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IMAGE PROCESSOR FOR INTRA-SURGICAL OPTICAL COHERENCE 

TOMOGRAPHIC IMAGING OF LASER CATARACT PROCEDURES 

5 

CROSS-REFERENCE TO RELATED APPLICATION 

[0001] This application claims priority from United States patent application "Intra

surgical Optical Coherence Tomographic Imaging of Cataract Procedures", serial number: 

13/329,813 filed on December 19, 2011, which application is hereby incorporated in its 

10 entirety by reference.  

TECHNICAL FIELD 

[0002] This patent document relates to applying Optical Coherence Tomographic 

imaging systems during cataract procedures. In more detail, this patent document relates 

to intra-surgical Spectral Domain Optical Coherence Tomographic imaging of cataract 

15 procedures.  

BACKGROUND 

[0003] Cataract surgery is experiencing a revolution. The precision and speed of 

many aspects of the cataract procedures has improved dramatically in the last few years.  

Pulsed surgical laser systems with femtosecond laser pulses provide very precisely 

20 controlled cutting functionalities. Advanced optical systems provide unprecedented 

control over the placement and targeting of the laser pulses. In addition, imaging systems 

provide high quality images to assist the surgeons to plan and execute the cataract surgical 

procedures. However, there is still lot of room for the improvement of the cataract 

surgical systems, especially in the area of imaging.  

25 [0003a] The discussion of the background to the invention included herein including 

reference to documents, acts, materials, devices, articles and the like is included to explain 

the context of the present invention. This is not to be taken as an admission or a 

suggestion that any of the material referred to was published, known or part of the 

common general knowledge in Australia or in any other country as at the priority date of 

30 any of the claims.  
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SUMMARY 

[00041 One area where substantial improvement is possible and called for is providing 

more extensive and actionable imaging information for the cataract surgeon. The most 

advanced of today's systems include an Optical Coherence Tomographic (OCT) imaging 

5 system. Prior to the cataract surgery, these systems can generate and display an in-depth 

curvilinear or cross sectional reference image of the anterior segment of the eye that 

includes the cornea, the anterior chamber and the lens. The surgeon can plan the surgical 

procedure by placing marks on the displayed reference image to input characteristic points 

or end-points of the various cuts and regions to be photo-disrupted or photo-treated. An 

10 interactive interface of a laser controller can sense these marks and translate them into 

electronic control signals to guide the surgical laser beam to form the corresponding cuts.  

[00051 To place the invention in context, it is recalled that a cataract procedure with a 

surgical laser system can include the following steps. (1) First, the lens can be photo

disrupted inside the capsular bag by scanning the surgical laser beam according to a photo

15 disruption pattern. Depending on the hardness of the cataract, the disruption pattern, the 

degree of disruption and the desired surgical outcomes, this process can be referred to as a 

chop, a fragmentation, or a lysis. (2) Second, a capsular lid or cap can be cut in the 

capsular bag or anterior capsular layer by a circular capsulotomy, anterior capsulotomy or 

continuous curvilinear capsulotomy. The capsular lid or cap is formed so that when it is 

20 removed, a hole is opened up in the capsular bag through which the surgeon can extract or 

aspirate the photo-disrupted lens from the capsular bag. (3) An access cut can be formed 

next in the sclera, limbus, or peripheral corneal region of the eye. Through this access cut 

surgical devices, such as a forceps or a phaco-tip can be inserted into the eye. (4) Next, 

the capsular lid or cap can be removed by one of the inserted surgical devices to form the 

25 aforementioned capsular opening. (5) Often, the surgical laser does not disrupt the lens 

completely. In such cases, a phaco-tip can be inserted into the capsular bag to complete 

the disruption of the lens by applying ultrasound and chopping. (6) Subsequently, the 

fragments of the lens can be removed or aspirated through the capsular opening. (7) 

Finally, an intra ocular lens (IOL) can be inserted to restore vision in the eye. The order of 

30 steps (1) and (2) can be reversed in some procedures.  
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100061 Cataract procedures can be complemented by forming additional cuts, such as 

limbal relaxing incisions or arcuate incisions in the cornea, and various additional access 

cuts.  

[00071 However, once the photo-disruption by the surgical laser beam started to form 

5 the planned cuts, today's imaging systems do not generate additional images that could 

provide actionable information or feedback for the cataract surgeon. This is primarily due 

to the fact that with the modern surgical systems the cataract surgical procedures can last a 

rather short time, such as 10-20 seconds for a capsulotomy or 30-40 seconds for a lens 

photo-disruption. Existing imaging systems are unable to image the photo-disrupted 

10 region with sufficient resolution in such a short surgical time. Even less are they capable 

of analyzing the image of the photo-disrupted region to provide actionable feedback, or of 

actively modifying the ongoing surgical procedure. Such functionalities would require 

faster imaging performance and additional or different electronic and imaging systems.  

[0008] While imaging and analyzing the affected regions during the short surgical 

15 times is hard, a feedback based on such an imaging or analysis would be highly desirable 

both to improve the precision of the surgical procedure and to manage unexpected surgical 

complications. For example, a capsulotomy may not cut through the entire capsular bag at 

some portions of the circular cutting line so that the circular lid or cap remains attached to 

the rest of the capsule at these "tags". When subsequently the surgeon attempts to remove 

20 the circular lid with a forceps, the capsular bag can be torn at the tags, leading to jagged 

edges or substantial tears. Had the surgeon been provided with an image of the 

incomplete capsulotomy in time, he may have opted for re-scanning the capsulotomy 

circle with the laser to cut through the tags rather than commencing the removal of the 

partially undetached lid.  

25 [00091 In other cases, when the photo-disruption of the lens is performed, the surgical 

laser may be scanned too close to the posterior capsular layer, possibly puncturing it.  

Such a puncture may necessitate a complex emergency vitrectomy procedure, substantially 

elevating the risk of the entire cataract procedure. Again, had the surgeon been provided 

with an imaging feedback in a timely manner, she could have modified the scanning 

30 pattern to guide the surgical laser beam away from the posterior capsular layer, preventing 

the vitrectomy.  
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[0010] In yet other cases, the surgical laser system may be mis-calibrated: the laser 

controller may have miscalculated the location of the laser pulses for a variety of reasons, 

including optical aberrations, manufacturing tolerance problems of the laser, a 

mischaracterization of the refractive properties of the lens, a pre-operative diagnostic 

5 error, a movement or shape-change of the eye, and thermal creep of the components. In an 

example, while the surgeon may have placed the marks on a reference image to form a 

surgical cut e.g. 100 microns from the posterior capsular layer, the guiding optic may have 

directed the surgical laser pulses to a location only 50 microns from the posterior capsular 

layer because of the miscalibration, elevating the risk and reducing the precision and 

10 safety of the cataract procedure. As above, had the surgeon been provided with an image 

of the progress of the surgery, she could have discovered the miscalibration before the 

photo-disruption got to the dangerously close 50 micron distance from the posterior 

capsular layer.  

[00111 In yet another example, the miscalibration can be caused by the entire lens 

15 having moved along the optical axis because of a difference of the pressure in the anterior 

chamber and in the posterior chamber, or vitreous, located behind the lens along the 

optical beam path. The pressure can change for a variety of reasons after the reference 

image has been taken, such as because of the pressure exerted by the patient interface.  

Also, the eye being a dynamical system, the internal pressures in the anterior and posterior 

20 chambers can change in time, e.g. as the internal pressures equilibrate with the external 

pressures over an extended period such as seconds or tens of seconds after the patient 

interface is docked to the eye.  

[00121 In yet another example, the miscalibration can be caused by the lens curvature 

having changed because of accommodation. The accommodation can be caused by the 

25 patient before and during the procedure. Surgeons typically administer drugs to arrest or 

suppress accommodation, in effect expanding the pupil. However, these drugs have 

different effects on different patients and even these different effects follow different 

timelines. Again, in the last two examples, as before, had the surgeon been provided by 

updated or timely images during the procedure, she could have recognized the 

30 miscalibration and could have taken preventive or corrective action.  

[0013] A common feature of these and many other possible surgical complications is 

that they become detectable only after the photo-disruption of the target tissue has been 
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started. As described above, however, forming an image in an imaging time shorter than a 

surgical time of 10, 20, 40 or 60 seconds can be a great challenge for today's imaging 

systems, especially if a high resolution image is necessary to provide actionable imaging 

information. And it can be prohibitively challenging for the existing systems in addition 

5 to analyze the image in order to display a feedback or a suggested corrective action, or in 

order to actively modify the scanning of the surgical photo-disrupting laser beam.  

[0014] The present patent document describes embodiments of cataract surgical 

systems with advanced imaging systems that are configured to image and in some 

implementations to analyze the regions photo-disrupted by the surgical laser beam in an 

10 imaging time shorter than typical surgical times. These embodiments therefore enable the 

modification of the cataract surgical procedure in real time, either by the surgeon or by the 

surgical system itself, promising a qualitative improvement of the efficacy and safety of 

modern cataract surgery.  

[0015] Viewed from one aspect, the present invention provides a cataract surgical 

15 system comprising: a laser source, configured to generate a first set of laser pulses; a 

guiding optic, coupled to the laser source, configured to guide the first set of laser pulses 

to a cataract target region in an eye; a laser controller, configured to generate an electronic 

representation of a target scan pattern and to control the guiding optic to scan the first set 

of laser pulses according to a portion of the target scan pattern to create a first photo

20 disrupted region in the cataract target region; a Spectral Domain Optical Coherence 

Tomographic (SD-OCT) imaging system, configured to generate an image that includes a 

portion of the first photo-disrupted region with an image resolution in the range of 0.5-5 

million image points per image and a frame rate in the range of 20-200 frames/sec; and an 

OCT image processor, configured to perform an image analysis of the image, wherein the 

25 laser controller is configured to generate an electronic representation of a modified scan 

pattern in relation to the image analysis performed by the OCT image processor, and to 

control the guiding optic to scan a second set of laser pulses according to the modified 

scan pattern to create a second photo-disrupted region. In some embodiments, the imaging 

system can be a Swept-Source Optical Coherence Tomographic (SS-OCT) imaging 

30 system.  

