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(57) Abrege(suite)/Abstract(continued):
aspiration path to terminate the chamber collapse and a simultaneous transitory venting of the aspiration line to relieve the vacuum,

In a way that post-occlusion chamber collapses are cancelled. Disclosed herein, Iin a preferred embodiment, Is a surgical system
and related method for preventing collapse of a body chamber being operated upon, due to a vacuum surge following a clearing of
an occlusion In an aspiration path of the surgical system, comprising: an occlusion-break sensor (300) for sensing the clearing of
the occlusion; a normally-open occlusion valve (57), temporarily closing In response to the occlusion-break sensor sensing the
clearing of the occlusion, thereby occluding fluid flow through the aspiration path and controllably stabilizing the occlusion break,
thereby preventing the vacuum surge and conseguent body chamber collapse; and a normally- closed venting valve temporarily
opening In response to the occlusion-break sensor sensing the clearing of the occlusion, to reduce the vacuum thereby preventing
the vacuum surge and conseguent body chamber collapse. In an alternative embodiment, the normally-open occlusion valve may

be omitted.
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(87) Abstract: A post-occlusion chamber collapse
canceling system for a surgical apparatus that detects
the breaking of occlusions by tissue fragments in
the distal end of the aspiration path and produces a
response comprising a transitory blockage of the
distal end the aspiration path to terminate the chamber
collapse and a simultaneous transitory venting of
the aspiration line to relieve the vacuum, in a way
that post-occlusion chamber collapses are cancelled.
Disclosed herein, in a preferred embodiment, is a
surgical system and related method for preventing
collapse of a body chamber being operated upon,
due to a vacuum surge following a clearing of an
occlusion in an aspiration path of the surgical system,
comprising: an occlusion-break sensor (300) for
sensing the clearing of the occlusion; a normally-open
occlusion valve (57), temporarily closing in response
to the occlusion-break sensor sensing the clearing of
the occlusion, thereby occluding fluid flow through
the aspiration path and controllably stabilizing the
occlusion break, thereby preventing the vacuum
surge and consequent body chamber collapse;
and a normally- closed venting valve temporarily
opening in response to the occlusion-break sensor
sensing the clearing of the occlusion, to reduce the
vacuum thereby preventing the vacuum surge and
consequent body chamber collapse. In an alternative
embodiment, the normally-open occlusion valve may
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POST-OCCLUSION CHAMBER COLLAPSE CANCELING SYSTEM FOR A
SURGICAL APPARATUS AND METHOD OF USE

BACKGROUND OF THE INVENTION

This invention generally relates to the field of surgery inside a collapsible body
chamber and more particularly to a surgical apparatus for removing the lens from an eye.

The human eye in its simplest terms functions to provide vision by transmitting light
through a clear outer portion called the cornea, and focusing the image by way of the lens
onto the retina. The quality of the focused image depends on many factors including the
size and shape of the eye, and the transparency of the cornea and lens. When age or disease
causes the lens to become less transparent, vision deteriorates because of the diminished
light which can be transmitted to the retina. This deficiency in the lens of the eye 1s
medically known as a cataract. An accepted treatment for this condition is surgical removal
of the lens and replacement of the lens function by an artificial intraocular lens (IOL).

Optical aberrations such as myopia, hyperopia, astigmatism and presbiopia can also
be corrected by the removal of the natural lens of the eye and the implantation of a suitable
IOL in a procedure known as refractive lens exchange identical to the cataract surgery
procedure, except for the fact that the lens material is usually easier to remove. The best
current standard of care procedure to remove cataractous lenses or perform a refractive lens
exchange is a surgical technique called phacoemulsification. During this procedure, a
hollow phacoemulsification probe is inserted into the eye through a small incision. The tip
of the probe is placed in contact with the lens material and the tip is vibrated ultrasonically.
The vibrating probe tip liquefies or emulsifies the lens material so that the lens content may
be aspirated out of the eye. The lens content, once removed, is replaced by an artificial lens
preferably placed inside the lens capsule bag.

A typical phacoemulsification surgical device suitable for ophthalmic procedures
consists of an ultrasonically-driven hand piece, an attached hollow lensectomy probe, a
surrounding coaxial irrigating sleeve and a control console. The hand piece assembly 1s
attached to the control console by electric cables and by flexible tubing for irrigation and
aspiration.

Through the electric cables, the control console provides power to the actuator in the
hand piece that is transmitted to the attached lensectomy probe. The flexible tubing supplies
irrigation fluid to and draws aspiration fluid from the eye through the hand piece assembly.
Alternative methods for lens fragmentation currently available employ sonic wave, water-jet
and laser powered lens-disrupting hand pieces. The irrigation and aspiration systems of
these alternative lens-removing methods typically operate similarly to standard ultrasonic
phacoemulsification.

The operative part of ultrasonic hand pieces is a centrally located, hollow resonating
bar or horn directly attached to a set of piezoelectric crystals. The crystals supply the
required ultrasonic vibration needed to drive both the horn and the attached probe during
phacoemulsification and are controlled by the console. The crystal/horn assembly is
suspended within the hollow body or shell of the hand piece by flexible mountings. The

hand piece
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body terminates 1n a reduced-diameter portion or nosecone at the body's distal end. The nosecone 1s externally
threaded to accept the irrigation sleeve. Likewise, the horn bore 1s internally threaded at its distal end to receive the
external threads of the probe. The irrigation sleeve also has an internally threaded bore that 1s screwed onto the
external threads of the nosecone. The hollow probe 1s adjusted so that the probe tip projects only a predetermined
amount past the open end of the irrigating sleeve. Ultrasonic hand pieces and cutting tips are more fully described
in U.S. Patents 3,589,363; 4,223,676; 4,246,902; 4,493,694; 4,515,583; 4,589,415; 4,609,368; 4,869,715;
4,922,902; 4,989,583; 5,154,694 and 5,359,9960.

