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APPARATUS, SYSTEMS AND TECHNIQUES FOR INTERFACING WITH AN EYE
IN LASER SURGERY

Priority Claim and Related Patent Application

[0001 ] This document claims priority from and benefit of U.S. Patent Application No.

60/971,177 entitled "APPARATUS, SYSTEMS AND TECHNIQUES FOR CENTERING

AND FIXATING AN EYE FOR LASER SURGERY" and filed on September 10, 2007,

which is incorporated by reference in its entirety as part of the specification of this document.

Background

[0002] This application relates to apparatus, systems and techniques for laser surgery.

[0003] Laser surgery is a common medical procedure, especially in ophthalmology.

Although a number of different lasers are used in ophthalmology, photodisruptive lasers have

specific optical delivery requirements that make them unique. Because photodisruption

requires that the laser pulse be focused to a relatively small spot to achieve laser induced

optical breakdown, the optical path into the tissue should be optimized to reduce distortion

and the laser beam is focused to a desired 3-dimensional position to deliver the laser pulses

that cause photodisruption. These and other aspects of photodisruptive laser surgery are

different from other laser surgery procedures that use inherent or induced tissue absorption of

delivered laser pulses to mediate surgical effects and thus typically have fewer and less

stringent optical delivery requirements. For photodisruptive lasers, critical requirements

include maintaining quality of the optical focus of the laser beam as it enters the target and

appropriately positioning the optical focus in the tissue to mediate the surgical effect.

Summary

[0004] Apparatus, techniques and systems are provided for interfacing with an eye in

laser surgery.

[0005] In one aspect, a device for applanation of an eye for laser surgery includes a

frame having a fixation end and an attachment end, the attachment end configured to engage

to an optics module that delivers light; a fixation ring attached to the fixation end of the frame

to hold an eye, the fixation ring have a ring frame that has a ring aperture to allow

transmission of light delivered from the optics module; a plurality of guides that connect the

fixation end of the frame to the attachment end and are structured to receive an applanation



lens and to guide the applanation lens to the aperture of the fixation ring; and a locking

mechanism to lock the applanation lens to the fixation ring.

[0006] In another aspect, a laser surgical system includes a surgical laser that

produces a surgical laser beam of surgical laser pulses that cause surgical changes in a target

tissue under surgery; a patient interface mount that engages a patient interface in contact with

the target tissue to hold the target tissue in position; an optics module located between the

surgical laser and the patient interface and configured to direct the surgical laser beam to the

target tissue through the patient interface, the laser beam delivery module operable to scan

the surgical laser beam in the target tissue along a predetermined surgical pattern. The

patient interface mount includes an attachment end to engage to an optics module that

delivers light; a fixation end comprising a fixation ring that holds the target tissue and

comprises a ring aperture to allow transmission of light delivered from the optics module; one

or more guides that connect the fixation end to the attachment end and are structured to

receive an applanation lens and to guide the applanation lens to the aperture of the fixation

ring; and a locking mechanism to lock the applanation lens to the fixation ring to be in direct

contact with the target tissue to create an interface for laser surgery.

[0007] In another aspect, a method for performing laser surgery on an eye includes

centering a fixation ring at a target area of an eye for surgery to align an aperture in the

fixation ring to the target area; attaching the fixation ring to the target area of the eye to

applanate the target area; inserting an applanation lens into rigid guides connected to the

fixation ring to place the applanation lens inside the aperture of the fixation ring; locking the

applanation lens to the fixation ring; and controlling a pulsed laser to deliver surgical laser

pulses through applanation lens to a target area.

[0008] These and other aspect, including laser systems with imaging guidance

features, are described in great detail in the drawings, the description and the claims.



Brief Description of Drawings

[0009] FIG. 1 illustrates an example of a laser surgical system that can implement the

fixation ring, the applanation lens and the centration of the applanation with respect to the

laser delivery path and the eye.

[001 0] FIG. 2 illustrates an example of a mechanism for fixing the optics module 120

to the eye 101 during surgery.

[001 1] FIGS. 3, 4 and 5 show three configurations of one exemplary implementation

of the design in FIG. 2 .

[0012] FIG. 6 illustrates operation of the laser system in FIG. 1 based on the above

design of the fixation ring.

[001 3] FIG. 7 shows an example of an imaging-guided laser surgical system in which

an imaging module is provided to provide imaging of a target to the laser control.

[0014] FIGS. 8-16 show examples of imaging-guided laser surgical systems with

varying degrees of integration of a laser surgical system and an imaging system.

[0015] FIG. 17 shows an example of a method for performing laser surgery by suing

an imaging-guided laser surgical system.

[0016] FIG. 18 shows an example of an image of an eye from an optical coherence

tomography (OCT) imaging module.

[0017] FIGS. 19A, 19B, 19C and 19D show two examples of calibration samples for

calibrating an imaging-guided laser surgical system.

[0018] FIG. 20 shows an example of attaching a calibration sample material to a

patient interface in an imaging-guided laser surgical system for calibrating the system.

[0019] FIG. 2 1 shows an example of reference marks created by a surgical laser beam

on a glass surface.

[0020] FIG. 22 shows an example of the calibration process and the post-calibration

surgical operation for an imaging-guided laser surgical system.

[0021] FIGS. 23 A and 23B show two operation modes of an exemplary imaging-

guided laser surgical system that captures images of laser-induced photodisruption byproduct

and the target issue to guide laser alignment.

[0022] FIGS. 24 and 25 show examples of laser alignment operations in imaging-

guided laser surgical systems.

[0023] FIG. 26 shows an exemplary laser surgical system based on the laser

alignment using the image of the photodisruption byproduct.



Detailed Description

[0024] Many traditional ophthalmic photodisruptive laser systems are used to produce

a single shot or operate in burst modes involving a series of approximately 3 laser pulses with

threshold energies in the hundreds of millijoules and focused spot sizes of approximately 10-

20 microns (such as nanosecond Nd:YAG lasers). In such systems, the optical focus can be

maintained using a contact lens that is attached to the cornea via surface tension with some

manual support provided by the surgeon to maintain a generally normal orientation of the

laser beam's optical path with respect to the surface of the contact lens and, by extension, the

optical axis of the eye. Positioning of the optical focus can be accomplished manually,

usually utilizing a second visible laser beam that is aligned with the surgical laser for aiming.

Centration of the contact lens is not critical, as laser treatments with this device (as in YAG

capsulotomy or peripheral iridotomy, for example) do not need to be very well aligned with

any particular axis of the eye, such as the visual, geometric or optical axis of the eye.

Because these systems generally require focusing the laser beam to a spot size in the 10-20

micron spot size range, the size and weight of the focusing optics is relatively small, allowing

for relatively easy manually driven movement of the beam. In addition, the relatively small

area of treatment allows for manual movement of the beam and does not require scanning of

the laser beam within an optical focusing system.

[0025] Newer photodisruptive laser systems use much higher repetition rates, from

thousands to millions of shots per second, using much smaller focal spots to create desired

surgical effects at lower surgical energies. Such systems generally require larger diameter

focusing optics to obtain the required smaller focal spot to achieve optical breakdown,

sometimes on the order of just a few microns. Maintaining such a small spot size as the laser

pulse traverses the tissue to its target can be challenging, especially at the air-cornea interface

at the eye's surface.

[0026] Therefore, it can be advantageous for such high repetition, low energy, small

spot size laser systems to have an optical delivery system that maintains the optical focus

over a wide possible scanning range and optimally positions the center of optical delivery

system at the center of the desired scan pattern in the target. One commonly used technique

for maintaining the optical focus over a wide possible scanning range is to use an applanation

lens that is transparent to the laser wavelength to press the anterior surface of the corner. The

applanation lens is maintained in a normal position with respect to the lasers beam path to

strictly control any optical aberration that occur at the eye's surface. This applanation lens is

held in a static position relative to the target during the procedure. Since the positioning



requirements of such systems are significantly greater than that of previous nanosecond YAG

lasers, manual control of the applanation lens is not sufficient and the eye is mechanically

fixed to the contact lens via one of several mechanisms (including coupling to a suction ring

or toothed fixation ring placed on the eye). This is even more critical when the applanation

lens is used as a reference for the three dimensional localization of the laser pulse as

described in US Patent No. 5,549,632 to Lai.

[0027] Several systems that combine use of a fixation and applanation device have

been developed to applanate the surface of the eye to reduce optical aberrations of the laser

pulse, as well as to localize the depth of the laser pulses. These systems generally fall into

two categories, so called one piece or two piece systems.

[0028] In one piece systems, the applanation lens is integrated with the fixation

mechanism, usually a suction ring external or peripheral to the applanation plate itself.

Examples of such systems include examples described in various patent documents , e.g., US

6254595B1, US 6254595B2, US 6344040B, and US 6676653B2. To ensure surface contact

over the entire applanation lens, the radius of curvature of the applanation lens is chosen to be

flatter than that of the cornea. In practical terms, where a single or relatively few contact lens

shapes are desirable (as when they are mass produced), the radius of curvature is chosen to be

flatter than the vast majority of corneas and may be planar. Although single piece systems

such as these at first would appear relatively easy to use, applanation of the curved corneal

surface, before the eye is fixed, leads the eye to roll, translate, rotate or move deeper into the

orbit. Such eye motions can cause difficulty in fixing and applanating the eye in proper

orientation. Such shortcomings have made the above single piece systems impractical,

especially when applanation diameters are larger than a few millimeters.

[0029] An improved single piece system described in US Patent Application

Publication No. 20070093796 can reduce the effects of eye motions by flexibly attaching an

applanation lens between two ends of a frame that couples a patient's eye to a laser. While

such a system may make fixing the eye to the laser easier, the presence of the applanation

plate between the eye and the laser complicates the ability to use subjective or objective

inputs for centering a particular axis (for example the visual axis) in the center of the suction

ring and/or applanation plate. In addition, neither this nor or the previously mentioned one

piece method allows easy use of subjective or objective input from the patient's whose eye is

being treated to identify the center of the eye's visual axis (or some other feature) and so one

cannot identify and align to a desired functional or anatomic features without a separate

preceding step for marking the cornea or eye.



[0030] A two-piece applanation/fixation systems can be designed to include a fixation

ring that is fixed to the eye, a separate applanation lens unit that holds the applanation lens,

and a mechanism for engaging the applanation lens fixed in the applanation lens unit to the

fixation ring after the fixation ring is fixed to the eye without being engaged to the

applanation lens unit. Examples of such systems include designs described in some patent

documents, e.g.., US 6863667 B2, 6899707 B2, US 7018376 B2, and USPA 2006/0195078

A l . These two piece systems include a separate fixation ring which can include a means for

centering (such as marks on the edge of the ring or a centering insert or a target viewed

subjectively by the patient through the empty center of the ring). The fixation ring is placed

in the eye before applanation is applied. Placement of the fixation ring prevents movement of

the eye during applanation and can also fix the centration for the applanation lens (if a

centering device is also used). While reasonably effective, this method requires the surgeon

to fit the applanation lens into the separate fixation ring, which can be technically

challenging, since the inner diameter of the fixation ring often needs to be just slightly larger

than the outer diameter of the applanation lens to allow the two to be rigidly coupled using a

mechanical clamping or other mechanism. The applanation lens has limited degrees of

freedom in which it can be placed relative to the optical beam path of the laser (to which it

generally needs to be normal to, i.e. 90 degrees, to minimize optical aberrations across the

surface area of the applanation plate).

