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(57) Abstract: Hydraulic vitrectomy probes and methods and
systems associated therewith are discussed. Example hydraul-
ic vitrectomy probes may include a pressure multiplier that is
operable to output a hydraulic pressure at a multiple of a re-
ceived pneumatic pressure. Because of the imcompressible
nature of liquid, hydraulic vitrectomy probes are, among other
things, more responsive, may be operated at higher cutting
rates, provide improved patient safety, and have a form factor
(e.g., size and/or shape) that may be more easily maneuvered
by a surgeon.
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BACKGROUND
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SUMMARY

[8883] According to one aspect, the disclosure describes a hydraulic vitrectomy probe
system. The system may include a pneumatic pressure source adapted to repeatedly
cyele application of a pressurized gas, a hydraulically actuated vitrectomy probe, and
a pressure multiplier coupled at a first portion fo the pneumatic pressure source and at
a second portion to the hydraulically actuated vitrectomy probe and adapied to
convert a pneumatic pressure recetved from the pneumatic pressure source nto a
hydraulic pressure output to the bydraulically actuated vitrectomy probe.  The
pressure multiplier may include a first chamber, a first diaphragm housed m the frst
chamber, a second chamber, and a second diaphragm housed in the second chamber.
The first diaphragm and the second diaphragm may be coupled o each other.

(30041 Another aspect encompasses a method of operating a hydraulically aciuated
vitrectomy probe. The method may include applying a pneumatic pressure from a
pneumatic pressure source to a pressure muitipiier, converting the pneumatic pressure
into a hydraulic pressure with the pressure mulfiphier, and actuating a cuiter of the
vitrectomy probe with the hvdraulic pressure supplied from the pressure multipher {0
the hvdraulically actuated vitrectomy.,

[3005] A further aspect may inchide a hydraulic vitrectomy probe system meiuding a
prieumatic pressure source adapied fo produce a pulsed puneurnatic pressure by
repeatedly cycling application of a pressurized gas, a bydraulic vitrectomy probe
adapted to receive a pulsed hydraulic pressure, and a pressure multiphier n fluid
communication with the pneumatic pressure source and the hydrauiic vitrectomy
probe.  The pressure multiplier may be adapted to receive the puised pneumatic
pressure and in fluid communication with the hydraulic vitrectomy probe transmit the
pulsed hydraulic pressure to the hydranlic vitrectomy probe. The pressure multiplicr
may include a housing, a first chamber defined by a first portion of the housing, a
second chamber defined by a second portion of the housing, a first diaphragm
disposed in the first chamber, the first digphragm having a surface in contact with the
oressurized gas, and a second diaphragm disposed in the second chamber, the second
diaphragm having a surface in contact with hydraulic fluid used to transmit the pulsed
hydraulic pressure to the hydraulic vitrectomy probe. The first diaphragm may be

coupled to the second diaphragm to form an operational assembly. The operational
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assembly may be adapied {o convert the recetved pulsed pneumatic pressure into the
pulsed hydraulic pressure.

3086 The various aspects may include one or more of the following features. A first
chamber of a pressure multiphier may be fluidly coupled o a pneumatic pressure
source. A second chamber of the pressure multiplier may be fluidly coupled to 1
hyvdraulically actuated vitrectomy probe. The pressure multiplier may be coupled to a
preumatic pressure source via a conduif. The conduit may be fexible tubing. The
pressure muitiplier may be directly coupled o the pneumatic pressure source. The
pressure muiliplicr may be mtegrated mto the pneumatic pressure source. 1he
pneumatic pressure source may form a part of an ophthalmic surgical console. A
surface area of the first diaphragm in conlact with a pressurized gas supphied by the
preumatic pressure source may be larger than a surface area of the second diaphragm
in contact with a hydraulic fluid. The hydraulic vitrectomy probe may be coupled to
the pressure multiplier via a conduit, The conduit may be ilexible tubing. The
hydraulic vitrectomy probe may be a single-action bydraulic vitrectomy probe. The
hydraulic vitrectomy probe may be a dual-action probe.

08871 A first pressure multiplier and a second pressure mulliplier may be included.
The second pressure multiplier may be {hudly coupled to the pneumafic pressure
source at a first portion of the second pressure multiplier and the hydraulic vitrectomy
probe at a second portion of the pressure muitiplier. The first pressure multiphier may
be adapted to supply hydraulic pressure to the hydraulic vitrectomy probe 1o actuale a
cutter of the hvdraulically actuated vitrectomy probe in a first direction. The second
pressure multiplier may be adapted to supply bydrawiic pressure fo the hydrauhe
vitrectomy probe 1o aciuate the cutier of the hydraulically actuated vitrectomy probe
in a second direction, opposite the first direction.

