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OPHTHALMIC SURGERY MEASUREMENT SYSTEM

CROSS-REFERENCE TO RELATED APPLICATIONS

[0001] This application claims priority to United States Provisional Patent

Application 61/225,547, filed July 14, 2009, and entitled "OPHTHALMIC SURGERY

MEASUREMENT SYSTEM," which is hereby incorporated by reference herein in its

entirety.

BACKGROUND OF THE INVENTION

Field of the Invention

[0002] Embodiments of the invention relate generally to systems and methods for

performing ophthalmic measurements. In particular, some embodiments can be used for

measuring a spatial distance in a patient ' s eye such as, for example, the distance between the

corneal surface and the posterior wall of the capsular bag in an aphakic eye.

Description of the Related Art

[0003] Various ophthalmic procedures involve measurements of a spatial distance

within a patient's eye, including measurements of the dimensions of the eye, or dimensions of

features of the eye, the distance between selected portions or features of the eye, etc. For

example, such measurements can be of the anterior chamber depth (ACD), lens thickness,

and axial length of the eye. Techniques for making certain types of these measurements

include ultrasonic measuring and Optical Coherence Tomography (OCT). Despite the

successes of these techniques in various ophthalmic applications, there is a continuing need

for imprcrved techniques and systems for measuring spatial distances within the eye.

SUMMARY OF THE INVENTION

[0004] Various embodiments disclosed herein include an ophthalmic apparatus.

The ophthalmic apparatus can include a first laser configured to direct a first beam of light

into an eye of a patient at a first non-zero angle with respect to an optical axis of the

apparatus, such that the first beam of light propagates to a target area within the eye, and such

that a portion of the first beam of light is scattered by the target area. The apparatus can also



include imaging optics positioned to receive light scattered by the target area, and the

imaging optics can define the optical axis of the apparatus. The apparatus can also include a

photosensitive element, wherein the imaging optics direct the light scattered from the target

area to the photosensitive element. The apparatus can also include a processor configured to

determine a distance between the cornea of the eye and the target area within the eye based at

least in part on the light received by the photosensitive element.

[0005] Various embodiments disclosed herein include a method of determining

the optical power for an intraocular lens to be implanted into an eye. The method can include

measuring an intraoperative characteristic of the eye. The intraoperative characteristic can

include the distance between selected first and second portions of the eye. The method can

also include determining the optical power for the intraocular lens based at least in part on the

measured intraoperative characteristic.

[0006] Various embodiments disclosed herein include a method of using an

ophthalmic apparatus. The method can include positioning the ophthalmic apparatus at a

predetermined position over an eye of a patient, wherein an optical axis of the apparatus

intersects the cornea of the eye. The method can include directing light from one or more

lasers positioned about the optical axis of the apparatus into the eye so that a portion of the

light from the one or more lasers is scattered by a target area inside the eye. The method can

include directing a portion of the light scattered by the target area to a photosensitive element

using imaging optics that define the optical axis. The method can include forming one or

more target spots on the photosensitive element, and the one or more target spots can

correspond to the light from the respective one or more lasers scattered by the target area.

The method can also include calculating the distance between the cornea of the eye and the

target area based at least in part on the positions of the one or more target spots.

BRIEF DESCRIPTION OF THE DRAWINGS

[0007] FIG. 1 schematically illustrates an embodiment of an ophthalmic

measurement system for measuring dimensions of or in a patient's eye including, for

example, the distance between the cornea and a posterior wall of the capsular bag in an

aphakic eye.



[0008] FIG. 2 is an example image produced by the ophthalmic measurement

system of FIG. 1.

[0009] FIG. 3 schematically illustrates an embodiment of an ophthalmic

measurement system for measuring dimensions of or in a patient's eye including for

example, the distance between the cornea and the anterior surface of the crystalline lens in a

phakic eye.

[0010} FIG. 4 is an example image produced by the ophthalmic measurement

system of FIG. 3.

[0011] FIG. 5 is an example image produced by an ophthalmic measurement

system similar to those of FIGS. 1 and 3 but with a single laser.

[0012] FIG. 6 is an example image produced by an ophthalmic measurement

system similar to those of FIGS. 1 and 3 but with four lasers.

[0013] FIG. 7A is an example image produced by an ophthalmic measurement

system similar to those of FIGS. 1 and 3 but when two lasers are oriented to produce laser

light beams that do not intersect at the corneal surface of the eye.

[0014] FIG. 7B schematically illustrates an embodiment of an ophthalmic

measurement system for measuring dimensions of or in a patient's eye using two lasers that

do not cross at the cornea of the eye.

[0015] FIG. 8 schematically illustrates an embodiment of an ophthalmic apparatus

that includes an alignment system and a measuring system mounted onto a surgical

microscope.

[0016] FIG. 9 schematically illustrates an embodiment of a wavefront

aberrometer, a measurement system and an alignment system for positioning the wavefront

aberrometer and measurement system at a desired location relative to the patient's eye.

[0017] FIG. 10 schematically illustrates an embodiment of optics for use in an

ophthalmic measurement system the optics collecting light scattered by the patient's eye and

directing the light to a detector.

[0018] FIG. 11 schematically illustrates light from the ophthalmic apparatus of

FIG. 8 interacting with an optical model of a patient's eye during a measurement process.



[0019] FIG. 12 is a flowchart showing an example embodiment of a method for

determining the power for an intraocular lens (IOL) for insertion in a given patient's eye.