[0031 ] The requirement for centration of the applanation lens concentric with the

center of the optical delivery path is further necessitated by the requirement in newer

applications and systems for the focal spot to be scanned so that many thousands or millions

of shots combine for the desired surgical effect. Since the scanned area can be large,

generally greater than 6 mm for ocular applications, there is a competition between the need

to fulfill this requirement, and the desire to make the focusing optics as small as possible to

reduce complexity, weight and cost of the optical delivery system. Thus, in some laser

systems, the focusing optics diameter is chosen to be just slightly larger than the maximum

scanning diameter, leaving little room for movement of the beam (within the focusing optics

diameter) to optimize centering of a laser pattern. As a result, where centration of a pattern

with respect to some anatomical or functional feature of the eye is critical, such as the visual

or optical axis of the eye, such systems have limited ability to correct for decentration or

misalignment once the eye is positioned and stabilized with respect to laser's optical path.

U.S. Patent No. 6,143,010 to Silvestrini describes a corneal vacuum centering device for

centering position of the eye but it is difficult to use the system to facilitate delivery of laser



pulses through an applanation lens and such a system may not be conducive to laser surgical

procedures.

[0032] The apparatus, systems and techniques described in this document provide a

fixation device that rigidly couples a fixation ring to the eye in a desired orientation to the

beam path, allow for convenient insertion of the applanation lens into the fixation ring and

locking the applanation lens in the fixation ring to maintain the applanation condition, and

allow aligning the optical delivery path with the center of the applanation surface without

presence of the applanation lens in the optical delivery path during the alignment. The

apparatus, systems and techniques described in this document can be used to optimally fixate

and applanate the eye while maintaining centration of the applanation lens concentric with

that of the laser optical delivery system. The eye can be fixed to the fixation ring prior to

applanation using various means including a suction or toothed ring used in a 2-piece system

mentioned above. The center of the fixation ring can be controlled to be concentric with the

center of the visual axis (or other anatomic or functional feature of interest that is best viewed

by patient or surgeon through a clear aperture) and with the center of the laser beams optical

path so that when the applanation lens is placed inside the fixation ring it too is centered

(thereby maximizing the scanning range of the delivery system). The present designs provide

a technically simple method to applanate the eye with the applanation lens so that the latter is

in the proper (normal) orientation to the beam path.

[0033] FIG. 1 illustrates an example of a laser surgical system that can implement the

fixation ring, the applanation lens and the centration of the applanation with respect to the

laser delivery path and the eye. A pulsed laser 110 is provided to produce desired surgical

laser pulses to perform surgery on an eye 101 . The laser 110 may also be operated to

produce preliminary laser pulses to pre-treat a portion of the eye 101 prior to delivery of the

surgical laser pulses to facilitate the laser surgery by the surgical laser pulses. An optics

module 120 is provided to focus and direct the laser beam to the eye 101 . The optics module

120 can include one or more lenses and may further include one or more reflectors. A control

actuator is included in the optics module 120 to adjust the beam focusing and the beam

direction in response to a beam control signal. A system control module 140 is provided to

control both a pulsed laser 110 via a laser control signal and the optics module 120 via the

beam control signal. An imaging device 130 is provided to collect reflected or scattered light

from the eye 101 to capture images of the eye 101. The captured imaging data is sent to the

laser system control module 140 for controlling the laser operation. This control can include

a dynamic alignment process during the surgical process to ensure that the laser beam is



properly positioned at each target position in the eye 101. The imaging device 130 can be

implemented in various forms, including an optical coherent tomography (OCT) device and

an imaging sensor array.

[0034] In one implementation, the pulsed laser 110 can be a high repetition rate

pulsed laser at a pulse repetition rate of thousands of shots per second or higher with

relatively low energy per pulse. Such a laser can be operated to use relatively low energy per

pulse to localize the tissue effect caused by laser-induced photodisruption, e.g., the impacted

tissue area by photodisruption on the order of microns or tens of microns. This localized

tissue effect can improve the precision of the laser surgery and can be desirable in certain

surgical procedures such as laser eye surgery. In one example of such surgery, placement of

many hundred, thousands or millions of contiguous or near contiguous pulses, which may be

separated by microns or tens of microns in time, can be used to achieve certain desired

surgical effect placement. Such procedures using high repetition rate pulsed lasers may

require high precision in positioning each pulse on the target tissue under surgery both in an

absolute position with respect to a target location on the target tissue and a relative position

with respect to preceding pulses. For example, in some cases, laser pulses may be required to

be delivered next to each other with an accuracy of a few microns within the time between

pulses which can be on the order of microseconds.

[0035] FIG. 2 illustrates an example of a mechanism for fixing the optics module 120

to the eye 101 during surgery. The optics module 120 has a proximate end that is in

communication with the laser 110 to receive laser light of laser pulses from the laser 110 and

a distal end that directs laser light to the eye 101. The distal end of the optics module 120 is

coupled to a patient interface 200 that is in contact with the patient eye to hold the eye in

position for laser surgery. The patient interface 200 in this example includes a fixation ring

230 at its distal end for holding an applanation lens to the eye and an attachment frame 210 at

its proximate end that attaches the patient interface 200 to the optics module 120 and is

connected to the fixation ring 230. The fixation ring 230 is designed to include a lens locking

mechanism to lock the applanation lens at a fixed position once the lens is placed in the

fixation ring. The applanation lens is not permanently fixed to the fixation ring 230 and is

removably locked to the fixation ring 230 after the optics module 120 and the fixation ring

230 are aligned with a desired orientation of the eye 101.

[0036] Rigid guides or struts 220 are provided in the patient interface 200 to rigidly

engage the fixation ring 230 to the attachment frame 210. For example, three or more rigid

rod-like guides or struts 220 can be used to connect the frame 210 and the ring 230. The rigid



guides or struts 220 can be designed to allow for insertion of the applanation lens between the

frame 210 and the fixation ring 230 and to slide the inserted applanation lens to slide along

the rigid rod-like guides or struts 220 into the central opening of the fixation ring 230. Once

the applanation lens is in position within the fixation ring 230, the locking mechanism is used

to fix the position of the applanation lens in the fixation ring 230.

[0037] FIGS. 3, 4 and 5 show three configurations of one exemplary implementation

of the design in FIG. 2 . FIG. 3 shows the design and the condition when the applanation lens

310 is separate from the rigid guides 320 and the fixation ring 230. In this example, the

applanation lens 310 can be inserted into the rigid guides 320 through an opening from the

side along a direction perpendicular to the rigid guides 320. A locking mechanism 312 is

provided on the fixation ring 230 to lock the lens 310 to the fixation ring 230. FIG. 4 shows

that the lens 310 is supported by the rigid guides 320 and is sliding into the opening of the

fixation ring 230. FIG. 5 shows that the applanation lens 310 is in position and is locked by

the lock mechanism 312.

[0038] Hence, different from some of the two-piece designs, the fixation ring 230 is

initially fixed to the optics module 120 of the laser optical system. Different from some of

the one-piece designs, the applanation lens 310 is not initially fixed to the fixation ring 230.

Instead, the optics module 120 and the fixation ring 230 are first aligned to the eye 101 and

after this alignment, the applanation lens 310 is placed into the fixation ring 230 and is fixed

in position. The applanation of the eye 101 is then accomplished subsequently using the

applanation lens 310 now fixed to the fixation ring 230.

[0039] FIG. 6 illustrates operation of the laser system in FIG. 1 based on the above

design of the fixation ring. First, the optics module 120 and the fixed fixation ring 230

without the applanation lens 310 are used to center the fixation ring 230 at a target area of the

eye 101 for surgery. The clear aperture of the fixation ring 230 is used for this alignment.

By viewing through an initially clear aperture in the center the fixation ring 230, the surgeon

can utilize subjective and objective information from the patient to center the fixation ring

230 in the desired position. Second, after centering the fixation ring 230, the fixation ring

230 is fixed to the target area of the eye 101 to applanate the target area of the eye 101. Next,

the applanation lens 310 is placed between the rigid guides 220 to be guided to the open

aperture of the fixation ring 230 and is locked in position. Since the fixation ring 230 is

rigidly coupled to the lasers optical delivery system by the frame 210 and the rigid guides 220

and since the applanation lens 310 is ultimately moved into the fixation ring and then fixed in

the correct orientation, once the eye is fixated by the ring it is assured to be in the correct



orientation (centered) relative to the beam path. Localization of the fixation ring using

centration cues and/or calibrated targets within the laser system or optics module also

enhances the match between the center of the fixation ring and the center of the laser's beam

delivery system. Once the fixation ring is attached to the eye, the applanation lens can be

moved into the aperture taking advantage of guides or tracks to facilitate placement of the

applanation lens into fixation ring, where it can then be secured rigidly, with mechanical or

pneumatic clamping means for example. Since the applanation lens is substantially centered

in the fixation ring, its center is also concentric with the laser delivery system optics. Next,

the laser surgery is performed.

[0040] In such a system the advantages of both the one piece and two piece systems

(such as the ability to achieve centered fixation prior to applanation in the two piece

approach, and the technically easy coupling of the applanation plate and fixation ring in the

one piece) are maintained. While it is possible to use such a moveable applanation lens

system that is fixed to the distal end of the laser optical system from before the time that the

fixation ring is applied, it is also possible to attach the system to the laser system after

fixation is achieved. In such a case, it is possible to use a fixation target and viewing system

that is aligned with the laser's optical delivery path, but is not part of it, thus potentially

simplifying the optical requirements of the laser delivery system. In either case, the

moveable applanation lens system can be disposable or reusable. One additional advantage

of such a system relative to ones with a fixed or integrated applanation lens is that the

disposable portion of the system can be limited to only the moveable applanation lens,

thereby reducing disposable cost and/or increasing the quality, reproducibility of the other,

non-disposable components.

[0041 ] Precise centration in the major application of such lasers to date may be

perceived by some surgeons as being unnecessary in certain procedures such as corneal flap

creation. However, more recent consideration of the advantages of perfectly centered flap

creation, as well as for applications that clearly benefit from precise centration such as

refractive procedures in the cornea and lens, have highlighted the need for better centration

methods. In addition, the desire to provide such centration without having to expand the

scanning range (and thus the cost) of the system, require that the fixation ring be placed using

subjective or objective input from the patient, before applanation is applied. Also, in certain

laser surgical systems, the patient may not be in the traditional supine position and thus may

increase the difficulty of manually attaching the fixation ring to the applanation lens in

aforementioned two-piece designs. The present design provides a technically simple method



to couple the applanation lens to the fixation ring that does not rely significantly on skill of

the surgeon. The present design provides a platform that combines functions of ocular

fixation, centration and light transmission in a laser surgical system.