In use, the distal end of the lensectomy probe and irrigating sleeve are inserted into a small incision of
predetermined width 1n the cornea, sclera, or other location. The probe tip 1s ultrasonically vibrated within the
irrigating sleeve by the crystal-driven ultrasonic horn, thereby emulsitying the selected tissue 1n situ. The axis of
vibration of the probe tip can be longitudinal, torsional or a combination. One of the advantages ot the torsional
system 1s reduced heat generation at wound level with reduced risk of incision thermal injury. The hollow bore of
the probe communicates with the bore in the horn which 1n turn communicates to an aspirate-out port in the hand
piece. A reduced pressure or vacuum source 1n the console draws or aspirates the emulsitied tissue from the eye
through the probe and horn bores and the tlexible aspiration line and into a collection device.

The aspiration of emulsified tissue 1s aided by a tlushing solution or 1rrigant that enters into the surgical
site through the small annular gap between the 1nside surtace of the irrigating sleeve and the outer surtace of the
probe. The tlushing solution 1s typically a saline solution and enters the surgical site with a positive pressure
created gravitationally or by forced infusion means, such as an adjustable pressurized gas source. Typical irrigation
pressures are set between 40 and 130 cmH20. The preferred surgical technique is to make the incision into the
anterior chamber of the eye as small as possible 1n order to reduce the risk of induced astigmatism. To date these
small 1ncisions have had typical widths between 3.5 and 1.8 mm and result in very tight wounds that squeeze the
coaxial irrigating sleeve tightly against the lensectomy probe. Friction between the coaxial irrigating sleeve and a
vibrating probe generates heat, and probe overheating causing a burn to the tissue 1s avoided by the cooling eftect of
the aspirated tluid tflowing inside the probe. Occasionally the probe tip becomes occluded with tissue, reducing
circulation of the cooling aspirate and allowing the probe to build up heat with the risk ot thermally damaging the
incision.

An alternative technique called Micro Incision Cataract Surgery (MICS) has become popular as it allows
further reductions of the incision dimensions. The main ditference with this technique 1s that the irrigant 1s no
longer delivered into the eye through a coaxial irrigating sleeve located surrounding the lens-disrupting hollow
probe. With MICS a second irrigating instrument delivers the irrigant solution into the eye through a second small
incision. The bare phacoemulsification probe 1s introduced without any surrounding sleeve through a tight, low
leakage, micro-incision having a width in the range of 0.8 to 1.5 mm. The separate 1irrigating instrument 1s
introduced through another incision having similar characteristics and dimensions. In this way, the MICS technique
delivers the irrigant through a hollow 1nstrument inserted into the eye through a second micro-incision. Aspiration
of lens fragments and 1rrigant solution takes place through the aspiration channel of the hollow vibratory probe.
The increasingly-small 1ncisions currently used in the micro coaxial phacoemulsitication technique as well as 1n the
MICS technique limit the flow of rrigant into the eye determining the use of low aspirate flow rates to avoid a
negative tluidic balance that can collapse the eye during surgery.

When tragments of cataractous tissue occlude the tip of the lensectomy probe, the aspiration pump remains
operating and builds a vacuum 1n the aspiration line. This occlusion typically clears by the action of the built up

vacuum aided by vibration of the lensectomy probe. An unwanted phenomenon known as post-occlusion surge can

2



10

15

20

25

30

33

40

CA 02690197 2009-12-08
WO 2008/157674 PCT/US2008/067463

occur when the occlusion clears. This phenomenon results 1n a transient collapse of the anterior chamber of the eye
typically lasting fractions of a second. Post-occlusion surge creates unstable surgical conditions such as anterior
chamber shallowing, pupil contraction and corneal instability, all events which can lead to serious complications
such as posterior capsule rupture, vitreous loss and lens luxation.

The events which lead to chamber instability are as follows: When the tip of the lensectomy probe
becomes occluded by lens tragments, the vacuum that builds up inside the aspiration line contracts the walls of the
elastic aspiration tubing. Also, the built up vacuum expands eventual bubbles circulating in the aspirate tluid.
These two phenomena add up a volume void. Once the occlusion becomes cleared, the gradient between the
positive pressure inside the eye chamber and the negative pressure inside the aspiration line determines a tast inrush
of liquid circulating tfrom within the eye chamber into the aspiration line through the now-cleared aspiration probe.
This inrush ends after the contracted tubing walls re-expand and the expanded bubbles collapse due to the dropping
vacuum. This inrush of liquid may exceed the rate of infusion of irrigant into the eye leading to a transient chamber
collapse. As a mode of example, an occlusion break occurring at a vacuum level ot 500 mmHg can produce a
transient inrush of tluid at a tlow rate above 80 ml/min during a fraction of a second. A transient chamber collapse
will occur until the rrigation solution refills the eye chamber and dynamic tluidic equilibrium 1s restored.

