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IMAGING-CONTROLLED LASER SURGICAL SYSTEM

CROSS REFERENCE TO RELATED APPLICATION

[0001] This application claims priority under 35 U.S.C. §119 to U.S. Patent
Application Serial No. 13/110,352, filed May 18, 2011, the entire contents of which are

incorporated herein by reference.
TECHNICAL FIELD

[0002] This patent document describes a system and method for controlling a laser
in an ophthalmic procedure. In more detail, this patent document describes an imaging-
controlled laser system for controlling the power of a pulsed ophthalmic laser during

capsulotomy and cataract procedures, among others.
BACKGROUND

[0003] Laser systems have become essential for ophthalmic surgery. They have been
employed in corneal procedures for some time now with high precision and therefore

considerable success. In very recent times applications for other ophthalmic procedures

“have been contemplated, including cataract procedures.

[0004] Lasers can be used for forming high precision cuts. These cuts are created by
focusing or directing a rapid sequence of laser pulses to a scan-pattern or point-pattern.
The points of the scan-pattern often form a line or layer and the laser pulses are directed to
these points by a scanning system that includes deflection devices, mirrors and lenses
whose alignment can be changed very quickly. In typical laser systems the pulses can
have a duration or pulse length in the nanosecond, picosecond, or even femtosecond range.

The pulse repetition rate can be in the kHz to hundreds of kHz range.

[0005] The power or energy of the laser pulses can be chosen to exceed a so-called
photodisruption threshold. Laser pulses with a power above this threshold can disrupt the
ophthalmic tissue at the target points, inducing the formation of bubbles. Lines or layers
of these bubbles can weaken the mechanical connection between the tissue-portions on the

opposite sides of the bubbles. Often the weakening is substantial, effectively cutting the
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tissue. Therefore, a subsequent manual procedure can completely separate the tissue

portions with ease.

[0006] One ophthalmic procedure which could benefit from using such a high
precision laser cutting system is cataract surgery. A typical cataract surgery involves a
capsulotomy step and a lysis or lens fragmentation step. During lysis, energy is applied to
a lens nucleus to liquefy it. During lens fragmentation, or phaco-fragmentation, the
nucleus of the lens can be cut into several pieces by scanning the laser along cutting
surfaces to enable the subsequent piece-by-piece removal of the nucleus. The
capsulotomy involves forming a circular cut on the anterior portion of the capsular bag of

the lens to allow the surgeon to access and remove the cut-up pieces of the nucleus.

[0007] To optimize surgical laser systems for these complex ophthalmic procedures is
a great challenge. However, the optimization promises great returns in terms of the

precision and efficacy of the surgical procedures.
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SUMMARY

[0008] One of the challenges of laser cataract surgery is that the procedures of
capsulotomy and lens fragmentation can interfere with each other. In advanced laser
systems the precision of the surgery can be enhanced by imaging the ophthalmic target
tissue prior to the surgery and guide the laser pulses based on the image. If the lens
fragmentation is performed first, then, as a surgical by-product, the capsule is expanded
considerably and unevenly by the substantial amount of bubbles formed inside the capsule.
Therefore, after the lens fragmentation, the capsule and lens has to be imaged for a second
time to guide the subsequent circular cut of the capsulotomy. However, imaging the
severely photodisrupted and distorted lens can be challenging. Also, the repeated imaging
procedure consumes precious surgical time, increasing the discomfort of the patient,

potentially undermining the precision of the entire procedure.

[0009] On the other hand, if the capsulotomy is performed first, it creates a substantial
amount of bubbles in the anterior region of the lens and in the anterior aqueous chamber of
the eye. The amount of bubbles is especially high if the lens is in a tilted position before
the procedure, as explained below. These bubbles can increase the scattering of the laser
pulses of the subsequent lens fragmentation considerably as the subsequent pulses are
directed to the inside of the lens and thus propagate through the bubble-rich anterior
region. The increased scattering can again potentially undermine the precision of the

cataract procedure.

[0010] Thus, both sequences of the lens fragmentation and capsulotomy have
drawbacks, as the first step can reduce the precision and control of the subsequent step.
Therefore, laser systems that reduce, resolve, or eliminate one or more of these drawbacks

can offer advantages.

[0011] Embodiments of the present invention can provide advantageous functionalities
in view of these challenges. In particular, an embodiment of an imaging-based laser
system can include a laser-beam system, configured to generate and scan a beam of laser
pulses with an adjustable laser-power parameter to points of a scan-pattern in an eye, and
an imaging-based laser-controller, configured to image a layer in the eye, to control the

scanning of the beam of laser pulses to the points of the scan-pattern, and to control a
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laser-power parameter of the laser pulses according to the distance of the points of the

scan-pattern from the imaged layer.

[0012] An implementation of an imaging-based laser system can include a laser that
generates and directs a beam of laser pulses into an eye, an imaging system that images a
capsule layer of the eye, and a laser control system that controls the laser to direct the
beam to spots within a tracking band of the imaged capsule layer with a laser-power
parameter above a photo-disruption threshold, and to spots outside the tracking band of the
imaged capsule layer with a laser-power parameter below a photo-disruption threshold,
wherein the image-based laser system is configured to perform a capsulotomy before a

lysis or lens- or phaco-fragmentation during a cataract procedure.

[0013] An implementation of an image-guided ophthalmic laser system can include a
laser engine, configured to generate laser pulses, a beam modifier, configured to modify a
laser-power parameter of the laser pulses, a laser scanner, configured to direct the laser
pulses to scanning-points in an eye, an imaging system, configured to image a region in
the eye, and a pattern generator, coupled to the imaging system, the beam modifier and the
laser scanner, configured to generate coordinates of the scanning-points for the laser
scanner, and to associate a laser-power parameter with the scanning-points depending on a

distance of the scanning-points from a target-pattern.

[0014] In some implementations, a method of performing an imaging-controlled
ophthalmic procedure can include imaging a layer in an eye, generating coordinates of
points of a scan-pattern, determining a distance of the points of the scan-pattern from the
imaged layer, and associating laser-power parameters with the points based on the

determined distance.
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BRIEF DESCRIPTION OF THE DRAWINGS

[0015] FIG. 1 illustrates an embodiment of a surgical laser system with an imaging-

controlled laser system
[0016] FIGS. 2A-D illustrate embodiments of the laser-beam system.
5 [0017] FIGS. 3A-E illustrate embodiments of the imaging-based laser controller.
[0018] FIGS. 4A-B illustrate the scan-patterns for non-tilted and tilted lenses.

[0019] FIGS. SA-B illustrate traditional scan-patterns for non-tilted and tilted lenses

as a function of a scanning variable.

[0020] FIGS. 6A-H illustrate a scan-pattern along a circular scan with a distance-

10 dependent laser-power parameter.

[0021] FIG. 7 illustrates a determination of the z-depth of the imaged layer by using a

model curve,

[0022] FIG. 8A-B illustrate methods of cataract surgery with the lens fragmentation

and capsulotomy in different sequences.

15 [0023] FIG. 9 illustrates a method of cataract surgery with an imaging-controlled laser

system in detail.

[0024] FIG. 10 illustrates a multi-extrema tracking-band laser scan-pattern after lens-

fragmentation expanded the lens capsule in a non-uniform manner.
[0025] FIGS. 11A-D illustrate scan-patterns for tilted chop cuts.

20 [0026] FIGS. 12A-B illustrate scan-patterns for tilted volume cuts.
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DETAILED DESCRIPTION

[0027] Implementations and embodiments described in this patent document offer

improvements for the above described challenges.

[0028] FIG. 1 illustrates an imaging-based laser system 100, including a laser-beam
5 system 110 to generate and scan a beam of laser pulses with an adjustable laser-power
parameter to points of a scan-pattern in an eye 1, and an imaging-based laser-controller
120 to image a layer in the eye, to control the scanning of the beam of laser pulses to the
points of the scan-pattern, and to control a laser-power parameter of the laser pulses
according to the distance of the points of the scan-pattern from the imaged layer. The
10 laser-controller 120 can perform these functions by sending a power control signal and a

scanning control signal to the laser-beam system 110, for example.

[0029] The laser beam of the laser-beam system 110 can be guided into the main
optical pathway at a beam-splitter 132-1 that can redirect the beam to an objective 134.
The beam can propagate through the objective 134 and through a patient interface 136 to

15 enter into the surgical eye 1.

[0030] The surgery can be assisted by imaging the eye 1 with various techniques. A
visible imaging light can be used to create a video image that is processed by a video
microscope 138. In addition, the imaging-based laser-controller 120 can shine an imaging
beam on the eye and form an image based on the returned image beam. This imaging

20 beam can be coupled into and out of the main optical path by a beam-splitter 132-2.
[0031] FIGS. 2A-D illustrate various embodiments of the laser-beam system 110.