DETAILED DESCRIPTION OF THE PREFERRED EMBODIMENT

[0020] In a typical intraocular lens (IOL) implantation surgery, a surgeon removes

the natural crystalline lens from a patient's eye and an IOL is implanted in its place. IOL

implantation surgery can be performed, for example, on a patient suffering from cataracts.

By selecting an IOL having an appropriate power, an eye that prior to the surgery was, for

example, myopic (near sighted), hyperopic (far sighted), and/or astigmatic can be restored to

an emmetropic condition. Various factors can be considered when calculating the

appropriate power for the IOL, such as 1) the axial length of the eye, measured from the

corneal surface to the retina; 2) the total optical power of the cornea; 3) the desired

postoperative optical power (e.g., 0.0 diopters (D) for an emmetropic eye); and the effective

lens position (ELP) of the IOL, which can be understood, for example, as the distance from

the corneal surface to the post-operative position of the IOL. The axial length of the eye can

be measured preoperatively (e.g., before the patient has been located on the operating table in

a supine position), for example, by an ultrasound device or by Optical Coherence

Tomography (OCT). The optical power of the cornea can be estimated from the corneal

curvature values (Ks) of the eye measured preoperatively by a keratometer. Alternatively, or

in addition, the total refractive power of the aphakic eye, which is a function of corneal

curvature and axial length of the eye, can be measured intraoperatively and used in the IOL

power calculation.

[0021] The ELP of the IOL has traditionally been difficult to determine. The ELP

of the 1OL can be estimated based on preoperative data, but such estimates are limited in their

accuracy. The limited accuracy of ELP estimates based on preoperative data can be

attributed, at least in part, to the implanted IOL being positioned in the capsular bag

differently than the natural crystalline lens. Preoperative measurements of the crystalline lens

position do not always correlate well with the actual postoperative position of the IOL.

Cataractous crystalline lenses vary in shape and size from individual to individual. In some

patients, preoperative measurements (e.g., the ACD, which can be understood as, for



example, the distance from the corneal surface to the anterior lens surface plus half the lens

thickness) may provide a reasonable estimate of the ELP, but in other patients this is not the

case due to the differing shapes of cataractous lenses in patients.

[0022] Some efforts have been made to develop formulas to estimate the ELP of

the IOL based on preoperative information such as direct measurements of the axial length

and corneal curvature of the patient's eye. Such formulas include the Holladay 1, SRK/T,

Hoffer Q, Holladay 2, and Hagis formulas. Generally speaking, these formulas are based on

statistical regression analysis of the relationship between pre-operative characteristics of the

eye and the surgical outcome. These foπnulas sometimes produce estimates of the ELP of

the IOL with insufficient accuracy, especially in those patients with axial lengths outside the

normal range, resulting in suboptimal surgical results, for example, wherein the patient ' s eye

is not restored to an emmetropic condition. These formulas all attempt to detennine how an

individual patient may vary from the average of a large population to estimate the ELP. The

factors used by these foπnulas to estimate the ELP for a particular patient are not factors that

directly relate to the lens position.

[0023] Given the sometimes-insufficient level of correlation between estimates of

the ELP for an IOL and characteristics of the eye that can be measured preoperatively (e.g.,

corneal curvature, axial length, etc.), it would be desirable to estimate the ELP for the IOL

based on characteristics of the eye that are more closely correlated with ELP, such as certain

intraoperative characteristics of the eye. One such intraoperative characteristic of the eye is

the location of the aphakic capsular bag within the eye (e.g.. the longitudinal distance from

the anterior corneal apex to the posterior wall of the aphakic capsular bag). The location of

the aphakic capsular bag is an example of an intraoperative characteristic of the eye that is

believed to be more closely correlated with the ELP of the IOL than are the preoperative

characteristics of the eye from which the Holladay 1, SRK/T, Hoffer Q, Holladay 2, and

Hagis foπnulas estimate the ELP of the IOL. This is at least in part due to the fact that an

aphakic measurement of the distance from the cornea to the posterior wall of the capsular bag

is not tainted by the irregular size and shape of the caratactous lens. Regression analysis can

be used to establish the correlation between the location of the aphakic capsular bag and the

postoperative position of the IOL. Because the location of the aphakic capsular bag is



believed to be closely correlated with the ELP, measuring the location of the aphakic capsular

bag can reduce the complexity of ELP calculations. For example, in some embodiments, the

ELP can be calculated by subtracting a constant from the measured distance from the cornea

to the posterior wall of the aphakic capsular bag, wherein the constant is determined by the

regression analysis of postoperative IOL lens position or other outcome analysis. Various

other formulas can be used to calculate the ELP.

[0024] In some embodiments, an ophthalmic apparatus is provided to perform

intraoperative measurements of spatial distances of/within a patient ' s eye. For example,

these intraoperative measurements can be measurements of the patient s aphakic eye. These

intraoperative measurements can be used to calculate an improved estimate of the ELP of the

IOL, the improved estimate being a result of closer correlation between the intraoperative

measurement and the ELP of the IOL than the correlation between preoperative

measurements and the ELP of the IOL. For example, in some embodiments, the ophthalmic

apparatus measures a distance between the cornea and the aphakic capsular bag. This

distance can be between a selected position or portion of the cornea and a selected position or

portion of the aphakic capsular bag. The selected portion of the cornea can be, for example,

the location on the corneal surface where the visual axis of the eye intersects the corneal

surface and/or the location where the corneal surface is perpendicular to the visual axis. The

selected portion of the cornea can be other locations as well, such as the corneal apex. The

selected portion of the capsular bag can be, for example all or a portion of its posterior wall,

all or a portion of its anterior wall, etc.