30081 The various aspects may also include one or more of the following leatures,
Applying a pneumatic pressure from a pneumatic pressure source {0 4 pressure
multiplier may inciude supplving a pulsed pneumastic pressure to the pressure
multiplier. Applyving a pneumatic pressure from a pneumatic pressure source 1o a
pressure multiplier may include applying the pneumatic pressure from the pneumatic
pressure source that forms a part of an ophthaimice surgical console. Converting the

pneumatic pressure into a hydraulic pressure with the pressure youltiplier may inchude

4



CA 02819649 2013-05-31
WO 2012/087523 PCT/US2011/062773

receiving the pneumatic pressure into a pneumatic portion of the pressure mulliplier
against a first diaphragm contained within the pneumatic portion and in fluid contact
with a gas transmitting the pneumatic pressure. The {irst diaphragm may be coupled
to a second diaphragm disposed in a hydraulic portion ol the pressure multiphier.
Converting the pneumatic pressure into a hydraulic pressure with the pressure
multiplier may alse include displacing the first diaphragm and the second diaphragm
with the pneumatic pressure and displacing hydraulic fluid in contact with the secona
diaphragm to form the hydraulic pressure. Displacing the first diaphragm and the
second diaphragm with the pneumatic pressure may inchude displacing the hirst
diaphragm having a surface area in contact with the gas larger than a surface area of
the second diaphragm in contact with the hydraulic fluid. Actuating a cutter of the
vitrectomy probe with the hydraulic pressure supplied {rom the pressure muitiplier to
the hydraulically actuated vitrectomy may include cycling the cutter of the vitrectomy
probe at a rate of in the range of one to 20,000 cycles per minute.

100091 The various aspects may also include one or more of the following features. A
first diaphragm and a second diaphragm of a pressure multiplier may include retaining
features formed along peripheral edges thereod, and wherein the retaiming features are
received into respective recesses formed in a housing of the pressure multiplier. The
operational assembly may include a spacer disposed between the first diaphragm and
the second diaphragm. The spacer may be adapted {o transmuit 4 movement of one of
the first diaphragm or the second diaphragm to the other of the first diaphragm or the
second diaphragm. A surface area of the first diaphragm i comfact with the
pressurized gas may be larger than an area of the second diaphragm in contact with
the hvdraulic fluid. The pneumatic pressure source may be fhudly coupled to the
pressure multiplier by flexible tubing. The hydraulic vitrectomy probe ruay be fluidly
coupled to the pressure multiplier by {lexible tubing. The pressure multiplier may be

directly coupled {o the prneumatic pressure source.
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DESCRIPTION OF DRAWINGS
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[B012] FIG. 3 ds a svoss-sentiongl view of an Lmtnpi g ngii‘ utmn frvdraniic
vitreaios :m;mm

[0013] FIGL 4 fx a schomatic view of an example hydraulic vitrectomy probe system,
such as forasi }gir‘: setion hydraulie viirsctomy probe,

[014] FIG, S Iy a ooss-sectional view of an example dual-action hydeaulic
witreutony probe.

§£}€}3*‘§§ FIG, 8 1w sohomatio viesy of an ‘,.mm*ph; hydraulic vitrsols RN pm L RYStany,

sach as B a duab-agtion a‘vdmuhg vigrewtonty probe.
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L4

DETAILED DISCLOSUR

18816} The present disclosure describes hydraudically-actuated vitrectomy probes
(interchangeably referred to as “hydraulic vifrectomy probes”). Exampie hydraulic
vitrectomy probes utilize a lignid, such a liquid readily avaiable m a surgical
cnvironment. Example liquids include saline, BSS® ("“Balanced Salt dolufion”
nroduced by Alcon Laboratories, Inc., of 6201 South Freeway, Fort Worth, TX
76134-2099), sterile water, silicon, and Perflovon® liquid, also produced by Alcon
Laboratories, Inc, Other hiquids may aiso be used,

106171 Hydraulic vitrectomy probes offer numerous advantages, mcluding improved
response times, higher cutting speeds, increased duty cycles, and higher operating
pressures. In some instances, hydraulic vitrectomy probes may have response fimes
of three milliseconds at 5,000 cycles per minute and pressures of 3{ psi. For exampile,
the incompressible nature of liguids and the sigoificantly higher wave propagation
speed in liquids, as opposed to gases, provide for mproved response time.  Wave
propagation in liquids is a function of the speed of sound, which 18 significantly
higher than the speed of wave propagation in gases. Consequently, Cutfting speeds
may be increased and a wider range of duty cycles may be available as a result of the
reduced response time, Further, in some instances, response times may be less than
one mitlisecond,

100181 Other advantages include the ability to countrol operational aspects of the
vitrectomy probe. For example, as a result of the incompressible nature of a hydraulic
liguid, an opening size of the vitrectomy probe’s aperiure may be controlled. That is,
the maximum opening size of the vitrectomy probe’s aperture may be varied during a
surgical procedure with the use of feedback control.  Feedback control may be
accomplished by, for example, sensing an amount of movement of the hydraulic
Hquid and directly correlating that movement to the opening size of the vitrectomy
probe’s aperture. In some instances, movement of the liquid may be accomphished by
sensing an amount of movement of a diaphragm or piston used to displace the hqud,
in some instances, movement of the diaphragm may be measured by capaciive
distance measurgment, inductive sensing, optical sensing, or with laser position

iransducers.  However, other methods and systems may be used, and the exampies

listed above are provided merely as examples. Position feedback control, such as by
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sensing movement of the Haquid, may also provide for duty cycie control. Buty cycie
is the amount of time that a vitrectomy cutter port is open as a percentage of the total
time of a cut cycle.