[0032] FIG. 2A illustrates that embodiments of the laser-beam system 110 can
include a laser engine 112 to generate the beam of laser pulses, a beam attenuator 114 to
modify the laser-power parameter of the laser pulses, and a beam scanner 116 to direct the

25 beam of laser pulses to the points of the scan-pattern in the eye. The laser engine 112 can
generate laser pulses with a duration of nanoseconds, picoseconds or even femtoseconds,
i.e.inthe 10° -~ 107" sec range. These pulses can be generated at a repetition rate in a
wide range of frequencies: from 0.1 kHz to 1,000 kHz, or in a range of 1 kHz to 500 kHz,

or in some implementations in the 10 kHz to 100 kHz range. The power control signal of
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the laser-controller 120 can be coupled into the beam attenuator 114 and the scanning

control signal of the laser-controller 120 can be coupled into the beam scanner 116.

[0033] The beam attenuator 114 can include a Pockels cell, a polarizer-assembly, a
mechanical shutter, an electro-mechanical shutter, or an energy wheel. Each of these
implementations can modify a laser-power parameter of the laser pulses. The laser-power
parameter can be a pulse energy, a pulse power, a pulse length or a pulse repetition rate of
the laser pulses, among others. The beam attenuator 114 can modify one or more of these
laser-power parameters. In a simple implementation, the beam attenuator 114 can shutter
or block selected laser pulses. In another, a polarizer assembly can reduce the power of

selected laser pulses by adjusting the relative angle of subsequent polarizing filters.

[0034] In the embodiment of FIG. 2A, the beam attenuator 114 can be located

between the laser engine 112 and the beam scanner 116 in the path of the laser beam.

[0035] FIG. 2B illustrates and embodiment in which the beam attenuator 114 is at
least partially integrated into the laser engine 112. In some cases, the beam attenuator 114
can be part of the laser engine 112. For example, a Pockels cell within the laser engine

112 can be the beam attenuator 114,

[0036] FIG. 2C illustrates and embodiment in which the beam attenuator 114 is

located after the beam scanner 116 in the path of the laser beam.

[0037] Finally, FIG. 2D illustrates an embodiment in which the beam attenuator 114

and the beam scanner 116 are at least partially integrated.

[0038] FIGS. 3A-E illustrate various embodiments of the imaging-based laser-

controller 120.

[0039] FIG. 3A illustrates that the laser-controller 120 can include an imaging system
122 to image the imaged layer in the eye and a pattern generator 124 to generate
coordinates of the points of the scan-pattern, to associate laser-power parameters with the
points depending on the distance of the points from the imaged layer, and to signal the
generated coordinates of the points and the corresponding laser-power parameters to the

laser-beam system 110. In some implementations, the imaging system 122 can image any
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ophthalmic target in the anterior or posterior segment of the eye, targets from the cornea to

the retina.

[0040] The pattern generator 124 can signal the generated coordinates of the points of
the scan-pattern to the beam scanner 116 with a scanning control signal. Further, the
pattern generator 124 can signal the laser-power parameters corresponding to the points of
the scan-pattern to the beam attenuator 114 with a power control signal. The laser-power
parameter can be a pulse energy, a pulse power, a pulse length or a pulse repetition rate of

the laser pulses.

[0041] The imaging system 122 can include an ophthalmic coherence tomography
(OCT) system, a Scheimpflug imaging system, a scanning imaging system, a single shot
imaging system, an ultrasound imaging system, and a video imaging system. Here, the
scanning imaging systems can create the image by scanning an imaging beam, whereas
single shot imaging systems can acquire imaging information about an imaged area or
volume in a single shot. The OCT system can be a time-domain OCT, a frequency-

domain OCT, or a spectrometer-based OCT system, among others.

[0042] FIG. 3B illustrates that in some implementations the laser-controller 120 can
include an image-analyzer 126. The image analyzer 126 can receive the image of the
imaged layer from the imaging system 122, perform an analysis of the imaged layer as

described below and forward the result of the analysis to the pattern generator 124.

[0043] FIG. 3C illustrates that in some implementations the image analyzer 126 can
be at least partially integrated with the imaging system 122. FIG. 3D illustrates that in
some implementations the image analyzer 126 can be at least partially integrated with the

pattern generator 124.

[0044] FIG. 3E illustrates that in some embodiments, the laser system 100 can
include an operator-interface 128 that can be coupled to one or more of the imaging

system 122, the pattern generator 124 and the image analyzer 126.

[0045] FIGS. 4A-B set the stage to illustrate the operation of the laser system 100,
The imaging system 122 can image the imaged layer in an image region that can be based
on a loop, an arc, a line, or a two-dimensional pattern transverse to a z-axis of the imaging

system, and extends to a depth range Dimage along the z-axis of the imaging system. The
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imaging system 122 can support a determination of a z-depth coordinate of the imaged

layer corresponding to a scanning coordinate along an image-scan.

[0046] FIG. 4A illustrates that the imaging system 122 can perform an imaging
relevant for a capsulotomy step of a cataract procedure. The schematic cross section
illustrates the anterior segment of the eye 1. The outermost layer is a cornea 210. A
crystalline lens 220 is located behind the cornea 210, separated from it by an aqueous
anterior chamber 230. The crystalline lens 220 is encapsulated in a thin capsule or
capsular bag 222. The lens 220 is held in place by ciliary muscles 240. These muscles
240 also adjust the shape of the crystalline lens 220 as needed for bringing objects into

focus.

[0047] As it has been described above, in order to facilitate the removal of a
fragmented nucleus of the lens 220, the cataract surgery typically involves creating a
circular capsulotomy cut 250 on the capsular bag 222. As a first step, the imaging system
122 can create an image 252 of the anterior segment of the eye by scanning along a
scanning circle 254 and imaging the eye in a depth-range Dimage, defining an image-

cylinder 260-i.

[0048] FIG. 5A illustrates that the image 252 typically includes an image 256 of the
imaged anterior capsule layer of the lens 220 “unfolded” along a scanning variable, such
as an angle along the circumference of the scanning circle 254. If a z-axis of the lens 220
is aligned with a z-axis of the laser system 100, the image 256 of the imaged layer is a flat

line, indicating an essentially constant z-depth.

[0049] In other implementations, the image 252 can include the image of other
ophthalmic targets, including corneal layers, portions of the sclera and even retinal layers.
The zero depth level can be defined in a large number of ways, using a lens of the
objective 134, a reference mirror of the imaging system 122, a level of the patient interface

136, or a level of an ophthalmic structure, such as the cornea 210.

[0050] By analyzing the image 252, a surgeon can recognize the image 256 of the
imaged layer. Based on the z-depth of the imaged layer, the surgeon can decide where to
direct the cutting laser beam to form the capsulotomy cut 250. The cutting laser beam is
typically scanned along the same scanning circle 254 to form a cut-cylinder 260-c with a

depth-range Dcut, typically smaller than Dimage. This way the placement of the cut-
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cylinder 260-c benefits maximally from the information contained in the image 252, and
in particular in the image 256 of the imaged layer. The capsulotomy cut 250 is formed
where the cut-cylinder 260-c intersects the lens capsule 222. In practice, the cut cylinder
260-c is often formed as a stack of bubble-circles, where the individual circles are created
by directing the laser pulses along a circular scan-pattern at a fixed z-depth to cause

photodisruption, followed by the formation of a similar circle at a slightly lesser z-depth.

[0051] In some typical cases, the image depth-range Dimage can be 5 - 10
millimeters, whereas the cut depth-range Dcut can be in the range of 50 — 200 microns, in

some cases 75 -150 microns, sometimes approximately 100 microns.

[0052] It is noted that the bubbles of the cut-cylinder 260-c can scatter and deflect
laser pulses applied in subsequent surgical steps. For example, in a cataract surgery the
capsulotomy can be followed by the lens fragmentation or lysis. The bubbles of the cut-
cylinder 260-c can negatively impact the precision and efficiency of this subsequent lens-

fragmentation by scattering the lens-fragmenting laser pulses.

[0053] Fortunately, when a z-axis of the lens 220 is parallel to a z-axis of the laser
system 100, the depth range Dcut of the cut cylinder 260-c can be as little as 100 microns,
creating only a limited number of bubbles. Thus, in the case of a well-aligned lens 220,
the bubbles of the cut-cylinder 260-¢ introduce only a limited amount of scatter for the

subsequent lens fragmentation laser pulses.

[0054] FIG. 4B illustrates, however, that in the typical surgical case the crystalline
lens 220 can be tilted. This situation can occur for a variety of reasons. For example, the
weight of the objective 134 can push the lens 220 sideways upon docking to the eye 1. Or,
applying suction at the patient interface 136 to immobilize the eye 1 can lead to a tilting of

the lens 220 as well.

[0055] FIG. 5B illustrates the image 252 of such a tilted lens 220 unfolded along the
angular scanning variable of the scanning circle 254. In contrast to the non-tilted case of
FIC. 5A, the image 256 of the tilted imaged layer can exhibit substantial sinusoidal
oscillations. The amplitude of these oscillations can be as much as 300 — 500 microns. To
make sure that the capsular bag 222 is cut everywhere along this sinusoid, the cut-cylinder
260-c can be formed with a much enlarged depth-range Dcut, exceeding the amplitude of

the sinusoid. In the above example, Dcut can be 400 — 600 microns to be sure that the
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capsular bag 222 was cut along the entire sinusoid. Clearly, this approach may create 4 —
6 times more photodisrupted bubbles during capsulotomy than the procedure for a non-

tilted lens. Capsulotomy bubbles in such an increased number can scatter the laser pulses
of the subsequent lens fragmentation to a substantial degree, threatening its precision and

efficacy.