[0042] In one implementation of the present design, the following features may be

included in a laser surgical system: means for photodisruption, most commonly a short pulsed

laser, but other initiators of photodisruption may also be used, means to deliver a scanned

pattern of pulses in a desired order, means to rigidly couple a fixation ring to distal end of the

optical delivery system for the laser via a frame either before or after eye fixation is achieved,

means to identify the center of eye's visual axis or optical center or anatomic center or some

other feature of interest using a viewing system, means to fixate the eye relative to eye's

center of visual axis or optical center or anatomic center, or feature of interest, such as a

toothed fixation ring or suction fixation ring, means to move an applanation lens into the

optical path formed by the aperture of the fixation ring and the viewing system used to center

the fixation ring relative to the feature of interest of the eye, means to applanate the eye by

moving the applanation lens or plate into the aperture of the fixation ring, and means to have

the fixation ring and applanation lens rigidly coupled after the applanation lens is placed into

the fixation ring using a guide or track to facilitate proper placement of the applanation lens

and a locking mechanism to maintain the desired position of the applanation lens in the

fixation ring.

[0043] The patient is positioned so that the eye can view a fixation light or other

device to identify the center of the visual axis, cornea, pupil or some other anatomic or

functional feature important in centering the laser pattern. Next, the fixation ring is applied

to the eye. The fixation ring is either initially free or already rigidly coupled to the end of the

optical delivery system via a frame and also coupled via a guide or track to an applanation

plate so that the latter can be moved into the central aperture of the former and have its

position locked. The applanation plate is brought into the optical path of the aperture of the

fixation ring and the two are then brought together so that the applanation plate contacts the

surface of the eye and is locked in the desired orientation within the fixation ring. The center

or starting position of the laser pattern can then be the center of the applanation ring, or the

user can introduce an offset that does not extend beyond the scanning range of the optics. In

such a system, a variety of centering targets can be used, utilizing either a real or virtual mark

that is pre-aligned with the optical beam path of the surgical laser.

[0044] The present design can be implemented to allow centration and applanation to

be accomplished accurately and with less technical challenge to the surgeon than with



previously described one and two piece systems. The separation of the steps of fixation and

applanation allows the performance of additional diagnostic steps that cannot be

accomplished after applanation, including measurement of corneal, lenticular and ocular

power, aberrations, dimensions and biomechanics. In addition, such a system can be

conducive to systems where the patient is not supine, but upright or even relatively prone

relative to the beams optical path and where the surgeon has to resist gravity asymmetrically

during placement of the applanation lens. In such a system, the center of the applanation

plate can be used as the centering target, utilizing either a real or virtual mark that is pre-

aligned with the optical beam path of the surgical laser. Parts of the system can be made to

be disposable. This can include the applanation plate only or in combination with the fixation

ring and or frame. Since the applanation lens can be attached separately from the frame and

fixation ring, the portion of the device that is disposable can be limited to reduce cost and

space requirements for storage of the disposable.

[0045] The above described features may be used as the patient interface for various

laser ophthalmic surgery systems. Laser surgery systems based on imaging of the target

tissue are examples of such systems. The following sections describe examples of such

systems.

[0046] One important aspect of laser surgical procedures is precise control and

aiming of a laser beam, e.g., the beam position and beam focusing. Laser surgery systems

can be designed to include laser control and aiming tools to precisely target laser pulses to a

particular target inside the tissue. In various nanosecond photodisruptive laser surgical

systems, such as the Nd:YAG laser systems, the required level of targeting precision is

relatively low. This is in part because the laser energy used is relatively high and thus the

affected tissue area is also relatively large, often covering an impacted area with a dimension

in the hundreds of microns. The time between laser pulses in such systems tend to be long

and manual controlled targeting is feasible and is commonly used. One example of such

manual targeting mechanisms is a biomicroscope to visualize the target tissue in combination

with a secondary laser source used as an aiming beam. The surgeon manually moves the

focus of a laser focusing lens, usually with a joystick control, which is parfocal (with or

without an offset) with their image through the microscope, so that the surgical beam or

aiming beam is in best focus on the intended target.

[0047] Such techniques designed for use with low repetition rate laser surgical

systems may be difficult to use with high repetition rate lasers operating at thousands of shots

per second and relatively low energy per pulse. In surgical operations with high repetition



rate lasers, much higher precision may be required due to the small effects of each single

laser pulse and much higher positioning speed may be required due to the need to deliver

thousands of pulses to new treatment areas very quickly.

[0048] Examples of high repetition rate pulsed lasers for laser surgical systems

include pulsed lasers at a pulse repetition rate of thousands of shots per second or higher with

relatively low energy per pulse. Such lasers use relatively low energy per pulse to localize

the tissue effect caused by laser-induced photodisruption, e.g., the impacted tissue area by

photodisruption on the order of microns or tens of microns. This localized tissue effect can

improve the precision of the laser surgery and can be desirable in certain surgical procedures

such as laser eye surgery. In one example of such surgery, placement of many hundred,

thousands or millions of contiguous, nearly contiguous or pulses separated by known

distances, can be used to achieve certain desired surgical effects, such as tissue incisions,

separations or fragmentation.

[0049] Various surgical procedures using high repetition rate photodisruptive laser

surgical systems with shorter laser pulse durations may require high precision in positioning

each pulse in the target tissue under surgery both in an absolute position with respect to a

target location on the target tissue and a relative position with respect to preceding pulses.

For example, in some cases, laser pulses may be required to be delivered next to each other

with an accuracy of a few microns within the time between pulses, which can be on the order

of microseconds. Because the time between two sequential pulses is short and the precision

requirement for the pulse alignment is high, manual targeting as used in low repetition rate

pulsed laser systems may be no longer adequate or feasible.

[0050] One technique to facilitate and control precise, high speed positioning

requirement for delivery of laser pulses into the tissue is attaching a applanation plate made

of a transparent material such as a glass with a predefined contact surface to the tissue so that

the contact surface of the applanation plate forms a well-defined optical interface with the

tissue. This well-defined interface can facilitate transmission and focusing of laser light into

the tissue to control or reduce optical aberrations or variations (such as due to specific eye

optical properties or changes that occur with surface drying) that are most critical at the air-

tissue interface, which in the eye is at the anterior surface of the cornea. Contact lenses can

be designed for various applications and targets inside the eye and other tissues, including

ones that are disposable or reusable. The contact glass or applanation plate on the surface of

the target tissue can be used as a reference plate relative to which laser pulses are focused

through the adjustment of focusing elements within the laser delivery system. This use of a



contact glass or applanation plate provides better control of the optical qualities of the tissue

surface and thus allow laser pulses to be accurately placed at a high speed at a desired

location (interaction point) in the target tissue relative to the applanation plate with little

optical distortion of the laser pulses.

[0051 ] One way for implementing an applanation plate on an eye is to use the

applanation plate to provide a positional reference for delivering the laser pulses into a target

tissue in the eye. This use of the applanation plate as a positional reference can be based on

the known desired location of laser pulse focus in the target with sufficient accuracy prior to

firing the laser pulses and that the relative positions of the reference plate and the individual

internal tissue target must remain constant during laser firing. In addition, this method can

require the focusing of the laser pulse to the desired location to be predictable and repeatable

between eyes or in different regions within the same eye. In practical systems, it can be

difficult to use the applanation plate as a positional reference to precisely localize laser pulses

intraocularly because the above conditions may not be met in practical systems.

[0052] For example, if the crystalline lens is the surgical target, the precise distance

from the reference plate on the surface of the eye to the target tends to vary due to the

presence of a collapsible structures, such as the cornea itself, the anterior chamber, and the

iris. Not only is their considerable variability in the distance between the applanated cornea

and the lens between individual eyes, but there can also be variation within the same eye

depending on the specific surgical and applanation technique used by the surgeon. In

addition, there can be movement of the targeted lens tissue relative to the applanated surface

during the firing of the thousands of laser pulses required for achieving the surgical effect,

further complicating the accurate delivery of pulses. In addition, structure within the eye may

move due to the build-up of photodisruptive byproducts, such as cavitation bubbles. For

example, laser pulses delivered to the crystalline lens can cause the lens capsule to bulge

forward, requiring adjustment to target this tissue for subsequent placement of laser pulses.

Furthermore, it can be difficult to use computer models and simulations to predict, with

sufficient accuracy, the actual location of target tissues after the applanation plate is removed

and to adjust placement of laser pulses to achieve the desired localization without applanation

in part because of the highly variable nature of applanation effects, which can depend on

factors particular to the individual cornea or eye, and the specific surgical and applanation

technique used by a surgeon.

[0053] In addition to the physical effects of applanation that disproportionably affect

the localization of internal tissue structures, in some surgical processes, it may be desirable



for a targeting system to anticipate or account for nonlinear characteristics of photodisruption

which can occur when using short pulse duration lasers. Photodisruption is a nonlinear

optical process in the tissue material and can cause complications in beam alignment and

beam targeting. For example, one of the nonlinear optical effects in the tissue material when

interacting with laser pulses during the photodisruption is that the refractive index of the

tissue material experienced by the laser pulses is no longer a constant but varies with the

intensity of the light. Because the intensity of the light in the laser pulses varies spatially

within the pulsed laser beam, along and across the propagation direction of the pulsed laser

beam, the refractive index of the tissue material also varies spatially. One consequence of

this nonlinear refractive index is self-focusing or self-defocusing in the tissue material that

changes the actual focus of and shifts the position of the focus of the pulsed laser beam inside

the tissue. Therefore, a precise alignment of the pulsed laser beam to each target tissue

position in the target tissue may also need to account for the nonlinear optical effects of the

tissue material on the laser beam. In addition, it may be necessary to adjust the energy in

each pulse to deliver the same physical effect in different regions of the target due to different

physical characteristics, such as hardness, or due to optical considerations such as absorption

or scattering of laser pulse light traveling to a particular region. In such cases, the differences

in non-linear focusing effects between pulses of different energy values can also affect the

laser alignment and laser targeting of the surgical pulses.

[0054] Thus, in surgical procedures in which non superficial structures are targeted,

the use of a superficial applanation plate based on a positional reference provided by the

applanation plate may be insufficient to achieve precise laser pulse localization in internal

tissue targets. The use of the applanation plate as the reference for guiding laser delivery

may require measurements of the thickness and plate position of the applanation plate with

high accuracy because the deviation from nominal is directly translated into a depth precision

error. High precision applanation lenses can be costly, especially for single use disposable

applanation plates.

[0055] The techniques, apparatus and systems described in this document can be

implemented in ways that provide a targeting mechanism to deliver short laser pulses through

an applanation plate to a desired localization inside the eye with precision and at a high speed

without requiring the known desired location of laser pulse focus in the target with sufficient

accuracy prior to firing the laser pulses and without requiring that the relative positions of the

reference plate and the individual internal tissue target remain constant during laser firing.