[0016] In some embodiments, a cataract surgical system can include a surgical laser 

system, configured to generate a surgical laser beam and to scan the surgical laser beam in 
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a cataract target region; a Spectral Domain Optical Coherence Tomographic (SD-OCT) 

imaging system, configured to generate an image of a portion of the cataract target region; 

and an OCT image processor, configured to perform an image analysis of the image, to 

recognize a surgically undesirable feature in the image, and to generate a control signal to 

5 stop or suspend the scanning of the surgical laser beam.  

[0017] In some embodiments, an ophthalmic surgical method can include generating 

an electronic representation of a target scan pattern for a lens of an eye by a laser 

controller; generating and scanning a laser beam in the lens of the eye according to the 

target scan pattern by a surgical laser system, creating a cut in the lens; generating an 

10 image of a portion of the eye and the cut with a Spectral Domain Optical Coherence 

Tomographic imaging system after the scanning of the laser beam started; performing an 

image analysis of the generated image with an OCT image processor; generating an 

electronic representation of a modified scan pattern by the laser controller in relation to the 

performed image analysis; and generating and scanning the laser beam in the lens of the 

15 eye according to the modified scan pattern by the surgical laser system, creating a 

modified cut.  

[0018] In some embodiments, a method of cataract surgery can include controlling a 

scanning of a laser beam in a lens of an eye by a laser controller; generating images of a 

portion of the lens at a rate of at least 5 frames per second by a Spectral Domain Optical 

20 Coherence Tomographic imaging system; performing an analysis of the generated images 

by an OCT image processor; and modifying the scanning of the laser beam by the laser 

controller in response to the analysis performed by the OCT image processor.  

[0018a] Where the terms "comprise", "comprises", "comprised" or "comprising" are 

used in this specification (including the claims) they are to be interpreted as specifying the 

25 presence of the stated features, integers, steps or components, but not precluding the 

presence of one or more other features, integers, steps or components, or group thereto.  
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BRIEF DESCRIPTION OF THE DRAWINGS 

[00191 FIG. IA illustrates an embodiment of a cataract laser surgical system.  

100201 FIG. lB illustrates an imaging aided photo-disruption in a lens target region.  

[00211 FIG. 1C-D illustrates an embodiment of a cataract laser surgical system.  

5 [00221 FIGS. 2A-C illustrate forming a first and a modified second photo-disrupted 

region.  

[00231 FIGS. 3A-E illustrate the modification of scan patterns after a surgical 

byproduct has been detected.  

[00241 FIGS. 4A-B illustrate the modification of the scan pattern after a surgical 

10 byproduct has been detected.  

[00251 FIGS. 4C-D illustrate the modification of the capsulotomy scan pattern after 

the lens capsule expanded.  

100261 FIGS. 5A-D illustrate a re-scanning of an inefficient capsulotomy.  

100271 FIG. 6 illustrates an embodiment of a Spectral Domain Optical Coherence 

15 Tomographic imaging system.  

[00281 FIG. 7 illustrates an embodiment of a Spectral Domain Optical Coherence 

Tomographic imaging system with a dedicated Input-Output board.  

[00291 FIG. 8 illustrates a dedicated Input-Output board.  

100301 FIG. 9 illustrates an embodiment of a Swept Source Optical Coherence 

20 Tomographic imaging system.  

[00311 FIG. 10 illustrates an imaging-aided cataract surgical method.  

100321 FIG. 11 illustrates an imaging-aided cataract surgical method.  
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DETAILED DESCRIPTION 

[0033] Implementations and embodiments in this patent document describe cataract 

surgical systems that generate timely imaging feedback either to assist a surgeon to adjust 

the surgical procedure based on the feedback, or to determine and carry out such an 

5 adjustment by themselves.  

[00341 FIG. 1A illustrates a cataract surgical system 100, including a laser source 110 

to generate a laser beam of a first set of laser pulses. These laser pulses can have a 

duration or pulse length in the range of 1-1,000 femtoseconds or 1-1,000 picoseconds.  

The energy and power of the laser beam can be selected to achieve a well controlled 

10 photo-disruption in the selected target region efficiently without causing damage in other 

ophthalmic tissues such as in the photosensitive retina. The cataract surgical system 100 

can also include a guiding optic 120, coupled to the laser source 110 to guide the first set 

of laser pulses through a cornea 3 and an anterior chamber 4 to a lens 5 of an eye 1. The 

lens 5 is enveloped by a capsular layer or bag 6. The guiding optic 120 can be configured 

15 to guide the laser beam into a cataract target region through an objective 122 and a 

docking unit or patient interface (PI) 124 that can dock onto the eye I and immobilize it 

relative to the cataract surgical system 100 by applying vacuum suction. In some 

embodiments, there may not be a direct or immobilizing connection between the objective 

122 and the eye 1. These embodiments may employ instead eye trackers to correlate the 

20 imaging process with possible movements of the eye, for example.  

[00351 The cataract target region can be located in an anterior segment of the eye I 

that includes the cornea 3, the anterior chamber 4, the lens 5 and the capsular bag 6 of the 

eye 1. The cataract target region can be, for example, a circle, cylinder, or slanted cylinder 

in an anterior capsular layer or capsular bag of the lens 5 when a capsulotomy is 

25 performed. The cataract target region can also be a large volume fraction of the lens 5 to 

achieve a photo-disruption, a chop or a lysis of the lens 5 or at least of its nucleus. The 

cataract target region can also be in the cornea 3, such as an access cut to create a port for 

the insertion of cataract surgical devices. In more comprehensive cataract procedures, 

such as in refractive cataract surgery, additional limbal relaxing cuts or incisions (LRI) or 

30 arcuate incisions can be formed as well.  
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[00361 The capsulotomy can have a diameter in the 3-6 mm range, as dictated by the 

design of the intra ocular lens, or IOL, to be inserted into the preserved lens capsule at a z

depth in the 2-4 mm range, where the z-depth is measured along an optical axis of the 

cataract surgical system 100, using a contact surface of the cornea 3 and the PI 124 as a 

5 zero reference level for the z-depth. The target region of a lens photo-disruption can 

extend from 2-4 mm z-depth to 7-10 mm z-depth, with a diameter of 4-8 mm. Finally, the 

corneal LRI, arcuate and access cuts can be formed in the 0-2 mm z-depth at the large 

diameter of 6-14 mm to minimize or altogether avoid directly impacting the field of 

vision. These numerical ranges show that the challenges of cataract procedures 

10 substantially exceed those of the purely corneal procedures - such as LASIK - or retinal 

procedures. Both corneal/LASIK and retinal procedures are performed in a much 

narrower z-depth range and in a much smaller overall surgical volume than cataract 

procedures. Corneal procedures are typically restricted to 0.1-0.5 mm z-depth ranges as 

the thickness of the cornea rarely exceeds 1 mm and the photo-disruption typically does 

15 not cut through the entire cornea to keep the anterior chamber intact. Typical diameters of 

corneal cuts can be in the 2-3 mm range. While retinal procedures are performed deep in 

the posterior segment of the eye 1 at a large z-depth, the range of z-depths where the cuts 

are formed is typically less than 2 mm, the overall thickness of the retinal layers of 

interest.  

20 100371 In contrast, cataract procedures typically involve the photo-disruption in most 

or all of the above described cataract target regions, both in the cornea 3 and in the lens 5.  

Therefore, cataract procedures can involve cuts in a z-depth range of 4 mm or larger, 

sometimes 6 mm or larger. These cataract z-depth ranges are substantially larger than the 

above described z-depth ranges of the corneal or retinal procedures. Further, the diameter 

25 of the cataract-related cuts also exceeds that of the corneal cuts substantially. Therefore, 

forming cataract cuts poses substantially harder challenges for the design of a cataract 

surgical system, including its imaging system, than forming corneal cuts poses for the 

design of a LASIK system, or forming retinal cuts poses for the design of a retinal surgical 

system.  

30 100381 The cataract surgical system 100 can also include a laser controller 130 to 

generate an electronic representation of a target scan pattern and to control the guiding 

9
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optic 120 to scan the first set of laser pulses according to a portion of the target scan 

pattern to create a first photo-disrupted region in the cataract target region.  

[0039] As described above, the cataract target region can be a proximity of an anterior 

capsular layer and the target scan pattern can be a set of target points on a circle or 

5 cylinder in the anterior capsular layer of the lens 5 for a circular capsulotomy, an anterior 

capsulotomy, or a curvilinear capsulotomy.  

[00401 Or, the cataract target region can be a portion of the lens 5 and the target scan 

pattern can be a set of target points on radial chop planes, cylinders, a spiral pattern, or a 

mesh pattern to induce photo-disruption of the lens 5 itself. The points of the target scan 

10 pattern can be defined e.g. by their radial or (x,y,z) coordinates. These coordinates can be 

electronically represented in a processor, based on executables stored in a corresponding 

memory of the laser controller 130.  

[00411 The cataract surgical system can also include a Spectral Domain Optical 

Coherence Tomographic (SD-OCT) imaging system 200 to generate an image of a portion 

15 of the first photo-disrupted region, created by the scanning of the surgical laser beam. The 

SD-OCT imaging system 200 can be configured to couple an imaging beam into the 

guiding optic 120 to be guided into the eye I and to receive a returned imaging beam from 

the guiding optic 120. The SD-OCT imaging system 200 can be configured to generate 

the image or images of the first photo-disrupted region during the surgery to provide 

20 timely or actionable feedback for the surgeon or for the laser controller 130, as described 

below in detail.  