[0056] FIGS. 6A-H illustrate that some implementations of the laser system 100 can
substantially reduce the number of photodisrupted bubbles by generating bubbles only in a

narrow proximity of the imaged layer.

[0057] As described above, this outcome can be achieved, for example, by the
imaging-based laser-controller 120 imaging the capsular bag 222, controlling the scanning
of the beam of laser pulses to the points of the scan-pattern, and controlling a laser-power
parameter of the laser pulses according to the distance of the points of the scan-pattern

from the imaged layer.

[0058] FIGS. 6A-B illustrate that as the laser pulses are directed to points of the scan-
pattern, the laser controller 120 can modify or adjust a laser-power parameter of the
pulses. In particular, when a laser pulse is directed to a point of the scan pattern that is
within a Dcut distance from the image 256 of the imaged layer along the z axis, the laser-
controller 120 can adjust its laser-power parameter to a high value, e.g. above a
photodisruption threshold. Whereas, when a laser pulse is directed to a point of the scan
pattern that is farther than Dcut from the image 256 of the imaged layer, the laser-
controller 120 can adjust its laser-power parameter value to a low value, such as below a

photodisruption threshold.

[0059] The just-described method creates bubbles only in a Dcut proximity of the
imaged layer and therefore substantially reduces the number of bubbles to a value close to
the number of bubbles for a well-aligned lens. For this reason, the scattering of the
subsequent lens-fragmenting laser pulses by these capsulotomy bubbles is substantially
reduced. Using the earlier value of Dcut being 400 — 600 microns for a tilted lens and 100
microns for a non-tilted lens, the present method may reduce the scattering of the lens-

fragmenting bubbles by a factor of 4 — 6: a considerable gain in precision and control.

[0060] FIG. 6A illustrates the implementation when the scanning of the capsulotomy

laser pulses of the scan-pattern is performed along the z-axis for fixed points of the
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circular scan. FIG. 6B illustrates the implementation when the scanning is performed
along the circular scan with a fixed z-depth. This implementation can be used to create the
above mentioned stacked circles. In either implementation, the points with high laser-

power are placed within a tracking band 257 with a z-extent of Dcut.

[0061] FIGS. 6C-E illustrate the implementation when the laser pulses are scanned at
fixed z-depths along the circular scan. A tracking band 257 can be defined as the set of
points of the scan-pattern that are within the preselected distance Dcut from the image 256

of the imaged layer.

[0062] FIGS. 6D-E illustrate the laser power parameter of the pulses along the
circular scan at two selected z-depths of 3600 microns and 3650 microns in an unfolded
representation. The laser-controller 120 can control the laser power of the pulses that are
directed to points inside the tracking band 257 to be above a photo-disruption threshold,
and the laser power of the pulses that are directed to points outside the tracking band 257
to be below the photo-disruption threshold. In this embodiment, photodisrupted bubbles
are only generated at points within the tracking band 257, achieving the above

functionality of the laser system 100.

[0063] FIG. 6F expresses the same operation in a folded representation. Here the
value of the laser power parameter is shown as a function of the angular scanning variable
(typically the angle), projected on the scanning circle 254 itself. Again, for those points of
the scan-pattern that lie within the tracking band 257, the laser power is high - indicated by
a thick line - whereas for those points that lie outside the tracking band 257, the laser

power is low.

[0064] FIGS. 6G-H illustrate a related implementation, where the laser-power
controller 120 controls the laser power parameter as a function of the distance of the points
from the imaged layer, wherein the laser-power is a decreasing function of the distance.
FIG. 6G illustrates the implementation where this function is essentially a two-valued
step-function. FIG. 6H illustrates the implementation where this function is a continuous
function, its value decaying with the increasing distance from the imaged layer. In some
implementations, it may be easier to control the laser power in the continuous manner of

FIG. 6H.
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[0065] The above-outlined implementations depend on the knowledge of the distance
between the points of the scan-pattern and the imaged layer. Three stages are involved in
determining this distance. First, the identity of the imaged layer is identified in the image
252 to determine the image 256 of the imaged layer. Then, the z-depth coordinate of the
imaged layer is determined. Finally, the distance of the imaged layer and the points of the
scan-pattern can be determined, for example, by taking the difference of the z-depth
coordinates of the points of the scan-pattern and the imaged layer at the corresponding

angular scanning coordinates, such as at the same angle.

[0066] Concerning the first step, the raw image 252 does not isolate or identify the
imaged layer explicitly. Thus, establishing the identity of the imaged layer may
necessitate an analysis of the image 252. As discussed earlier, this analysis of the image
can be performed by the imaging system 122, the pattern generator 124, or the image
analyzer 126, possibly assisted by an input from a system operator through the operator

interface 128.

[0067] FIG. 7 illustrates that the imaging system 122 can support the identification of
the imaged layer and the determination of its z-depth coordinates in different ways. In
some implementations the laser system 100 can include the operator interface 128 and the
imaging system 122 can support the identification of the imaged layer using an input from

an operator through the operator interface 128.

[0068] For example, on a graphical user interface, or GUI, the operator interface 128
can prompt the operator to fit a model curve 258 to the spots in the image 252 representing
the imaged layer. Since in the case of a tilted ellipsoid-shaped lens the image 256 of the
imaged layer is typically a sinusoidal curve, the operator interface 128 can display a
generic sinusoidal curve 258 on the GUI and prompt the operator to fit this model curve
258 to the layer-spots in the image 252. Once the operator fitted the model curve 258 to
the layer-spots in the image 252, the model curve 258 can serve as the image 256 of the

imaged layer.

[0069] The operator can achieve this task through various approaches: by shifting the
model curve 258 by an Xshift in the X direction (i.e. adjusting the angle along the circular
scan) and by shifting the model curve 258 by a Yshift in the Y direction (i.e. adjusting the

z-depth coordinate). In other implementations the operator can be prompted to adjust the
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scale of the model curve 258 to the scale of the sinusoidally located layer-spots in the
image 252, i.e. to rescale the z-depth of the model curve 258 to fit the z-depth of the layer-
spots. Many other fitting techniques can be implemented to achieve analogous

functionalities.

[0070] The operator interface 128 can receive the input from the operator in many
different ways, including through a keyboard, a touch-screen, a computer-communication
channel, an external memory, a flash-drive, an internet connection, a speech-recognition

apparatus or a wireless connection.

[0071] In other implementations, the determination of the identity and the z-depth of
the imaged layer can be performed by the laser system 100 without the input of a surgeon
or operator. In particular, the imaging system 122 can be configured to determine the
identity and then the z-depth coordinate of the imaged layer by a processor or micro-
computer performing a feature-recognition analysis of the image 252. For example, the
imaging system 122 can determine the identity and coordinates of the imaged layer by
locating local maxima of the gradient of the spot intensity. In other implementations, an
edge-recognition algorithm can be used. In these implementations, the imaging system
122 can identify the manifold of the maximum-gradient points as the image 256 of the
imaged layer without resorting to fitting a model curve 258. In some implementations, of
course, the imaging system 122 can make use of a model curve 258 to identify the image

256 of the imaged layer.

[0072] In the above implementations, once the identity of the imaged layer has been
determined in the image 252, the z-depth coordinates of the imaged layer can be
determined in a straightforward manner, for example, by counting the pixels in the image

252, or using a reference or a look-up table.

[0073] For the image analysis, the imaging system 122 can utilize a result of a pre-
surgery measurement, statistical data, video image data, ophthalmic coherence
tomography image data, or a model-based computation during the determination of the z-

depth.

[0074] Once the z-depth of the imaged layer has been determined, the imaging system
122 can forward the z-depth and the corresponding scanning coordinates of the imaged

layer to the pattern generator 124 to carry out the last stage, the determination of the
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distance between the imaged layer and the points of the scan-pattern, generated by the
pattern generator 124, This stage can be carried out, for example, by subtracting the z-
depth coordinates of the points of the scan-pattern from the z-depth coordinates of the
imaged layer that correspond to the same scanning variable, such as the same scanning

angle.

[0075] Finally, having determined the distance of the points of the scan-pattern from
the imaged layer, the pattern generator 124 can associate a laser-power parameter above a
photodisruption threshold with those points that are closer to the imaged layer than a
predetermined distance, and associate a laser-power parameter below a photodisruption
threshold with those points that are farther from the imaged layer than the predetermined

distance, as described in relation to FIGS. 6A-H.

[0076] In some implementations, the imaging system 122 only captures the image
252 but does not identify the imaged layer or determine its z-depth coordinates. In these
embodiments, the imaging system 122 can simply forward the unprocessed image 252 to
the pattern generator 124 without analyzing it. The pattern generator 124 can receive the
image 252, identify the imaged layer and determine the z-depth coordinate of the imaged

layer corresponding to a scanning coordinate along an image scan.

[0077] As above, in some implementations, the pattern generator 124 can determine
the z-depth of the imaged layer by performing a feature-recognition analysis of the
received image 252. In other implementations, the pattern generator 124 can receive an
operator input through the operator interface 128 during the process of determining the z-

depth of the imaged layer, as described before.