18019 The correlation between movement of the hydraulic liquid and the vilrectomy
probe’s cuiter combined with the ability to sense the movement of the hydraulic hquid
also enables the probe’s cutter position to be monitored. A monitoring scheme may
be implemented in some instances to provide a warning, such as when a probe’s cutter
may be functioning improperly or contrary to an expecied mode.

1302071 Additionally, hydraulic vitrectomy probes may be operated at higher fluid
pressures, reducing a displaced volume of fluid compared, for example, fo pneumatic
vitrectomy probes. For example, hydranlic operating pressure {rom a few hundred fo
a thousand psi or more may be utilized in hydraulic vitrectomy probes. Consequently,
hydraulic vitrectoroy probes may have reduced sizes, smaller drive lines (e.g,
conduits used to fhudly communicate hydraulic pressure to the vitrectomy probe),
console~-regulated position control (such as to confrol a size of the port of the
vifrectonmty probe), and reduced pressurized gas cousumption.  For example, a
hydraulic vitrectomy probe may have a reduced diameter or otherwise have a reduced
cross-section.  Thus, in some implementations, a hydraulic vitrectomy probe may
have a “pencil” diameter. Decreased probe sizes may provide for improved handling
and control during a surgical procedure because of the physical space limitations
around the eve experienced during ccular procedures. Smaller sized drive lines may
provide improved clinical benefit to the surgeon. For example, smaller stzed drive
lines may have a smaller physical package, greater flexibility, and provide for a
oreater range of motion, Additionally, for vilrectomy probes utilizing a returp spring,
such as in a single-action vitreciomy probe, the spring may have a hgher spring
constani, A higher spring constant in combination with higher fluid pressures may
result in vilrectomy probe with an increased cuiting rate.  Purther, hydraulic
vitrectomy probes may displace a lower volume of fluid and, beeause vitrectomy
probes may be operated hat higher pressures, may more easily overcome internal
probe friction within the surgical system.

(60217 Still further, hydraulic vitrectomy probes offer increased saiety benetits, For

example, compressed gas is eliminated from the hydraulic vitrectomy probe, thereby
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climinating the risk of compressed gas escaping nto a patient’s eye.  Additionally,
redundant seals presently used {o prevent compressed gas within pneumalic
vitrectomy probes from escaping inio the eve may be eliminated. Simiarly, hydraulic
vitrectomy probes may also be electrically isolated, {urther reducing the risk of harm
to a patient as well as the surgeon,

188221 Hydraulic vitrectomy probes may be primed immediately preceding a surgical
procedure, such as in the operating room, as opposed to priming the probes during
manufacturing.  Also, priming of the hydraulic vitrectomy probes may be casily
incorporated into current common priming sequences, making introduction and
acceptance of the probes into medical practice comfortable tor practitioners,
Hyvdraulic vilrectomy probes may also be sterthized using current sterihization
practices. For example, in some mmplementations, hydrauhc vitrectomy probes may
be sterilized with ethylene oxide ("Ei(¥"). Additionally, hydraulic vitrectomy probes
may be disposable afier a single use, eliminating the need to sierilize the probes
between {reatments, further enhancing safety and reducing costs.

{30231 An additional benefit of hydraulic vitrectomy probes according to some
implementations is that the hydraulic probes may be ncorporated with existing
niieumatic equipment with little, it any, modification. For example, some hydraulic
vitrectomy probes may be coupled fo existing surgical consoles used to supply
compressed gas. The operational system architecture for bydraulic vifrectomy probes,
e.g., dual-action and single-action probes, 18 also flexible. For example, a drive
diaphragm or piston {or driving hydraulic fluid may be completely contained within a
consumable or a surgical console,

(66241 In some instances, a hydraulic vitrectomy probe may be used in combination
with a surgical console, such surgical consele 100 shown i FIG, 1. In some instance,
the surgical console 100 may be a Constellation® Vision System produced by Alcon
Laboratories, Inc., of 6201 South Freeway, Fort Worth, TX 76134-2009. However,
hydraulic vitrectomy probes may be used in combination with other surgical consoles.
(30251 The console 100 may include a housing 102 with a controller 104 and an
associated display screen 106 operable to show, for example, data relating to system
operation and performance during a vitreoretinal surgical procedure. The console 10

may also include a number of systems that are used together to perform vitreoretinal
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surgical procedures. For example, the systems may mchude a footswitch system 1438
ncluding, for example, a footswitch 118, a fluidics system 112, and a pneumatics
systermt 118, The pneumatics systemy 118 may be operable to supply power to and
control a vitrectomy probe, For example, the pneumatics system 1138 may be operable
to repeatedly cycle application of a pressurized gas. In some instances, the pneumatic
systern 118 may be operable to ¢ycle pressurized gas at rates within the range of one
cycle per minute to 20,000 cycles per minute. In some implementations, the cycled
gas may be applied at, for example, at different pressures, different rates, and ditierent
duty cveles. A vitrectomy probe may be interfaced with the console 100 via the
pneumatics system 118 via panel 119 to confrol actuation of the cutter The fluidies
systent 112 may be operable {o provide a vacuum o the vitrectomy probe, such as to
aspirate materials during g surgical procedure. To optimize performance of the
different systems during surgery, their operating parameters may be varied according
to, for example, the particular procedure being pertormed, the ditterent stages of the
procedure, the surgeon's personal preferences, whether the procedure is being
performed in the anferior or posterior portion of the patient’s eve, and 50 o,