Several strategies have been implemented to attempt diminish the chamber collapse that results from the
post-occlusion surge phenomenon. To mention some: a) reduction of the maximum allowed vacuum level in the
aspiration line, b) increase in the pressure of the irrigant solution, ¢) prevention of total occlusion by the
incorporation of a small bypass port at the sidewall ot the lensectomy probe, d) use of aspiration line tubing made
from tlexible but non-contracting polymers, €) use of high bore tubing in the irrigation line, t) splitting of the
irrigation tubing to infuse the irrigant through two incisions, g) use ot a particle retainer filter tflowed by a narrow
tfluid passage in the aspiration line (Cruise Control System, Staar, USA), and h) predicting that an occlusion break
will occur after a preset interval of occlusion (vacuum rise) and reversing operation ot the aspiration pump to set a
lower vacuum level before the occlusion actually breaks (CASE enabled, WhiteStar Signature System, AMO,
USA). The method of increasing the pressure of irrigant solution delivered by an 1rrigation probe may indeed help
to attenuate the magnitude of post-occlusion-break chamber collapses. However there 1s concern about using
techniques that increase the irrigant pressure to reduce the post-occlusion surge phenomenon because of the risks of
chamber instability, pupillary dilatation and contraction, ocular pain, hydration ot the vitreous, optic nerve damage,
hermated 1ris and others. Active infusion methods which pressurize the irrigant have been proposed but have the
added risk of creating an overpressure inside the eye leading to serious complications.

Some U.S. pre-grant publications which help to define the general state of the art but do not anticipate or
suggest the invention to be disclosed here include the tollowing:

U.S. 2006-0078448 by Holden appears to disclose a system where sensing and venting are both performed
at console level. Sensing pertormed near the handpiece, as will be seen herein, dramatically improves pertormance
because of earlier detection of the occlusion break.

U.S. 2006-0173403 by Injev appears to disclose a proportional flow control system located inside a
handpiece.

U.S. 2002-0151835 by Ross appears to disclose a pressure pulse on top of a vacuum inside an aspiration
line.

U. S. 2006-0224163 by Sutton appears to disclose a surge cancelling method that partially blocks the

aspiration line when an occlusion brake event 1s detected. This approach 1s not very eftective because of the long
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period of OFF time required to compensate the void in the aspiration path using tluid from the eye tlowing through
the restricted aspiration channel.

Although many of the atorementioned techniques may help to reduce the problems associated with the
post-occlusion surge phenomenon, the increasingly popular tendency to reduce the size of the incisions makes all
these measures less effective. In fact post-occlusion surge is still a limiting factor to pertorm a more etfficient
lensectomy procedure, tor example using higher vacuum levels what would allow removal of the lens using lower
amounts of lens-disrupting energy such as ultrasound, in less time, with lower amounts of rrigant solution.

From a medical standpoint, 1t would be 1deal to perform a lensectomy procedure using the lowest amounts
of irrigant solution and the lowest amount of lens-disrupting energy. Both 1rrigant solution circulation and lens-
disrupting energy are known to produce surgically induced trauma, such as endothelial cell loss. Theretfore, a need
continues to exist for an effective post-occlusion chamber collapse canceling system for a lens-removing surgical

apparatus, especially to perform micro-incision cataract surgery.

SUMMARY OF THE INVENTION

The present invention improves upon the prior art by providing a post-occlusion chamber collapse
canceling system for a surgical apparatus including a control system which prevents the anterior chamber instability
associated with the phenomenon of post-occlusion surge. This capability can be achieved by a) detecting the
occlusion-break events and then b) activating a transitory actuator-mediated occlusion in the aspiration line,
preferably 1n proximity to the hand piece, and ¢) activating a transitory actuator-mediated vacuum-relieving action.
The vacuum relieving action can be 1n the form of a venting operation, reverse operation of the aspiration pump or
other means for vacuum cancellation in the aspiration line. The incorporation of this control system i1n a surgical
apparatus virtually eliminates the instability ot the anterior chamber that results from post-occlusion surges.

One can also prevent post-occlusion surge using an embodiment in which an occluded (blocked) aspiration
line 1s entorced as the default state. Then, under control of the operator, the aspiration line 1s opened for briet
intervals of time at a controlled repetition rate. Such control by the operator prevents the vacuum surge and
consequent danger of body chamber collapse

This system allows an operator to sately pertorm lens-exchange procedures through very small incisions
using low aspiration tlow rates, high vacuum and low irrigant pressure, all factors that reduce surgical trauma.
During the periods in which the actuator-mediated aspiration line blockage 1s active, lens-disrupting energy
delivered to the lensectomy probe can be adjusted to prevent thermal injuries related to blocked outtflow and poor
probe cooling. Micro-coaxial phacoemulsification probes, bimanual micro-incision lensectomy probes, laser
phacolysis probes, water jet based liquetracture probes, vitrectomy probes and other kinds of irrigation/aspiration
probes used during eye surgery may all benefit from this invention.

Accordingly, one objective of the present invention is to provide a post-occlusion chamber collapse-
canceling system for a surgical apparatus to maintain a stable anterior chamber after occlusion-break events even
when using high vacuum levels and small incisions.

It 1s another objective of the present invention to provide a post-occlusion chamber collapse canceling
system for a surgical apparatus that allows operation with reduced tissue-disruptive energy such as ultrasound,
liquetracture energy and laser energy.

It 1s another objective of the present invention to provide a post-occlusion chamber collapse canceling

system for a surgical apparatus to perform cataract surgery using reduced amounts of irrigant solution.
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It 1s another objective of the present invention to provide a post-occlusion chamber collapse canceling
system for a surgical apparatus that allows performing cataract surgery using low infusion pressure with improved
eye chamber stability.

It 1s still another objective of the present invention to provide a post-occlusion chamber collapse canceling
system for a surgical apparatus that allows performing cataract surgery more etficiently reducing the operative time.

