epithe-
lium.

While the present invention has been 1illustrated by the
description of embodiments thereof in considerable detail, 1t
1s not itended to restrict or limit the scope of the appended
claims to such detail. Additional advantages and modifica-
tions will be readily apparent to those skilled in the art.
Accordingly, departures may be made from such details
without departing from the scope or spirit of the invention.

What 1s claimed 1s:

1. A system for causing a change in the shape of a
compressible, accommodating intra-ocular lens (IOL) of a
subject, the system comprising:

a) an IOL complex comprising a compressible, accom-

modating IOL;

b) at least one sensor for detecting a signal from the
subject’s ciliary muscle;

c) a signal processor for recerving and processing the
ciliary muscle signal to generate a corresponding elec-
trical signal;

d) a transmitter for transmitting the electrical signal; [and]

¢) at least one micromotor for receiving the transmitted
clectrical signal and causing a change in shape of the
IOL, the IOL complex further comprising an external
lens membrane and an annular support ring system for
providing a means to cause a change in shape of the
IOL, wherein the annular support ring system com-
prises two concentric rings including an outer annular
ring and an 1ner annular ring, the outer annular ring
being rigid for resisting compressive forces of the
native capsular bag, the inner annular ring encircling
the external lens membrane and providing a foundation
for the at least one micromotor to cause a change 1n
shape of the IOL; and
a ciliary sulcus ving adapted for implantation in the
ciliary sulcus of the subject and adapted to be posi-
tioned around the IOL complex.

2. The system of claim 1, wherein the at least one
micromotor causes a change 1n shape of the IOL by causing
the mner annular ring to shorten in circumierence and
diameter about the IOL, thereby compressing the IOL.

3. The system of claim 1, [further including a ciliary
sulcus ring adapted for implantation 1nto the ciliary sulcus of
the subject,] wherein the at least one sensor is an electro-
myography (EMG) receiver for detecting the muscle action
potential of the ciliary muscle, the EMG receiver being
positioned on the ciliary sulcus ring and having mimaturized
clectrodes for implanting nto the ciliary muscle.

4. The system of claim [3] /, wherein the at least one
sensor 1s a series of EMG receivers positioned about the
ciliary sulcus ring, and wherein the signal processor and the
transmitter are also positioned about the ciliary sulcus ring.

5. The system of claim 1, wherein the ciliary muscle
signal [comprises] is in a form comprising a signal selected
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from the group consisting of a neuro-electrical pulsation, a
muscle action potential, a muscle contractile force or move-
ment, and a chemical signal, or a combination of these
signal forms.

6. The system of claim 1, wherein the signal processor 1s
selected from the group consisting ol a micropotentiometer
and a microcomputer.

7. [A] An implantable system for [causing a change in the
shape of a compressible, accommodating intra-ocular lens
(IOL),] correction of presbyopia, the system, implantable at
an eyve of a subject, comprising;:

a) [an IOL complex comprising a compressible, accom-
modating IOL, an external lens membrane, and an
annular support ring system for providing a means to
cause a change in shape of the IOL] a synthetic
intra-ocular lens (IOL) sized and configured for
implantation at an eyve of a subject,

b) at least one sensor configured for detecting a ciliary
muscle signal from [the subject’s] a ciliary muscle, the
signal detected at an eve of a subject,

¢) a microcomputer for modulating the ciliary muscle
signal 1nto an electrical signal, the electrical signal
used for IOL accommodation;

[d) a transmitter for transmitting the electrical signal; and

¢) at least one micromotor for receiving the transmitted
electrical signal and causing the annular support ring
system to compress the 0L, the system further includ-
ing]

d) a ciliary sulcus ring for implanting into the ciliary
sulcus of a subject, the ciliary sulcus ring adapted for
supporting at least one [of the at least one] sensor, the
ciliary sulcus ring configured to pass through an inci-
sion in the eye of a subject and configured to be
proximate to the IOL when implanted at the eye of a
subject such that the microcomputer can veceive wired
or wireless communications from the at least one
sensor.