As such, the present techniques, apparatus and systems can be used for various surgical



procedures where physical conditions of the target tissue under surgery tend to vary and are

difficult to control and the dimension of the applanation lens tends to vary from one lens to

another. The present techniques, apparatus and systems may also be used for other surgical

targets where distortion or movement of the surgical target relative to the surface of the

structure is present or non-linear optical effects make precise targeting problematic.

Examples for such surgical targets different from the eye include the heart, deeper tissue in

the skin and others.

[0056] The present techniques, apparatus and systems can be implemented in ways

that maintain the benefits provided by an applanation plate, including, for example, control of

the surface shape and hydration, as well as reductions in optical distortion, while providing

for the precise localization of photodisruption to internal structures of the applanated surface.

This can be accomplished through the use of an integrated imaging device to localize the

target tissue relative to the focusing optics of the delivery system. The exact type of imaging

device and method can vary and may depend on the specific nature of the target and the

required level of precision.

[0057] An applanation lens may be implemented with another mechanism to fix the

eye to prevent translational and rotational movement of the eye. Examples of such fixation

devices include the use of a suction ring. Such fixation mechanism can also lead to unwanted

distortion or movement of the surgical target. The present techniques, apparatus and systems

can be implemented to provide, for high repetition rate laser surgical systems that utilize an

applanation plate and/or fixation means for non-superficial surgical targets, a targeting

mechanism to provide intraoperative imaging to monitor such distortion and movement of the

surgical target.

[0058] Specific examples of laser surgical techniques, apparatus and systems are

described below to use an optical imaging module to capture images of a target tissue to

obtain positioning information of the target tissue, e.g., before and during a surgical

procedure. Such obtained positioning information can be used to control the positioning and

focusing of the surgical laser beam in the target tissue to provide accurate control of the

placement of the surgical laser pulses in high repetition rate laser systems. In one

implementation, during a surgical procedure, the images obtained by the optical imaging

module can be used to dynamically control the position and focus of the surgical laser beam.

In addition, lower energy and shot laser pulses tend to be sensitive to optical distortions, such

a laser surgical system can implement an applanation plate with a flat or curved interface

attaching to the target tissue to provide a controlled and stable optical interface between the



target tissue and the surgical laser system and to mitigate and control optical aberrations at

the tissue surface.

[0059] As an example, FIG. 7 shows a laser surgical system based on optical imaging

and applanation. This system includes a pulsed laser 1010 to produce a surgical laser beam

1012 of laser pulses, and an optics module 1020 to receive the surgical laser beam 1012 and

to focus and direct the focused surgical laser beam 1022 onto a target tissue 1001, such as an

eye, to cause photodisruption in the target tissue 1001 . An applanation plate can be provided

to be in contact with the target tissue 1001 to produce an interface for transmitting laser

pulses to the target tissue 1001 and light coming from the target tissue 1001 through the

interface. Notably, an optical imaging device 1030 is provided to capture light 1050 carrying

target tissue images 1050 or imaging information from the target tissue 1001 to create an

image of the target tissue 1001. The imaging signal 1032 from the imaging device 1030 is

sent to a system control module 1040. The system control module 1040 operates to process

the captured images from the image device 1030 and to control the optics module 1020 to

adjust the position and focus of the surgical laser beam 1022 at the target tissue 101 based on

information from the captured images. The optics module 120 can include one or more

lenses and may further include one or more reflectors. A control actuator can be included in

the optics module 1020 to adjust the focusing and the beam direction in response to a beam

control signal 1044 from the system control module 1040. The control module 1040 can also

control the pulsed laser 1010 via a laser control signal 1042.

[0060] The optical imaging device 1030 may be implemented to produce an optical

imaging beam that is separate from the surgical laser beam 1022 to probe the target tissue

1001 and the returned light of the optical imaging beam is captured by the optical imaging

device 1030 to obtain the images of the target tissue 1001. One example of such an optical

imaging device 1030 is an optical coherence tomography (OCT) imaging module which uses

two imaging beams, one probe beam directed to the target tissue 1001 thought the

applanation plate and another reference beam in a reference optical path, to optically interfere

with each other to obtain images of the target tissue 1001 . In other implementations, the

optical imaging device 1030 can use scattered or reflected light from the target tissue 1001 to

capture images without sending a designated optical imaging beam to the target tissue 1001.

For example, the imaging device 1030 can be a sensing array of sensing elements such as

CCD or CMS sensors. For example, the images of photodisruption byproduct produced by

the surgical laser beam 1022 may be captured by the optical imaging device 1030 for

controlling the focusing and positioning of the surgical laser beam 1022. When the optical



imaging device 1030 is designed to guide surgical laser beam alignment using the image of

the photodisruption byproduct, the optical imaging device 1030 captures images of the

photodisruption byproduct such as the laser-induced bubbles or cavities. The imaging device

1030 may also be an ultrasound imaging device to capture images based on acoustic images.

[0061] The system control module 1040 processes image data from the imaging

device 1030 that includes the position offset information for the photodisruption byproduct

from the target tissue position in the target tissue 1001 . Based on the information obtained

from the image, the beam control signal 1044 is generated to control the optics module 1020

which adjusts the laser beam 1022. A digital processing unit can be included in the system

control module 1040 to perform various data processing for the laser alignment.

[0062] The above techniques and systems can be used deliver high repetition rate

laser pulses to subsurface targets with a precision required for contiguous pulse placement, as

needed for cutting or volume disruption applications. This can be accomplished with or

without the use of a reference source on the surface of the target and can take into account

movement of the target following applanation or during placement of laser pulses.

[0063] The applanation plate in the present systems is provided to facilitate and

control precise, high speed positioning requirement for delivery of laser pulses into the tissue.

Such an applanation plate can be made of a transparent material such as a glass with a

predefined contact surface to the tissue so that the contact surface of the applanation plate

forms a well-defined optical interface with the tissue. This well-defined interface can

facilitate transmission and focusing of laser light into the tissue to control or reduce optical

aberrations or variations (such as due to specific eye optical properties or changes that occur

with surface drying) that are most critical at the air-tissue interface, which in the eye is at the

anterior surface of the cornea. A number of contact lenses have been designed for various

applications and targets inside the eye and other tissues, including ones that are disposable or

reusable. The contact glass or applanation plate on the surface of the target tissue is used as a

reference plate relative to which laser pulses are focused through the adjustment of focusing

elements within the laser delivery system relative. Inherent in such an approach are the

additional benefits afforded by the contact glass or applanation plate described previously,

including control of the optical qualities of the tissue surface. Accordingly, laser pulses can

be accurately placed at a high speed at a desired location (interaction point) in the target

tissue relative to the applanation plate with little optical distortion of the laser pulses.

[0064] The optical imaging device 1030 in FIG. 7 captures images of the target tissue

1001 via the applanation plate. The control module 1040 processes the captured images to



extract position information from the captured images and uses the extracted position

information as a position reference or guide to control the position and focus of the surgical

laser beam 1022. This imaging-guided laser surgery can be implemented without relying on

the applanation plate as a position reference because the position of the applanation plate

tends to change due to various factors as discussed above. Hence, although the applanation

plate provides a desired optical interface for the surgical laser beam to enter the target tissue

and to capture images of the target tissue, it may be difficult to use the applanation plate as a

position reference to align and control the position and focus of the surgical laser beam for

accurate delivery of laser pulses. The imaging-guided control of the position and focus of the

surgical laser beam based on the imaging device 1030 and the control module 1040 allows

the images of the target tissue 1001, e.g., images of inner structures of an eye, to be used as

position references, without using the applanation plate to provide a position reference.

[0065] In addition to the physical effects of applanation that disproportionably affect

the localization of internal tissue structures, in some surgical processes, it may be desirable

for a targeting system to anticipate or account for nonlinear characteristics of photodisruption

which can occur when using short pulse duration lasers. Photodisruption can cause

complications in beam alignment and beam targeting. For example, one of the nonlinear

optical effects in the tissue material when interacting with laser pulses during the

photodisruption is that the refractive index of the tissue material experienced by the laser

pulses is no longer a constant but varies with the intensity of the light. Because the intensity

of the light in the laser pulses varies spatially within the pulsed laser beam, along and across

the propagation direction of the pulsed laser beam, the refractive index of the tissue material

also varies spatially. One consequence of this nonlinear refractive index is self-focusing or

self-defocusing in the tissue material that changes the actual focus of and shifts the position

of the focus of the pulsed laser beam inside the tissue. Therefore, a precise alignment of the

pulsed laser beam to each target tissue position in the target tissue may also need to account

for the nonlinear optical effects of the tissue material on the laser beam. The energy of the

laser pulses may be adjusted to deliver the same physical effect in different regions of the

target due to different physical characteristics, such as hardness, or due to optical

considerations such as absorption or scattering of laser pulse light traveling to a particular

region. In such cases, the differences in non-linear focusing effects between pulses of

different energy values can also affect the laser alignment and laser targeting of the surgical

pulses. In this regard, the direct images obtained from the target issue by the imaging device

1030 can be used to monitor the actual position of the surgical laser beam 1022 which reflects



the combined effects of nonlinear optical effects in the target tissue and provide position

references for control of the beam position and beam focus.

[0066] The techniques, apparatus and systems described here can be used in

combination of an applanation plate to provide control of the surface shape and hydration, to

reduce optical distortion, and provide for precise localization of photodisruption to internal

structures through the applanated surface. The imaging-guided control of the beam position

and focus described here can be applied to surgical systems and procedures that use means

other than applanation plates to fix the eye, including the use of a suction ring which can lead

to distortion or movement of the surgical target.

[0067] The following sections first describe examples of techniques, apparatus and

systems for automated imaging-guided laser surgery based on varying degrees of integration

of imaging functions into the laser control part of the systems. An optical or other modality

imaging module, such as an OCT imaging module, can be used to direct a probe light or other

type of beam to capture images of a target tissue, e.g., structures inside an eye. A surgical

laser beam of laser pulses such as femtosecond or picosecond laser pulses can be guided by

position information in the captured images to control the focusing and positioning of the

surgical laser beam during the surgery. Both the surgical laser beam and the probe light

beam can be sequentially or simultaneously directed to the target tissue during the surgery so

that the surgical laser beam can be controlled based on the captured images to ensure

precision and accuracy of the surgery.

[0068] Such imaging-guided laser surgery can be used to provide accurate and precise

focusing and positioning of the surgical laser beam during the surgery because the beam

control is based on images of the target tissue following applanation or fixation of the target

tissue, either just before or nearly simultaneously with delivery of the surgical pulses.

Notably, certain parameters of the target tissue such as the eye measured before the surgery

may change during the surgery due to various factor such as preparation of the target tissue

(e.g., fixating the eye to an applanation lens) and the alternation of the target tissue by the

surgical operations. Therefore, measured parameters of the target tissue prior to such factors

and/or the surgery may no longer reflect the physical conditions of the target tissue during the

surgery. The present imaging-guided laser surgery can mitigate technical issues in

connection with such changes for focusing and positioning the surgical laser beam before and

during the surgery.