To achieve these and other objects, the invention disclosed, in a preterred embodiment, 1s a surgical system
and related method tor preventing collapse ot a body chamber being operated upon, due to a vacuum surge
following a clearing of an occlusion 1n an aspiration path of the surgical system, comprising: an occlusion-break
sensor for sensing the clearing of the occlusion; a normally-open occlusion valve, temporarily closing in response to
the occlusion-break sensor sensing the clearing of the occlusion, thereby occluding tluid flow through the aspiration
path and controllably stabilizing the occlusion break, thereby preventing the vacuum surge and consequent body
chamber collapse; and a normally-closed venting valve temporarily opening in response to the occlusion-break
sensor sensing the clearing of the occlusion, to reduce the vacuum thereby preventing the vacuum surge and
consequent body chamber collapse. In an alternative embodiment, the normally-open occlusion valve may be
omitted.

Yet another alternative embodiment, the invention disclosed 1s a similar surgical system comprising a
normally-closed occlusion valve, temporarily opening for a defined interval before returning to a closed stated, and
repeating the temporarily opening and closing at a controlled repetition rate, in response to control by an operator of
the system, wherein, by opening the aspiration path 1n response to the control by the operator, tlow through the
aspiration path 1s controlled by the operator thereby preventing the vacuum surge and consequent body chamber
collapse.

These and other advantages and objectives of the present invention will become apparent tfrom the detailed

description and claims that follow.

BRIEF DESCRIPTION OF THE DRAWINGS

The fteatures of the invention believed to be novel are set forth 1n the appended claims. The ivention,
however, together with turther objects and advantages thereot, may best be understood by reterence to the
following description taken in conjunction with the accompanying drawing(s) summarized below.

FIG. 1 1s an 1llustration of a typical prior art lensectomy system.

FIG. 2 1s an illustration of one embodiment of the lensectomy system of the present invention.

FIG. 3 1s an illustration of another embodiment of the lensectomy system of the present invention.

FIG. 4 1s a schematic illustration of a preferred embodiment of the present invention.

FIG. 5 1s a schematic 1llustration of an alternative preterred embodiment of the present invention.

FIG. 6A 1s an 1llustration of one embodiment for an aspiration line blocking system corresponding to a
pinch valve system shown in open condition.

FIG. 6B 1s an 1llustration of the embodiment of FIG.6A for an aspiration line blocking system shown in
closed condition.

FIG. 7A 1s an illustration of another embodiment for an aspiration line blocking system shown 1n open
condition.

FIG. 7B 1s an illustration of the embodiment of FIG.7A for an aspiration line blocking system shown 1n

closed condition.
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FIG. 8 1s an 1llustration of one embodiment of an aspiration line occlusion-break sensing device operating
by detecting force variations at the wall of tubing.

FIG. 9 1s an 1llustration of another embodiment of an aspiration line occlusion-break sensing device that
operates by detecting force variations in contact with a diaphragm.

FIG. 10A 1illustrates a side view of a fixture that can hold an aspiration line blocking system and an
aspiration line occlusion-break sensing device shown with the lid open and tubing detached.

FIG. 10B 1illustrates a top view of the fixture from FIG. 10A shown here with the lid removed and tubing
detached.

FIG. 10C illustrates a side view of the fixture from FIG. 10A shown here with the lid closed and tubing
attached ready tor operation.

FIG. 11 1s a chart recording depicting aspiration line vacuum, dP/dt and chamber collapse volume with
(right) and without (lett) the incorporation of the post-occlusion chamber collapse canceling system of the present
invention.

FIG. 12 1s an illustration of another embodiment of the lensectomy system of the present invention.

FIG. 13 1s a schematic illustration of the embodiment shown 1n FIG. 12.

FIG. 14A 1s an 1llustration of an alternative embodiment tor an aspiration line blocking system turther
incorporating a second normally closed valve portion shown 1n resting condition.

FIG. 14B 1s an illustration of the alternative embodiment tor an aspiration line blocking system shown in
FIG 14A shown 1n active condition.

FIG. 15 1llustrates a basic schematic circuit for a controller system tor the present invention using a
teedback loop.

FIG. 16 1llustrates a basic schematic circuit for a controller system for the present invention using a timer.

FIG. 17 1s a schematic illustration of one embodiment of the present invention that can operate as a stand-
alone unit in combination with a prior art surgical console.

FIG. 18 1s a schematic illustration of an embodiment that uses a valve array near the lensectomy probe and
derives vacuum-canceling fluid from a bufter fed by the irrigation line.

FIG. 19 1s a schematic 1llustration of an embodiment using a dual aspiration path and a single aspiration
pump.

FIG. 20A and FIG. 20B 1llustrate a schematic view of an embodiment of the present invention
incorporating an active irrigant injection system.

FIG. 21 A 1llustrates a side view of a fixture that can hold an aspiration line occlusion-break sensing device
shown with the lid open and tubing detached.

FIG. 21B 1llustrates a top view of the fixture from FIG. 21 A shown here with the lid removed and tubing
detached.

FIG. 21C 1llustrates a side view of the fixture from FIG. 21 A shown here with the lid closed and tubing
attached ready for operation.

FIG. 22 1s a chart recording depicting the chamber collapses observed with a standard surgical apparatus,
in a surgical apparatus with a chamber collapse system of the prior art and in a surgical apparatus incorporating the
chamber collapse canceling system of the present invention.

FIG. 23A 1illustrates a side view of a fixture that can hold an aspiration line blocking system of the present

invention shown with the lid open and tubing detached.
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FIG. 23B 1illustrates a top view of the fixture from FIG. 23A shown here with the lid removed and tubing
detached.

FIG. 23C illustrates a side view of the fixture from FIG. 23A shown here with the lid closed and tubing
attached ready for operation.