8. The system of claim 7, wherein the at least one sensor
1s an electromyography (EMG) receiver comnfigured for
detecting the muscle action potential of the ciliary muscle,
the EMG receiver being positioned on the ciliary sulcus ring,
and having miniaturized electrodes for implanting into the
ciliary muscle.

9. The system of claim 8, wherein the at least one sensor
1s a series of EMG receivers positioned about the ciliary
sulcus ring.

10. The system of claim 7, wherein

the ciliary sulcus ving is part of an annular support ving
system adapted to cause a change in focus of the IOL,
wherein the annular support ring system comprises two
concentric rings mncluding an outer annular ring and an
inner annular ring, the outer annular ring being rigid for
resisting compressive forces [of the native capsular
bag, the inner annular ring encircling the external lens
membrane and providing a foundation for the at least
one micromotor to cause a change in shape of the IOL]
developed at a target implant site.

11. The system of claim 10, [further including a ciliary
sulcus ring for implanting into the ciliary sulcus of a subject,
and] wherein the at least one sensor includes a first sensor
positioned on the ciliary sulcus ring and [a companion
sensor] at least one companion sensor located on the outer
annular support ring.
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12. The system of claim 11, wherein the first sensor 1s a
series of sensors and the companion sensor 1s a series of
SENsors.
13. The system of claim 7 wherein the ciliary sulcus ring
is a complete circle ov is not a complete circle.
14. A system for causing a change in the shape of a
compressible, accommodating intra-ocular lens (I0OL), the
system comprising:
an (IOL) complex comprising a compressible, accommo-
dating IOL, an external lens membrane, and an annu-
lav support ving system for providing a means to cause
a change in shape of the IOL;

at least one sensor positioned on a ciliary sulcus ving, the
sensor for detecting a ciliary muscle signal from a
subject’s ciliary muscle at an eye of the subject;

a microcomputer for modulating the ciliary muscle signal

into an electrical signal;
a transmitter for transmitting the electrical signal; and
at least one micromotor for receiving the transmitted
electrical signal and causing the annulayr support ring
system to compress the IOL, wherein the annular
Support ring system comprises wo COnNcentric rings
including an outer annular ving and an innev annular
ving, the outer annular ving being vigid for rvesisting
compressive forces of an implant subject’s native cap-
sular bag, the inner annular ving encivcling an implant
subject’s external lens membrane when implanted and
providing a foundation for the at least one micromotor
to cause a change in shape of the IOL.
15. A system for transduction of an accommodating signal
of a ciliary muscle to an accommodating intraocular lens,
the system comprising:
one or more ciliary muscle accommodating signal sen-
SOY'S,

one or movre of the sensors configured to detect a ciliary
muscle accommodating signal, the accommodating sig-
nal veflected in the form of a neuro-electrical pulsation,
a muscle action potential, a chemical signal or a
combination thereof,

the one or morvre ciliary muscle accommodating signal

sensors positioned on a ring, the ring configured to
surround an intraocular lens, and configured to permit
placement of the ving through an incision in the eye of
a patient.

16. The system of claim 15 wherein the signal sensors are
sized to be implanted in the eye of a patient and wherein the
ring is circular

17. The system of claim 15 wherein the signal sensors are
sized to be implanted in the eve of a patient and wherein the
ring is a complete circle or is not a complete circle.

18. The system of claim 15 wherein the accommodating
signal is reflected in the form of at least one of: a neuro-
electrical pulsation or a muscle action potential or a chemi-
cal signal.

19. The system of claim 15 wherein one or more of the
signal sensors are positioned about an implantable synthetic
intra ocular lens (IOL).

20. The system of claim 15 further comprising:

a plurality of muscle probes, the muscle probes positioned

and sized for contact with a ciliary muscle of a patient
when implanted in the eve of a patient.
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