18026] The different systems in consoie 100 may include confrol circutts for the
operation and control of the various functions and operations performed by the
console 100, such operations of a wvitrectormny probe.  The controller 104 may be
operable to govern the interaction and relafionship between the ditterent systems {0
properly perform a vitreoretinal surgical procedure. To do this, the coniroller 104
may include one or MOre processors, one or more memory devices, and may be
configured or programumed o control operations of the conscle 100, for example,
based upon pre-established programs or seguences.

30271 As shown in FIG. 1, the display screen 106 for viewing and access by a user
rests on the housing 102, An inpul device permits a user to control images on the
display and to make selections to control or modily the preprograrnmed relationships
between different systems. In some instances, the mput device may be a touch screen
device responsive to selections made directly on the screen 106,

86281 FIG. 2 shows a longitudinal cross-section of a pressure multiphier 200, The
pressure multiplier 200 may coupled to a preumatic systermn of a surgical console,

such as the pneumatic system of the console 100, A hydraulic vilrectomy probe, such
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as the example hydravhic vitrectomy probes 300 and 404, shown in FIGs, 3 ang 4,
respectively (discussed in more detail below), may also be coupled to the pressure
roultiplier 204,

{30291 Referring again to FIG. 2, the pressure multiplier 200 may include a housing
202 having a first opening 204, a second opening 206, and a longiudinal axas 208,
The housing 202 may mciude lips 205 and 207, circumscribing the first opening 204
and the second opening 206, respectively. The lips 205 and 207 may be used {o attach
a conduit, such as {lexible tubing, to the pressure multiphier 200,

(3036} The example pressure mulliplier 200 has a circular cross-sectional shape
fransverse o the longitudinal axis 208, However, other inplementations may have
different shapes. For example, in some instances, the housing 202 may have an
elliptical, rectangular, square, or any other transverse cross~sectional shape. Thus, the
sxample pressure multiplier 200 is provided merely as an example and is not intended
to be lumiting.

[8831] The housing 202 may form a first chamber 209 and a second chamber 210, As
shown, the first chamber 209 may have a larger outer dimension 212 {e.g., diameter)
than an outer dimension 214 {e.g., diameier} of the second chamber 210, A {irst
diaphragm 216 may be disposed in the first chamber 208, and a second diaphragm
218 may be disposed in the second chamber 210, The {irst diaphragm 216 and the
second diaphragm 218 may include retaining features 220 and 222, respectively. The
refaining features 220, 222 may be accepted into retaining receptacles 224 and 2296,
respectively., The retaining features 220, 222 and the retaining receplacles 224, 226
may cooperate to form a seal. In some mstances, the seals may be air-tight and/or
Hguid-tight. The first diaphragm 216 and the second diaphragm 218 may also wnclude
central openings 228, 23,

{00321 The first diaphragm 216 and the second diaphragim 218 may be joined by a

pacer 232, The spacer 232 may include a first flange 234 that engages an interior
surface 236 of the first diaphragm 216 and a second Hange 238 that engages an
interior surface 240 of the second diaphragm 218, In some instances, the spacer 232
may include lips 242, 244, The lips 242, 244 may be received into the central
openings 228, 230, respectively. Interfaces between the cenlral openings 228, 230

and the lips 242, 244 may form seals. In some instances, the seals may be awr-tight
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and/or lguid-tight. In some instances, an adhesive may be used to secure the first
flange 234 and the second flange 238 fo the interior surlaces 236, 240, respectively,
and, optionally, to surfaces forming the openings 228, 230, The first diaphragm 216,
the second diaphragm 218, and the spacer 232 may forim an operational assembly 248,
[3033] The spacer 232 may also include a central portion 246 that {forms a central
passagewsay 249. The central passage 248 may provide fluid conununication between
the first chamber 209 and the second chamber 210, In some instances, the central
passage 249 may be used to introduce hydraulic Huid nto the second chamber 21
and a hydraulic vitrectomy probe, thereby priming the vitrectomy probe. An example
method of priming a hydraulic vitrectomy probe is described in more detatd below. A
piug 250 may be disposed in the central passage 249 to isolate the first chamber 208
from the second chamber 210.

[$634] The coupling of the spacer 232 with the first diaphragm 216 and the second
diaphragm 218 enables the first digphragm 216 and the second diaphragm 218 fo
operate in unison. Consequently, when one of the first diaphragm 216 or the second
diaphragm 218 is displaced, the other of the first diaphragm 216 or the second
diaphragm 218 is displaced in response. The displacement of the first diaphragm 216
and the second digphragm 218 may occur substantially in unison. A port 2532 may be
formed in the housing 202 between the first diaphragm 216 and the second diaphragm
218. The port 232 may be operabie to allow air to move nto and out of the housing
202, equalizing pressure between the first and second diaphragms 216, 218, and,
thereby, allowing the first and second diaphragms 216, 218 to move freely.