100421 FIG. 1B illustrates an operation of the cataract surgical system 100. In this 

example, the laser controller 130 can generate the electronic representation of a target scan 

pattern 302 in the cataract target region, an arc close to the posterior capsular layer. The 

25 guiding optic 120 can focus and scan the first set of laser pulses of a surgical laser beam 

304, generated by the laser source 110, through the points of the target scan pattern 302 to 

create a first photo-disrupted region 306. The first photo-disrupted region 306 in this 

example can consist of a set of bubbles or cavitation bubbles, formed at the points of the 

target scan pattern 302. After the photo-disruption started, the SD-OCT imaging system 

30 200 can scan an imaging beam 308 through the cataract target region to generate an image 

of the first photo-disrupted region 306. In some implementations, the imaging beam 308 

10
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and the surgical laser beam 304 can be scanned or guided by the same shared guiding 

optic 120. In other implementations, only part of the optical pathway can be shared and 

the imaging beam 308 can be partly scanned by an additional non-shared imaging-guiding 

optic. All these designs are embodiments of the guiding optic 120.  

5 [0043] If the image generated by the SD-OCT imaging system 200 indicates that the 

procedure is progressing as planned, such as the photo-disrupted bubbles 306 are formed 

according to the target scan pattern 302 and without unintended consequences, the laser 

controller 130 can continue scanning the surgical laser beam 304 along the original target 

scan pattern 302. However, if the image indicates that there is a deviation from the 

10 planned procedure, the laser controller 130 can respond by generating an electronic 

representation of a modified scan pattern and control the guiding optic 120 to scan a 

second set of laser pulses according the modified scan pattern to create a second photo

disrupted region, as will be illustrated in subsequent figures.  

[0044] In some embodiments, there may be no direct coupling between the SD-OCT 

15 imaging system 200 and the laser controller 130. In these embodiments, the SD-OCT 

imaging system 200 can display the image of the first photo-disrupted region 306, and a 

system operator, such as the surgeon can enter modified scan parameters to cause the laser 

controller 130 to generate the electronic representation of the modified scan pattern.  

[00451 FIG. 1A illustrates that in some embodiments, the SD-OCT imaging system 

20 200 can include an OCT image processor 201 that can analyze the generated image after 

the photo-disruption started. In some embodiments, the OCT image processor 201 can 

display the results of the analysis for the surgeon to provide a timely and actionable 

feedback during the surgery, so that the surgeon can enter a modified scan pattern into the 

laser controller 130. In the example of FIG. 1B, the OCT image processor 201 may be 

25 configured to measure the distance of the first photo-disrupted region 306 from the 

posterior capsular layer and if the distance becomes smaller than a preset margin of safety, 

then display warning signals for the surgeon.  

[00461 In some embodiments, the SD-OCT imaging system 200 can be coupled to the 

laser controller 130, as in FIG. 1A, or the OCT image processor 201 can be a self-standing 

30 unit, directly coupled to SD-OCT imaging system 200 and to the laser controller 130, as in 

FIG. 1C. In these embodiments, the OCT image processor 201 can generate control 
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signals in relation to the image of the first photo-disrupted region 306 and can apply the 

generated control signals to the laser controller 130 to cause the laser controller 130 to 

generate the electronic representation of the modified scan pattern. The OCT image 

processor 201 can be fully or partially integrated into the SD-OCT imaging system 200 as 

5 inFIG.iA.  

[00471 FIG. ID illustrates that in some embodiments the OCT image processor 201 

can also be overlapping or even integrated with the laser controller 130. The embodiments 

of FIGS. 1A, 1C and 1D illustrate that the software-related functions of processing the 

OCT image and generating the modified scan pattern can be partially or fully executed by 

10 a multi-purpose processor that can be housed in either the SD-OCT imaging system 200, 

or the laser controller 130, or in a block integrating both, or can be a self-standing block, 

separate from both.  

[00481 As mentioned above, the unusually large z-depth range of cataract surgeries 

that can be larger than 4 mm or in some embodiments larger than 6 mm may require the 

15 use of a substantially more complex SD-OCT imaging system 200 than what is employed 

in corneal or retinal systems. Accordingly, in some embodiments the SD-OCT imaging 

system 200 can be configured to have an imaging or z-depth range Lmax larger than 4 

mm, such as in the range of 4-20mm. In other embodiments, the imaging or z-depth range 

Lmax can be larger than 6 mm, such as in the range of 6-10mm.  

20 [00491 Lmax, the imaging or z-depth range of SD-OCT imaging system 200 can 

depend on the wavelength / of the imaging laser beam 308, the wavelength resolution £5, 

the Nyquist frequency Nf, the focal length f and the pupil d of the SD-OCT-imaging 

system 200, as described below in detail. Accordingly, embodiments of the SD-OCT 

imaging system 200 can be designed with parameters 1, 51, Nf f and d such that the 

25 imaging or z-depth range is larger than 4 mm, or in some embodiments larger than 6 mm.  

[00501 The difficulty of extending the imaging depth range of a system from 1-2 mm 

to 4 mm or more can be also appreciated from the fact that some existing systems that 

require larger than 2 mm imaging ranges achieve this not by involving more advanced 

optics as that would have been prohibitively hard. Instead, these systems employ a 

30 conventional imaging system with a less than 2 mm imaging range and boost the imaging 

range of this conventional system by taking several images at adjacent z-depths separated 
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by about 2 mm and generate a single image with the larger range by integrating the 

adjacent-depth images using a complex image recognition and processing circuitry. Such 

systems can be electronically complex and the image integration slows down the speed of 

their performance considerably. To avoid the substantial slowing down of the imaging 

5 performance and the need for complex electronics, implementations of the SD-OCT 

imaging system 200 achieve the imaging depth range of more than 4 or 6 mm without 

integrating two or more images.  

[00511 For clarity, it is noted that it is customary to distinguish between two types of 

imaging scans: A-scans and B-scans. An A-scan refers to an image of the target in a range 

10 of z-depths corresponding to a single transverse (x,y) coordinate, in the reference frame 

whose z axis is aligned with an optical axis of the guiding optic 120. An A-scan can be 

obtained by directing an imaging beam of an imaging system to a single (x,y) point of the 

target and collecting the imaging information corresponding to different z-depths.  

[00521 Some imaging systems generate an A-scan by indeed scanning the z imaging 

15 depth-range and recording the image data for different z-depths sequentially. However, 

while SD-OCT imaging systems, as explained below, collect the image data for different 

z-depths simultaneously, i.e. without scanning in the z direction, yet their images are still 

often referred to as A-scans.  

[00531 A B-scan refers to a set of A-scans that correspond to a set or line of (x,y) 

20 points, collected as the imaging beam is scanned along a transverse line or in a transverse 

scanning pattern. A typical B-scan with regular (x,y) resolution can include 500-2,000 A

scans. A B-scan with high (x,y) resolution can include 1,000-3,000 A-scans. Particularly 

high (x,y) resolution B-scans can include 2,000-5,000 or 2,000-16,000 A-scans.  

Typically, the B-scan can include these A-scans integrated into a cross sectional, circular 

25 or cylindrical image of the target. As such, a B-scan can provide a substantially more 

detailed and thus substantially more actionable feedback imaging information for the 

surgeon than an individual A-scan. Accordingly, in the embodiments of the cataract 

surgical system 100 an image of the first photo-disrupted region and the second photo

disrupted region can refer to a B-scan that can include 500-2,000, 1,000-3,000, 2,000

30 5,000, or 2,000-16,000 A-scans.  
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100541 OCT imaging systems can be categorized into two classes: Time Domain, or 

TD-OCT imaging systems, and Spectral Domain, or SD-OCT imaging systems. TD-OCT 

imaging systems use an imaging light beam with a bandwidth suitable to define short 

pulse lengths and gather the imaging information from different z-depths sequentially, in 

5 essence scanning along the z axis. In contrast, SD-OCT imaging systems use an imaging 

light beam with a bandwidth where the different wavelength spectral components capture 

and carry imaging information representing different z-depth in parallel, at the same time.  

This allows the SD-OCT imaging systems to gather the imaging information from 

different z-depths simultaneously, in parallel. Parallel sensing of the z-depth imaging 

10 information accelerates the performance of the SD-OCT imaging systems by a factor of 

10-1,000 relative to the TD-OCT imaging systems. This faster performance of the SD

OCT imaging systems can be utilized in several embodiments, as described next.  

[0055] In terms of imaging times, this accelerated performance translates to 

embodiments of the SD-OCT imaging system 200 being able to generate a B-scan image 

15 after the photo-disruption started in an imaging time less than a surgical time. The 

imaging time can be less than 1 second, such as in the range of 0.1 msec- I sec. In some 

embodiments the imaging time can be less than 0.1 second, such as in the range of 1 msec

0.1 sec. These short imaging times mean that the SD-OCT imaging system 200 can 

generate images that can provide timely and thus useful feedback about the progress of the 

20 cataract procedure for the surgeon so that the surgeon can modify the surgical procedure in 

response to the feedback. This modification can include entering a modified target scan 

pattern.  

[0056] The next level of utility is offered by some embodiments of the SD-OCT 

imaging system 200 that can provide feedback images not only once but repeatedly during 

25 the cataract surgery. Such systems can provide valuable timely feedback regarding the 

development, location and growth of the first photo-disrupted region 306, thus offering 

qualitative improvement in the precision, performance and safety of the cataract surgical 

system 100.  

100571 Some embodiments of the SD-OCT imaging system 200 can offer further 

30 qualitative improvements. They can provide not only a few updated images during the 

cataract surgery, but an essentially live image of the progress of the procedure. An 

essentially live feedback can deliver highly valuable, timely, and actionable information 
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for the surgeon to monitor the progress of the surgery, improve the surgical precision, 

detect undesirable outcomes early and react to them in real time.  

[00581 An often used refresh rate of live video images is about 24 frames/second.  

Therefore, imaging systems that can provide images at a refresh rate or frame rate of 20 to 

5 25 frames/second or higher can provide images that will appear essentially live for the 

surgeon. Whereas systems with a frame rate or refresh rate considerably less than 20-25 

frames/second may not be perceived as live video imaging, but rather as jerky, jumpy 

images, possibly even distracting the surgeon from the cataract procedure.  