[0069] The present imaging-guided laser surgery may be effectively used for accurate

surgical operations inside a target tissue. For example, when performing laser surgery inside



the eye, laser light is focused inside the eye to achieve optical breakdown of the targeted

tissue and such optical interactions can change the internal structure of the eye. For example,

the crystalline lens can change its position, shape, thickness and diameter during

accommodation, not only between prior measurement and surgery but also during surgery.

Attaching the eye to the surgical instrument by mechanical means can change the shape of

the eye in a not well defined way and further, the change can vary during surgery due to

various factors, e.g., patient movement. Attaching means include fixating the eye with a

suction ring and aplanating the eye with a flat or curved lens. These changes amount to as

much as a few millimeters. Mechanically referencing and fixating the surface of the eye such

as the anterior surface of the cornea or limbus does not work well when performing precision

laser microsurgery inside the eye.

[0070] The post preparation or near simultaneous imaging in the present imaging-

guided laser surgery can be used to establish three-dimensional positional references between

the inside features of the eye and the surgical instrument in an environment where changes

occur prior to and during surgery. The positional reference information provided by the

imaging prior to applanation and/or fixation of the eye, or during the actual surgery reflects

the effects of changes in the eye and thus provides an accurate guidance to focusing and

positioning of the surgical laser beam. A system based on the present imaging-guided laser

surgery can be configured to be simple in structure and cost efficient. For example, a portion

of the optical components associated with guiding the surgical laser beam can be shared with

optical components for guiding the probe light beam for imaging the target tissue to simplify

the device structure and the optical alignment and calibration of the imaging and surgical

light beams.

[0071 ] The imaging-guided laser surgical systems described below use the OCT

imaging as an example of an imaging instrument and other non-OCT imaging devices may

also be used to capture images for controlling the surgical lasers during the surgery. As

illustrated in the examples below, integration of the imaging and surgical subsystems can be

implemented to various degrees. In the simplest form without integrating hardware, the

imaging and laser surgical subsystems are separated and can communicate to one another

through interfaces. Such designs can provide flexibility in the designs of the two subsystems.

Integration between the two subsystems, by some hardware components such as a patient

interface, further expands the functionality by offering better registration of surgical area to

the hardware components, more accurate calibration and may improve workflow. As the

degree of integration between the two subsystems increases, such a system may be made



increasingly cost-efficient and compact and system calibration will be further simplified and

more stable over time. Examples for imaging-guided laser systems in FIGS. 8-16 are

integrated at various degrees of integration.

[0072] One implementation of a present imaging-guided laser surgical system, for

example, includes a surgical laser that produces a surgical laser beam of surgical laser pulses

that cause surgical changes in a target tissue under surgery; a patient interface mount that

engages a patient interface in contact with the target tissue to hold the target tissue in

position; and a laser beam delivery module located between the surgical laser and the patient

interface and configured to direct the surgical laser beam to the target tissue through the

patient interface. This laser beam delivery module is operable to scan the surgical laser beam

in the target tissue along a predetermined surgical pattern. This system also includes a laser

control module that controls operation of the surgical laser and controls the laser beam

delivery module to produce the predetermined surgical pattern and an OCT module

positioned relative to the patient interface to have a known spatial relation with respect to the

patient interface and the target issue fixed to the patient interface. The OCT module is

configured to direct an optical probe beam to the target tissue and receive returned probe light

of the optical probe beam from the target tissue to capture OCT images of the target tissue

while the surgical laser beam is being directed to the target tissue to perform an surgical

operation so that the optical probe beam and the surgical laser beam are simultaneously

present in the target tissue. The OCT module is in communication with the laser control

module to send information of the captured OCT images to the laser control module.

[0073] In addition, the laser control module in this particular system responds to the

information of the captured OCT images to operate the laser beam delivery module in

focusing and scanning of the surgical laser beam and adjusts the focusing and scanning of

the surgical laser beam in the target tissue based on positioning information in the captured

OCT images.

[0074] In some implementations, acquiring a complete image of a target tissue may

not be necessary for registering the target to the surgical instrument and it may be sufficient

to acquire a portion of the target tissue, e.g., a few points from the surgical region such as

natural or artificial landmarks. For example, a rigid body has 6 degrees of freedom in 3D

space and six independent points would be sufficient to define the rigid body. When the

exact size of the surgical region is not known, additional points are needed to provide the

positional reference. In this regard, several points can be used to determine the position and

the curvature of the anterior and posterior surfaces, which are normally different, and the



thickness and diameter of the crystalline lens of the human eye. Based on these data a body

made up from two halves of ellipsoid bodies with given parameters can approximate and

visualize a crystalline lens for practical purposes. In another implementation, information

from the captured image may be combined with information from other sources, such as pre

operative measurements of lens thickness that are used as an input for the controller.

[0075] FIG. 8 shows one example of an imaging-guided laser surgical system with

separated laser surgical system 2100 and imaging system 2200. The laser surgical system

2100 includes a laser engine 2130 with a surgical laser that produces a surgical laser beam

2160 of surgical laser pulses. A laser beam delivery module 2140 is provided to direct the

surgical laser beam 2160 from the laser engine 2130 to the target tissue 1001 through a

patient interface 2150 and is operable to scan the surgical laser beam 2160 in the target tissue

1001 along a predetermined surgical pattern. A laser control module 2120 is provided to

control the operation of the surgical laser in the laser engine 2130 via a communication

channel 2121 and controls the laser beam delivery module 2140 via a communication channel

2122 to produce the predetermined surgical pattern. A patient interface mount is provided to

engage the patient interface 2150 in contact with the target tissue 1001 to hold the target

tissue 1001 in position. The patient interface 2150 can be implemented to include a contact

lens or applanation lens with a flat or curved surface to conformingly engage to the anterior

surface of the eye and to hold the eye in position.

[0076] The imaging system 2200 in FIG. 8 can be an OCT module positioned relative

to the patient interface 2150 of the surgical system 2100 to have a known spatial relation with

respect to the patient interface 2150 and the target issue 1001 fixed to the patient interface

2150. This OCT module 2200 can be configured to have its own patient interface 2240 for

interacting with the target tissue 1001 . The imaging system 220 includes an imaging control

module 2220 and an imaging sub-system 2230. The sub-system 2230 includes a light source

for generating imaging beam 2250 for imaging the target 1001 and an imaging beam delivery

module to direct the optical probe beam or imaging beam 2250 to the target tissue 1001 and

receive returned probe light 2260 of the optical imaging beam 2250 from the target tissue

1001 to capture OCT images of the target tissue 1001. Both the optical imaging beam 2250

and the surgical beam 2160 can be simultaneously directed to the target tissue 1001 to allow

for sequential or simultaneous imaging and surgical operation.

[0077] As illustrated in FIG. 8, communication interfaces 2 110 and 2210 are provided

in both the laser surgical system 2100 and the imaging system 2200 to facilitate the

communications between the laser control by the laser control module 2120 and imaging by



the imaging system 2200 so that the OCT module 2200 can send information of the captured

OCT images to the laser control module 2120. The laser control module 2120 in this system

responds to the information of the captured OCT images to operate the laser beam delivery

module 2140 in focusing and scanning of the surgical laser beam 2160 and dynamically

adjusts the focusing and scanning of the surgical laser beam 2160 in the target tissue 1001

based on positioning information in the captured OCT images. The integration between the

laser surgical system 2100 and the imaging system 2200 is mainly through communication

between the communication interfaces 2 110 and 2210 at the software level.

[0078] In this and other examples, various subsystems or devices may also be

integrated. For example, certain diagnostic instruments such as wavefront aberrometers,

corneal topography measuring devices may be provided in the system, or pre-operative

information from these devices can be utilized to augment intra-operative imaging.

[0079] FIG. 9 shows an example of an imaging-guided laser surgical system with

additional integration features. The imaging and surgical systems share a common patient

interface 3300 which immobilizes target tissue 1001 (e.g., the eye) without having two

separate patient interfaces as in FIG. 8. The surgical beam 3210 and the imaging beam 3220

are combined at the patient interface 330 and are directed to the target 1001 by the common

patient interface 3300. In addition, a common control module 3100 is provided to control

both the imaging sub-system 2230 and the surgical part (the laser engine 2130 and the beam

delivery system 2140). This increased integration between imaging and surgical parts allows

accurate calibration of the two subsystems and the stability of the position of the patient and

surgical volume. A common housing 3400 is provided to enclose both the surgical and

imaging subsystems. When the two systems are not integrated into a common housing, the

common patient interface 3300 can be part of either the imaging or the surgical subsystem.

[0080] FIG. 10 shows an example of an imaging-guided laser surgical system where

the laser surgical system and the imaging system share both a common beam delivery module

4100 and a common patient interface 4200. This integration further simplifies the system

structure and system control operation.

[0081] In one implementation, the imaging system in the above and other examples

can be an optical computed tomography (OCT) system and the laser surgical system is a

femtosecond or picosecond laser based ophthalmic surgical system. In OCT, light from a low

coherence, broadband light source such as a super luminescent diode is split into separate

reference and signal beams. The signal beam is the imaging beam sent to the surgical target

and the returned light of the imaging beam is collected and recombined coherently with the



reference beam to form an interferometer. Scanning the signal beam perpendicularly to the

optical axis of the optical train or the propagation direction of the light provides spatial

resolution in the x-y direction while depth resolution comes from extracting differences

between the path lengths of the reference arm and the returned signal beam in the signal arm

of the interferometer. While the x-y scanner of different OCT implementations are essentially

the same, comparing the path lengths and getting z-scan information can happen in different

ways. In one implementation known as the time domain OCT, for example, the reference

arm is continuously varied to change its path length while a photodetector detects

interference modulation in the intensity of the re-combined beam. In a different

implementation, the reference arm is essentially static and the spectrum of the combined light

is analyzed for interference. The Fourier transform of the spectrum of the combined beam

provides spatial information on the scattering from the interior of the sample. This method is

known as the spectral domain or Fourier OCT method. In a different implementation known

as a frequency swept OCT (S. R. Chinn, et. Al. Opt. Lett. 22 (1997), a narrowband light

source is used with its frequency swept rapidly across a spectral range. Interference between

the reference and signal arms is detected by a fast detector and dynamic signal analyzer. An

external cavity tuned diode laser or frequency tuned of frequency domain mode-locked

(FDML) laser developed for this purpose (R. Huber et. Al. Opt. Express, 13, 2005) ( S. H.

Yun, IEEE J . of SeI. Q. El. 3(4) p . 1087-1096, 1997) can be used in these examples as a light

source. A femtosecond laser used as a light source in an OCT system can have sufficient

bandwidth and can provide additional benefits of increased signal to noise ratios.