[0078] In these implementations, once the z-depth coordinates of the imaged layer
have been determined, the pattern generator 124 can define a tracking band 257 as a
manifold of the points of the scan-pattern that are within a predefined distance from the
coordinates of the imaged layer. Then the pattern generator 124 can associate a laser-
power parameter above a photodisruption threshold with points of the scan-pattern inside
the tracking band 257, and a laser-power parameter below a photodisruption threshold

with points of the scan-pattern outside the tracking band 257.

[0079] Yet other implementations of the laser controller 120 may include an image

analyzer 126 that can determine the z-depth coordinate of the imaged layer corresponding
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to a scanning coordinate along an image-scan. As was illustrated in FIGS. 3B-D, the
image analyzer 126 can be self-standing or at least partially integrated with the imaging

system 122 or the pattern generator 124.

[0080] The image analyzer 126 can identify the imaged layer and determine the z-
depth coordinate of the imaged layer by performing a feature-recognition analysis of the
image 252. In other implementations, the image analyzer 126 can determine the z-depth

coordinate by making use of an operator input through an operator-interface 128.

[0081] The operation of the laser system 100 can be demonstrated on the example of
the capsulotomy procedure, where the imaged layer is the lens capsule 222 between the
lens 220 and the aqueous anterior chamber 230. In this case, the scan-pattern corresponds
to the cut-cylinder 260-c intersecting the lens capsule 222 at the capsulotomy cut 250.
The pattern generator 124 can associate a photodisruptive laser-power parameter with
points inside a tracking band 257 related to the intersection 250 of the cut-cylinder 260-c
and the lens capsule 222, and a non-photodisruptive laser-power parameter with points

outside the tracking band 257.

[0082] FIG. 8A illustrates a first cataract procedure 300 performed without the
benefits of the laser system 100. The cataract procedure 300 can be practiced when the
capsulotomy generates an excessive number of bubbles as in FIGS. 4B - 5B. To prevent
excessive scattering by these capsulotomy bubbles, the lens fragmentation is performed
prior to the capsulotomy. In detail, the cataract procedure 300 can include a first imaging
310 of the capsule 222, performed by an OCT procedure, followed by a lens fragmentation
320. During the lens fragmentation 320 the capsule 222 expands because of the large
number of bubbles generated in the crystalline lens 220. The fragments of the lens 220 are
removed through an opening, cut into the capsule 222 by a capsulotomy 340. However,
since the capsule 222 has expanded during the lens fragmentation 320, the results of the
first imaging 310 are not reliable anymore. Therefore, the capsulotomy 340 has to be
preceded by a second imaging 330. The second imaging 330 can take up precious surgical
time and increase the discomfort of the patient. Both of these factors can endanger the

efficacy of the cataract procedure 300.

[0083] FIG. 8B illustrates a cataract procedure 350 with an embodiment of the laser

system 100. Since the laser system 100 is capable of creating only a limited number of
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bubbles during the capsulotomy, the capsulotomy can be performed before the lens
fragmentation. This change of sequence can reduce the surgical time to a considerable

degree and thus increase the precision of the cataract procedure substantially.

[0084] In some detail, the cataract procedure 350 can include an imaging 360 of the
capsule 222, e.g. by an OCT imaging system, followed by a capsulotomy 370, and
completed by a lens fragmentation 380. Since the capsulotomy 370 does not deform the

lens 220, there is no need for a second imaging, in contrast to the procedure 300.

[0085] FIG. 9 illustrates an imaging-controlled cataract method 400 in more detail.
The method 400 can include an imaging 410 of an imaged ophthalmic layer in an imaged
region of an eye, followed by an identifying 420 of the coordinates of the imaged layer
from the image. These tasks can be performed, for example, by the imaging system 122 of
the imaging-based laser-controller 120. The identifying 420 can include performing a
feature-recognition analysis. In other cases, it can include receiving an operator-input
through an operator interface 128. These tasks can be performed by the imaging system

122, the pattern generator 124 or the image analyzer 126.

[0086] Next, the method 400 can include a generating 430 of coordinates of points of
a scan-pattern, and a determining 440 of a distance of the points of the scan-pattern from

the imaged layer. These steps can be performed for example, by the pattern generator 124.

[0087] The method 400 can further include an associating 450 of laser-power
parameters with the generated points based on their determined distance. The tasks 420 to
450 can include receiving possible inputs 422 — 452 from an operator of the laser system

100 through the operator interface 128.

[0088] The method can also include a signaling 460 of the generated coordinates of
the points of the scan-pattern to the beam scanner 116 and a signaling 470 of the

corresponding laser-power parameters to the beam attenuator 114.

[0089] FIG. 10 illustrates the case of surgical relevance when the lens capsule 222
has an uneven shape. This situation can arise in different circumstances. For example, the
docking of the patient interface 136 can cause considerable deformation of the anterior
segment of the eye 1. Or an ophthalmic trauma or a prior lens fragmentation procedure

can result in an uneven lens shape. In any of these circumstances, the laser system 100
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can be capable of analyzing an image 256 of the imaged layer that exhibits more than two
local extrema. Visibly, a simple sinusoidal model curve 258 is insufficient to identify the
imaged layer and to determine its z-depth coordinate in this case. Therefore, embodiments
of the imaging system 122, the pattern generator 124 or the image analyzer 126 can be
capable of recognizing the imaged layer and determine its z-depth coordinate even in this
more challenging case, for example, by using sophisticated feature-recognition software.
Having determined and characterized the image 256 of the imaged layer can allow the
pattern generator 124 to define the tracking band 257 to associate laser-power parameters

with the spots of the scan-pattern accordingly.

[0090] FIGS. 11A-D illustrate that the imaging system 122 of the laser system 100
can image a region in the eye, the pattern generator 124 can generate coordinates of points
of a scan-pattern for the beam scanner 116, and associate a laser-power parameter with the

points of the scan-pattern depending on a distance of the points from a target-pattern.

[0091] An example for such a target pattern can be a chop pattern 500, including the
chop-planes 500-X and 500-Y. Such chop patterns 500 can be used for lens
fragmentation. FIG. 11A illustrates the case when the z-axis of the lens 220 is aligned
with the z-axis of the laser system 100. In this case the chop-planes 500-X and 500-Y are

also parallel to the z-axis of the laser system 100.

[0092] FIG. 11B illustrates that if the lens 220 is tilted relative to the z-axis of the
laser system 100, as illustrated e.g. in FIG. 4B, then the chop planes 500-Xt and 500-Yt
can be tilted as well. Since the scan-pattern often includes a first manifold of points at a
first fixed z-depth, followed by a second manifold at a slightly lesser z-depth, the scan-
pattern of tilted chop-planes with laser systems that cannot adjust the power of the laser
pulses would create cuts into the capsular bag 222, leading to massive surgical

complications.

[0093] In contrast, embodiments of the laser system 100 can associate laser-
parameters depending on the distance of the points of the scan-pattern from the chop

planes 500-Xt and 500-Yt.

[0094] FIGS. 11C-D illustrate the points of the scan-pattern with low and high laser
power, generated by the pattern generator 124 to form the tilted 500-Xt and 500-Yt chop

planes. Visibly, creating cuts by adjusting the power of the laser pulses depending on their
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proximity to the target-pattern can avoid cutting into the capsular bag — a major surgical

advantage.

[0095] FIG. 11D illustrates clearly that, as it was the case of the tracking band 257, a
photodisruptive laser-power parameter can be associated with scan-points that are closer to
the target-pattern 500-Xt and 500-Yt than a predetermined distance Dcut, and a non-
photodisruptive laser-power parameter with the scan-points that are farther from the

target-pattern than the predetermined distance Dcut.

[0096] In other implementations, the cutting surface can be a circular surface-

segment, a spiral surface-segment, a corneal access cut and a limbal relaxing cut.

[0097] FIGS. 12A-B illustrate that in some cases the target pattern 260-2 can be a
target volume with an axis tilted relative to an optical axis of the laser system 100. Here,
the scan pattern includes cylindrical patterns 260-1, and the laser-power parameter of the
points of this scan-pattern is adjusted to form a tilted volume cut 260-2. Such a utility can

be useful for correcting a refractive property of the lens 220, for example.

[0098] In some implementations, the pattern generator 124 can be configured to
associate the laser-power parameters with the points of the scan-pattern depending
additionally on a distance of the points from an ophthalmic layer, imaged by the imaging

system 122.

[0099] While this specification contains many specifics, these should not be
construed as limitations on the scope of the invention or of what can be claimed, but rather
as descriptions of features specific to particular embodiments. Certain features that are
described in this specification in the context of separate embodiments can also be
implemented in combination in a single embodiment. Conversely, various features that
are described in the context of a single embodiment can also be implemented in multiple
embodiments separately or in any suitable subcombination. Moreover, although features
can be described above as acting in certain combinations and even initially claimed as
such, one or more features from a claimed combination can in some cases be excised from
the combination, and the claimed combination can be directed to a subcombination or

variation of a subcombination.
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CLAIMS
1. Animaging-based laser system, comprising:

a laser-beam system, configured to generate and scan a beam of laser pulses

with an adjustable laser-power parameter to points of a scan-pattern in an eye; and
an imaging-based laser-controller, configured
to image a layer in the eye,

to control the scanning of the beam of laser pulses to the points of the scan-

pattern, and

to control a laser-power parameter of the laser pulses according to the

distance of the points of the scan-pattern from the imaged layer.