[0025] In some embodiments, the ophthalmic apparatus measures the aphakic

capsular bag depth which can be understood, for example as the distance from the cornea of

the eye to the posterior or anterior surface of the capsular bag in an aphakic eye. An aphakic

eye is an eye in which the lens of the eye is absent, while a phakic eye has the natural

crystalline lens contained therein. The ophthalmic apparatus can be used during an IOL

implantation surgery after the natural crystalline lens has been removed from the eye. The

measured aphakic capsular bag depth can be used to predict the postoperative position of the

IOL with greater accuracy than traditional methods, allowing the surgeon to more accurately

calculate the appropriate power for the IOL to be implanted during the surgical procedure. In



some embodiments, the actual IOL postoperative position can be measured after the IOL has

been implanted (e g , using OCT or an ultrasound device), and that data can be used to

improve the correlation between aphakic capsular bag depth and postoperative IOL position

[0026] FIG 1 schematically illustrates an embodiment of an ophthalmic

measurement system 100 for measuπng dimensions of or in a patienfs eye 102 In FIG 1,

the ophthalmic measurement system 100 is shown configured to measure the distance y

between the corneal surface 104 of the eye 102 and the posteπor wall of the capsular bag 106

In some embodiments, the eye is aphakic, the natural crystalline lens having been removed

from the eye beforehand, such as duπng an IOL implantation surgery procedure This

measurement can be performed, for example, mtra-operatively before or after the globe and

capsular bag have been inflated (e g with basic saline solution oi visco-elastic material)

[0027] For convenience, a three-dimensional coordinate system can be defined

having a y-axis parallel to the visual axis of the patient s eye 102 and x- and z-axes that are

mutually orthogonal to the y-axis so that the x- and z-axes define a plane that is perpendicular

to the visual axis of the eye In the context of this three-dimensional coordinate system,

lateral positioning of the ophthalmic measurement system 100 corresponds to the x and z

coordinates of the ophthalmic measurement system 100, while longitudinal positioning

corresponds to the y coordinate of the ophthalmic measurement system 100 It should be

understood that the coordinate system described is for illustrative purposes only and other

coordinate systems and other configurations can be used For example, in some

embodiments, the y-axis can be paiallel with the optical axis of the patient s eye 102 and the

x- and z-axes can define a plane that is perpendicular to the optical axis ol the patient's eye

102

[0028] The ophthalmic measuiement system 100 can include optics system 112

for collecting, directing, and/or focusing light that is scattered by the eye 102 duπng a

measurement process The optics system 112 can define an optical axis 114 of the

ophthalmic measurement system 100 In some embodiments, the ophthalmic measurement

system 100 can be positioned at a predetermined position relative to the patienfs eye 102

For example, the ophthalmic measurement system 100 can be positioned laterally so it is

centered over the pupil of the eye, and/or so that the optical axis 114 is substantially collinear



with the visual or optical axis of the eye 102. The ophthalmic measurement system 100 can

be positioned longitudinally so that it is located at a predetermined distance from the eye 102.

As discussed in greater detail below, the ophthalmic measurement system 100 can be used in

conjunction with a positioning system (not shown in FIG. 1) for accurately positioning the

ophthalmic measurement system 100 at the desired position.

[0029] The ophthalmic measurement system 100 can include a pair of lasers 108,

110 oriented to direct light into the patient's eye. In some embodiments, the lasers 108, 110

produce light that is outside of the visible spectrum (e.g., infrared light). For example. 780

nm free space lasers can be used, such as those available from Blue Sky Research of Milpitas.

CA. In some embodiments, the lasers 108, 110 produce beams of light having a width of at

least about 200 microns and/or less than about 1000 microns, although widths outside this

range may also be used. The lasers 108, 110 can be positioned on opposite sides of the

optical axis 114, and can be separated by a distance X . In some configurations the lasers

108, 110 are positioned so that the optical axis 114 is located substantially at a midpoint

between the lasers 108, 110, though this is not required. Ln some embodiments, the lasers

108, 110 are separated by a distance of at least about 60 mm and/or less than about 80 mm,

although distances outside this range can also be used.

[0030] In some embodiments, when positioned at the desired location with

respect to the eye 102, the lasers 108, 110 are located at a distance y2 from the corneal surface

of the eye. In some embodiments, the lasers 108. 110 can be positioned at a distance of at

least about 100 mm and/or less than about 150 mm from the corneal surface 104, although

distances outside this range can also be used. In an example embodiment, the lasers 108. 110

are positioned about 128 mm from the corneal surface 104 of the eye 102. In some

embodiments, the lasers 108, 110 are positioned substantially equidistant from the eye 102.

In other embodiments, one laser (e.g., 108) is positioned closer to the eye 102 than the other

laser (e.g., 110).