[0082] The OCT imaging device in the systems in this document can be used to

perform various imaging functions. For example, the OCT can be used to suppress complex

conjugates resulting from the optical configuration of the system or the presence of the

applanation plate, capture OCT images of selected locations inside the target tissue to provide

three-dimensional positioning information for controlling focusing and scanning of the

surgical laser beam inside the target tissue, or capture OCT images of selected locations on

the surface of the target tissue or on the applanation plate to provide positioning registration

for controlling changes in orientation that occur with positional changes of the target, such as

from upright to supine. The OCT can be calibrated by a positioning registration process

based on placement of marks or markers in one positional orientation of the target that can

then be detected by the OCT module when the target is in another positional orientation. In

other implementations, the OCT imaging system can be used to produce a probe light beam

that is polarized to optically gather the information on the internal structure of the eye. The



laser beam and the probe light beam may be polarized in different polarizations. The OCT

can include a polarization control mechanism that controls the probe light used for said

optical tomography to polarize in one polarization when traveling toward the eye and in a

different polarization when traveling away from the eye. The polarization control mechanism

can include, e.g., a wave -plate or a Faraday rotator.

[0083] The system in FIG. 10 is shown as a spectral OCT configuration and can be

configured to share the focusing optics part of the beam delivery module between the surgical

and the imaging systems. The main requirements for the optics are related to the operating

wavelength, image quality, resolution, distortion etc. The laser surgical system can be a

femtosecond laser system with a high numerical aperture system designed to achieve

diffraction limited focal spot sizes, e.g., about 2 to 3 micrometers. Various femtosecond

ophthalmic surgical lasers can operate at various wavelengths such as wavelengths of around

1.05 micrometer. The operating wavelength of the imaging device can be selected to be close

to the laser wavelength so that the optics is chromatically compensated for both wavelengths.

Such a system may include a third optical channel, a visual observation channel such as a

surgical microscope, to provide an additional imaging device to capture images of the target

tissue. If the optical path for this third optical channel shares optics with the surgical laser

beam and the light of the OCT imaging device, the shared optics can be configured with

chromatic compensation in the visible spectral band for the third optical channel and the

spectral bands for the surgical laser beam and the OCT imaging beam.

[0084] FIG. 11 shows a particular example of the design in FIG. 9 where the scanner

5100 for scanning the surgical laser beam and the beam conditioner 5200 for conditioning

(collimating and focusing) the surgical laser beam are separate from the optics in the OCT

imaging module 5300 for controlling the imaging beam for the OCT. The surgical and

imaging systems share an objective lens 5600 module and the patient interface 3300. The

objective lens 5600 directs and focuses both the surgical laser beam and the imaging beam to

the patient interface 3300 and its focusing is controlled by the control module 3100. Two

beam splitters 5410 and 5420 are provided to direct the surgical and imaging beams. The

beam splitter 5420 is also used to direct the returned imaging beam back into the OCT

imaging module 5300. Two beam splitters 5410 and 5420 also direct light from the target

1001 to a visual observation optics unit 5500 to provide direct view or image of the target

1001 . The unit 5500 can be a lens imaging system for the surgeon to view the target 1001 or

a camera to capture the image or video of the target 1001 . Various beam splitters can be



used, such as dichroic and polarization beam splitters, optical grating, holographic beam

splitter or a combinations of these devices.

[0085] In some implementations, the optical components may be appropriately coated

with antireflection coating for both the surgical and for the OCT wavelength to reduce glare

from multiple surfaces of the optical beam path. Reflections would otherwise reduce the

throughput of the system and reduce the signal to noise ratio by increasing background light

in the OCT imaging unit. One way to reduce glare in the OCT is to rotate the polarization of

the return light from the sample by wave-plate of Faraday isolator placed close to the target

tissue and orient a polarizer in front of the OCT detector to preferentially detect light returned

from the sample and suppress light scattered from the optical components.

[0086] In a laser surgical system, each of the surgical laser and the OCT system can

have a beam scanner to cover the same surgical region in the target tissue. Hence, the beam

scanning for the surgical laser beam and the beam scanning for the imaging beam can be

integrated to share common scanning devices.

[0087] FIG. 12 shows an example of such a system in detail. In this implementation

the x-y scanner 6410 and the z scanner 6420 are shared by both subsystems. A common

control 6100 is provided to control the system operations for both surgical and imaging

operations. The OCT sub-system includes an OCT light source 6200 that produce the

imaging light that is split into an imaging beam and a reference beam by a beam splitter 6210.

The imaging beam is combined with the surgical beam at the beam splitter 63 10 to propagate

along a common optical path leading to the target 1001 . The scanners 6410 and 6420 and the

beam conditioner unit 6430 are located downstream from the beam splitter 63 10. A beam

splitter 6440 is used to direct the imaging and surgical beams to the objective lens 5600 and

the patient interface 3300.

[0088] In the OCT sub-system, the reference beam transmits through the beam splitter

6210 to an optical delay device 620 and is reflected by a return mirror 6230. The returned

imaging beam from the target 1001 is directed back to the beam splitter 63 10 which reflects at

least a portion of the returned imaging beam to the beam splitter 6210 where the reflected

reference beam and the returned imaging beam overlap and interfere with each other. A

spectrometer detector 6240 is used to detect the interference and to produce OCT images of

the target 1001. The OCT image information is sent to the control system 6100 for

controlling the surgical laser engine 2130, the scanners 6410 and 6420 and the objective lens

5600 to control the surgical laser beam. In one implementation, the optical delay device 620

can be varied to change the optical delay to detect various depths in the target tissue 1001 .



[0089] If the OCT system is a time domain system, the two subsystems use two

different z-scanners because the two scanners operate in different ways. In this example, the

z scanner of the surgical system operates by changing the divergence of the surgical beam in

the beam conditioner unit without changing the path lengths of the beam in the surgical beam

path. On the other hand, the time domain OCT scans the z-direction by physically changing

the beam path by a variable delay or by moving the position of the reference beam return

mirror. After calibration, the two z-scanners can be synchronized by the laser control module.

The relationship between the two movements can be simplified to a linear or polynomial

dependence, which the control module can handle or alternatively calibration points can

define a look-up table to provide proper scaling. Spectral / Fourier domain and frequency

swept source OCT devices have no z-scanner, the length of the reference arm is static.

Besides reducing costs, cross calibration of the two systems will be relatively straightforward.

There is no need to compensate for differences arising from image distortions in the focusing

optics or from the differences of the scanners of the two systems since they are shared.

[0090] In practical implementations of the surgical systems, the focusing objective

lens 5600 is slidably or movably mounted on a base and the weight of the objective lens is

balanced to limit the force on the patient's eye. The patient interface 3300 can include an

applanation lens attached to a patient interface mount. The patient interface mount is

attached to a mounting unit, which holds the focusing objective lens. This mounting unit is

designed to ensure a stable connection between the patient interface and the system in case of

unavoidable movement of the patient and allows gentler docking of the patient interface onto

the eye. Various implementations for the focusing objective lens can be used. This presence

of an adjustable focusing objective lens can change the optical path length of the optical

probe light as part of the optical interferometer for the OCT sub-system. Movement of the

objective lens 5600 and patient interface 3300 can change the path length differences

between the reference beam and the imaging signal beam of the OCT in an uncontrolled way

and this may degrade the OCT depth information detected by the OCT. This would happen

not only in time-domain but also in spectral / Fourier domain and frequency-swept OCT

systems.

[0091] FIGS. 13 and 14 show exemplary imaging-guided laser surgical systems that

address the technical issue associated with the adjustable focusing objective lens.

[0092] The system in FIG. 13 provides a position sensing device 7 110 coupled to the

movable focusing objective lens 7100 to measure the position of the objective lens 7100 on a

slideable mount and communicates the measured position to a control module 7200 in the



OCT system. The control system 6100 can control and move the position of the objective

lens 7100 to adjust the optical path length traveled by the imaging signal beam for the OCT

operation. A position encoder 7 110 is coupled to the objective lens 7100 and configured to

measure a position change of the objective lens 7100 relative to the applanation plate and the

target tissue or relative to the OCT device. The measured position of the lens 7100 is then

fed to the OCT control 7200. The control module 7200 in the OCT system applies an

algorithm, when assembling a 3D image in processing the OCT data, to compensate for

differences between the reference arm and the signal arm of the interferometer inside the

OCT caused by the movement of the focusing objective lens 7100 relative to the patient

interface 3300. The proper amount of the change in the position of the lens 7100 computed

by the OCT control module 7200 is sent to the control 6100 which controls the lens 7100 to

change its position.

[0093] FIG. 14 shows another exemplary system where the return mirror 6230 in the

reference arm of the interferometer of the OCT system or at least one part in an optical path

length delay assembly of the OCT system is rigidly attached to the movable focusing

objective lens 7100 so the signal arm and the reference arm undergo the same amount of

change in the optical path length when the objective lens 7100 moves. As such, the

movement of the objective lens 7100 on the slide is automatically compensated for path-

length differences in the OCT system without additional need for a computational

compensation.

[0094] The above examples for imaging-guided laser surgical systems, the laser

surgical system and the OCT system use different light sources. In an even more complete

integration between the laser surgical system and the OCT system, a femtosecond surgical

laser as a light source for the surgical laser beam can also be used as the light source for the

OCT system.

[0095] FIG. 15 shows an example where a femtosecond pulse laser in a light module

9100 is used to generate both the surgical laser beam for surgical operations and the probe

light beam for OCT imaging. A beam splitter 9300 is provided to split the laser beam into a

first beam as both the surgical laser beam and the signal beam for the OCT and a second

beam as the reference beam for the OCT. The first beam is directed through an x-y scanner

6410 which scans the beam in the x and y directions perpendicular to the propagation

direction of the first beam and a second scanner (z scanner) 6420 that changes the divergence

of the beam to adjust the focusing of the first beam at the target tissue 1001 . This first beam

performs the surgical operations at the target tissue 1001 and a portion of this first beam is



back scattered to the patient interface and is collected by the objective lens as the signal beam

for the signal arm of the optical interferometer of the OCT system. This returned light is

combined with the second beam that is reflected by a return mirror 6230 in the reference arm

and is delayed by an adjustable optical delay element 6220 for an time-domain OCT to

control the path difference between the signal and reference beams in imaging different

depths of the target tissue 1001. The control system 9200 controls the system operations.

[0096] Surgical practice on the cornea has shown that a pulse duration of several

hundred femtoseconds may be sufficient to achieve good surgical performance, while for

OCT of a sufficient depth resolution broader spectral bandwidth generated by shorter pulses,

e.g., below several tens of femtoseconds, are needed. In this context, the design of the OCT

device dictates the duration of the pulses from the femtosecond surgical laser.

[0097] FIG. 16 shows another imaging-guided system that uses a single pulsed laser

9100 to produce the surgical light and the imaging light. A nonlinear spectral broadening

media 9400 is placed in the output optical path of the femtosecond pulsed laser to use an

optical non-linear process such as white light generation or spectral broadening to broaden

the spectral bandwidth of the pulses from a laser source of relatively longer pulses, several

hundred femtoseconds normally used in surgery. The media 9400 can be a fiber-optic

material, for example. The light intensity requirements of the two systems are different and a

mechanism to adjust beam intensities can be implemented to meet such requirements in the

two systems. For example, beam steering mirrors, beam shutters or attenuators can be

provided in the optical paths of the two systems to properly control the presence and intensity

of the beam when taking an OCT image or performing surgery in order to protect the patient

and sensitive instruments from excessive light intensity.