FIG. 24 1s a graph depicting an example of a user commanded operation of a preterred embodiment of the
flow control system of the present invention.

FIG. 25A 1s an 1llustration of another embodiment for an aspiration line blocking system shown 1n open
condition, including a “tissue chopping” operation.

FIG. 25B 1s an illustration of the embodiment of FIG.25A, shown 1n closed condition.

FIGURE LEGENDS

10 prior art lensectomy surgical system,
11 console,

12 hand piece,

14 lensectomy probe,

16 infusion probe,

18 infusion / irrigation line,

20 infusion source,

21 aspiration line distal connector
22 aspiration line,

23 aspiration path,

24 pump input,

26 aspiration pump,

28 pump output,

30 waste fluid receptacle,

44 particle retaining filter,

48 user interface,

50 control module or CPU,

52 hand piece power driver,

53 irrigant pressure sensor,

54 1nfusion valve,

56 aspiration line vacuum sensor,
57 venting valve,

58 venting liquid deposit,

59 hand piece power cable,

60 hand piece power actuator,

64 waste fluid channel,

66 venting valve cable,

82 infusion valve cable,

34 irrigant pressure sensor cable,
86 aspiration pump control cable,

388 aspiration line vacuum sensor cable,
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90 user interface cable,

94 miniature incision,

210 lensectomy surgical system,

270 normally-open occlusion valve,
272 occlusion valve cable,

274 actuator portion,

276 occlusion portion,

277 pinch valve,

278 collapsible elastic tubing segment,
280 in port,

282 out port,

284 plunger,

288 pivoting self-cleaning valve lid,
289 valve plunger with sharp “tissue chopping™ edges,
290 compliance chamber,

299 valve bypass,

300 occlusion-break sensor,

310 occlusion-break sensor cable,

320 load cell,

330 collapsible elastic tubing segment,
335 diaphragm,

400 valve-and-sensor fixture,

410 valve-and-sensor fixture lid,

420 tubing guides,

425 lid latch,

510 vacuum sensor,

512 vacuum sensor signal cable,

520 distal common aspiration path,

522 low vacuum aspiration tubing,

524 low vacuum pump in-port,

526 low vacuum pump,

528 low vacuum pump out-port,

530 low vacuum pump waste fluid deposit,
564 low vacuum pump waste fluid tubing,
572 flow sustaining valve,

586 low vacuum pump driver signal carrier,
600 stand alone surge canceling system,
610 controller,

612 surgical hand piece,

622 aspiration line,

626 vacuum source,

630 vacuum sensor,
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632 vacuum sensor signal carrier,
655 fluid source,

657 vacuum canceling valve,

658 vacuum canceling valve signal carrier,

659 three way connector,

670 blocking valve,

672 blocking valve signal carrier,
700 dual pneumatic pinch valve,
710 normally closed valve portion,
712 normally closed portion in-port,
714 normally closed portion out-port,
716 valve plunger,

718 air chamber,

720 diaphragm,

722 actuator body,

724 compression spring,

726 air port,

728 normally open valve portion,
730 normally open portion in-port,

732 normally open portion out-port,

02690197 2009-12-08

734 normally open pinch valve portion tubing,

736 normally closed pinch valve portion tubing,

750 proximal system portion,
751 vacuum source,

752 vacuum sensor,

754 normally open valve,
756 normally closed valve,
758 normally closed valve,
759 normally open valve,
760 fluid deposit,

762 first aspiration line,
763 venting line,

764 second aspiration line,
765 venting line,

766 valve array,

768 vacuum sensor,

770 vacuum sensor,

772 normally open valve,

774 normally closed valve,

350 three way pinch valve array (2 normally closed, 1 normally open),

900 vacuum canceling fluid source,

905 active volume injector,

PCT/US2008/067463
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910 fluid reservoir,

915 collapse actuator,

920 flow resistance,

925 collapsible chamber,
930 check valve,

950 injection system cable

960 bypass connection

DETAILED DESCRIPTION

As shown in the prior art FIG. 1, and also in FIG. 4, lensectomy surgical systems 10 for use through an
operating hand piece 12 include a console 11. Console 11 generally includes a control module or CPU 50
providing control means, a vacuum source, e.g., aspiration pump 26 connected to CPU 50 through a cable 86 and a
hand piece connected to power driver 52 and CPU 350 through a cable §9. An irrigant solution is contained in an
infusion source 20 being fed into an eye chamber with a pressure typically set by gravity or a source of compressed
gas. Hollow probe 14 and infusion probe 16 typically operate inserted into an eye chamber through one or more
tight incisions 94. An infusion valve 54 can deliver irrigant solution through an infusion line 18 and infusion probe
16 into the eye under operator command through a user interface 48 typically including a foot pedal (or related
operator input device of which a foot pedal 1s a non-limiting example). Infusion valve 54 is connected to CPU 50
through a cable 82. Cable 82 can also provide a valve 54 status signal back to control module S0.

An 1rrigant pressure sensor 33 1s operably connected to irrigation line 18 at console 11 to inform control
module 50 about pressure of the irrigant solution through a cable 84. Fluid and tissue fragments can be aspirated
from inside the eye by a vacuum force produced by aspiration pump 26 which is in fluid communication with the
eye chamber through an aspiration line 22, hand piece 12 and hollow lensectomy probe 14. Vacuum inside
aspiration line 22 i1s monitored using a vacuum sensor 36 usually located at console 11 and connected through a
cable 88 to control module 50.