[0031] In some embodiments, the lasers 108, 110 are oriented so that their

respective emitted beams 116, 118 are coplanar. The lasers 108, 110 can be oriented (e.g.,

based on a predetermined distance y2) so that the beam of light 116 emitted by the laser 108

is directed along a path that intersects the corneal surface 104 of the eye 102 at the location



where the visual axis of the eye intersects the corneal surface 104, and so that the beam of

light 118 emitted by the laser 110 is directed along a path that intersects the cornea of the eye

at the corneal location where the visual axis of the eye intersects the corneal surface 104

Thus, the beams of light 116, 118 emitted by the lasers 108, 110 can intersect at the center of

the corneal surface 104 of the eye 102. The lasers 108. 110 can be oπented so as to emit the

beams of light 116, 118 at a non-zero angle θ with respect to the optical axis 114 In some

embodiments, the beams of light 116, 118 deviate from the optical axis 114 by an angle of at

least about 13° and/or less than about 17°, although angles outside this range may also be

used In some embodiments, the beams of light 116, 118 emitted by the lasers 108, 110

deviate from the optical axis 114 by substantially the same amount but in substantially

opposite directions, though the angle between each beam and the optical axis 114 need not be

identical In some embodiments, the angles by which the beams of light 116, 118 deviate

from the optical axis aie withm 10°, 5°, 3°, 2°, 1°, or less of each other

[0032] As the beams of light 116, 118 enter the eye 102 at the corneal surface

104, a portion of the light is scattered by the corneal surface 104, and a portion of the light

propagates through the cornea and into the eye 102 The beam of light 116 stπkes the

posterior wall of the capsular bag 106 at a first location 120. and a portion of the beam of

light 116 is scatteied by the posteπor wall of the capsular bag 106 Similarly, the beam of

light 118 stπkes the posteπor wall of the capsular bag 106 at a second location 122. and a

portion of the second beam of light 118 is scattered by the posteπor wall of the capsular bag

106.

[0033] The optics system 112 can collect a portion ol the scattered light and can

direct the collected light to a detector 124 In some embodiments the optics system 112 is

configured to focus the scattered light onto the detector 124 The optics system 112 can form

an image on the detector 124 In some embodiments the optics system 112 is designed such

that the detector 124 and the posteπor wall of the capsular bag 106 are located at conjugate

planes As will be discussed in more detail below the optics system 112 can include vaπous

optical elements, such as mirrors, lenses, filters, apertures, and beam splitters. It should be

understood that the optical axis 114 is not necessa πly a straight line along the entire optical

path withm the ophthalmic measurement system 100 as it may be bent by various optical



elements within the optics system 112. The detector 124 can comprise a charge-coupled

device (CCD) or other type of photosensitive element. In some embodiments, the detector

124 includes a two-dimensional array of light-sensitive pixels configured to generate an

electric signal that is descriptive of the light that strikes the pixels. For example, a CCD

sensor measuring 16 mm by 16 mm and having a two-dimensional array of 500 by 500 pixels

can be used, although other configurations are also possible.

[0034] The detector 124 can provide the electric signal to a processor 126. The

processor 126 can be configured to process the data received from the detector 124 as

described herein. In some embodiments, the processor 126 can be in electronic

communication with a suitable memory 128 for storing accumulated data, instructions to be

executed by the processor 126, parameters relating to the patient ' s eye 102, or other data.

The processor 126 can also be in electronic communication with a user interface 142 to allow

the user to input information regarding the patient ' s eye (e.g.. aphakic or phakic), infoπnation

regarding the distance to be measured, or other information.

[0035] FIG. 2 shows an example image 130 that can be foπned on the detector

124 during a measurement process. FIG. 2 includes a coordinate system similar to the

coordinate system shown in FIG. 1. Although FIG. 2 shows the image 130 as being foπned

on the detector 124 in the x-z plane, the detector 124 can be oriented differently. The image

130 can include a center spot 132 corresponding to the light scattered at the corneal surface

104, a first target spot 134 corresponding to the light of the beam 116 scattered by the first

location 120, and a second target spot 136 corresponding to the light of the beam 118

scattered by the second location 122. In some embodiments, the optics system 112 can be

configured so as to provide a depth of field that is large enough so that the center spot 132

and both of the target spots 134. 136 are in focus so as to provide sharp focused spots on the

detector 124. In some embodiments, the optics system can be configured so that one or more

of the spots 132, 134, 136 is in focus and one or more of the spots 132, 134, 136 is

appreciably out of focus. For example, in some embodiments, the center spot 132 can be

appreciably out of focus while the target spots 134, 136 are in focus. The processor 126 can

be configured to analyze the data received from the detector 124 and to determine therefrom a

measurement of the distance yi, for example. In some embodiments, this analysis may



include locating the centroid of one or more of the spots 132, 134, 136 to be used in the

measurement process and deteπnining the distance between two or more of the spots 132,

134, 136.

[0036] The processor 126 can be configured to calculate the distance yi from the

corneal surface 104 to the posterior wall of the capsular bag 106 based at least in part on the

data received from the detector 124. The processor 126 can calculate the distance X] between

the locations 120, 122 based on the positions of the target spots 134, 136 (e.g., the centroids

of the spots) in the image 130. For example, the processor 126 can determine the number of

pixels between the locations of the target spots 134, 136 and apply an algorithm that

calculates the real-world distance between the locations 120, 122 represented by the target

spots 134, 136. For example, the algorithm can account for any magnification provided by

the optics system 112. In some embodiments, any refraction of the beams of light 116, 118

as they enter the eye and as they pass through the various optical transitions within the eye

can be ignored, so that each of the beams of light 116, 118 can be treated as though it

propagates from the corneal surface 104 to the posterior wall of the capsular bag 106 at the

same non-zero angle θ with respect to the optical axis 114. In this embodiment, the distance

yi can be calculated using equation (1) provided below.

|0037] In some embodiments, the angle θ is not known, but the distance x of

separation between the lasers 108, 110 and the distance y from the lasers to the corneal

surface 104 are known. The distance y i can be calculated using equation (2) provided below.