[00591 In this context, because TD-OCT imaging systems acquire z-depth imaging 

10 information sequentially, they may be able to generate only low resolution B-scans with a 

refresh rate of only one or few frames per second. TD-OCT imaging systems that are 

expected to provide images with higher resolution may be forced to scan and refresh the 

images at an even lower rate, well below one frame/second. Such distinctly slower-than

live feedback images appear jerky for the surgeon and can even be a distraction.  

15 Moreover, the slow scanning speed and resulting slow refresh rate can make some TD

OCT imaging systems to display artifacts, such as steps or discontinuous jumps in the 

image of a layer that in reality is smooth.  

[0060] In contrast, SD-OCT systems gather image data at an (x,y) point from all z

depths simultaneously, in parallel. These images are sometimes still called A-scans, even 

20 though no sequential z-scanning is involved. Because of the parallel or simultaneous 

nature of gathering the image-data from different depths, embodiments of the SD-OCT 

system 200 can acquire the A-scans 10-1,000 times faster than TD-OCT imaging systems, 

as discussed above. In particular, quality SD-OCT imaging systems 200 can acquire 

10,000-100,000 A-scans per second, or equivalently, can have an A-scan acquisition rate 

25 of 10-100 kHz. High quality SQ-OCT imaging systems 200 can have an A-scan 

acquisition rate of 30-300 kHz, and particularly high quality SD-OCT imaging systems 

200 can have an A-scan acquisition rate of 100 kHz- 1,000 kHz, much exceeding the A

scan acquisition rate that can be achieved by TD-OCT imaging systems.  

100611 Clearly, the A-scan acquisition rate, or number of A-scans/sec, is 

30 approximately equal to the number of A-scans/B-scan times the number of images/sec, the 

image refresh rate. For example, at the quality A-scan acquisition rate of 10,000-100,000 
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A-scan/sec, or 10-100 kHz, images with the regular (x,y) resolution of 500-2,000 A

scan/B-scan can be captured at image refresh rates in the range of 5-200 frames/sec that 

includes the refresh rate range of 20-200 frames/sec. In another example, at the high 

quality A-scan acquisition rate of 30-300 kHz, images with the high (x,y) resolution of 

5 1,000-3,000 A-scan/B-scan can be captured at image refresh rates in the range of 10-300 

frames/sec that includes the 25-300 frames/sec range. Finally, at the particularly high 

quality A-scan acquisition range of 100-1,000 kHz, images with the particularly high (x,y) 

resolution of 2,000-5,000 A-scans/B-scan can be generated with image refresh rates in the 

range of 25-500 frames/sec.  

10 [00621 These examples show that embodiments of the SD-OCT imaging systems 200 

with various pairings of the A-scan acquisition rate quality and the A-scan/B-scan 

resolutions ratios can provide image refresh rates that are distinctly above the 20 

frames/sec threshold live video rate and thus offer qualitative advantages over the TD

OCT imaging systems.  

15 [0063] It is noted that embodiments of the SD-OCT imaging system 200 can be 

operated at image refresh rates lower than the live video rate, typically when operated with 

a particularly high resolution and a regular A-scan acquisition rate quality. Such 

embodiments may be used when the operator of the SD-OCT imaging system 200 calls for 

the particularly high resolution setting for medical reasons, willingly foregoing the live

20 video-rate capability of the SD-OCT imaging system 200.  

[00641 The overall amount of image data can be captured in other ways as well. The 

specific design parameters of the SD-OCT imaging system 200, such as the full length of 

its sensor array control the z-directional distance of the resolved points, the z-resolution.  

This z-resolution can be, for example, a 5 micron z-directional distance between data 

25 points, translating to 1,000 z-depth points in a typical Lmax=5mm z-depth range. In a 

regular (x,y) resolution embodiment, where a B-scan contains 500-2,000 A-scans, often 

spaced apart also by about 5 microns in the (x,y) plane, this embodiment can generate an 

image with an image-resolution of 0.5-2 million pixels per image. Other embodiments 

may be able to capture images with an image resolution of 1-3 million, 2-5 million, or 

30 even 2-10 million image points/frame, still providing the images at a live video rate of 20

200, 25-300, or 25-500 frames/sec or faster.  
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[00651 Because of these remarkably high (x,y), z- and image resolutions, embodiments 

of the SD-OCT imaging systems 200 can capture and display complex, sharp and detail

rich images. For example, the B-scans can include scanning the lens 5 along several 

circles, radial rays, spirals, and two dimensional (2D) transverse or lateral scanning grids 

5 in the (x,y) plane. These detailed images allow the SD-OCT imaging system 200 to map 

out the actual shape of the lens 5 instead of using models and relying on assumptions 

about its geometry and shape.  

[0066] It is noted here that displaying the OCT images also takes time. Thus, the 

refresh rate of the image display, limited by the speed of the electronic performance of a 

10 display unit of the SD-OCT imaging system 200, might be lower than the rate of the OCT 

image acquisition-unit. In this context, the above cited refresh rates characterize the speed 

of image-acquisition by the SD-OCT imaging system 200, not the display rate of the 

display unit that can be slower, depending on the electronic and data-transfer limiting 

factors.  

15 [0067] Given that the imaging speeds of the SD-OCT and TD-OCT imaging systems 

are on opposite sides of the live video-rate of 20-25 frames/second, embodiments of the 

cataract surgical system that include the SD-OCT imaging system 200 can be capable of 

providing timely and smooth live feedback information for the surgeon that are free of 

motional artifacts, whereas those that use typical TD-OCT imaging systems are not 

20 capable of providing such smooth live feedback for the surgeon and are prone to display 

motional artifacts.  

[00681 A final factor, impacting the long term performance of embodiments of the SD

OCT imaging system 200 is that SD-OCT imaging systems do not have moving parts and 

thus their reliability and serviceability is quite satisfactory. In contrast, TD-OCT systems 

25 have rapidly moving parts, associated with the movement of a reference mirror in a 

reference arm of the TD-OCT apparatus. Obviously, the presence of moving parts in the 

TD-OCT systems increases the chance of malfunction and misalignment, thus possibly 

decreasing their overall performance, demanding more frequent field-service and still 

facing the higher likelihood of long-term performance degradation.  

30 100691 In sum, SD-OCT imaging systems are qualitatively different from TD-OCT 

systems, especially for cataract applications, at least for the following reasons. (1) SD
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OCT imaging systems are configured to provide live imaging or feedback images at 

refresh rates of 20-200, 20-300, or 20-500 frames/see, useful for high precision cataract 

surgical processes, whereas TD-OCT systems are not. (2) SD-OCT imaging systems can 

provide images at live video rates with high (x,y) resolution of 500-2,000, 1,000-3,000, or 

5 2,000-5,000 A-scan/B-scans or higher, whereas TD-OCT imaging systems cannot. (3) 

SD-OCT imaging systems can be operated with a quality A-scan acquisition rate of 10

100 kHz, 30-300 kHz, or 100-1,000 kHz, whereas TD-OCT system may not. (4) SD-OCT 

imaging systems are well suited to provide detail-rich images with high image resolution 

at live video rates, such as with 0.5-2, 1-3 or 2-5 million image points, whereas TD-OCT 

10 system are not. (5) SD-OCT imaging systems can provide images so rich in detail that an 

overall image of the lens 5 can be formed without using a model of the lens 5, whereas 

TD-OCT system cannot. (6) SD-OCT imaging systems typically do not display motional 

artifacts, whereas TD-OCT systems are likely to do so. (7) Finally, SD-OCT imaging 

systems require only infrequent field service and maintenance, such as only every 6 or 9 

15 months, whereas TD-OCT imaging systems with their moving parts typically require field 

services and maintenance much more often.  

[0070] An advantage of the SD-OCT imaging system 200 providing one or more 

feedback images or a feedback video of the cataract target region in general and the first 

photo-disrupted region 306 in particular is that the surgeon can react to the feedback and 

20 modify the surgery by generating a modified scan pattern in response to the provided 

feedback images or video. The modified scan pattern can be generated in different 

manners after the laser controller 130 generated the electronic representation of the 

original target scan pattern 302 according to an initial input received from a system 

operator.  

25 [00711 In some embodiments, the laser controller 130 can generate the electronic 

representation of the modified target scan pattern according to a modification input also 

received from the system operator. In such embodiments, the modification input can be 

generated by the system operator in response to analyzing the image of the portion of the 

first photo-disrupted region 306. For example, the surgeon can study the image of the first 

30 photo-disrupted region 306, discover the formation of an undesirable gas bubble that 

would scatter the surgical laser beam excessively, and cause the generation of a modified 

scan pattern that steers the surgical laser beam 304 clear from the gas bubble.  
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[00721 In other embodiments, the SD-OCT imaging system 200 can display 

calibration marks to assist the surgeon or system operator to calibrate a location of the first 

photo-disrupted region 306 relative to the target scan pattern 302. Such calibration marks 

can be associated with characteristic points of the image, such as the apex of the cornea 3 

5 or the lens 5.  

[00731 In yet other embodiments, the SD-OCT imaging system 200 can include the 

OCT image processor 201. The OCT image processor 201 can analyze the image of the 

first photo-disrupted region 306 and display a feedback for the system operator. For 

example, if the OCT image processor 201 senses a miscalibration, i.e. that the first photo

10 disrupted region 306 is formed at a distance from where the target scan pattern 302 would 

have required, it can send a miscalibration feedback signal to the surgeon, who can then 

decide to stop the procedure and recalibrate the system, or to enter a modified scan pattern 

that compensates the miscalibration distance.  

[00741 In yet other embodiments, the SD-OCT imaging system 200 can take a 

15 reference image before the first set of surgical laser pulses were generated and a feedback 

image after the first set of laser pulses generated the first photo-disrupted region 306. The 

OCT image processor 201 can determine the differences between the two images and 

display indications of these differences. The determined and displayed differences can 

allow the surgeon or the OCT image processor 201 to monitor the progress of the cataract 

20 surgery, to track discrepancies relative to the target scan pattern 302, including the 

appearance of unintended surgical byproducts, such as gas bubbles in a timely manner, 

and to cause the generation of the modified scan pattern in response to the image and 

displayed differences.  