Fluid is aspirated into pump 26 through a pump input 24 and exits pump 26 as waste fluid through a pump
output 28 across a waste fluid channel 64 into a waste fluid receptacle 30. The aspiration system described above
includes an aspiration path 23 conformed by the aspiration fluid channel determined in sequence through
lensectomy probe 14, hand piece 12, aspiration line tubing 22 and pump input 24. Pump 26 is typically a peristaltic
or Venturi pump. When using a Venturi pump, waste receptacle 30 is typically located between aspiration line 22
and pump input 24, and air “fluid” is employed as well as liquid fluids in a manner that is customary for a Venturi
pump.

An operator can instruct CPU 50 through user interface 48 to activate a power driver 52 to apply power to
power actuators 60 inside hand piece 12 through a power cable 59. The energized actuators 60 transmit energy to
hollow probe 14 delivering a lens tissue-disruptive energy to disrupt the lens tissue allowing aspiration through the
distal opening of hollow probe 14.

A venting liquid deposit 38 holds irrigant derived from pump output 28 that can serve as a source of
venting fluid for a venting valve 57 actuated by control module 50 through a cable 66. Cable 66 can also provide a
venting valve 57 status signal back to control module 50. Venting valve 57 provides aspiration line vacuum
relieving means usually by opening temporarily to relieve an eventual vacuum inside aspiration path 23 after cycles

of aspiration.
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Deposit 38 1s typically at atmospheric pressure but a pressurized source of venting fluid, preferably liquid,
can also be implemented. User interface 48 operation typically includes a sequence of at least four distinctive
command positions usually using a foot pedal as the input device. Position O 1s idle, 1 1s only irrigation delivered to
the eye, 2 1s irrigation and aspiration, 3 1s 1rrigation, aspiration and disruptive energy applied to tissues through
hollow probe 14 inside the eye. Prior art system 10 may be a commercially available surgical console such as the
Infiniti Surgical System from Alcon Laboratories, USA. Control module or CPU 50 may be any suitable
microprocessor, micro-controller, computer or signal processor. Control module or CPU 50 exchanges data signals
with user interface 48 through connector 90. A power driver 52 is incorporated into control module 50).

The post-occlusion chamber collapse canceling system for a surgical apparatus of the present invention
incorporates the elements described above tor the prior art system 1illustrated in FIG. 1, as well as in FIG.4.

Now turning to FIGS. 2 and 4, the post-occlusion chamber collapse canceling system of the present
invention 210 further incorporates a) a normally-open occlusion valve 270 that provides aspiration line occluding
means and b) an occlusion-break sensor 300 that provides occlusion-break detecting means. Normally-open
occlusion valve 270 receives commands from control module 50 through a cable 272. Cable 272 can also provide a
valve 270 status signal back to control module 50 for safe operation. As shown in FIGS. 6A and 6B, normally-open
occlusion valve 270 can have an actuator portion 274 and an occlusion portion 276. For maximum efficiency,
normally-open occlusion valve 270 should be located at the distal end of aspiration path 23, as near as possible to
the eye, see FIGS. 2, 3, 4,5, 12,13, 18, 20A, which all illustrate the manner in which normally-open occlusion valve
270 1s located proximate the distal end of the aspiration path. This distal proximity of normally-open occlusion
valve 270, 1n practice, will motivate installation in close proximity to hand piece 12, or inside hand piece 12. A
preferred embodiment shown in FIGS. 10 1s shows a distal location where normally-open occlusion valve 270 is
split, having actuator portion 274 attached to or incorporated in hand piece 12 and having occlusion portion 276 as
part of the distal end of aspiration line 22. In this configuration, functionality of normally-open occlusion valve 270
is achieved when aspiration line 22 is connected to hand piece 12 by a detachable connector 21. This embodiment
1s advantageous because it allows having a disposable low cost occlusion portion 276 operating in combination with
a non-disposable actuator portion 274.

FIG.6A depicts normally-open occlusion valve 270 in the form of a pinch valve 277 shown in open
condition. Plunger 284 is retracted allowing the lumen of collapsible elastic tubing segment 278 to remain patent.
An 1n port 280 receives the irrigant solution together with (unnumbered) tissue fragments aspirated from inside the
eye. The fluid and solid particles traverse tubing 278 with negligible resistance and exit out port 282 toward
aspiration pump 26. FIG.6B depicts pinch valve 277 in closed condition. Plunger 284 is protracted closing the
lumen of collapsible elastic tubing segment 278, blocking aspiration path 23. In this condition, fluid and solid
particles cannot traverse tubing 278. The pinch valve 277 should be self cleaning on reopening, and thereby
immune to clogging produced by tissue fragments aspirated from the surgical site. In the event a non-self cleaning
occlusion valve 1s selected, a particle retaining filter should be inserted upstream to avoid clogging, see, e.g., the
particle retaining filter in FIG. 7A. Pinch valve 277 is a suitable selection for normally-open occlusion valve 270
because of speed of operation (tens of millisecond or less), non-clogging operation with liquids containing solid
particles (tissue fragments), bidirectional flow and reliability. Pinch valve 277 actuator portion 274 can be a
solenoid, an electromagnet, a linear actuator, a piezoelectric actuator, a piezoelectric motor or any other power
source capable of temporarily pinching a segment of collapsible elastic tubing 278. Considerations such as weight,
speed, reliability, resistance to sterilization and cost can influence the selection of the kind of valve actuator 274

depending on particular implementations of this invention. Solenoid-driven pinch valve Model 390-NO-12-330
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from ASCO Scientific, USA serves as a non-limiting example ot the type of valve which can be used as normally-
open occlusion valve 270 in the present invention. This valve 1s designed as a two way normally-open pinch valve
for a 1,6 mm inner diameter tubing. A pulse-and-hold teature can be incorporated in the driving electronics of the
solenoid to reduce heat generation, allowing the selection of lighter and smaller coils for the task of pinching the
elastic tubing.