[0098] In operation, the above examples in FIGS. 8-16 can be used to perform

imaging-guided laser surgery. FIG. 17 shows one example of a method for performing laser

surgery by using an imaging-guided laser surgical system. This method uses a patient

interface in the system to engage to and to hold a target tissue under surgery in position and

simultaneously directs a surgical laser beam of laser pulses from a laser in the system and an

optical probe beam from the OCT module in the system to the patient interface into the target

tissue. The surgical laser beam is controlled to perform laser surgery in the target tissue and

the OCT module is operated to obtain OCT images inside the target tissue from light of the

optical probe beam returning from the target tissue. The position information in the obtained

OCT images is applied in focusing and scanning of the surgical laser beam to adjust the

focusing and scanning of the surgical laser beam in the target tissue before or during surgery.



[0099] FIG. 18 shows an example of an OCT image of an eye. The contacting

surface of the applanation lens in the patient interface can be configured to have a curvature

that minimizes distortions or folds in the cornea due to the pressure exerted on the eye during

applanation. After the eye is successfully applanated at the patient interface, an OCT image

can be obtained. As illustrated in FIG. 18, the curvature of the lens and cornea as well as the

distances between the lens and cornea are identifiable in the OCT image. Subtler features

such as the epithelium-cornea interface are detectable. Each of these identifiable features

may be used as an internal reference of the laser coordinates with the eye. The coordinates of

the cornea and lens can be digitized using well-established computer vision algorithms such

as Edge or Blob detection. Once the coordinates of the lens are established, they can be used

to control the focusing and positioning of the surgical laser beam for the surgery.

[001 00] Alternatively, a calibration sample material may be used to form a 3-D array

of reference marks at locations with known position coordinates. The OCT image of the

calibration sample material can be obtained to establish a mapping relationship between the

known position coordinates of the reference marks and the OCT images of the reference

marks in the obtained OCT image. This mapping relationship is stored as digital calibration

data and is applied in controlling the focusing and scanning of the surgical laser beam during

the surgery in the target tissue based on the OCT images of the target tissue obtained during

the surgery. The OCT imaging system is used here as an example and this calibration can be

applied to images obtained via other imaging techniques.

[001 0 1] In an imaging-guided laser surgical system described here, the surgical laser

can produce relatively high peak powers sufficient to drive strong fϊeld/multi-photon

ionization inside of the eye (i.e. inside of the cornea and lens) under high numerical aperture

focusing. Under these conditions, one pulse from the surgical laser generates a plasma within

the focal volume. Cooling of the plasma results in a well defined damage zone or "bubble"

that may be used as a reference point. The following sections describe a calibration

procedure for calibrating the surgical laser against an OCT-based imaging system using the

damage zones created by the surgical laser.

[001 02] Before surgery can be performed, the OCT is calibrated against the surgical

laser to establish a relative positioning relationship so that the surgical laser can be controlled

in position at the target tissue with respect to the position associated with images in the OCT

image of the target tissue obtained by the OCT. One way for performing this calibration uses

a pre-calibrated target or "phantom" which can be damaged by the laser as well as imaged

with the OCT. The phantom can be fabricated from various materials such as a glass or hard



plastic (e.g. PMMA) such that the material can permanently record optical damage created by

the surgical laser. The phantom can also be selected to have optical or other properties (such

as water content) that are similar to the surgical target.

[001 03] The phantom can be, e.g., a cylindrical material having a diameter of at least

10 mm (or that of the scanning range of the delivery system) and a cylindrical length of at

least 10 mm long spanning the distance of the epithelium to the crystalline lens of the eye, or

as long as the scanning depth of the surgical system. The upper surface of the phantom can

be curved to mate seamlessly with the patient interface or the phantom material may be

compressible to allow full applanation. The phantom may have a three dimensional grid

such that both the laser position (in x and y) and focus (z), as well as the OCT image can be

referenced against the phantom.

[00104] FIG. 19A-19D illustrate two exemplary configurations for the phantom. FIG.

19A illustrates a phantom that is segmented into thin disks. FIG. 19B shows a single disk

patterned to have a grid of reference marks as a reference for determining the laser position

across the phantom (i.e. the x- and y- coordinates). The z-coordinate (depth) can be

determined by removing an individual disk from the stack and imaging it under a confocal

microscope.

[001 05] FIG. 193C illustrates a phantom that can be separated into two halves. Similar

to the segmented phantom in FIG. 19A, this phantom is structured to contain a grid of

reference marks as a reference for determining the laser position in the x- and y- coordinates.

Depth information can be extracted by separating the phantom into the two halves and

measuring the distance between damage zones. The combined information can provide the

parameters for image guided surgery.

[001 06] FIG. 20 shows a surgical system part of the imaging-guided laser surgical

system. This system includes steering mirrors which may be actuated by actuators such as

galvanometers or voice coils, an objective lens e and a disposable patient interface. The

surgical laser beam is reflected from the steering mirrors through the objective lens. The

objective lens focuses the beam just after the patient interface. Scanning in the x- and y-

coordinates is performed by changing the angle of the beam relative to the objective lens.

Scanning in z-plane is accomplished by changing the divergence of the incoming beam using

a system of lens upstream to the steering mirrors.

[001 07] In this example, the conical section of the disposable patient interface may be

either air spaced or solid and the section interfacing with the patient includes a curved contact

lens. The curved contact lens can be fabricated from fused silica or other material resistant to



forming color centers when irradiated with ionizing radiation. The radius of curvature is on

the upper limit of what is compatible with the eye, e.g., about 10 mm.

[001 08] The first step in the calibration procedure is docking the patient interface with

the phantom. The curvature of the phantom matches the curvature of the patient interface.

After docking, the next step in the procedure involves creating optical damage inside of the

phantom to produce the reference marks.

[00109] FIG. 2 1 shows examples of actual damage zones produced by a femtosecond

laser in glass. The separation between the damage zones is on average 8 µm (the pulse

energy is 2.2 µj with duration of 580 fs at full width at half maximum). The optical damage

depicted in FIG. 2 1 shows that the damage zones created by the femtosecond laser are well-

defined and discrete. In the example shown, the damage zones have a diameter of about 2.5

µm. Optical damage zones similar to that shown in FIG. 20 are created in the phantom at

various depths to form a 3-D array of the reference marks. These damage zones are

referenced against the calibrated phantom either by extracting the appropriate disks and

imaging it under a confocal microscope (FIG. 19A) or by splitting the phantom into two

halves and measuring the depth using a micrometer (FIG. 19C). The x- and y- coordinates

can be established from the pre-calibrated grid.

[001 10] After damaging the phantom with the surgical laser, OCT on the phantom is

performed. The OCT imaging system provides a 3D rendering of the phantom establishing a

relationship between the OCT coordinate system and the phantom. The damage zones are

detectable with the imaging system. The OCT and laser may be cross-calibrated using the

phantom's internal standard. After the OCT and the laser are referenced against each other,

the phantom can be discarded.

[001 11] Prior to surgery, the calibration can be verified. This verification step involves

creating optical damage at various positions inside of a second phantom. The optical damage

should be intense enough such that the multiple damage zones which create a circular pattern

can be imaged by the OCT. After the pattern is created, the second phantom is imaged with

the OCT. Comparison of the OCT image with the laser coordinates provides the final check

of the system calibration prior to surgery.

[001 12] Once the coordinates are fed into the laser, laser surgery can be performed

inside the eye. This involves photo-emulsification of the lens using the laser, as well as other

laser treatments to the eye. The surgery can be stopped at any time and the anterior segment

of the eye (FIG. 17) can be re-imaged to monitor the progress of the surgery; moreover, after

an intraocular lens (IOL) is inserted, imaging the IOL (with light or no applanation) provides



information regarding the position of the IOL in the eye. This information may be utilized by

the physician to refine the position of IOL.

[001 13] FIG. 22 shows an example of the calibration process and the post-calibration

surgical operation. This examples illustrates a method for performing laser surgery by using

an imaging-guided laser surgical system can include using a patient interface in the system,

that is engaged to hold a target tissue under surgery in position, to hold a calibration sample

material during a calibration process before performing a surgery; directing a surgical laser

beam of laser pulses from a laser in the system to the patient interface into the calibration

sample material to burn reference marks at selected three-dimensional reference locations;

directing an optical probe beam from an optical coherence tomography (OCT) module in the

system to the patient interface into the calibration sample material to capture OCT images of

the burnt reference marks; and establishing a relationship between positioning coordinates of

the OCT module and the burnt reference marks. After the establishing the relationship, a

patient interface in the system is used to engage to and to hold a target tissue under surgery in

position. The surgical laser beam of laser pulses and the optical probe beam are directed to

the patient interface into the target tissue. The surgical laser beam is controlled to perform

laser surgery in the target tissue. The OCT module is operated to obtain OCT images inside

the target tissue from light of the optical probe beam returning from the target tissue and the

position information in the obtained OCT images and the established relationship are applied

in focusing and scanning of the surgical laser beam to adjust the focusing and scanning of the

surgical laser beam in the target tissue during surgery. While such calibrations can be

performed immediately prior to laser surgery, they can also be performed at various intervals

before a procedure, using calibration validations that demonstrated a lack of drift or change in

calibration during such intervals.

[001 14] The following examples describe imaging-guided laser surgical techniques

and systems that use images of laser-induced photodisruption byproducts for alignment of the

surgical laser beam.

[001 15] FIGS. 23A and 23B illustrates another implementation of the present

technique in which actual photodisruption byproducts in the target tissue are used to guide

further laser placement. A pulsed laser 1710, such as a femtosecond or picosecond laser, is

used to produce a laser beam 1712 with laser pulses to cause photodisruption in a target tissue

1001. The target tissue 1001 may be a part of a body part 1700 of a subject, e.g., a portion of

the lens of one eye. The laser beam 1712 is focused and directed by an optics module for the

laser 1710 to a target tissue position in the target tissue 1001 to achieve a certain surgical



effect. The target surface is optically coupled to the laser optics module by an applanation

plate 1730 that transmits the laser wavelength, as well as image wavelengths from the target

tissue. The applanation plate 1730 can be an applanation lens. An imaging device 1720 is

provided to collect reflected or scattered light or sound from the target tissue 1001 to capture

images of the target tissue 1001 either before or after (or both) the applanation plate is

applied. The captured imaging data is then processed by the laser system control module to

determine the desired target tissue position. The laser system control module moves or

adjusts optical or laser elements based on standard optical models to ensure that the center of

photodisruption byproduct 1702 overlaps with the target tissue position. This can be a

dynamic alignment process where the images of the photodisruption byproduct 1702 and the

target tissue 1001 are continuously monitored during the surgical process to ensure that the

laser beam is properly positioned at each target tissue position.