100751 Finally, in some embodiments the OCT image processor 201 can play a more 

25 advanced and active role. For example, the OCT image processor 201 can actively 

analyze the image of the first photo-disrupted region 306 and generate a control signal to 

cause the laser controller 130 to generate the electronic representation of the modified scan 

pattern without necessarily waiting for a modification input from the surgeon. For 

example, if the OCT image processor 201 discovers an imminent high risk situation, such 

30 as the first photo-disrupted region getting formed too close to the posterior capsular layer, 

then it can stop the cataract procedure without waiting for the outcome of a slow and time

consuming interaction with the surgeon.  
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[00761 The above five embodiments can be combined in various ways. For example, 

upon determining from the image that a high risk situation is imminent, the OCT image 

processor 201 can both display a feedback signal for the surgeon and prepare a control 

signal for the laser controller 130 to stop the procedure. The OCT image processor 201 

5 can then wait for a modification input from the surgeon for a predetermined time. In the 

absence of such a modification input within the predetermined time, the OCT image 

processor 201 can proceed with an action on its own to prevent the impending high risk 

situation and send the control signal to the laser controller 130 to stop the procedure 

without further waiting for an input from the surgeon.  

10 [00771 FIGS. 2A-B illustrate the particular example of the laser controller 130 having 

planned the target scan pattern 302 in the posterior region of the lens 5. The cataract 

surgical system 100 may apply the surgical laser beam 304 according to the target scan 

pattern 302, creating the first photo-disrupted region 306. However, the subsequent 

imaging of the first photo-disrupted region 306 with the imaging laser beam 308 may 

15 reveal that the first photo-disrupted region 306 may have been formed misplaced by a 

deviation 310 from its intended target scan pattern 302. The deviation 310 can be a 

deviation of a location, an orientation or a shape of the first photo-disrupted region 306 

relative to the target scan pattern 302. This misplacement or miscalibration can happen for 

a variety of reasons: a mistaken input by the surgeon, a manufacturing imprecision of the 

20 production process of the guiding optic 120, a thermal expansion of the components, a 

movement by the patient after the initial imaging, a deformation of the eye caused by the 

pressure of the patient interface 124, or a mischaracterization of the refractive properties 

of the eye 1 during a preoperative diagnostic process, among others.  

[00781 FIG. 2B illustrates that in some embodiments, the SD-OCT imaging system 

25 200 can display the feedback image of the target scan pattern 302 and the image of the 

first photo-disrupted region 306 without an analysis. From this feedback image the 

surgeon can visually determine the deviation 310 and enter a compensating modification 

input to cause the laser controller 130 to modified scan pattern 312. In other 

embodiments, the SD-OCT imaging system 200 can display calibration marks to assist the 

30 surgeon's analysis.  

[00791 In other embodiments, the OCT image processor 201 can determine the 

deviation 310. Then, in some embodiments the OCT image processor 201 can display the 
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determined deviation 310 as well as the feedback and recommendation for the surgeon, 

such as a suggested magnitude and direction of a shift of the scan pattern, or a warning 

sign for the surgeon. In these embodiments, the surgeon can enter a modification input 

into the laser controller 130 to cause the generation of a modified scan pattern 312 with 

5 the goal of reducing the deviation 310 to the reduced deviation 31 Or. In yet other 

embodiments, the OCT image processor 201 can directly signal the laser controller 130 to 

generate the electronic representation of the modified scan pattern 312 to reduce the 

determined deviation 310 to the reduced deviation 31 Or, all without waiting for a 

modification input from the surgeon.  

10 [00801 FIG. 2B illustrates that the generation of the modified scan pattern 312 can 

take into account the miscalibration of the guiding optic 120 in any of the above 

embodiments. The modified scan pattern 312 can be shifted from the target scan pattern 

302 by about the miscalibration of the guiding optic 120 so that when the surgical laser 

beam 304 forms a second photo-disrupted region 314 misplaced from the modified scan 

15 pattern 312 because of the miscalibration of the guiding optic 120, the second photo

disrupted region 314 ends up close to the originally intended target scan pattern 302, 

reducing the deviation 310 to the reduced deviation 31 Or.  

[0081] FIG. 2C illustrates a related embodiment, where the OCT image processor 201 

can determine whether the first photo-disrupted region 306 got formed or extended 

20 inadvertently into a region of risk 316. The first photo-disrupted region 306 being formed 

in the region of risk 316 endangers the integrity of the posterior capsule layer and can 

breach it, puncturing the capsule 6 and necessitating a complex vitrectomy procedure.  

This would substantially elevate the risk of the cataract procedure.  

100821 To preempt such a breach, in various embodiments the OCT image processor 

25 201 can analyze the feedback image or images, or the essentially live imaging of the SD

OCT imaging system 200 to monitor whether the first photo-disrupted region 306 was 

formed too close to or in the posterior capsule layer, in the region of risk 316. If the OCT 

image processor 201 senses that the first photo-disrupted region 306 has been formed in 

this region of risk 316, then the OCT image processor 201 can either display a warning 

30 feedback for the surgeon, or can generate a control signal for the laser controller 130 to 

cause the generation of the modified scan pattern 312. In all the above embodiments, the 

laser controller 130 can generate the modified scan pattern 312 and direct the surgical 
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laser beam 304 accordingly to form the second photo-disrupted region 314 outside the 

region of risk 316.  

100831 In some embodiments, the OCT image processor 201 and the laser controller 

130 can be partially or fully integrated. For example, a single integrated processor can 

5 perform both the image processing function of the OCT image processor 201 and the scan 

pattern generating function of the laser controller 130.  

[00841 FIGS. 3A-E illustrate an embodiment where the target scan pattern 302 is a 

chop pattern. In some cases the cataract surgeon may choose to chop the lens into 2, 4 or 

6 portions to facilitate their removal or aspiration through the capsulotomy.  

10 [0085] FIGS. 3A-B illustrate that in the design phase of the cataract surgery, upon 

receiving the corresponding input from the surgeon, the laser controller 130 may generate 

a target scan pattern 302 that consists of points on two chop planes, formed in the (x,z) and 

(y,z) planes, for example. In an ideal cataract procedure, when the first set of laser pulses 

are applied to this target scan pattern 302, the generated first photo-disrupted region 306 

15 includes four chop planes, chopping the lens into four segments along these chop planes.  

[00861 FIG. 3C-D illustrate that, in non-ideal cases, after the first set of laser pulses of 

the surgical laser beam 304 have been directed to the points of the target scan pattern 302 

and the first photo-disrupted region 306 started to form, an unintended surgical byproduct 

320 can form as well. This surgical byproduct 320 can be a group of the freshly formed 

20 photo-disruption bubbles coalescing into a single large bubble that can scatter or redirect 

the subsequent laser pulses in unintended directions, such as towards the retina, possibly 

causing damage and phototoxicity. Therefore, the precision of the photo-disruption 

process can diminish and its risk can increase if subsequent laser pulses are directed into 

the gas bubble 320.  

25 [00871 Such as unintended development can be preempted by an OCT image 

processor 201 that can recognize the formation of the gas bubble or another surgical 

byproduct 320 from analyzing the images of the SD-OCT imaging system 200. And since 

the SD-OCT images can be generated at an essentially live rate, the OCT image processor 

201 can relay this recognition as a timely and actionable feedback either for the surgeon or 

30 for the laser controller 130, prompting a modifying response, as described next.  
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[00881 FIGS. 3C-D illustrate that the feedback can take the form of the OCT image 

processor 201 analyzing the image, determining a recommended degree of rotation of the 

chop pattern and displaying the recommended rotated chop pattern for the surgeon to enter 

the corresponding modification input. In other embodiments, the OCT image processor 

5 201 can apply a control signal to the laser controller 130 directly to generate an electronic 

representation of a rotated chop pattern as the modified scan pattern 312 such that the 

rotated chop pattern 312 is non-overlapping with the gas bubble 320. The rotated chop 

pattern 312 can extend through the entire z-depth range of the lens 5, in effect starting the 

procedure over, or can be a partial chop pattern, continuing the cutting from the z-depth 

10 where the original target scan pattern 302 was abandoned.  

[00891 FIG. 3E illustrates that the OCT image processor 201 could recommend to 

direct the surgical laser beam 304 to the points of the modified or rotated scan pattern 312 

to form the second or rotated or modified photo-disrupted region 314 that does not overlap 

with the coalesced bubble 320. This embodiment thus avoids the surgical laser beam 304 

15 being scattered into unintended directions, reducing the risk of the cataract procedure.  

[00901 FIG. 4A illustrates an alternative embodiment of forming a modified or non

overlapping scan pattern 312 in response to the OCT image processor 201 sensing the 

emergence of the surgical byproduct 320. Here, the modified or non-overlapping scan 

pattern 312 does not include rotated chop planes. Instead, the overlap is avoided by the 

20 surgical laser beam 304 being scanned according to the unchanged target scan pattern 302 

but the laser controller 130 blanking out the laser pulses that would be directed into the 

surgical byproduct bubble 320. The laser controller 130 can un-blank the laser pulses to 

hit all the points of the target scan pattern 302 once the scanning moved past the surgical 

byproduct bubble 320.  

25 [00911 FIG. 4B illustrates yet another embodiment where once the OCT image 

processor 201 recognizes that continuing the scanning of the surgical laser beam 304 along 

the original target scan pattern 302 would create a first photo-disrupted region 306 

overlapping with the surgical byproduct bubble 320 by analyzing the feedback images or 

the live rate image stream of the SD-OCT imaging system 200, it can simply stop the 

30 scanning of the surgical laser beam 304. In some embodiments, after the stopping the 

OCT image processor 201 or the laser controller 130 can display a prompt for the system 

operator, asking for a modification input or corrective action.  
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100921 In some surgical scenarios, multiple bubbles 320-i may form more or less 

simultaneously. Therefore, some embodiments of the cataract surgical system 100 can be 

configured to generate a modified scan pattern 312 that avoids multiple bubbles 

simultaneously.  