Turning back to FIGS. 10, a valve-and-sensor fixture 400 can be implemented to accommodate normally-
open occlusion valve 270 1n a way that tubing 278 can be removably attached, for example as part of a disposable
tubing set. In general aspiration line 22 should be made of a flexible material with a low contraction index under
applied internal vacuum to allow faster response time of the present invention. A collapsible chamber 290 shown in
FIG. 4 can be inserted to add compliance near the distal end of aspiration line 22 to enhance detection of occlusion-
break events. When occlusion breaks, chamber 290 rapidly expands increasing the rate of pressure drop, increasing
the sensitivity and response time of occlusion-break detector sensor 300.

The segment of collapsible elastic tubing 278 introduced for operation of pinch valve 277 should have the
smallest allowable length not to degrade performance. An 8 mm segment of silicone tubing with an inner diameter
of 1.6 mm and outer diameter of 3.2 mm has operated well while experimentally testing this invention. Other
forms of occlusion valves can be considered.

Depicted in FIGS. 7A and 7B i1s an alternative normally-open occlusion valve 270 shown in FIG.7A 1n
open position and in FIG.7B 1n closed position. Fig. 7A also illustrates an optional valve bypass 299 and optional
particles retaining filter 44 to be discussed later. This embodiment of normally-open occlusion valve 270 has an
input 280 and an output 282. An actuator portion 274 with solenoid 284 can be detachably coupled to operate
pivoting lid 288 located in an eventually disposable occlusion portion 276 part of a tubing set. Design of the fluid
path within valve 270 and of pivoting lid 288 avoids clogging by tissue fragments. It is possible to configure
normally-open occlusion valve 270 in a chopper-valve configuration using a guillotine-like valve lid. In this
modality tissue tragments traversing the valve during closure are segmented avoiding valve dystunction and
clogging. Many other options exist to regulate tlow besides the ON-OFF valves illustrated here, such as
proportional valves also suitable tor practicing this invention.

Depicted 1in FIGS. 25A and 25B i1s an alternative normally-open occlusion valve 270, shown in FIG. 25A
in open position and 1n FIG. 25B 1n closed position, turther 1llustrating this guillotine-like “chopper valve™ lid. This
embodiment of normally-open occlusion valve 270 has an input 280 and an output 282. A rotary or linear actuator
portion 274 with solenoid 284 can be detachably coupled to operate a plunger 289 located in an eventually
disposable occlusion portion 276 part of a tubing set. Plunger 289 can have sharp edges in a way that tissue
fragments interposed 1n the plunger path during operation are segmented. This guillotine-like valve embodiment
configures normally-open occlusion valve 270 in a “tissue-chopper’”’ valve modality avoiding valve malfunction and
clogging caused by tissue fragments aspirated trom the eye chamber.

Occlusion-break sensor 300 provides an electric signal to control module 50 through cable 310 indicating
that an occlusion-break event has occurred. In a preferred embodiment, occlusion-break sensor 300 comprises a
vacuum sensor installed in the aspiration system, and as noted above, collapsible chamber 290 shown in FIG. 4 can
be used to enhance the sensitivity and response time of occlusion-break detector sensor 300.

Operation of many of the invention embodiment disclosed here, 1s based on the tact that atter an occlusion-
break event occurs, there 1s a rapid drop 1in vacuum in the aspiration system. The rate of change of pressure dP/dt
provides information about the timing and about the prospective magnitude ot the post-occlusion surge being

detected. Control module 50 can use the onset and the magnitude of the dP/dt signal provided by sensor 300 to
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compute the beginning and duration of the chamber collapse canceling response. The faster an occlusion-break
event can be detected, the faster the compensating actions can be started, thereby improving pertormance.

Experimentally practicing this invention has taught that the location of sensor 300 is determinant in the
delay observed between the actual occlusion break and the detection signal provided by sensor 300, and therefore,
in the overall effectiveness of the surgical system When using a dP/dt sensor as sensor 300 installed in aspiration
path 23, the response time increases with increasing distance between the site of occlusion break and sensor 300
location. Installing occlusion-break sensor 300 inside hand piece 12 or at the distal portion of aspiration line 22
rendered optimum results. In a preferred embodiment shown in FIG.§, occlusion-break detector 300 uses a load
cell 320 and tubing 330, and 1s operable to provide a dP/dt signal. Load cell ELMF-B1-25N from Measurement
Specialties, USA serves as an example of a load cell suitable for practicing this embodiment of occlusion-break
detector 300.

Shown 1n FIGS. 10 1s a valve-and-sensor fixture 400 that can include sensor 300 and pinch valve 270).
Valve 300 can be in the form of load cell 320 approximately perpendicularly-adjusted and slightly compressing the
walls of a segment of elastic collapsible tubing 330 inserted near the distal end of aspiration path 23. Fixture 400
can have a hinged lid 410 incorporating a locking latch 425 and tubing guides 420. In this way tubing portions 278
for pinch valve 270 and 330 for occlusion-break detection together with aspiration line 22 distal connector 21 can
be detachably coupled to hand piece 12.