Alternatively, in some embodiments, the distances y2 and X can be used to first determine the

angle θ, and then equation (1) can be applied.

[0038] In some embodiments, the calculations for determining the distance y i can

be adjusted to account for refraction of the beams of light as they enter the eye and/or as they

propagate through the various refractive index transitions within the eye.



[0039] Although some embodiments discussed above descπbe the measurement

of the posteπor capsular bag depth in an aphakic eye, some embodiments can be used to

measure other dimensions or spatial relationships of or m the patient s eye, such as, for

example, the anterior chamber depth (ACD), which can be understood, for example, as the

distance from the cornea to the anterior surface of the crystalline lens in a phakic eye This

distance can be between a selected position or portion of the cornea and a selected position or

portion of the natural crystalline lens The selected portion of the cornea can be, for example,

the location on the corneal surface that intersects the visual axis of the eye The selected

portion of the crystalline lens can be, for example, all or a portion of its anterior surface of

the lens, etc The portion of the anterior surface can be, for example, the most anterior

portion of the anterior surface, the position where the visual axis or the optical axis of the eye

intersects the anterior surface, etc

[0040] FlG 3 schematically shows an embodiment of an ophthalmic measurement

system 200 for measuring dimensions of or in a patient ' s eye including, for example the

anterior chamber depth (ACD) m a phakic eye 202 The ophthalmic measurement system

200 can be similar in some ways to the ophthalmic measurement system 100 discussed

above, some of the disclosuie of which applies also the ophthalmic measurement system 200,

though some differences are identified below Accordingly in some embodiments, for

example, the ophthalmic measurement system 200 can be the same ophthalmic measurement

system 100 used to measure the posteπor capsular bag depth m an aphakic eye (as shown m

FIG 1), with or without modifications in configuration

[0041] The ophthalmic measurement system 200 can include lasers 208 210

configured to direct lespective beams of light 216, 218 into the eye 202 of the patient through

the corneal surface 204 The beams of light 216, 218 can therefore cross at the corneal

surface 204 where a portion of the light from each of the beams 216, 218 is scattered by the

corneal surface 204 The first beam of light 216 can propagate to a first location 220 on the

anterior surface of the crystalline lens 206, which scatters a portion of light Similarly the

second beam of light 218 can propagate to a second location 222 on the anterior surface of

the crystalline lens 206. which scatters a portion of the light A portion of the light scattered

by the corneal surface 204 and the first and second locations 220, 222 can be collected by the



optics system 212 and directed to the detector 224. In some embodiments, the optics system

212 or detector 224 can be especially configured for use with light reflected from the

crystalline lens 206. For example, the optics system 212 can be configured to focus light

differently than the optics system 112 used to measure the posterior capsular bag depth in an

aphakic eye to accommodate for the different object distance. In some embodiments, the

same optics system 112 and detector 124 can be used to measure the posterior capsular bag

depth in an aphakic eye as well as the ACD in a phakic eye with or without the need for

adjustments.

[0042] FIG. 4 shows an example image 230 formed on the detector 224 during a

measurement process. FIG. 4 includes a coordinate system similar to the coordinate system

shown in FIG. 2. The image 230 includes a center spot 232 corresponding to the light

scattered at the corneal surface 204, a first target spot 234 corresponding to the light scattered

by the first location 220 on the crystalline lens 206, and a second target spot 236

corresponding to the light scattered by the second location 222 on the crystalline lens 206.

The processor 226 can be configured to calculate the distance yi' based on the locations of the

spots 232, 234, 236 in a manner similar to that discussed above. It should be noted that the

target spots 234, 236 may be slightly closer together than the target spots 134, 136, indicating

that the distance yi' being measured by the image 230 is shorter than the distance y i being

measured by the image 130.

[0043] Other distances within the patient's eye can similarly be measured. For

example, the anterior aphakic capsular bag depth can be measured. This distance can be

understood as, for example, the distance between the corneal surface and the anterior surface

of the aphakic capsular bag. This measurement can be performed, for example, intra-

operatively after the natural crystalline lens has been removed but before or after the globe

and capsular bag have been inflated (e.g., with basic saline solution or visco-elastic material).

This distance can be used, for example, separately from, or in conjunction with, the posterior

aphakic capsular bag depth for calculating the ELP for an IOL. For example in the case of

an IOL that is inserted in the capsular bag, the estimated ELP can be selected to be some

fraction of the way between these two distances. Other relationships relating these two

distances to the estimated ELP of an IOL in the capsular bag are also possible and can be



determined by, for example, regression analysis, as described herein. In addition, the anterior

capsular bag depth measurement can be used for calculating the predicted position of a sulcus

lens. For example, the estimated ELP of a sulcus lens could be related to the distance from

the corneal surface to the anterior surface of the capsular bag by subtracting an empirically-

derived constant from the measured distance. Other relationships relating this distance to the

estimated ELP of a sulcus lens are also possible and can be determined by, for example,

regression analysis, as described herein.