5 [0093] FIGS. 4C-D illustrate that in some embodiments the OCT image processor 201 

can be configured to analyze a portion of the image that is distinct from the first photo

disrupted region 306, and to generate a feedback based on this analysis. In this particular 

example, the formation of the first photo-disrupted region 306 can cause the lens 5 and 

thus the lens capsule 6 to expand, as indicated by the arrow. The SD-OCT imaging 

10 system 200 may image this expanded anterior capsular layer 322. The OCT image 

processor 201 may analyze this image and determine the shift of the location of the 

expanded anterior capsular layer 322.  

[00941 Knowing the location of the anterior capsular layer is important for a cataract 

procedure because in some embodiments the capsulotomy target scan pattern 324 is placed 

15 to cut through the anterior capsular layer. If the capsulotomy target scan pattern 324 is 

placed according to an image taken before the capsular expansion, then the surgical laser 

beam 304 will attempt to create the capsulotomy at an incorrect location.  

[00951 FIG. 4D illustrates that to prevent this from happening, the OCT image 

processor 201 can determine the shift of the location of the expanded anterior capsular 

20 layer 322 and either display this shift for the system operator to enter a modification input 

into the laser controller 130, or signal this shift directly to the laser controller 130, in either 

case to cause the laser controller to generate a modified capsulotomy scan pattern 326 that 

properly generates the capsulotomy in the expanded capsule.  

100961 FIGS. 5A-D illustrate another embodiment in connection to forming a laser

25 assisted capsulotomy or incision. In this embodiment, the OCT image processor 201 can 

analyze the repeated feedback images or live streaming images and identify an uncut 

portion or "tag" 330 within the first photo-disrupted region 306 where the efficiency of the 

photo-disruption was limited and thus the anterior capsular membrane was not cut fully 

through, leaving the uncut portion or "tag" 330 behind. Such tags 330 can elevate the risk 

30 of tearing the capsule or capsular membrane when the capsular lid or cap is removed by 

the surgeon. To prevent such an undesirable or high risk outcome, the OCT image 
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processor 201 can either display a recommendation for the surgeon how to remove the tag 

330 by scanning along an additional modified scan pattern 312, or can apply a control 

signal to the laser controller 130 directly to generate the electronic representation of the 

modified scan pattern 312 to rescan at least the tag 330 to generate a re-scanned tag-region 

5 332 as the second photo-disrupted region 314. With this re-scanning, the first photo

disrupted region 306 and the second photo-disrupted region 314 can form a completed 

photo-disrupted region 334, in this case a completed capsulotomy 334, allowing the 

surgeon to remove the capsular lid or cap with a minimal risk of tearing.  

[00971 FIG. 6 illustrates that in some embodiments the SD-OCT imaging system 200 

10 can comprise a Spectrometer-Based-OCT (SB-OCT) imaging system 200 that includes a 

broad-band light source 210 to generate a broad-band light or laser beam. The broad-band 

beam can have a mean wavelength ko and a relatively broad bandwidth Wsource. In some 

typical examples, Xo can be in the 800-1100 nm range, and Wsource can be in the 10-150 nm 

range.  

15 [00981 The broad-band beam can be coupled into a beam guidance system 211 that 

can include a Is beam splitter 212. The 1st beam splitter 212 can split the broad-band 

beam into an image beam 222 and a reference beam 224. The image beam 222 can be 

guided by a 2nd beam splitter 214 into the main optical pathway of the guiding optic 120, 

and from there on through the objective 122 and possibly the patient interface 124 to the 

20 eye 1. The beam guidance system 211 can also guide a returned image beam 222r from 

the eye I to the 1st beam splitter 212. The image beam 222 and returned image beam 222r 

were previously referred to jointly as the imaging laser beam 308.  

[0099] In addition, the beam guidance system 211 can guide the reference beam 224 to 

a reference mirror 216, guide a returned reference beam 224r from the reference mirror 

25 216, and combine the returned image beam 222r and the returned reference beam 224r into 

a combined beam 226 at the 1" beam splitter 212. The combined beam 226 carries the 

imaging information from the eye 1 in the interference of the returned image beam 222r 

and the returned reference beam 224r. Some embodiments may use other types of delay 

elements in place of or in conjunction with the reference mirror 216. Others may use yet 

30 another beam splitter for combining the returned image beam 222r and returned reference 
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beam 224r. In some embodiments, the beam guidance system 211 can include a Mach

Zehnder interferometer. Such systems may have favorable noise reduction properties.  

[001001 TD-OCT imaging systems capture the imaging data from the different 

z-depths in the z imaging range sequentially by moving the reference mirror 216 in a 

5 corresponding distance range for each (x,y) point separately, essentially like a Michelson

Morley interferometer. In contrast, SD-OCT imaging systems use the different spectral 

components of the broad-band imaging light to capture the imaging data from different z

depths in parallel. The SD-OCT imaging systems can be thought of as many Michelson

Morley (MM) interferometers operating at different wavelengths in parallel. Since the 

10 MM systems operating at different wavelengths image the eye 1 at different z-depths, the 

combined beam 226 of an SD-OCT system 200 carries the imaging data or information 

from all z-depths of the eye 1 simultaneously and thus does not require the movement or 

scanning of any mechanical system component, such as the reference mirror 216. As 

discussed above, this absence of mechanical scanning for SD-OCT systems translates to 

15 an acceleration of the imaging speed by a factor of at least 10, or more typically 100-1,000 

relative to TD-OCT imaging systems.  

[001011 The SD-OCT imaging system 200 can also include an OCT camera 230, 

configured to receive the combined beam 226. To recover the image information for all z

depths, the combined beam 226 can be decomposed into its spectral components by a 

20 spectral decomposer 231 such as a prism or grating. Each spectral component with 5A 

bandwidth around a wavelength /I and the interference information they carry can be 

sensed in parallel by individual sensors of a sensor array 232, the sensors being separated 

by a distance d' from each other. The interference information sensed by the sensors 

individually can then be used to reconstruct the image of the entire z-depth range by a 

25 Fast-Fourier-Transformer (FFT) system 233 to generate a Fourier transform from the 

sensed spectral components. In effect, the interference data or information carried by the 

different wavelength components can be translated into a simultaneous or essentially 

instantaneous "z-scanning" of the imaged z-depth range. This translation of the 

interference data into "z-scan" data can be carried out by an image generator 234 to 

30 generate and output an OCT image from the Fourier transform of the sensed spectral 

components.  
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[001021 Some embodiments of the OCT camera 230 may use CCD (charge-coupled 

device) pixels as the sensors of the sensor array 232. Other embodiments can achieve 

improved readout speeds by using CMOS sensors. In such embodiments, the CMOS 

sensors can be read out in parallel. Further, in CMOS embodiments, it is possible to read 

5 out only sensors or pixels of interest, either selected prior to the imaging, or selected in 

real time based on whether their content changed because of the imaging. Both of these 

aspects make CMOS pixels quite useful for speeding up the performance of the OCT 

camera 230.  

[00103] Using standard optical analysis, the critical imaging and performance 

10 parameters of the SD-OCT system 200 can be characterized by its architectural and design 

parameters as follows. Since the spectral decomposer 231 directs the different wavelength 

components of the combined beam 226 into slightly differing directions, the smaller and 

more densely packed the individual sensors or pixels are (the smaller d' is), the narrower 

S51 wavelength/spectral ranges are resolved by the OCT camera 230. The other quantity, 

15 determining R2 besides the pixel density, is the total range of wavelengths, i.e. the 

bandwidth Wcamera of the OCT camera 230. In a simple arrangement, 312 is proportional to 

the bandwidth Wcamera and inversely proportional to the number of pixels in a row of the 

sensor array 232.  

[001041 The important imaging z-depth range, or z-imaging range, Lmax is intimately 

20 related to oR: the narrower the 51 wavelength ranges, the broader the imaging range in the 

z direction because these two quantities are connected by an inverting Fourier transform.  

In particular, the theoretical maximum imaging range is given by 

1 /12 1 
Lmax 

4 3 2(1) 

[001051 Here, the value Ao refers to the average or central wavelength of the broad

25 band light source 210 and Nfdenotes the Nyquist frequency of the OCT camera 230. In 

reality, additional factors may limit the effective imaging range below this theoretical 

maximum, such as the signal to noise ratio. Therefore, the effective imaging range is 

typically smaller than this theoretical value Lmax.  
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1001061 One factor that can limit the imaging range further is the Rayleigh range R. R 

can be expressed using Ax, the resolution in the transverse x direction, or "transverse 

resolution", governed by the numerical aperture NA and the wavelength 2 o of the light 

source 210. Specifically, Ax can be expressed as: 

5 Ax =-2: (2) 
IT d 

[00107] wherefis the focal length and d is the pupil of the objective 122, their ratio 

determining NA. Using Ax, the above discussed Rayleigh range R can be expressed as: 

R =- (x (3) 
2 A0 

[001081 The Rayleigh range R is often defined as the z directional distance between 

10 the focal depth and the depth where the beam's width is 2 times the width at the focal 

depth. Thus, R characterizes the z-range within which the beam is narrow enough to 

enable high resolution imaging as limited by geometrical and wave optics. In this context, 

Lmax can be thought of as characterizing the z-imaging range as limited by the light 

source 210 and the resolution of the sensor array 232. A system design principle often 

15 thought of as optimal, e.g. for Gaussian beams, is to make these two z-ranges align with 

each other. For example, in some implementations, Lmax can be chosen to be essentially 

equal to 1-6 R: 

Lmax=1,...6R (4) 

[00109] The same design principle can be stated through the concept of the widely 

20 used "depth of focus", which is often defined as twice the Rayleigh range.  

1001101 As shown by Eqs. (1)-(4), the z-imaging range depends on Lmax and R, 

which in turn depend on the system design parameters including /1, 61, Weamera, Wsource, f 
d', Nf and d. Thus, for imaging systems for cataract surgery, the above system design 

parameters are to be chosen such that the z-depth imaging range of the SD-OCT imaging 

25 system 200 exceed 4 mm or 6 mm, such as to fall in the range of 4-20 mm or 6-10 mm, 

thus making the cataract surgical system 100 capable of assisting cataract surgeries by 
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high resolution and sufficiently fast imaging. This design requirement is quite demanding 

and distinguishes cataract imaging systems from corneal or retinal imaging systems.  