2. The laser system of claim 1, the laser-beam system comprising;
a laser engine, configured to generate the beam of laser pulses;

a beam attenuator, configured to modify the laser-power parameter of the

laser pulses; and

a beam scanner, configured to direct the beam of laser pulses to the points of

the scan-pattern in the eye.

3. The laser system of claim 2, the beam attenuator comprising at least one of:

a Pockels cell, a polarizer-assembly, a mechanical shutter, an electro-

mechanical shutter, and an energy wheel.

4. The laser system of claim 2, wherein:

the beam attenuator is disposed between the laser engine and the beam scanner

in a path of the beam.

5. The laser system of claim 2, wherein:

the beam attenuator is disposed after the beam scanner in a path of the beam.
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6. The laser system of claim 2, wherein:

the beam attenuator is part of the laser engine.

7. The laser system of claim 2, wherein:

the beam attenuator and the beam scanner are at least partially integrated.

8. The laser system of claim 1, the laser-controller comprising:
an imaging system, configured to image the imaged layer in the eye; and
a pattern generator, configured
to generate coordinates of the points of the scan-pattern,

to associate the laser-power parameter with the points depending on the

distance of the points from the imaged layer, and

to signal the coordinates of the points and the corresponding laser-power

parameters to the laser-beam system.

9. The laser system of claim 8, wherein:
the pattern generator is configured
to signal the coordinates to a beam scanner, and

to signal the laser-power parameter to a beam attenuator.

10. The laser system of claim 8, wherein:

the laser-power parameter is one of a pulse energy, a pulse power, a pulse

length and a pulse repetition rate.
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11. The laser system of claim 8, the imaging system comprising:

at least one of an ophthalmic coherence tomography system, a Scheimpflug
imaging system, a scanning imaging system, a single shot imaging system, an

ultrasound imaging system, and a video imaging system.

12. The laser system of claim 8, wherein:

the imaging system is configured to image the imaged layer in an image

region, wherein the image region

is based on one of a loop, an arc, a line, and a two-dimensional pattern

transverse to an axis of the imaging system, and

extends to an image depth along the axis of the imaging system.

13. The laser system of claim 8, wherein:

the imaging system is configured to support a determination of a z-depth
coordinate of the imaged layer corresponding to a scanning coordinate along an

image-scan.

14. The laser system of claim 13, wherein:
the laser system comprises an operator interface; and

the imaging system is configured to support the determination of the z depth
coordinate of the imaged layer using an input from an operator through the

operator interface.

15. The laser system of claim 14, wherein:

the operator interface is configured to assist the operator to fit a model curve

to the image of the imaged layer.
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16. The laser system of claim 14, wherein:

the operator interface is capable of receiving the operator-input from at least
one of a keyboard, a touch-screen, a computer-communication channel, an external
memory, a flash-drive, an internet connection, a speech-recognition apparatus and

a wireless connection.

17. The laser system of claim 13, wherein:

the imaging system is configured to determine the z-depth coordinate of the
imaged layer by performing a feature-recognition analysis of the image of the

imaged layer.

18. The laser system of claim 17, wherein:

the imaging system is configured to utilize at least one of a result of a pre-
surgery measurement, statistical data, video image data, ophthalmic coherence
tomography image data, and a model-based computation during the determination

of the z-depth.

19. The laser system of claim 13, wherein:

the imaging system is configured to forward the z-depth and scanning

coordinates of the imaged layer to the pattern generator; and
the pattern generator is configured

to determine the distance of the points of the scan-pattern from the imaged
layer based on the forwarded coordinates of the imaged layer and the generated

coordinates of the points,

to associate a first laser-power parameter above a photodisruption threshold
with a first set of points closer to the imaged layer than a predetermined distance,

and
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to associate a second laser-power parameter below a photodisruption
threshold with a second set of points farther from the imaged layer than the

predetermined distance.

20. The laser system of claim 13, wherein:

the imaging system is configured to forward the z-depth and scanning

coordinates of the imaged layer to the pattern generator; and
the pattern generator is configured

to determine the distance of the points of the scan-pattern from the imaged
layer based on the forwarded coordinates of the imaged layer and the generated

coordinates of the points, and

to associate with the coordinates of the points a laser-power parameter that

is a decreasing function of the distance of the points from the imaged layer.

21. The laser system of claim 8, wherein:

the imaging system is configured to forward the image of the imaged layer to

the pattern generator; and
the pattern generator is configured
to receive the image from the imaging system, and

to determine a z-depth coordinate of the imaged layer corresponding to a

scanning coordinate along an image scan.

22. The laser system of claim 21, wherein:

the pattern generator is configured to determine the z-depth of the imaged
layer in part by performing a feature-recognition analysis of the received image of

the imaged layer.
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23. The laser system of claim 21, wherein:

the pattern generator is configured to receive an operator input through an
operator interface during the process of determining the z-depth of the imaged

layer.

24, The laser system of claim 23, wherein:

the operator interface is capable of receiving the operator-input from at least
one of a keyboard, a touch-screen, a computer-communication channel, an external
memory, a flash-drive, an internet connection, a speech-recognition apparatus and

a wireless connection.

25. The laser system of claim 21, wherein:
the pattern generator is configured

to define a tracking band as a manifold of points within a predefined

distance from the coordinates of the imaged layer;

to associate a laser-power parameter above a photodisruption threshold

with points of the scan-pattern inside the tracking band, and

to associate a laser-power parameter below a photodisruption threshold

with points of the scan-pattern outside the tracking band.

26. The laser system of claim 8, the laser controller comprising:

an image analyzer, configured to determine a z-depth coordinate of the imaged

layer corresponding to a scanning coordinate along an image-scan.

27. The laser system of claim 26, wherein:

the image analyzer is configured to determine the z-depth coordinate of the
imaged layer by performing a feature-recognition analysis of the image of the

imaged layer.

Page 25 of 30 pages



20

25

WO 2012/158183 PCT/US2011/051360

28. The laser system of claim 26, wherein:

the image analyzer is configured to determine the z-depth coordinate of the

imaged layer by receiving an operator input through an operator-interface.

29. The laser system of claim 26, wherein:

the image analyzer is at least partially integrated with one of the imaging

system and the pattern generator.

30. The laser system of claim 1, wherein:

the imaged layer is a lens capsule between a lens of an eye and an aqueous

anterior chamber of the eye;

the scan-pattern corresponds to a cylindrical capsulotomy cut intersecting the

lens capsule; and
the patter generator is configured

to associate a photodisruptive laser-power parameter with points inside a
tracking band related to the intersection of the cylindrical capsulotomy cut and the

lens capsule, and

to associate a non-photodisruptive laser-power parameter with points

outside the tracking band.

31. The laser system of claim 30, wherein:

the laser system is configured to perform a capsulotomy before a lens

fragmentation during a cataract procedure.

32. The laser system of claim 30, wherein:

the laser system is configured to be able to analyze an image of the capsule
boundary layer with more than two local extrema by at least one of the pattern

generator and an image analyzer.
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33. An imaging-based laser system, comprising:
a laser that generates and directs a beam of laser pulses into an eye;
an imaging system that images a capsule layer of the eye; and
a laser control system that controls the laser to direct the beam

to spots within a tracking band of the imaged capsule layer with a laser-

power parameter above a photo-disruption threshold, and

to spots outside the tracking band of the imaged capsule layer with a laser-

power parameter below a photo-disruption threshold, wherein

the imaging-based laser system is configured to perform a capsulotomy

before a lens fragmentation during a cataract procedure.

34. The laser system of claim 33, wherein:

the laser system is configured to create a tracking band with a depth range of
less than 100 microns for an image of the capsule layer with a depth variation of

500 microns or more.

35. An image-guided ophthalmic laser system, comprising:
a laser engine, configured to generate laser pulses;

a beam modifier, configured to modify a laser-power parameter of the laser

pulses;

a laser scanner, configured to direct the laser pulses to scanning-points in an

eye,
an imaging system, configured to image a region in the eye; and

a pattern generator, coupled to the imaging system, the beam modifier and the

laser scanner, configured

to generate coordinates of the scanning-points for the laser scanner, and
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to associate a laser-power parameter with the scanning-points depending on

a distance of the scanning-points from a target-pattern.

36. The laser system of claim 35, wherein:

the laser system is configured to direct the laser pulses to a target pattern that

i1s tilted relative to an optical axis of the laser system.

37. The laser system of claim 36, wherein:

the target pattern is a tilted cutting surface of a lens fragmentation procedure,

and
the pattern generator is configured to associate

a photodisruptive laser-power parameter with scanning-points closer to the

target-pattern than a predetermined distance, and

a non-photodisruptive laser-power parameter with scanning-points farther

from the target-pattern than the predetermined distance.