F0035] In an example implementation, the pressure multiphier 200 may be coupled o
a pneumatic system, and the pneumatic system may conmununicate pressurized gas (o
the first chamber 209 of the pressure multiphier 200 through the first opeming 204, In
some instances, a conduit, such as flexible tubing, may be attached to the lip 205 and
communicate the pressurized gas to the {irst chamber 216, Hydraulic fhuid may be
contamed ﬁfithin the second chamber 210, Hydraulic pressure may be conununicated
from the second chamber to a hydraulic vitrectomy probe, such as the hydraulic
vitrectomy probe 300 and/or 400, shown in FlGs. 3 and 4, respectively.

($036]) Pneumatic pressure introduced into the pressure multiplier 200 by pressurized

oas via the first opening 204 acts upon the first diaphragm 216 to impart a force
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thereto. The applied force may cause the operational assembly 248 to be displaced in
the direction of arrow 234, Conseqguently, hydraulic {hnd contained within the second
chamber 210 1s displaced by movement of the operational assernbly 254, KRelease of
the pricumatic pressure causes the operational assembly 248 to move in the direction
of arrow 2353, for cxample, because of the biasing characienstics of the {irst and
second diaphragms 216, 218,

13037] The example pressure muitiphier 200 may be operable to multiply a pneumaiic
pressure incident on the {irst diaphragm 216 and apply the multiplied pressure to the
hydraulic fluid by the second diaphragr 218, For example, with the pressunized gas,
having a pressure Py, is in contact with an area, Ay, of the first giapbhragm 216, the
resultant pressure, Py, applied to the hydraulic flutd in contact with an area, A, of the
second diaphragm 213, s

{1138 Py = {Ay/AL) - Py

(38391 Thus, for example, where the area of the first diaphragrn 216 1s twice the area
of the second diaphragm 218, the pressure applicd {o the hydraulic fuid is two-times
the pressure imparied by the pneumabic fluid,  However, the pressure mmcrease
produced by the pressure multiplier may any desired amount. For example, the ratio
of the area of the diaphragm in contact with the pneumatic pressure {(interchangeably
referred {0 as “the pneumatic portion diaphragm™) to the area of the diaphragm in
contact with the hydraulic liquid Onlerchangeably referred 1o as “the hydraulic portion
diaphragm”™) may be selected fo produce any desired pressure increase. For example,
a fluid multiplier may be sized to produce an increase in pressure of a few hundred {o
a few thousand pst. Further, in some instances, the second opening 200 may be made
smalier than the first opening 204, Thus, a condutt {e.g., flexible tubing) extending
{rom the second opening 206 to a hydraulic vitrectomy probe may have a smatler
cross-sectional shape {e.g., a smaller diameter), 'Thus, this conduil may be more
casily maneuvered and articulated during a surgical procedure.

{33401 The increase in pressure produced by the pressure mulliplier resulis o the
need for a smaller diaphragm or other pressure-responsive device in the vireciomy
probe {o actuate the probe a desired amount, Consequently, the probe diameter may

be made smaller, e.g., having a smaller cross-sectional shape, enabling a surgeon to
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more easily manipuiate the probe as well as provide more space around the eye i
which to articulate the probe.

30411 A pressure muliiplier, such as the example pressure multipiier 200, may be
flutdly coupled to a hydraulic vitrectomy probe, such as a single~action or dual-action
vitrectomy probe, FIG. 3 shows an exampie single-action vitrectomy probe 300, The
probe 300 includes a housing 302 forming a ceniral chamber 303, a first passage 304,
and a second passage 306, An outer sleeve 307 having a port 308 may be fixedly
attached to the housing 302 in the first passage 304, A cutter 309 extends through the
second passage 306, the central chamber 303, and the outer sleeve 307, The cutler
309 mayv be holiow to allow aspiration of tissue, fluid, and ofher materiais during
operation of the probe 300,

130421 A spring 318 is housed in the central chamber 303 and engages an interior
wall 312 of the housing 302 and a surface 314 of a spring mount 3106 atlached o the
cutter 309. The spring 310 biases the cutter 309 in a direction of arrow 318, The
probe 300 also includes a diaphragm 320 coupled fo the culter 309 and the housing
302, A sealing member 322 may also be included between the cutter 309 and an
interior surface of the first passage 304, Scaling members 330 may also be mncluded.
A conduit may be attached to the probe 300 al a conneciing portion 324 of the
housing 302. The connecting portion 324 may define at least a poriion of a chamber
326,

[6843] Hydraolic fluid contained within the chamber 326 may act on the diaphragm
320, causing diaphragm 320 and cutter 309 to displace in the direction of arrow 343,
and compressing spring 310, When hydraulic pressure is released, the spring 310
returns the cutter 309 and diaphragm 320 to an initial position. As hydrauiic pressure
is cyeled, the hydraulic pressure and spring 310 cooperate to reciprocate the culter
300, As a result, the cutter 309 is made to reciprocate within the outer siceve 347 o
perform a cutting action. Tissue entering port 308 may be cut by the reciprocating
cuiter 309, and the severed tissue may be aspirated through the cutier 309, In some
instances, the stroke of the cutter 309 may be approximately 1 mm or less. However,
in other instances, the stroke may be larger. That s, the siroke of cutter 309 may be

selected to be any desired length. While FIG. 3 shows one example single-action
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hyvdraulic vitrectomy probe, other types of single-action vitrectomy probes are aiso
within the scope of the disclosure.