[00111] FIG. 7 illustrates an embodiment that can ensure not only a large z-depth 

imaging range, but a fast imaging time, allowing the SD-OCT imaging system 200 to 

5 provide feedback images in a timely and thus actionable manner, including operating at an 

essentially live video rate. As discussed above, a cataract surgical system 100 with the 

SD-OCT imaging system 200 can have its control system, including the OCT image 

processor 201 and the laser controller 130 operate in essentially real time, with the option 

of adjusting or modifying the surgical scan patterns during the surgery according to the 

10 received feedback imaging information.  

[00112] As described below in detail, embodiments of FIG. 7 are also configured to 

scan the OCT imaging beam 308/222 particularly fast, using precomputed scan patterns.  

In some embodiments, these fast imaging refresh rates of the SD-OCT imaging system 

200 can be achieved by including a dedicated Input-Output board 260.  

15 [00113] One function of the dedicated Input-Output board 260 is to address problems 

of some existing OCT imaging systems that do not have circuitry and a processor 

dedicated to imaging. In these systems, the processor that is in charge of imaging can be 

forced or prompted to multitask and perform more than one function in an interleaved, 

parallel or overlapping manner. To carry out these functions, the imaging processor may 

20 perform an "interrupt" by switching from e.g. the task of scanning the imaging beam 

222/308 to another task and back. Such interrupts, however short, can cause problems, 

since during the time when the scanning is stopped or frozen by the interrupt, the laser 

beam may remain pointed to the same position. This scanning-freeze can disrupt the 

timing of the (x,y) scan, introducing an error and noise into the coordinates of the imaged 

25 locations. This timing error in the outputted scanning data can reach delays of 50, 100 or 

more microseconds: a phenomenon sometimes called jitter.  

[00114] In addition, typically several other input/output agents communicate on the 

same system bus on which the imaging processor is driving the scanning of the imaging 

beam, all demanding a fraction of the bus's cycle time. This shared nature of the channel 

30 allows it to support only slow data transfer rates, unfortunately. Further, to manage these 

competing demands, a portion of the cycle of the system bus is typically taken up by 
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control signals. Therefore, even if an OCT imaging system is designed to avoid the 

scanning-freeze by switching the imaging processor to outputting the scanning data to the 

scanning unit in a single-task mode through a dedicated link, then the imaging processor 

will not be able to perform its other functions during this outputting step, such as 

5 computing the next scanning pattern. All these constraints slow down the performance of 

such existing imaging systems considerably.  

[001151 Implementations of the SD-OCT imaging system 200 can overcome these 

difficulties by employing the following efficient design. The scanning of the image beam 

222 can be controlled by an imaging processor 250 and a dedicated Input-Output board 

10 260. The imaging processor 250 can compute scanning data such as the target scan 

pattern 302 and the modified scan pattern 312. These scanning data can include e.g. a 

sequence of (x,y) coordinates where the OCT image beam 222 is to be directed in the 

cataract target region. The imaging processor 250 can compute the scanning data as well 

as perform its other functions in connection to a storage medium that stores a computer 

15 code or instruction set to facilitate these functions of the imaging processor 250.  

[001161 The dedicated Input-Output board 260 can include a local or dedicated 

memory controller 262, also referred to as a direct memory access (DMA) engine 262.  

The DMA engine/memory controller 262 can manage a transfer of the computed scanning 

data, indirectly or directly, from the imaging processor 250 toward a data buffer 264. The 

20 data buffer 264, coupled to the local memory controller 262 can store the scanning data 

and can be operable to output the scanning data towards an output digital-analog converter 

(output DAC) 266 at a high speed. The output DAC 266 can be coupled to the data buffer 

264 to receive the scanning data, to convert selected outputted scanning data to analog 

scanning signals, and to output the scanning signals towards an OCT beam scanner 268 

25 e.g. in a scanning data burst mode.  

[001171 The image beam 222 can be scanned by the OCT beam scanner 268 through 

a separate dedicated imaging optic, or partially through the guiding optic 120 of the 

surgical beam. In either of these implementations, the image beam 222 can be coupled 

into the eye through the objective 122 and the corresponding docking unit or patient 

30 interface (PI) 124. In other embodiments, the image beam 222 can be guided into the eye 

I through air without the docking unit 124 being docked to the eye 1.  
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[001181 The output of the scanning data by the output DAC 266 can be synchronized 

by an imaging sync 242 to the operation of the OCT camera 230, so that the OCT camera 

230 can take the OCT images synchronously with the scanning operations. The 

synchronously taken OCT images can be outputted to the OCT image processor 201 that 

5 can perform any one of the large number of image processing tasks described up to now.  

Finally, the generated and processed images can be displayed by an OCT image display 

270. In some embodiments, the imaging processor 250 and the OCT image processor 201 

can be integrated partially or completely.  

[001191 FIG. 8 illustrates an implementation of the dedicated Input-Output board 260 

10 in some more detail. The imaging processor 250 can be coupled to a bus 252, such as a 

PCI bus 252. The system can also include a processor memory 254. The imaging 

processor 250 can compute the scan patterns and then output the computed scan patterns 

through the shared PCI bus 252 to the processor memory 254. After the imaging 

processor 250 generated the scan patterns but before the commencement of the actual scan 

15 operation, the dedicated DMA engine 262 can transfer the scanning data from the 

processor memory 254 to the data buffer 264. The data buffer 264 can be a first-in-first

out (FIFO) memory 264. The FIFO data buffer 264 can store the scan pattern or scanning 

data and output the stored scanning data to the output DAC 266 when prompted by the 

dedicated DMA engine 262. The output DAC 266 can convert the scanning data into 

20 analog scanning signals and output them to an x galvo beam scanner 268x and a y galvo 

beam scanner 268y of the OCT beam scanner 268 that control x and y galvo mirrors, or 

redirector elements, to scan the OCT image beam 222/308 according to the target scan 

pattern 302 and the modified scan pattern 312, coded in the scanning data. Some 

implementations may have an integrated (x,y) galvo-controller 268xy that controls a single 

25 galvo mirror capable of rotating around both the x and y axes. The output DAC 266 can 

also drive the image sync 242 to synchronize the taking of the OCT images with the 

scanning operations.  

1001201 In some implementations, the imaging processor 250 can output the scanning 

data to the dedicated Input-Output board 260 through a dedicated memory bus or through 

30 a local bus instead of the shared PCI bus 252. In other implementations, there can be even 

a direct connection between the imaging processor 250 and the DMA engine 262.  
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[001211 This design is efficient at least for the following reasons. (1) The scanning 

data or scan patterns are pre-computed by the imaging processor 250, thus no time 

consuming real-time scanning data computation is involved. (2) The imaging processor 

250 is not tasked with outputting the scanning data in real time, as the pre-computed 

5 scanning data are stored in the dedicated data buffer 264. This design can reduce 

interrupts, freezes and jitters below 50, 40, or even 20 microseconds, caused by the 

imaging processor 250 multitasking. (3) The transfer of the scanning data will not be 

interrupted by the bus 252 being shared by other agents, neither will it be slowed down by 

the typically slow transfer rates of the shared PCI bus 252. (4) The data buffer 264 is 

10 dedicated to the task of scanning, so the output of the scanning data can be performed in a 

fast transfer mode, such as a burst mode, further accelerating the scanning speed.  

[00122] In addition, since the dedicated Input-Output board 260 drives the outputting 

of the scanning data essentially autonomously, the imaging processor 250 is free to 

perform other functions in parallel with the scanning data output, such as generating the 

15 modified scan pattern 312.  

[001231 In some implementations, the speed of the output by the output DAC 266 can 

be so fast that an operating speed of the SD-OCT imaging system 200 can be limited by an 

integration time of the OCT camera 230 instead of the speed of the scanning electronics.  

In some of these implementations, the output DAC 266 can output the scanning signals at 

20 a rate within one of the following ranges: 1 Hz - 1 MHz, 100 Hz - 1 MHz, or I kHz - 100 

kHz.  

[001241 FIG. 9 illustrates that some cataract surgical laser systems 100 can include 

another type of imaging system: a Swept-Source-OCT (SS-OCT) imaging system 280.  

The SS-OCT imaging system 280 can include a swept wavelength light source 282 that 

25 emits a coherent image beam with a narrower bandwidth Wsource, than the SD-OCT light 

source 210. By advanced modulation techniques the SS-OCT light source 282 can vary 

the wavelength of the emitted image beam 222, "sweeping" the wavelength A across the 

bandwidth Wsource in time. The SS-OCT imaging system 280 can employ a beam guidance 

system 211 that is analogous to that of the SD-OCT imaging system 200. In particular, the 

30 18 beam splitter 212 can again create the combined beam 226 that carries the imaging 

information associated with different wavelengths.  
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[00125] As a difference from the spectrometer-based imaging systems, the SS-OCT 

imaging system 280 separates the different wavelengths or spectral components in time, 

whereas the SD-OCT systems 200 separate them in space. The different wavelength 

components, carrying image data corresponding to different z-depths, are separated into a 

5 time sequence as the wavelength /I is swept by the SS-OCT light source 282. Therefore, 

the OCT camera 230 of the SS-OCT systems 280 is different as well.  

[001261 In some implementations, it consists of a single detector 284 that can detect 

and resolve the combined beam 226 in very short time intervals. In some embodiments, 

the detector 284 can be an avalanche photo-diode or a photomultiplier tube. The detector 

10 284 can be capable of transferring or dumping the detected signals, corresponding to 

different wavelengths or spectral components, to a set of data binners 286. Some 

embodiments of the SS-OCT imaging system 280 are analogous to the SB-OCT imaging 

systems because both of them generate the images via spectral decomposition. The 

spectral components of the SS-OCT image can be assembled into the OCT image similarly 

15 as in the SB-OCT systems: a Fast Fourier Transformer 288 can perform a Fourier 

transformation of the contents of the data binners 286 to assist the image generator 234 to 

generate the OCT image. The FFT unit 288 can be analogous to the FFT unit 233 in the 

SD-OCT imaging system 200.  