[001 16] In one implementation, the laser system can be operated in two modes: first in

a diagnostic mode in which the laser beam 1712 is initially aligned by using alignment laser

pulses to create photodisruption byproduct 1702 for alignment and then in a surgical mode

where surgical laser pulses are generated to perform the actual surgical operation. In both

modes, the images of the disruption byproduct 1702 and the target tissue 1001 are monitored

to control the beam alignment. FIG. 23A shows the diagnostic mode where the alignment

laser pulses in the laser beam 1712 may be set at a different energy level than the energy level

of the surgical laser pulses. For example, the alignment laser pulses may be less energetic

than the surgical laser pulses but sufficient to cause significant photodisruption in the tissue

to capture the photodisruption byproduct 1702 at the imaging device 1720. The resolution of

this coarse targeting may not be sufficient to provide desired surgical effect. Based on the

captured images, the laser beam 1712 can be aligned properly. After this initial alignment,

the laser 1710 can be controlled to produce the surgical laser pulses at a higher energy level

to perform the surgery. Because the surgical laser pulses are at a different energy level than

the alignment laser pulses, the nonlinear effects in the tissue material in the photodisruption

can cause the laser beam 1712 to be focused at a different position from the beam position

during the diagnostic mode. Therefore, the alignment achieved during the diagnostic mode is

a coarse alignment and additional alignment can be further performed to precisely position

each surgical laser pulse during the surgical mode when the surgical laser pulses perform the

actual surgery. Referring to FIG. 23A, the imaging device 1720 captures the images from the

target tissue 1001 during the surgical mode and the laser control module adjust the laser beam



1712 to place the focus position 1714 of the laser beam 1712 onto the desired target tissue

position in the target tissue 1001 . This process is performed for each target tissue position.

[001 17] FIG. 24 shows one implementation of the laser alignment where the laser

beam is first approximately aimed at the target tissue and then the image of the

photodisruption byproduct is captured and used to align the laser beam. The image of the

target tissue of the body part as the target tissue and the image of a reference on the body part

are monitored to aim the pulsed laser beam at the target tissue. The images of

photodisruption byproduct and the target tissue are used to adjust the pulsed laser beam to

overlap the location of the photodisruption byproduct with the target tissue.

[001 18] FIG. 25 shows one implementation of the laser alignment method based on

imaging photodisruption byproduct in the target tissue in laser surgery. In this method, a

pulsed laser beam is aimed at a target tissue location within target tissue to deliver a sequence

of initial alignment laser pulses to the target tissue location. The images of the target tissue

location and photodisruption byproduct caused by the initial alignment laser pulses are

monitored to obtain a location of the photodisruption byproduct relative to the target tissue

location. The location of photodisruption byproduct caused by surgical laser pulses at a

surgical pulse energy level different from the initial alignment laser pulses is determined

when the pulsed laser beam of the surgical laser pulses is placed at the target tissue location.

The pulsed laser beam is controlled to carry surgical laser pulses at the surgical pulse energy

level. The position of the pulsed laser beam is adjusted at the surgical pulse energy level to

place the location of photodisruption byproduct at the determined location. While monitoring

images of the target tissue and the photodisruption byproduct, the position of the pulsed laser

beam at the surgical pulse energy level is adjusted to place the location of photodisruption

byproduct at a respective determined location when moving the pulsed laser beam to a new

target tissue location within the target tissue.

[001 19] FIG. 26 shows an exemplary laser surgical system based on the laser

alignment using the image of the photodisruption byproduct. An optics module 2010 is

provided to focus and direct the laser beam to the target tissue 1700. The optics module 2010

can include one or more lenses and may further include one or more reflectors. A control

actuator is included in the optics module 2010 to adjust the focusing and the beam direction

in response to a beam control signal. A system control module 2020 is provided to control

both the pulsed laser 1010 via a laser control signal and the optics module 2010 via the beam

control signal. The system control module 2020 processes image data from the imaging

device 2030 that includes the position offset information for the photodisruption byproduct



1702 from the target tissue position in the target tissue 1700. Based on the information

obtained from the image, the beam control signal is generated to control the optics module

2010 which adjusts the laser beam. A digital processing unit is included in the system control

module 2020 to perform various data processing for the laser alignment.

[00120] The imaging device 2030 can be implemented in various forms, including an

optical coherent tomography (OCT) device. In addition, an ultrasound imaging device can

also be used. The position of the laser focus is moved so as to place it grossly located at the

target at the resolution of the imaging device. The error in the referencing of the laser focus

to the target and possible non-linear optical effects such as self focusing that make it difficult

to accurately predict the location of the laser focus and subsequent photodisruption event.

Various calibration methods, including the use of a model system or software program to

predict focusing of the laser inside a material can be used to get a coarse targeting of the laser

within the imaged tissue. The imaging of the target can be performed both before and after

the photodisruption. The position of the photodisruption by products relative to the target is

used to shift the focal point of the laser to better localize the laser focus and photodisruption

process at or relative to the target. Thus the actual photodisruption event is used to provide a

precise targeting for the placement of subsequent surgical pulses.

[001 2 1] Photodisruption for targeting during the diagnostic mode can be performed at

a lower, higher or the same energy level that is required for the later surgical processing in

the surgical mode of the system. A calibration may be used to correlate the localization of

the photodisruptive event performed at a different energy in diagnostic mode with the

predicted localization at the surgical energy because the optical pulse energy level can affect

the exact location of the photodisruptive event. Once this initial localization and alignment is

performed, a volume or pattern of laser pulses (or a single pulse) can be delivered relative to

this positioning. Additional sampling images can be made during the course of delivering the

additional laser pulses to ensure proper localization of the laser (the sampling images may be

obtained with use of lower, higher or the same energy pulses). In one implementation, an

ultrasound device is used to detect the cavitation bubble or shock wave or other

photodisruption byproduct. The localization of this can then be correlated with imaging of

the target, obtained via ultrasound or other modality. In another embodiment, the imaging

device is simply a biomicroscope or other optical visualization of the photodisruption event

by the operator, such as optical coherence tomography. With the initial observation, the laser

focus is moved to the desired target position, after which a pattern or volume of pulses is

delivered relative to this initial position.



[00122] As a specific example, a laser system for precise subsurface photodisruption

can include means for generating laser pulses capable of generating photodisruption at

repetition rates of 100-1000 Million pulses per second, means for coarsely focusing laser

pulses to a target below a surface using an image of the target and a calibration of the laser

focus to that image without creating a surgical effect, means for detecting or visualizing

below a surface to provide an image or visualization of a target the adjacent space or material

around the target and the byproducts of at least one photodisruptive event coarsely localized

near the target, means for correlating the position of the byproducts of photodisruption with

that of the sub surface target at least once and moving the focus of the laser pulse to position

the byproducts of photodisruption at the sub surface target or at a relative position relative to

the target, means for delivering a subsequent train of at least one additional laser pulse in

pattern relative to the position indicated by the above fine correlation of the byproducts of

photodisruption with that of the sub surface target, and means for continuing to monitor the

photodisruptive events during placement of the subsequent train of pulses to further fine tune

the position of the subsequent laser pulses relative to the same or revised target being imaged.

[001 23] The above techniques and systems can be used deliver high repetition rate

laser pulses to subsurface targets with a precision required for contiguous pulse placement, as

needed for cutting or volume disruption applications. This can be accomplished with or

without the use of a reference source on the surface of the target and can take into account

movement of the target following applanation or during placement of laser pulses.

[00124] While this document contains many specifics, these should not be construed as

limitations on the scope of an invention or of what may be claimed, but rather as descriptions

of features specific to particular embodiments of the invention. Certain features that are

described in this document 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 may 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 may be directed to a subcombination or a variation of a subcombination.

[00 125] A number of implementations of laser surgical techniques, apparatus and

systems are disclosed. However, variations and enhancements of the described

implementations, and other implementations can be made based on what is described.



Claims

What is claimed is what is described and illustrated, including:

1. A device for applanation of an eye for laser surgery, comprising:

a frame having a fixation end and an attachment end, the attachment end configured

to engage to an optics module that delivers light;

a fixation ring attached to the fixation end of the frame to hold an eye, the fixation

ring have a ring frame that has a ring aperture to allow transmission of light delivered from

the optics module;

a plurality of guides that connect the fixation end of the frame to the attachment end

and are structured to receive an applanation lens and to guide the applanation lens to the

aperture of the fixation ring; and

a locking mechanism to lock the applanation lens to the fixation ring.

2 . The device as in claim 1, wherein the fixation ring comprises a suction mechanism

that holds the eye via a suction action.

3 . The device as in claim 1, wherein the fixation ring comprises fixation teeth to hold

the eye.

4 . The device as in claim 1, wherein at least part of the frame, the fixation ring and the

guides is disposable.

5 . A laser surgical system, comprising:

a surgical laser that produces a surgical laser beam of surgical laser pulses that

cause surgical changes in a target tissue under surgery;

a patient interface mount that engages a patient interface in contact with the

target tissue to hold the target tissue in position;

an optics module located between the surgical laser and the patient interface

and configured to direct the surgical laser beam to the target tissue through the patient



interface, the laser beam delivery module operable to scan the surgical laser beam in the

target tissue along a predetermined surgical pattern,

wherein the patient interface mount comprises:

an attachment end to engage to an optics module that delivers light;

a fixation end comprising a fixation ring that holds the target tissue and comprises a

ring aperture to allow transmission of light delivered from the optics module;

one or more guides that connect the fixation end to the attachment end and are

structured to receive an applanation lens and to guide the applanation lens to the aperture of

the fixation ring; and

a locking mechanism to lock the applanation lens to the fixation ring to be in direct

contact with the target tissue to create an interface for laser surgery.

6 . The device as in claim 5, comprising:

a control unit that controls the surgical laser and the optics module to focus the

surgical laser pulses a targeted location on the target tissue.

7 . The device as in claim 6, wherein the control controls the surgical laser and the

optics module to direct the surgical laser pulses to the cornea of the eye.

8. The device as in claim 6, wherein the control controls the surgical laser and the

optics module to direct the surgical laser pulses to crystalline lens tissue or lens capsule tissue

of the eye.

9 . The device as in claim 6, wherein the control controls the surgical laser and the

optics module to direct the surgical laser pulses to the cornea and crystalline lens tissue or

lens capsule tissue of the eye to provide reference marks for subsequent surgical

manipulations.

10. A method for performing laser surgery on an eye, comprising:



centering a fixation ring at a target area of an eye for surgery to align an aperture in

the fixation ring to the target area;

attaching the fixation ring to the target area of the eye to applanate the target area;

inserting an applanation lens into rigid guides connected to the fixation ring to place

the applanation lens inside the aperture of the fixation ring;

locking the applanation lens to the fixation ring; and

controlling a pulsed laser to deliver surgical laser pulses through applanation lens to a

target area.

11. The method as in claim 10, comprising:

directing the laser pulses through the applanation lens to the cornea of the eye.

12. The method as in claim 10, comprising:

directing the laser pulses through the applanation lens to crystalline lens tissue or lens

capsule tissue of the eye.

13. The method as in claim 10, comprising:

directing the laser pulses through the applanation lens to the cornea and crystalline

lens tissue or lens capsule tissue of the eye to provide reference marks for subsequent surgical

manipulations.

14. The method as in claim 10, comprising:

after completion of a surgery, replacing the fixation ring and the applanation lens with

a new fixation ring and a new applanation lens to perform a next surgery.
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