[0044] Also, the distance between the corneal surface 204 and the posterior wall

of the capsular bag can be measured in the phakic eye 202 using light scattered by locations

238, 240 where the beams of light 216, 218 strike the posterior wall of the capsular bag. In

some embodiments, the image 230 formed on the detector 224 can include more spots than

those shown in FIG. 4. For example, the image may also include spots corresponding to light

scattered by the locations 238, 240 on the posterior surface of the capsular bag, or by other

structures within the eye. In some embodiments, the processor 226 can be configured to

identify the spots relevant to the desired measurement, and ignore other spots in the image.

For example, the processor 224 can disregard spots outside of a feasible range for the desired

measurement or only consider spots that are sufficiently bright or sufficiently in focus. In

some embodiments the optics system 2 12 can have a relatively short depth of field and be

configured to focus only the spots in the feasible range for the desired measurement.

[0045] In some embodiments, the processor 226 can adjust the calculations, the

optics system 212, or other components of the ophthalmic measurement system 200 based on

information received via the user interface 242 regarding the patient s eye 202 or the

measurement to be performed. For example, because the refractive power of an aphakic eye

is different than the refractive power of the corresponding phakic eye. in some embodiments,

the measurement system 200 can adjust the optics system 212 (e.g.. by adjusting the position

of lenses) to change the focal length of the camera depending on whether the eye being

measured is phakic or aphakic. Such adjustments can be used to compensate for the varying

extent to which the refractive power of a phakic or aphakic eye causes scattered light (e.g.,

from the anterior surface of the natural lens or from the posterior surface of the aphakic



capsular bag) to be converged or diverged prior to exiting the eye and being collected by the

optics system 112.

[0046] Many variations to the systems shown in FIGS. 1 and 3 are possible. For

example, the lasers can be positioned at different longitudinal distances from the eye, or at

different distances from the optical axis defined by the optics system. In some embodiments

the lasers can be oriented at different angles with respect to the optical axis defined by the

optics system. In some embodiments, the lasers can be positioned so that they cross at a

location on the cornea that is not intersected by the visual axis of the eye or so that they cross

at some other structure of the eye that is relevant to the desired measurement.

[0047] Although the embodiments described above disclose measurement

systems using two lasers, other numbers of laser can be used. For example in some

embodiments, a single laser can be used. FIG. 5 shows an example image 330 formed on a

detector in an ophthalmic measurement system similar to those of FIGS. 1 and 3 but with a

single laser. FIG. 5 includes a coordinate system similar to the coordinate system described

in connection with FIG. 2 above. The image 330 includes a center spot corresponding to

light scattered at, for example, the corneal surface of the eye. The image also includes a

target spot 334 corresponding to light scattered by. for example, the posterior wall of the

capsular bag in an aphakic eye. The distance yi" (which can be the same distance as y i

shown in FIG. 1) between the corneal surface and the posterior wall of the capsular bag may

then be deteπnined based in part on the locations of the spots 332, 334. For example, the

distance yi" may be calculated from the x-direction component X " of the distance between

the corneal surface and the location on the capsular bag where the light is scattered

(deteπnined from the positions of the spots 332, 334) and the angle θ" of the incoming beam

of light by using the equation (3) provided below:

[0048] In some embodiments, four lasers can be positioned about optical axis and

oriented so that the four beams of light intersect at the same location on the corneal surface.

FIG. 6 shows an example image 430 formed on a detector of an ophthalmic measurement

system similar to those of FIGS. 1 and 3 but with four lasers. FIG. 6 includes a coordinate



system similar to the coordinate system described in connection with FIG. 2 above. The

center spot corresponds to light scattered at the corneal surface of the eye. The four target

spots 434, 435, 436, 437 correspond to the light from the respective four beams of light that

is scattered at, for example, the posterior wall of the capsular bag. The distance between the

corneal surface and the posterior wall of the capsular bag may then be determined based in

part on the distance between the first target spot 434 and third target spot 436 and the

distance between the second target spot 435 and the fourth target spot 437. The use of four

lasers can provide information about the desired measurement along two axes, which in some

embodiments may be orthogonal, as illustrated in FIG. 6. For example, if the distance

between the first and third target spots 434, 436 is less than the distance between the second

and fourth target spots 435, 437, that can indicate that the distance to be measured is shorter

along the axis measured by the first and third target spots 434, 436 than along the axis

measured by the second and fourth target spots 435, 437.

[0049] In some embodiments, additional lasers can be used to gather additional

data regarding the surface being measured. For example, a grid of 8, 12, 16, or other number

of lasers can be used to measure the distance from the corneal surface to the surface being

measured at varying distances from the visual axis of the eye. Thus, the measuring system

can be used to generate a more complete mapping of the surface of, for example, the posterior

wall of the capsular bag, allowing for a more accurate prediction of the postoperative position

of the IOL and thus a more accurate selection of IOL power. In some embodiments the

measurements conducted by the various sets of lasers in the grid can be performed at

different times to prevent overlap of target spots on the detector. In some embodiments the

lasers can be movable (e.g., using gimbals and linear slides) and can be used to take

measurements from multiple locations, so that a relatively thorough mapping of the surface

can be obtained using a small number of lasers.