38. The laser system of claim 37, wherein:

the cutting surface is one of a chopping plane, a circular surface-segment, a

spiral surface-segment, a corneal access cut and a limbal relaxing cut.

39. The laser system of claim 36, wherein:

the target pattern is a target volume with an axis tilted relative to an optical

axis of the laser system.

40. The laser system of claim 35, wherein:

the pattern generator is configured to associate the laser-power parameters
with the scanning-points depending additionally on a distance of the scanning-

points from an ophthalmic layer, imaged by the imaging system.
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41. A method of performing an imaging-controlled ophthalmic procedure,

comprising:
imaging a layer in an eye;
5 generating coordinates of points of a scan-pattern;

determining a distance of the points of the scan-pattern from the imaged layer;

and

associating laser-power parameters with the points based on the determined

distance.

42. The method of claim 41, the method comprising:

identifying coordinates of the imaged layer from the image by performing a

feature-recognition analysis.

15 43. The method of claim 41, the method comprising:

identifying coordinates of the imaged layer from the image in part by

receiving an operator-input through an operator interface.

44. The method of claim 41, comprising;

20 signaling the generated coordinates of the points of the scan-pattern to a beam

scanner; and

signaling the corresponding laser-power parameters to a beam attenuator.

Page 29 of 30 pages



PCT/US2011/051360

WO 2012/158183

Replacement Sheet

1726

T 9As
gET 22BMBIUI
uaned ™~
144"
aA1B(go

CCET 4
Jands weaq

agdew
O3PIA

T-2E1 &,
Ja1yjds weaq

00T walsAs iase]
7

/

0Z1 49}|04u0-iase| paseq-suideun

wieaq sgew]
pauinial

{s331i %]
guiuueds
|OJ3U0D
damod

3

.

01T wiaishAs wesd-125e|

T

QeT 2dodsouoiW
o3pIA

weaq Jase]

SUBSTITUTE SHEET (RULE 26)



PCT/US2011/051360

WO 2012/158183

Replacement Sheet

2126

T aA3
9¢T aoelisiul 4%
juaned
el
aaisigo
¢-Cel

Ja3jds wieaq

1-¢€t

21nds weaq

V¢ 'Old

00T wa1sAs 1ase]

/

S

0ZT 49}j0J1u00-1358] paseq-SuiBeuw

w
(]

g 8 8

Z3 T 2

S 5 S &

% 4 .4
91t 4 P11 J0jenuspe (4"
Jsuuess weaq |¥ weaq auidus Jase|

RET adoasooiw
OBPIA

e

01T waisAs weaq-iase|

SUBSTITUTE SHEET (RULE 26)



PCT/US2011/051360

WO 2012/158183

Replacement Sheet

3/26

00T wa3isAs Jase;

/

T 9As
gET 201Ul L5
waned ~f ‘
el
aanasiqo
et N

Janids weaq

1-¢E1

0CT 48|j04uo3-1ase] paseg-Sudew

Ja1jds weaq

W
o
o o cB
S 2 3 <
e 3 =t
=L o 3
L] Qa -
k4 . m
911 , y11 iojenuspe
. Z11 2ulsua Jasej
Jsuueds weaq ¥ weaq

Q¢ 2d0asoIoIW
o3pIn

01T Wa1sAs weag-1ase|

SUBSTITUTE SHEET (RULE 26)



PCT/US2011/051360

WO 2012/158183

Replacement Sheet

4726

juaned

Janjds weaq

J33n)ds wesq

T 2A3
GET BORMAIUL %, 4
el
anleigo
¢-CEl

J¢ "Olid

00T WwalsAs Jase|

/

k4

T-¢E1

0z T J9|josluod-iase; paseq-SuiSew

w

()

8T 8 o

=3 M o

~ 5 23

~ B =

QO = O =

- -

¥ s ——
17 Jolenuanie ﬂ 911 [AR)

wiesqg : J2UURIS Weag

au1dua 1asej

k4

g¢1 adoosoudiw
oapIA

011 Wia1sAs weag-isse|

SUBSTITUTE SHEET (RULE 26)



PCT/US2011/051360

WO 2012/158183

Replacement Sheet

5126

usned

sonyds weaq

Jands weaq |

1 sAa
GET DRLIBIUL Y, X__,f
PeL
anpsigo
TATAST S | § (. ;

00T wialsAs 1ose]

/

1-¢tl

07T J9}josjuoo-1ase| paseq-3uidewl)

7]

(92 o] [o B

S g S 5

1+M et 3

= D el

o = S 3
4 SRRSO

4

@ﬁﬂ\#.ﬂ.ﬂ Jojenuaiie pue JauUueds weaqg

clt

1 auiBus Jasg]

g9¢1 2doasouow
03pIA

S

01T waisAs wieaqg-iase|

SUBSTITUTE SHEET (RULE 26)



PCT/US2011/051360

WO 2012/158183

Replacement Sheet

6/26

g¢T 20BBIUL *

jusiled

¢-¢El

senyds weaq |}

1-¢et

1a131ds weaq

el

annalqo

Ve 'Dld

07T 49]j0JIU0D-1358|
psseq-3uidew

3

k4

(44"
wiaysAs Suisew

&

uianed

e 1 Jojeisusld

j0JIU0D
Suruueds

01T wis1sAs weag-iase|

03pIA

2¢1 2doasodoiul

\

00T wiaisAs Jase|

SUBSTITUTE SHEET (RULE 26)



PCT/US2011/051360

WO 2012/158183

Replacement Sheet

7126

GLE
Qg1 2oBl8IUl £
juaned
12"
anpalgo
¢-CEl

4333|ds weaq

1-2€1

senyds weaq :

07T 43}j0JIu0o-1as58]

paseq-3uidew
k1

a1

wi31sAs Buidew

971

kA

JazAjeue 28eul

&

2T d0jeiduas
uisned

JOJIUOD
sujuueas

|043U03
lamod

01T wa3sAs weaq-iase

€1 adoososniw
O3PIA

\

00T wa1sAs 1ase|

SUBSTITUTE SHEET (RULE 26)



PCT/US2011/051360

WO 2012/158183

Replacement Sheet

81726

gg¢T adepaul
uaned

[AraY)

Jands weaq

T-¢ET

Jonnds weaq @

T 9As

vET
annaelqo

JE

‘Oid

0ZT 13}|043u0I-iase|
paseq-guidew

b2

771 walsAs Suideult

9¢t

iszAjeue a8ewl

o

21 J0jei3ual
usaped

|043U00

gujuuess
jOJIU0D
Jamod

01T woisAs weag-iase|

- g¢T adooasosoiu

03pIA

\

00T wislsAs Jase|

SUBSTITUTE SHEET (RULE 26)



PCT/US2011/051360

WO 2012/158183

Replacement Sheet

9/26

T 9A3

QET S0BLDIU] Y, 4

0771 19}j0JIU0D-1asE|

aned paseq-3uidew
ET \
aAaigo /
z-Z¢1 44! 9¢1 $7T Jo1BioUal
Jands weaq "1 wolsAs Suidew iozAjeue sdews usaped
a O a
o o a
23 5 =
=] o ]
=R o

12T«
J3111jds wieaq

%

3

Q1T wajsAs weaq-1ase|

Q€T adodsouiw
o3pIA

00T Wwa1sAs iose]

SUBSTITUTE SHEET (RULE 26)



PCT/US2011/051360

WO 2012/158183

Replacement Sheet

10726

Jayjds weaq ‘ —

3¢ 'Ol

T 2A3
s
mmmwwmww E,w: 1 0¢1 43}j0J3u0D-1a58]
. _ Q7T 2oeuaU paseq-duidew
vET iojesado /
aAlpalqo gy ;
R L SR T
f i
. 4 m “““““““ k4
7-7€1 . 44} . T4} AR AR CIEVEE:
1o1ds weaq "1 woasAs 8uidew | 49zAjeue s3ew i usanped

{OJU0D
guiuueos

j0J3U00
iamod

T-¢¢1

OTT walsAs wesq-1ase|

9¢1 adoosooiw
OCIPIA

\

00T wa1sAs sase|

SUBSTITUTE SHEET (RULE 26)



PCT/US2011/051360

WO 2012/158183

Replacement Sheet

11726

0T 3psnw

; ssssssssssssssssss
Aseyjio / ez 1o

~~ Awojojnsdes

pd

J—;

T A

08¢
. Jspuyjds _~
™ afew TN, TTT8eq
N iejnsden
0 4equieys
snoanbe

\,
a8ewnqg 7

# .&Mf nag

¥
-

alr

ey ot
L3
W M i . . pgpory e

FE7 a4 Suluueds T

0cc sus|

Oz aposnw
Aleyjo

/u-awm
ispuyAd

s

e
T,
N
e,

017 eauIod

SUBSTITUTE SHEET (RULE 26)



PCT/US2011/051360

WO 2012/158183

Replacement Sheet

121726

OyZ drsnu
VLI IN

\
%

I-09¢

S, 98ew

i2puljAs 7

adewnq \\/

Wa Awojojnsded

0 "
Ak ey wm o e 3 R0

snoanbe

¥SZ 2410 Buiuueds

Peng

@
O .~
T e e o a v e ond ey v e el e &

Ped

— ,, fx nag

T

P

- 0TT sus)