133441 An example hydraulic vitrectomy probe system 400 1s shown in FIG. 4. The
system 400 may include a pneumatic system 402, a pressure muilipiier 404, and a
vifreciommy probe 406. The example vitrectomy probe 406 may be similar to the
vitreciomy probe 3040, described above. A first condunt 408, such as flexible tubing,
may exiend between the prneumatic system 402 may and the pressure muliipiier 404,
A second conduit 410, which may alse be flexible tubmng, extends between the
pressure multiplier 434 and the hvdraulic vitrectomy probe 400.

{0048] In operation, the pneumatic system 402 may pulse pneumatic pressure through
the first conduit and into a pneumatic portion of the pressure mulliphier 404, In a
rnanner similar to the operation of the pressure multipher 200, described above, the
oressure from the pneumatic pressure may be applied o a hydraulic portion of the
pressure multiplier 404 and magnified an amount according 1o the geomelry of the
pressure multiplier 404, such as the ratio of the area of the pneumatic portion
diaphragm to the area of the hydraulic portion diaphragm, as discussed above with
respect to FIG. 2.

00846] While the pressure multiplier 404 s shown coupled to the pneumatic system
402 with the first condut 408, in other instanees, the pressure muitiphier 404 may be
coupled directly to the pneumatic system 402, or, it still other mstances, integrated
into the pressure system 402, Localing the pressure multiplier 402 closer fo the
nneumatic system 402, such as with a shorter conduit or by directly mouniing or
integrating the pressure multiplier 404, thereby chiminating the conduit altogether,
reduces the size of the pneumatic reservoir that must be displaced io actuate the
pressure multiplier 404 and the vilrectomy probe 406, Thus, with a smailer
pneumatic reservolr, there 1s less compression of the pneumatic flnd and, therefore, a
quicker response of the vilrectomy probe.

138471 As indicated above, a dual-action vifrectomy probe is aiso within the scope of
the disclosure, FIG. 5 shows a cross-sectional view of an example dual-action
vitrectomy probe 5300, The probe SO0 may mcelude a housing 504, a central
passageway 534, a cutier 506 disposed in the central passageway 304 and operable {o

reciprocate therein., The cutter 306 may be hollow to allow aspiration of tissue, tiuids,
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and other materials from the eye during operation of the probe 5{{. An outer slesve
308 having a port 509 may be secured within the central passageway 304, and fhe
cutter 506 may reciprocate within the outer sleeve S08, for example, n response 1o
hydraulic pressure applied to diaphragm 510, The cutter 506 may be coupied to the
diaphragm 510, and diapbragm S10 may be disposed between a iirst aydraulic
chamber $12 and a second hydraulic chamber 314, Seals 516, 318, and 320 may also
be included in the probe SO0, and, in some instances, the seals 516, 518 and 520 may
be fluid-tight.  The probe S0 may also include a first port 522 m thad
communication with the first hvdraghc chamber 312 and a second port 524 i fluid
communication with the second hydraulic chamber S14. Thus, the first port 322 may
be coupled to a first hydraulic line to suppiy hydraulic pressure to the first bydrauhc
chamber 312, and the second port 524 may be coupled to a second hydraulic line to
supply hydraulic pressure to the second hydraulic ¢chamber 312,

30481 In operation, application of hydraulic pressure may be éitemated between the
first hydraulic chamber 512 and the second hydraulic chamber 3514, thereby
alternately applving hydraulic pressure to opposing sides of the diaphragm 510, Asa
resulf, the cutter 506 is made to reciprocate within the outer sleeve 508 to periorm a
cutting action. Tissue entering port 539 may be cut by the reciprocating cutter 306,
and the tissue may be aspirated through the cutter 306. In other implementations, the
diaphragms 320 and 510 may be replaced with a moveabie pision. The moveabie
piston may be coupled to the cutter, such as cutter 309 and 386, to provide actuation
of the cuiter.

(60491 FIG. 6 shows another cxample hydraulic vitrectomy probe system 600 for a
dual-action hydraulic vitrectomy probe. The system 600 may include a pneumatic
system 602, a first pressure multiplier 604, a second pressure mullipiier 606, and a
hydraulic vitrectomy probe 608, The first pressure multiphier 604 may be coupied t©
the pneumatic sysiem 602 via first prneumatic conduit 610 and to the probe 608 via a
first hydraulic conduit 612, The second pressure multiphier 606 may be coupled to the
sneumnatic system 602 via a second pneumatic conduilt 614 and to the probe 603 via a
second hydraulic conduit 616, The first pressure mulliplicr 604 and the second
nressure multiplier 606 may operate similar to the pressure multipliers 200 and/or

404, described above. Further, in some implementations, the first and second pressure
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multipliers 604 and 606 may be the same. That s, in some cases, the Hrst and second
pressure multipliers 604 and 506 may provide the same pressure inoreases. In other
instances, the first and second pressure multipliers 604 and 606 may be different, 50
as to produce different pressure increases.