[0050] In some embodiments, the processor (e.g., 126, 226) can determine

whether the ophthalmic measurement system (e.g., 100, 200) is properly positioned at the

desired location relative to the patient's eye based in part on the spots formed on the detector

of the measurement system. FIG. 7A shows an example image 530 formed on the detector in

an ophthalmic measurement system similar to those of FIGS. 1 and 3 but when the lasers



(e.g., 108, 110, 208, 210) are oriented such that the beams of light (e.g., 116, 118, 216, 218)

do not intersect at the corneal surface of the eye. FIG. 7A includes a coordinate system

similar to the coordinate system described in connection with FIG. 2 above. The image 530

can be formed when the measurement system is positioned so that the longitudinal distance

from the patient ' s eye (e.g., y2, y2') is greater or less than the desired longitudinal distance,

causing the beams of light emitted by the lasers to cross at a location in front of or behind the

cornea of the eye. Because the beams of light cross before or after reaching the cornea, they

strike the cornea at two different locations. The image 530 can include a first center spot 532

corresponding to light from the first beam of light that is scattered at a first location on the

cornea of the eye. A second center spot 533 of the image 530 can correspond to the light

from the second beam of light that is scattered at a second location on the cornea of the eye.

[0051] The image 530 can also include target spots 534, 536 corresponding to

light scattered by the surface in the eye being measured, as discussed above. However

because the beams of light do not cross at the corneal surface of the eye. the distance between

the target spots 534, 536 can produce inaccurate measurements if not properly compensated.

Thus, in some embodiments, the processor can be configured to analyze the data provided by

the detector and to only accept data for measurement purposes when the two center spots 532,

533 substantially overlap to form a single center spot, as shown, for example, in the example

image 130 of FIG. 2. Thus, the measurement system can function to confirm that the

positioning system (or the user) has properly positioned the measurement system at the

desired working distance y2, y2' prior to performing, or while performing, measurements of

the eye. The formation of two center spots 532, 533 can also indicate that one or both of the

lasers is improperly oriented or that some other malfunction has occurred.

[0052] In some embodiments, the measurement system (e.g., 100, 200) can

provide positioning information to an automatic alignment system, or to the user. For

example, when the apparatus is positioned at a working distance y2, y2' that results in two

distinct center spots 532, 533, the processor can cause the apparatus to move longitudinally

with respect to the eye until a single center dot is formed. The processor can also be

configured to align the apparatus with the apex of the eye by systematically moving the



apparatus to locate the highest position on the eye that forms a single center spot on the

measurement system detector.

[0053] In some embodiments, the measurement system (e.g., 100, 200) can

determine whether its longitudinal position is greater than or less than the desired

longitudinal distance from the eye. For example, if the center spots 532, 533 converge as the

measurement system is brought closer to the eye or diverge as the measurement system is

moved away from the eye, that can indicate that the lasers cross before reaching the corneal

surface of the eye. Conversely, if the center spots 532, 533 diverge as the measurement

system is brought closer to the eye or converge as the measurement system is moved away

from the eye , that can indicate the that lasers cross after passing through the corneal surface

of the eye. Alternatively, the lasers can have different sizes, use different frequencies of

light be time or frequency modulated, etc. so that the system can deteπnine which of the

center spots 532, 533 corresponds to which laser. For example, if the center spot 532 on the

right side of the image 530 corresponds to the light emitted from the first laser and the center

spot 533 on the left side of the image corresponds to the light emitted from the second laser,

the system can deteπnine that the lasers crossed before reaching the corneal surface. If the

locations of the center spots 532, 533 are swapped, the system can determine that the lasers

cross after passing through the corneal surface.

[0054] FIG. 7B schematically illustrates an embodiment of an ophthalmic

measurement system 500 for measuring dimensions of or in a patient's 502 eye using two

lasers 508, 510 that do not cross at the cornea of the eye 502. The lasers 508, 510 emit beams

of laser light 516, 518 that cross at a point 504 before the corneal surface of the eye 502. The

beams of light 516, 518 strike the corneal surface of the eye at location 503 and location 505

respectively, propagate through the eye and strike the posterior surface of the aphakic

capsular bag 506 at location 520 and location 522 respectively. At each of the locations 503,

505, 520, 522 a portion of the light is scattered by the cornea or capsular bag. A portion of

the scattered light is collected by the optics 512 and directed to a detector 524. An image

(such as the image 530 shown in FIG. 7A) is formed on the detector 524 having two center

spots 532, 533 and two target spots 534, 536. The detector 534 can be electronically coupled

to a processor 526, which can be coupled to a suitable memory 538 and a user interface 542.



[0055] The processor 526 can be configured to calculate the distance yi'" from the

corneal surface to the posterior wall of the aphakic capsular bag 106 based in part on the data

received from the detector 524. The processor 526 can be configured to calculate the

distance X2'" between the locations 503, 505 where the laser beams 516, 518 intersect the

cornea of the eye 502 based at least in part on the positions of the center spots 532, 533 in the

image 530. Similarly, the processor 526 can be configured to calculate the distance x im

between the locations 520, 522 on the posterior surface of the aphakic capsular bag 506 based

at least in part on the positions of the target spots 534, 536. If the system 500 determines that

the beams of laser light 516, 518 cross before reaching the corneal surface (for example, as

discussed above), the distance yi'" can be defined using equation (4) provided below, wherein

y3
m is the distance from the location 504 where the laser beams 515, 5 18 cross to the

posterior wall of the aphakic capsular bag and y '" is the distance from the location where the

laser beams 516, 5 18 cross to the corneal surface of the eye 502.

as they

enter the eye and propagate through the transitions within the eye can be ignored, so that the

beams of light 516, 5 18 can be treated as though they propagate from the corneal surface to

the posterior wall of the capsular bag 506 at the same non-zero angle θ'" with respect to the

optical axis 514. In this embodiment, the distances V "' and V "' can be calculated using

equations (5) and (6) provided below.