Ovz apsnuw

o Aepp
pd

N
//
* 2-09¢
JapuljAs
-3no

017 e2u402

SUBSTITUTE SHEET (RULE 26)



WO 2012/158183 PCT/US2011/051360

Replacement Sheet

#WM( * S
P e () g +
o o o
g? m o g? I
[} |9
L & % Lo =»
T [+ T
o 2 o v I
-5 = 3
g? Ui!ff 80 *“hﬁmenw g? &
e e B
oo 4] N, & 3
S

h
Y 360

FRSFTT TR
ARENRERRER
ﬁfz‘nsiucnxna
RYREKRERR

RE RS

LN N}

ex 9

RS R

B R
L]

L]

o

§Fi0 2 o W0 X 800 R T RN RN NG R
ARFARAREERE AR ARX R ERUAD Y &E}
AR EAE B DA RER AR DR SR ERE 0N
suQnuvuvnxqaxaue:xnseucaﬁuxiSf??
EREHBCATHAREREDREARTHERE AR RS
[E 2SI EFESEESRIEXSR SRR LS T &N FS
ERRTREVERRE AR CR AR ARE R AR KL
HEREFRERFRRSARAERIVRER Y R ERIREC
ECREARGREARERBEBRE ARV AERE A USRS
FRRTRADRCREBRASH A RERA AT RS R RBRERL
EXEERSEERTEEAERNSERE ARSI ERRR SR B2
FRER RO R E IR A VA AR AR I UR X DR O R E KO Y
RERFRREAPARERRIREARERERE GRERNS
NEREBECAEARTAED A ERR IR R T AR TR ES
REARER Y AN ARECNERRGRXRL O R ENKO RS
TRAGREH T A RE QRN RE N QT T EERY W E ooy
EEARERAFRERNEEREFRERE 8B ERERBL
FARSAERRET XD RS AR RS EHRD RS
AEBSREAAAERENRERELRERYFRERE QY
EZEAESRESRITESHSREED NS KSR TR
EES RS RS T RS LN SR N F NS N LS
ETEEXEZSILETS AL EES RSN & 554
FAREAREURLERERE AN A RA D RS
ZEXTIREAET R RERWER G R
L RUVPADPEANRG XAV ERWE R
36 00020 00X W MG X MR ADRD XL
EREFRERE TR ERE R X
FEREEREME ERERA R
TR RS 8
ARG RERRERY X
g XD W ERBD W R
(I ER LR X
ERNIARNRB RGN

\
\,

%

Dcut

270

s
P~ W RUD WA WG
TREHE G EH R

faY] RN N WD
D22 010D NW W RB R
W R AR NS
REAXAREXRERE ER
EITEI TSRS R AR
\M R WA Y N R RARFRR
" REERAR YR EERAREER

) REARCRIXREARARERT KR
%\\ FREXREAREREIRERDERER
\\ T WA A R R BRI BRE R

AT TR RN R T NIRRT LT E NN
\\\\ IERETERRFFESIRNSIE RS LRERS B ¥

points of
photodisruption

nﬁ‘““!ﬂ’*“lﬂﬁﬂu.ﬂﬁ‘lﬁl“ﬂa
O 0B B R B 3 TR RN RS R RN B R
ngpuananngnnnanxtqqnuynab
Siﬂ‘lﬂ‘ﬁ&ﬁNRKP!Q‘K?*NR“Q&G!F b
RUI'UWUQIU"ﬁl‘!‘ﬁl‘!.@!“'“ﬁ‘ LR KA B Gﬁ

o

B 2 I B3 B R RAE REH R T B R
ﬁﬁﬁp108anoﬁkﬁﬁﬁlﬁbxﬁﬂﬁpﬂﬁiﬂiih
REFRE R REARARECE R IR AR E RO D
BREPRIABBACAEBRGARTERPERIRRARERER
RXERRDAURAGAKAREAECRURARO REDRI R ]

N AR EEERNTEESIRIARSESESSEESEE N TR L

REA RN FRRERNFEREGRER LGRS B AR RPN o
LERES ISR ERRSEE SRS EE NS LI R A T T2 NBORDI

. 2

[

L]

256

of layer
({

image

REARFRECARGREB RS AL AR R BARE R SR RY
BRERAERGAXFRERRGAASREERE RS R
P XS EE RN SEEEESE SRS E RS XSS Y X
RMECREREGECRET R TR XAR KO XXX AR
FREBUSABRB ARG AEB R GRBERCHR YRR
PRUVRNDEADATHXRRIBADATDIRT R
RS E R R ETRE S LSRR RS Y £
ARERIARTERREREIFTARE 4 RE
IREKRFATEREARERAERER B &

nun&g{wantaubuhn&nsa
LELN Y

BRERARR ERED
REFRERE

REHRER
SRFRED RS D XY RREN
REFRER W ARE R BE
RE HRERE RS R
LT R IR TRV SRS
ERxERRP RN

HEEERRRRAEBEAN R R RREAGEER XA IO IR REESERRR

L,

BN A NN E AN EER ARG EER A RREREIANRERERRABNEENERA RN

Baswwswwet Fy

(IR RSN SR LS

AREBE IR SRR AL t}‘
RERERLE L RER AT
2R RS RS EIR TS X5 S 321
RACREDXFRXELRBRE R
[TXEZTESXEERES RS Y & ¥
FARERBEIRENEAR G RE WL
XETTEESR ST EFER LT 3
WA WUE G RARN O R KR RE R
HUARIARFREIARERIREERAR KL
PRAUANREXADVAIRATRIINDE DR
3 LI RES RS ERERERESESE SRS NN Y
BRIKRERERR REARIARSREARFIIAREREADARERT
REXERRER B IR RO RERREREBRERER AT R R TR RS
WIK&!*&< Uk&ﬁl'ﬂRﬁ&“!#&*ﬁlﬂﬂ‘aiiair#

BERRBDOOUKENNK DO KN XEN RGN NN NNEN DU SN D B KE NN KO OO D R NN RN R KB
RO HEENRR AN NN AN NN DN E NN R R EEEEE RN RS SE SR NN R D AN N R D SN
LE A RN R R R N E RN SRR RS R N R R RN R E R R R RN RN E RN EEE R AR RN R EEENENNEERN]

LN NN NN EEEE RN NN
LR N EEEENNENENEERNENNER]

s

&

35007
3700-
3900 +
3500

3700-
3900 -

depth z {u)
depth z (1t}

SUBSTITUTE SHEET (RULE 26)



WO 2012/158183 PCT/US2011/051360

Replacement Sheet

1417 26
=g 25, £S5,
=2 ¥ 3 2 v g 2 L0
B € 0 = Q
Egg}_ = 0D umgﬁ_
o 0O Q= e 9
&~ o = &
\ o
($o}
o
oy £
o ©
- S 38
[ <] ms-g
wg < ;G_J-g%f
L B0
%w_ g g A
o A ® 0
(-’
P
N
P\
m.
£ &
=
SRS IS
Eﬁ‘.‘:
s 3
(-
o0
o
o Q
(@)}
-

depthz {u) ;

SUBSTITUTE SHEET (RULE 26)



PCT/US2011/051360

WO 2012/158183

Replacement Sheet

15/ 26

{s9a438p)
uess Jejnasd
Suoje ojdue

09¢ 0LZ 081 06 0

et

H
H i

1amod s - e A
-13sB} MO| . S :

ey

,,,,,,,,,,,,,,,,

e s _ ,.x, s 4
1ahe} jo \ ¢ Jamo Jamod M

gGz 28euwl ) N.wmm puEq -13s5e] ysiy -1958] MO| (v} z yadsp
uppEn yum siujod yum sjujod

SUBSTITUTE SHEET (RULE 26)



PCT/US2011/051360

WO 2012/158183

Replacement Sheet

16/ 26

J9 "Dl4d

{s@043ap)
UBDS 4231
8uoje ajBue

{soa.4dap)
UEDS JBNOHD
Buoje sj8ue

{ssnudap]
UBIS JBJN3ID
Buoje ajdue

03¢ 0LZ 081 06 0
4t 4 e e
§ t
; :
m
i-m, ;;;;;;;;;;;;; Bt ot ot ot ot o 2 o e ot e e o - ploysasuyy
! ' 1drusip-ocyoyd
* t
' ;
; “ T 0pgE=2 18
" ; ¢ Jemod Jase)
i :
0de 17 081 06 0
- w Mf ) M m k3
: £ ;
e, 3 2 13 $
st '
x Py t
e i i s e d . POYSBIY
: S : wdnusip-oioyd
: e -
1 v, : 4
” S : T 059¢=2 38
; AR 5 + Jam
m LI £S7 pueq Suppen ; y JBmod sasel
i s 4 I 1
3 4 3
098 04T 08T \ 06 : 0
et “«w ““““ .m ¥ ¥ ‘
; S / “
w n s : H
¥ 0! : '
: f ;
m M 4 & 2
2 ' m
§ [ p
; 1~ 059¢
009¢
¥} z yadap

SUBSTITUTE SHEET (RULE 26)



WO 2012/158183 PCT/US2011/051360

Replacement Sheet

17126

angle along
circular scan
{degrees)