(00581 In operation, pneumatic pressure yay be alternately applied to the first and
second pressure multipliers 604 and 606,  Consequently, hydraulic pressure is
alternately applied to opposing sides a pressure~-responsive mechanism, such as a
diaphragm, to cause the cutier of the probe 608 {o reciprocate.

{3051] in some instances, one or more of pressure multiphiers 604 and 606 may be
incorporated into the pneumatic system 602, In other instances, one or more of
pressure multipliers 604 and 606 may be coupled divectly coupled directly fo the
pressure system 602, In still other instances, one or more pressure multipliers utilized
in a vitrectomy probe system may be integrated into a hydrauiic vitrectomy probe. I
may be desirable to have g pressure multipher coupled as close as possible to the
ppneumatic system, to reduce a fotal pneumatic reservolr and, as such, mncrease g
response time of the vitrectomy probe.

3052] Hydraulic vitrectomy probes may have an adjustable port size {e.g., a port in
which the maximum open size of the port may be adjusiable during operation of the
vitrectomy probe). For example, in some unplementations, vitrectomy probes 300
and/or 560 may have a port size that may be adiusted during operation, For exampie,
the size of ports 308 and 509 of probes 300 and S04, respectively, may be varied by
adjusting a fully retracted position the culters 369 and 306, respectively. Thus, the
smaller amount by which the cutters 309 and 506 are retracted, the smaller the
resulting port size opening.

[63S53] In some instances, probes 300 and/or S00 may be coupled {0 a console, such as
console 100, A surgeon may adjust the opening size of the port 308, 509 of probes
300 and 500, respectively, by manipulating a control of a consocle such as by
manipulating the footswiich, such as footswitch 108, Por example, the footswitch
may include a pedal pivotable within a rapge, and the surgeon may adjust the size of
the ports by actuating the pedal within the range. The footswilch may also include
other controls, such as one or more buttons, for exampie, to adjust a cutling rate (e.g.,

the rate at which the probe’s cutler is reciprocated), an aspuration rate {e.g., an amount

¥~
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of suction applied through the probe), and a duty cycle (e.g., a duration of the "off time"
of the cutter when operation of the probe is selected to pulse). A duty cycle may be
adjusted to "pulse" the probe. That is, that the cutter may be adjusted to oscillate at a
certain frequency interrupted by pauses at a designated interval for a designated time
period.

[0054] While some implementations may be primed remote in time and/or location from
the time and/or place of manufacturing, in other implementations, one or more of a
pressure multiplier or a hydraulic vitrectomy probe may be sterilized and primed at the
time of manufacturing and may be shipped ready to use. For example, a pressure
multiplier and/or hydraulic vitrectomy probe may be primed at the time of manufacturing
with BSS®.

[0055] It should be understood that, although many aspects have been described herein,
some 1mplementations may include all of the features, others may include some features
while including other, different features, and in still other instances, other
implementations may omit some features while including others. That 1s, various
implementations may include one, some, or all of the features described herein.

[0056] A number of implementations have been described. Nevertheless, 1t will be
understood that various modifications may be made without departing from the scope of
the disclosure. Accordingly, other implementations are within the scope of the following

claims.
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What is claimed is:

i. A hyvdraulic vitrectomy probe system comprising:
a pneumatic pressure source adapied to repeatedly cycle application of a
nressurized gas;
a hvdraulically actuated vitrectomy probe; and
a pressure multiplier coupled at a first portion {0 the pneumatic pressure
source and af a second portion to the hydraulically actuated vitrectomy probe and
adapted to convert a pneumalic pressure received from the ppeumatic pressure source
into a hydraulic pressure cutput to the hydraulically actuated vitrectomy probe, the
pressure multiplier comprising:
a first chamber;
a first diaphragm housed i the first chamber;
a second chamber;
a second diaphragm housed in the second chamber, the first diaprragm

and the second diaphragm coupled o each other,

2, The hydraulic vitrectomy probe system of claim |, wherein the first chamber
of the pressure multiplier is fluidly coupled to the pneumalic pressure source and
wherein the second chamber of the pressure mulfipiier i1s fhudly coupled to the

hydraulically actuated vitrectomy probe.

3. The hydraulic vilreclomy probe system of claim 1, wherein the pressure

multiplier is coupled to the pneumatic pressure source via a conduit.

o

4, The hydravlic vitrectomy probe system of claim 3, wherein the conduit §s

flexible tubing.

3. The hvdraulic vitrectomy probe system of claim 1, wherein the pressure

multiphier s directly coupled to the pneumatic pressure source.

5. The hvdraulic vitrectomy probe system of claim 1, wherein the pressure

multiplier is mtegrated indo the pneumatic pressure source.

I3
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7. The hydranlic vitrectony probe system of claim 1, wherein the pneumatic

pressure source forms a part of an ophthalmic surgical consoie.

8. The hydraulic vitrectomy probe system of claim 1, wherein a sorface area of
the first diaphragm in coniact with a pressurized gas supplied by the pneumatic
pressure source is larger than a surface area of the second diaphragm in contact with a

hydraulic tluid.