[001271 According to the above description, the SS-OCT imaging systems 280 have 

20 features similar to the TD-OCT imaging systems as at one phase the imaging data is 

captured sequentially, not in parallel. However, unlike in TD-OCT systems, the different 

z-depth imaging data are captured with different spectral components of the combined 

beam 226, necessitating the performing of the Fourier transformation by the FFT unit 288.  

In this sense, the SS-OCT imaging systems 280 are related to the SD-OCT imaging 

25 systems 200 that manifestly work with different spectral components. SS-OCT systems 

are close to the SD-OCT systems in one more sense: they sweep the wavelength of the 

image beam of the swept wavelength light source 282 without moving mechanical parts 

such as the reference mirror 216. Finally, as the sweeping of the wavelength of the swept 

wavelength light source 282 can be performed with a speed much above the scanning 

30 speed of TD-OCT system as no moving parts are involved in the sweeping, SS-OCT 

systems 280 can image at speeds much faster than TD-OCT systems, albeit below the 

imaging speeds of the SD-OCT systems. Therefore, implementations of the SS-OCT 
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imaging system 280 can also be able to generate their images at live refresh rates with 

acceptable resolution, providing a very useful functionality and actionable feedback for 

the cataract surgical system 100.  

1001281 FIG. 10 illustrates an ophthalmic surgical method 500 to operate the cataract 

5 surgical system 100. The method 500 can include: a generating an electronic 

representation of a target scan pattern 302 for the lens 5 of the eye I by the laser controller 

130 (510); a generating and scanning a surgical laser beam 304 in the lens 5 of the eye 

according to the target scan pattern 302 by the cataract surgical laser system 100, creating 

a cut 306 in the lens (520); a generating an image of a portion of the eye and the cut 306 

10 with a Spectral Domain Optical Coherence Tomographic imaging system 200 after the 

scanning of the laser beam started (530); a performing an image analysis of the generated 

image with an OCT image processor (535); a generating an electronic representation of a 

modified scan pattern 312 by the laser controller 130 in relation to the performed image 

analysis (540); and a generating and scanning the surgical laser beam 304 in the lens 5 of 

15 the eye according to the modified scan pattern 312 by the cataract surgical laser system 

100, creating a modified cut 314 (550).  

[00129] In some implementations, the generating an electronic representation of a 

modified scan pattern 540 can include receiving a modification input from a system 

operator in response to the generated image of the portion of the eye.  

20 [001301 In other implementations, the generating an electronic representation of a 

modified scan pattern 540 can include analyzing the generated image by the OCT image 

processor 201; determining a deviation of the cut 306 relative to the target scan pattern 

302; and generating a control signal by the OCT image processor 201 for the laser 

controller 130 to generate the modified scan pattern 312.  

25 [001311 FIG. 11 illustrates a related method of cataract surgery 600. The method 600 

can include controlling a scanning of the surgical laser beam 304 in the lens 5 of the eye 1 

by the laser controller 130 (610); generating images of a portion of the lens 5 at a rate of at 

least 5 frames per second by the Spectral Domain Optical Coherence Tomographic 

imaging system 200 (620); performing an analysis of the generated images by an OCT 

30 image processor (625); and modifying the scanning of the surgical laser beam 304 by the 
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laser controller 130 in response to the analysis performed by the OCT image processor 

(630).  

1001321 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 

5 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 

10 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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The claims defining the invention are as follows: 

1. A cataract surgical system, comprising: 

a laser source, configured to generate a first set of laser pulses; 

a guiding optic, coupled to the laser source, configured to guide the first set of 

5 laser pulses to a cataract target region in an eye; 

a laser controller, configured: 

to generate an electronic representation of a target scan pattern; and 

to control the guiding optic to scan the first set of laser pulses according to a 

portion of the target scan pattern to create a first photo-disrupted region in the 

10 cataract target region; 

a Spectral Domain Optical Coherence Tomographic (SD-OCT) imaging system, 

configured to generate an image that includes a portion of the first photo-disrupted 

region with an image resolution in the range of 0.5-5 million image points per image 

and a frame rate in the range of 20-200 frames/sec; and 

15 an OCT image processor, configured to perform an image analysis of the image, 

wherein the laser controller is configured: 

to generate an electronic representation of a modified scan pattern in relation to 

the image analysis performed by the OCT image processor; and 

to control the guiding optic to scan a second set of laser pulses according to the 

20 modified scan pattern to create a second photo-disrupted region.  

2. The cataract surgical system of claim 1, wherein: 

the cataract target region comprises an anterior capsular layer; and 

the target scan pattern comprises a set of target points on a cylinder to form at 

25 least one of a circular capsulotomy, an anterior capsulotomy, and a curvilinear 

capsulotomy.  

3. The cataract surgical system of claim 1 or claim 2, wherein: 

the cataract target region comprises a portion of the lens; and 

30 the target scan pattern comprises a set of target points on at least one of radial 

chop planes, cylinders, a spiral pattern and a mesh pattern to induce at least one of a 

chop, a photo-disruption and a lysis of the lens.  
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4. The cataract surgical system of any one of the preceding claims, wherein: 

the SD-OCT imaging system is configured to have a z-imaging range greater 

than 4 mm.  

5 5. The cataract surgical system of any one of the preceding claims, wherein: 

the SD-OCT imaging system is configured to have a z-imaging range greater 

than 6 mm.  

6. The cataract surgical system of any one of the preceding claims, wherein: 

10 the SD-OCT imaging system is configured to generate the image in an imaging 

time less than 0.1 sec.  

7. The cataract surgical system of any one of the preceding claims, wherein: 

the SD-OCT imaging system is configured to generate repeated images with an 

15 (x,y) resolution in the range of 500-2,000 A-scans per B-scan.  

8. The cataract surgical system of any one of the preceding claims, wherein: 

the OCT image processor is configured to display a feedback for a system 

operator based on the performed image analysis.  

20 

9. The cataract surgical system of claim 8, wherein: 

the OCT image processor is configured: 

to determine a recommended modification input based on the performed 

image analysis; and 

25 to display the recommended modification input for the system operator.  

10. The cataract surgical system of any one of the preceding claims, wherein: 

the OCT image processor is configured: 

to determine a difference between a reference image taken before the first 

30 set of laser pulses were generated and an image taken after the first set of laser 

pulses generated the first photo-disrupted region; and 

to display an indication of the determined difference.  
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11. The cataract surgical laser system of any one of the preceding claims, 

wherein: 

the OCT image processor is configured to generate a control signal based on the 

performed image analysis to cause the laser controller to generate the electronic 

5 representation of the modified scan pattern.  

12. The cataract surgical laser system of any one of the preceding claims, 

wherein: 

the OCT image processor is configured to determine a deviation of at least one of 

10 a location, an orientation and a shape of the first photo-disrupted region relative to 

the target scan pattern; and 

the laser controller is configured to generate the electronic representation of the 

modified scan pattern to reduce the determined deviation.  

15 13. The cataract surgical system of any one of the preceding claims, wherein: 

the OCT image processor is configured to determine whether the first photo

disrupted region extends into a region of risk; and 

the laser controller is configured to generate the electronic representation of the 

modified scan pattern to scan the second set of laser pulses outside of the region of 

20 risk.  

14. The cataract surgical system of any one of the preceding claims, wherein: 

the OCT image processor and the laser controller are integrated.  

25 15. The cataract surgical system of any one of the preceding claims, wherein: 

the OCT image processor is configured to recognize a surgical byproduct; and 

the laser controller is configured to generate the electronic representation of the 

modified scan pattern so that the modified scan pattern is non-overlapping with the 

surgical byproduct.  

30 

16. The cataract surgical system of claim 15, wherein: 

the target scan pattern is a chop pattern; 

the OCT image processor is configured to recognize a gas bubble as the surgical 

byproduct; and 
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the laser controller is configured to generate an electronic representation of a 

rotated chop pattern as the modified scan pattern such that the rotated chop pattern is 

non-overlapping with the gas bubble.  

5 17. The cataract surgical system of any one of the preceding claims, wherein: 

the OCT image processor is configured to identify a portion of the first photo

disrupted region where a photo-disruption efficiency was limited; and 

the laser controller is configured to generate the electronic representation of the 

modified scan pattern to rescan part of the identified portion.  

10 

18. The cataract surgical system of any one of the preceding claims, wherein: 

the OCT image processor is configured: 

to analyze a portion of the image that is distinct from the first photo

disrupted region; and 

15 to generate a feedback based on this analysis.  

19. The cataract surgical system of any one of the preceding claims, wherein: 

the SD-OCT imaging system includes a Spectrometer-Based-OCT imaging 

system, comprising: 

20 a broad-band light source to generate a broad-band beam; 

a beam guidance system: 

to split the broad-band beam into an image beam and a reference beam; 

to guide the image beam to the eye and to guide a returned image beam 

from the eye; 

25 to guide the reference beam to a reference mirror and to guide a returned 

reference beam from the reference mirror; and 

to combine the returned image beam and the returned reference beam into a 

combined beam; and 

an OCT camera, configured to receive the combined beam, comprising: 

30 a spectral decomposer to decompose the combined beam into spectral 

components; 

a sensor array to sense the spectral components; 

a Fast-Fourier-Transformer system to generate a Fourier transform from the 

sensed spectral components; and 
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an image generator, to generate an image from the Fourier transformed 

spectral components.  

20. The cataract surgical system of any one of the preceding claims, the SD

5 OCT imaging system comprising: 

a dedicated Input-Output board configured to output target scan pattern control 

signals, wherein: 

the dedicated Input-Output board comprises: 

a dedicated memory controller; 

10 a data buffer; and 

an output Digital-Analog Converter; and 

the imaging by the SD-OCT imaging system is synchronized with the outputting 

of the target scan pattern control signals by the output Digital-Analog Converter.  

15 
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