360

3650 7

depthz {p) &

SUBSTITUTE SHEET (RULE 26)



PCT/US2011/051360

WO 2012/158183

Replacement Sheet

18/ 26

{soas8ep)

0%t
Ueds JBNoAD . 0LZ 08t us e 0
2 : " " ) 4
Suoje ajdue ; e ¥ v
Py
vvvvvvvvvvvvvvvvvvvvvvv o P
* i T
LT, o
i it R e e e e e i R e
¢ -~
w 1
P !
A ¢ § + !
g 1 F 1y s
s R Fy ”
s i | . k3
|3 ; 13 ] by
¥ . £ ] =
{saaidap) A i
09¢ ip7e 1o
URDS JBNaAD \ mumum ; 081 06 i 0
& L2 £ 13 L3 T s
Suoje 3j8ue ; : v
b3 3 4 m
: ¢
. : :
59 Dl e
v k
] ¥
[ -
I m ;
P S 7
¥ : 3 $
t &
(s3.89p) g o e |
t i b
ueds Jejnoss Qg 08t 06 iy O
e ¥ * 3
Suoje 9y8ue T L
Foi g P
M v
L3 14 4 H
f ¥ ¥
11
L

ploysaiyl
Hinssip-oioud

H ggge=z 18
Jamod 1asey

ploysasyl
1dnusip-ojoyd

1 059¢=1 38
Jzmod lase)

Py
—
=
N
<o
o]
[« 3
)
e

SUBSTITUTE SHEET (RULE 26)



WO 2012/158183 PCT/US2011/051360

Replacement Sheet
189726
bl :5‘ .
TR
& BES
/ "o
£
¢ § 2
o S[EAS ~jBpalt -~ og
ALY
A
ajens - afeu
::: 3 L
=
7%
> AR
P~
™
v % B~
.:t:;_ s m
..‘::‘:"5;:_ M
4] ?E?;fg.
[Te] 8
[l
[+
=
Sox
—
(&)
% )
g
5 g
/ Y8
TR
g B e
& o
+ i - O
=0 - -
=B - o
Ny P o
5 vy oy oy
Lk
L
h 1

SUBSTITUTE SHEET (RULE 26)



PCT/US2011/051360

WO 2012/158183

Replacement Sheet

20/ 26

uoiejuawBely sua)

— (08¢

Auwiojojnsded

— OLE

ajnsded Jo 100

Awojonsded e S

ajnsdes Jo | DO puoaas — 0t¢

spuedxs ajnsdes

~ uonleluawsely suaj — Oce

ajnsded Jo 100 1544 — QOT€

SUBSTITUTE SHEET (RULE 26)



PCT/US2011/051360

WO 2012/158183

Replacement Sheet

15he| pagew; T zvvandu
3y} woJ} uiaped-ueds ayy jo Slqissod
sjuiod JO SJUEISIP SUIWLISISP |- opp
joyenuanpe weaq . Vi ¢ Zey Indul
“. H d uianed-ueds e joswiod 1 qissod
0Ly — e 0] si3jaweled Jamod 1at
© JO $331euUipio0d 3jelauas |
& -19se| Suipuodsallod jeusis L OSh
~
gz ndul
Jauueds weaq e 03 sjuiod oew] wody Johe| padewt | 5gssod
09 — |
ay3 JO S1eUIPIOOD [RUBIS a3 JO $31BUIPJOO3 AjiIUSPI i i
— OCY
¢Sy indul 3oUBLSIp J13Y] UO pase
ajqissod |1 ¢ s_caw.m .ﬁﬁ.&ﬁﬂ&mwa Jake| ojwieyydo suipnpul
Hulod 93 Ui, ‘uoiSas a8ew ui ahs afewy | OV
0SH— Jamod-13se| ajeidosse ‘ o ,

T~ oov

SUBSTITUTE SHEET (RULE 26)



PCT/US2011/051360

WO 2012/158183

Replacement Sheet

22126

Jsmod iamod
-195e| MO|  -435B] yaiy
Yum sajdue  yiim s3jsue

/ N\
sooifop)  09€ oz /o8t 06 0
UEIS JBJNDILD  rmforsimmmee sttt L —— — s
Suoje 9j8ue P m _, M k ~006¢t
00LE
naq
- 00S¢E
k8
£ST pueq \ (1) z yadap
Juppoesy Jahe jo
9G¢ d8eu

SUBSTITUTE SHEET (RULE 26)



WO 2012/158183 PCT/US2011/051360

Replacement Sheet

231286

500Xt |
g

3

§

i

§

i
: o
§ v
mmmmmmmmmmmmm - L
- O
: s

:

§

¥

i

H
<L
=
|
O
b

SUBSTITUTE SHEET (RULE 26)



WO 2012/158183 PCT/US2011/051360

Replacement Sheet

241 26

WEEWRR
. bk

(W
v
L

SUBSTITUTE SHEET (RULE 26)



WO 2012/158183 PCT/US2011/051360

Replacement Sheet

25/ 26

=
O
i

240

SUBSTITUTE SHEET (RULE 26)



WO 2012/158183 PCT/US2011/051360

Replacement Sheet

26/ 26

210

an]
&~
L

260-1

SUBSTITUTE SHEET (RULE 26)



INTERNATIONAL SEARCH REPORT

International application No

PCT/US2011/051360

A. CLASSIFICATION OF SUBJECT MATTER

INV. A61F9/008 A61B18/20
ADD.

According to International Patent Classification (IPC) or to both national classification and IPC

B. FIELDS SEARCHED

A61lF A61B

Minimum documentation searched (classification system followed by classification symbols)

Documentation searched other than minimum documentation to the extent that such documents are included in the fields searched

EPO-Internal

Electronic data base consulted during the international search (name of data base and, where practicable, search terms used)

C. DOCUMENTS CONSIDERED TO BE RELEVANT

Category™

Citation of document, with indication, where appropriate, of the relevant passages

Relevant to claim No.

figures 12-16, 18, 25, 26
paragraphs [0179],
[06210] - [0212]

paragraphs [0045] - [0048],
[0062], [0081], [0092],
[0098], [0103] - [0105]
claim 1

figures 8A-8D13, 14, 15

X US 2010/324543 Al (KURTZ RONALD M [US] ET

AL) 23 December 2010 (2010-12-23)

[0188] - [0190],

X US 2011/622036 Al (FREY RUDOLPH W [US] ET
AL) 27 January 2011 (2011-01-27)

[0052],
[0095],

1,2,
7-13,
17-22,
26,27,
30,32

1-13,
17-22,
25-27,
30,32

_/__

Further documents are listed in the continuation of Box C.

See patent family annex.

* Special categories of cited documents :

"A" document defining the general state of the art which is not considered
to be of particular relevance

"E" earlier application or patent but published on or after the international
filing date

"L" document which may throw doubts on priority claim(s) or which is
cited to establish the publication date of another citation or other
special reason (as specified)

"O" document referring to an oral disclosure, use, exhibition or other
means

"P" document published prior to the international filing date but later than
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1. I:' Claims Nos.:
because they relate to subject matter not required to be searched by this Authority, namely:

2. I:' Claims Nos.:
because they relate to parts of the international application that do not comply with the prescribed requirements to such
an extent that no meaningful international search can be carried out, specifically:

3. |:| Claims Nos.:
because they are dependent claims and are not drafted in accordance with the second and third sentences of Rule 6.4(a).

Box No. lll Observations where unity of invention is lacking (Continuation of item 3 of first sheet)

This International Searching Authority found multiple inventions in this international application, as follows:

see additional sheet

-

As all required additional search fees were timely paid by the applicant, this international search report covers all searchable
claims.

2. I:' As all searchable claims could be searched without effort justifying an additional fees, this Authority did not invite payment of
additional fees.

3. As only some of the required additional search fees were timely paid by the applicant, this international search report covers
only those claims for which fees were paid, specifically claims Nos.:

4. No required additional search fees were timely paid by the applicant. Consequently, this international search report is
restricted to the invention first mentioned in the claims; it is covered by claims Nos.:

1-13, 17-22, 25-27, 30, 32

Remark on Protest The additional search fees were accompanied by the applicant's protest and, where applicable, the
payment of a protest fee.

The additional search fees were accompanied by the applicant's protest but the applicable protest
fee was not paid within the time limit specified in the invitation.

I:' No protest accompanied the payment of additional search fees.
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FURTHER INFORMATION CONTINUED FROM PCT/ISA/ 210

This International Searching Authority found multiple (groups of)
inventions in this international application, as follows:

1. claims: 1-13, 17-22, 25-27, 30, 32

Imaging-based laser system with adjustable pulse power.

2. claims: 35-40

Imaging-based laser system, wherein the target pattern is
tilted relative to an optical axis of the laser system;

3. claims: 14-16, 23, 24, 28, 29, 41-44

Method for performing an imaging-controlled ophthalmic
procedure by identifying coordinates of the imaged layer in

part by receiving an operator-input through an operator
interface.

4., claims: 31, 33, 34

Imaging-based laser system that is configured to perform a

capsulotomy before a lens fragmentation during a cataract
procedure.
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