Fixture 400 forms a valve-and-sensor fixture that can be a stand-alone unit or can be integrated into a
surgical hand piece 12. Collapsible tubing 330 is selected to preserve a patent fluid channel and remain in effective
contact with load cell 320 across the full range of vacuum levels produced by aspiration pump 26. The minimum
possible inner diameter of tubing 330 should preferably be above 1.5 mm to avoid clogging by solid particles. A
silicone tubing segment of about § mm having 3.2 mm ID and 4.8 mm OD has been shown during experimental
testing to be operative for practicing this invention. Fluctuations in pressure inside the lumen of tubing 330 which
are typical of occlusion-break events produce an expansion of the walls of tubing segment 330 exerting a force over
load cell 320 that 1s a function of vacuum at that location. Load cell 320 produces an electrical signal that is
proportional to the force detected from tubing 330 walls. This signal is transmitted across cable 310 to control
module S0 for processing.

One advantage of using this load cell and elastic tubing approach for occlusion-break sensor 300 is that the
more expensive load cell can be integrated into a non-disposable element fixture 400 or hand piece 12, while the
inexpensive elastic tubing can be integrated into a disposable tubing set. Alternatively to tubing segment 330 and
for improved pertformance, a difterentiated portion including an elastic element such as a chamber with elastic walls
can be designed to get in contact with load cell 320 such as a bellows region or a diaphragm region to transmit a
force to load cell 320 that is a function of the vacuum in aspiration path 23.

In general terms, sensor 300 must be accurate to detect the timing of the occlusion-break event, but not
necessarily accurate to provide a proportional signal to dP/dt. This because aspiration line vacuum sensor 56 1s
typically well-calibrated and can complement vacuum information for control module 50. Other kinds of sensors
capable of timely detecting the occlusion-break events can be used, such as dP/dt sensors, pressure sensors, position
sensors, acceleration sensors, thermal dilution flow sensors, ultrasonic flow sensors. These sensors can be 1nstalled
in the distal portion of aspiration path 23 to operate as occlusion-break detector 300, the output signal being
converted to an estimated dP/dt value using electronic or digital difterentiating means.

Alternatively, occlusion sensor 300 can only provide a digital ON-OFF output signaling the occurrence of

an occlusion break to control module 50, and the vacuum at occlusion break onset information can be extracted
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from aspiration line vacuum sensor 56. The ON-OFF signal can be triggered for example when a dP/dt threshold
value 1s detected by sensor 300. Occlusion-break events also propagate a pressure wave upstream into irrigation
line 18. For this reason sensor 300 in the form of a dP/dt sensor could be installed in irrigation line 18 although
during testing, this approach proved less reliable and with increased response time.

An alternative embodiment depicted in FIG. 12 and FIG. 13 further incorporates a second valve 572 in
normally-closed position. Valve 572 can be connected to driver signal carrier 272 driving normally-open valve
270. Valve 572 1s in fluid communication with a portion 520 of aspiration path 22 located between lensectomy
probe 14 and valve 270. Valve 572 opposite port 1s in fluid communication through a tubing 522 with a source of
vacuum 526 though a vacuum in-port 524. An optional vacuum sensor 510 can be installed in the aspiration path
between valve 572 and vacuum source 526 and connected to controller 50 through a sensor 510 signal carrier 512.
Pump 526 is operated by controller 50 through a driver signal conducted through a signal carrier 586. Fluid
aspirated into pump 526 exits through a pump out-port 528 across a fluid path 564 into a waste fluid collector 530.
Vacuum source 526 is illustrated as a peristaltic pump but other vacuum sources such as Venturi pumps or gravity
can be employed. Also, line 522 can be connected to a receptacle at atmospheric pressure instead to a vacuum
source. Vacuum source 526 can provide structure or methods to cancel vacuum inside aspiration line 522 such as
shown for pump 26 with fluid deposit 38 and vacuum-canceling, venting valve 57. Also stopped and/or reversed
and/or reduced pump operation can be used to reduce vacuum when valve 572 is in closed condition.

This embodiment in which normally open valve 270 and normally closed valve 5§72 are combined in a
single two-way valve operates as follows: An electrically-operated two-way valve meeting the specifications for
the purposes of this invention can be similar to pinch valve part No. 225P091-21 trom NResearch, USA.
Alternatively, as depicted in FIG. 14A and FIG. 14B a pneumatically operated two-way valve 700 can be
implemented for disposability and weight considerations. In this condition signal carrier 272 for valves 270 and
572 corresponds to a pressurized air tubing conducting pressurized air from a pressurized air source activated under
controller 50 command. The same condition applies in an embodiment where only valve 270 1s present. FIG. 14A
shows dual pneumatic pinch valve 700 in inactive condition. A normally closed valve portion 710 has a normally
open pinch valve tubing 734 with an in-port 712 and an out-port 714. A normally open valve portion 728 has a
normally closed pinch valve tubing 736 with an in-port 730 and an out-port 732. Both in-ports 712 and 730 are in
fluild communication with hollow lensectomy probe 14 through a distal common aspiration path 520. Out-port 714
is connected to low vacuum source 526 through tubing 522. Out-port 732 is connected to high vacuum source 26
through tubing 22. A plunger 716 is pressed against and blocks pinch tubing 734 by the force exerted by a
compression spring 724. Air port 726 can admit compressed air from a pressurized air source provided by console
11 or a stand-alone surge canceling module 600, see FIG. 17, into an air chamber 718. A diaphragm 720 is
disposed to seal air-chamber 718 around plunger 716 in a valve body 722. In operation, compressed air provided
into air chamber 718 neutralizes the force of spring 724 compressing it to a point in which the blocking force
exerted to pinch tubing 734 is reli<ns1:XMLFault xmlns:ns1="http://cxf.apache.org/bindings/xformat"><ns1:faultstring xmlns:ns1="http://cxf.apache.org/bindings/xformat">java.lang.OutOfMemoryError: Java heap space</ns1:faultstring></ns1:XMLFault>