3. The hydraulic vitrectomy probe system of claim 1, wherein the hydraulic

vitrectomy probe is coupled to the pressure muitiplier via a condutt,

i0.  The hydraulic vitrectomy probe system of claim 9, wherein the condunt 1S

flexible tubing,

11,  The hydraulic vitrectomy probe system of claim 1, wherein the hydraulic

vitrectomy probe is a single-action hydraulic vitrectomy probe.

12, The hydraulic vitrectomy probe system of claim |, wherein the hydrauviic

vitrectomy probe 1s g dual-action probe.

13.  The hydraslic vitrectomy probe system of claim 12, wherein the pressure
multiplier is a first pressure muiiipher,

the hydraulic vitrectomy probe system {urther comprising a second pressure
multiplier fluidly coupled to the pneumatic pressure source at a first portion of the
second pressure multiplior and the hydraulic vitrectomy probe at a second portion of
the second pressure multiplier,

wherein the first pressure multiplier is adapted to supply hydrauhc pressure to
the hydraulic vitrectomy probe to actuaste a cutier of the hydraulically actuated
vitrectomy probe in a first direction, and

wherein the second pressure multiplier is adapted to supply hydraulic pressure
to the hydraulic vitrectomy probe to actuate the cutier of the hydraulically actuated

vitrectomy probe in a second direction, opposite the first direction,
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14. A method of operating a hydraulically actuated vitrectomy probe, the method
comprising:

applying a pneumatic pressure {rom a pneumatic pressure source 1o a prossure
multipher;

converting the pneumatic pressure into a hydrauiic pressure with the pressure
muitiphier; and

actuating a cutter of the vitrectomy probe with the hydraulic pressure suppiied

{rom the pressure multiplier to the hydraulically actuated vitrectomy.

15, The method of claim 14, wherein applyving a pneumatic pressurg from a
preumatic pressure source to a pressure mudliplier comprises supplying a puised

prneumatic pressure to the pressure multiphier,

16, The method of claim 14, wherein applying a pneumatic pressure from a
preumatic pressure source to a pressure multiplier comprises applying the pneumatic
pressure from the pneumatic pressure source that forms a part of an ophthalmic

surgical console.

17.  The method of claim 14, whercin converling the pneumalic pressure mto a
hvdraulic pressure with the pressure multiplier comprises:

receiving the pneumatic pressure info a pneumatic portion of the pressure
multiplier against a first digphragm contamped within the prneumatic portion and m
fluid contact with a gas transmiiting the pneumatic pressure, the first diaphragm
coupled to a second diaphragm disposed m a hydraulic portion of the pressure
roultiplier;

displacing the first diaphragm and the second diaphragm with the pneumatic
pressure; and

displacing hyvdraulic fluid 1n contact with the second diaphragm {o form the

hyvdraulic pressure.

18. The method of claim 17, whercin displacing the first diapbhragrn and the
second diaphragm with the pneumatic pressure comprises displacing the first
diaphragm having a surface area in contact with the gas larger than a surface area of
the second diaphragm in contact wiith the hydraulic fluid.

21
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actuated vitrsoloroy comprises eycling the cutter of the vitrectonyy probe st g rate in

the range of ore to 20,000 oyvelos por minuts,
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280. A hydrauhc vitrectomy probe system comprising:
a pneumatic pressure source adapted to produce a pulsed prieumatic pressure
by repeatedly cycling application of a pressurized gas;
a hydraulic vitrectomy probe adapted {o recetve a pulsed hydraulic pressure;
and
a pressure multiphier in fluid comypunmicalion with {he pneumnatic pressure
source and adapted to receive the pulsed prneumatic pressure and in fluid
comnmunication with the hydraulic vitrectomy probe and adapied o transmit the
puised hydraulic pressure to the hydraulic vifrectomy probe, the pressure multiplier
Ccomprising:
a housing;
a first chamber defined by a first portion of the housing;
a second chamber defined by a second portion of the housing;
a first diaphragm disposed in the first chamber, the first diaphragm
having a surface i contact with the pressurized gas; and
a second diaphragm disposed in the second chamber, the second
diaphragm having a surface in contact with hydraubic fluid used 1o fransmil the pulsed
hydraulic pressure to the hydraulic vitrectomy probe,
the first diaphragm coupled to the second diaphragm to form an
operational assembly, the operational assembly adapted to convert the received pulsed

pneumatic pressure mto the pulsed hydranlhic pressure.

2. The hydraulic vitrectomy probe systemn of claim 20, wherein the first
diaphragm and the second diaphragm comprise retaiming features formed along
peripheral edges thereof, and wherein the retaming {features are received into

respective recesses formed n the housing.

22, The hydraubic vifrectomy probe sysiem of claum 20, wherein the operational
assembly further comprises a spacer disposed between the first diaphragm and the
second diaphragm, the spacer adapted to fransmif a movement of one of the first
diaphragm or the second diaphragm to the other of the {irst diaphragm or the second

diaphragm.
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second diaphragm in sontaet with the hydesudie fluids

fh=

26, The hvdraslic vitrectomy probe systom of clamy 20, whersin the pressurs

mudtiplier iy Jmlml"l‘%‘ couplad 0 the phoumatio IROSsUre e,

.....
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