Equation (4) can then be rewπtten as equation (7) provided below.

(7)



If the system 500 determines that the beams of laser light 516, 518 cross after passing

through the corneal surface (as described above), the distance yl'" can be calculated using

formula (8) provided below.

In addition, in some embodiments, an alignment system (e.g., 608 such as, for example,

described herein) can also be used in deteπnining the distances illustrated in FIG. 7B. For

example, the alignment system can be used to determine y2"'. As discussed above, in some

embodiments, the calculations disclosed herein can be altered to account for refraction of the

beams of light 516, 518 as they enter the eye 502 and/or refraction as the light propagates

through the various transitions within the eye 502.

[0057] FIG. 8 schematically shows an embodiment of an ophthalmic apparatus

600 that includes a measurement system 606, an alignment system 608, and a wavefront

aberrometer 610 mounted onto a surgical microscope 602. The apparatus 600 can include an

auxiliary module 604 attached to the surgical microscope 602. The auxiliary module 604 can

include the measurement system 606, as described herein, the alignment system 608, and the

wavefront aberrometer 610. The measurement system 606 can be used, for example, for

measuring anterior and/or posterior capsular bag depth or ACD. The alignment system 608

can be used for transversely and longitudinally positioning the ophthalmic apparatus 600 at a

desired location with respect to the patient's eye, as described herein. The wavefront

aberrometer 610 can be used, for example, to perform intraoperative refractive power

measurements of the patient ' s eye. For example, intraoperative measurements of the total

refractive power of the patient ' s aphakic eye could be used in the calculation of IOL power in

place of, or in addition to, preoperative corneal curvature and axial length measurements.

[0058] Although the measurement system 606, alignment system 608, and

wavefront aberrometer 610 are illustrated as a single module 604, other configurations are

possible. For example the measurement system 606, alignment system 608, and wavefront

aberrometer 610 can be arranged as two or three separate modules. In some embodiments,

the measurement system 606 and wavefront aberrometer 610 can be rigidly mechanically

and/or optically coupled together (as described in more detail below). The alignment system



608 can also be rigidly mechanically coupled to the measurement system 606. In some

embodiments, the auxiliary module 604 can be removably attached to the surgical

microscope 602 by one or more fasteners 616.

[0059] FIG. 8 illustrates an x-y-z coordinate system similar to the coordinate

systems of FIGS. 1 and 3 for reference. Out of convenience the y-axis is aligned with the

visual axis of the patient's eye, with the x- and z-axes being mutually orthogonal to the

y-axis.

[0060] The alignment system 608 can be similar to the alignment system

described in U.S. Patent Publication No. 2009/0103050, the entirety of which is hereby

incorporated by reference herein. Other types of alignment systems can also be used. As

discussed above, in some embodiments, the measurement system 606 can be used to provide

positioning information, and the measurement system 606 can be used in conjunction with, or

in place of, the alignment system 608 for positioning the apparatus 600 with respect to the

eye 612 of the patient 614.

[0061] The wavefront aberrometer 610 can be, for example, a Talbot-Moire

interferometer-type wavefront aberrometer, such as the wavefront aberrometer described in

U.S. Patent No. 6,736,510, the entirety of which is hereby incorporated by reference herein.

It should be understood that other types of wavefront aberrometers may also be used. In

some embodiments, the wavefront aberrometer 610 can be omitted, or a different ophthalmic

instrument (e.g., a keratometer, corneal topographer, or Optical Coherence Tomography

(OCT) system) can be used in addition to, or in its place of, the wavefront aberrometer 110,

depending on the procedure to be performed.

[0062] The surgical microscope 602 can be any suitable style or configuration

known in the art, or yet to be devised. The auxiliary module 604, and especially the fasteners

616, can be configured to securely attach to a variety of surgical microscopes. The surgical

microscope 602 can include an eyepiece 618, which can be binocular or monocular, that

allows a surgeon to view a region of the eye 612. The surgical microscope 602 can also

include a light source 620 for illuminating the patient's eye 612, a focusing knob 622 for

adjusting the focus of the surgical microscope 602, and an objective lens 624 for collecting



light from the patient s eye 612. In some embodiments, the surgical microscope 602 is

supported above the patient's eye by an adjustable boom.

[0063] In some embodiments, the measurement system 606 and/or the wavefront

aberrometer 610 operates using light of non-visible wavelengths. Thus, the auxiliary module

604 can also include a wavelength selective mirror 626 that passes visible light to the

objective lens 624 while reflecting light used by the measurement system 606 and/or the

wavefront aberrometer 610, which may be, for example, in the near infrared range, to the

measurement system 606 and/or the wavefront aberrometer 610 enclosed within the auxiliary

module 604. It should be noted that the auxiliary module 604 can include additional optical

components such as mirrors, lenses, beam splitters, filters, etc. for routing light to and among

the components contained therein.

[0064] FIG. 9 schematically illustrates an embodiment of the measurement system

606. the alignment system 608, and the wavefront aberrometer 610. FIG. 9 illustrates an x-y-

z coordinate system similar to the coordinate systems described above for reference. It

should be noted that FIG. 9 is a schematic illustration, and the layout illustrated thereby does

not necessarily indicate the actual locations and directions used in the apparatus 600. For

example the optical paths are illustrated as being located in the x-y plane for simplicity,

though some of the optical paths can be directed at least in part in the z direction.

[0065] In the embodiment illustrated in FIG. 9, the wavefront aberrometer 610

includes a laser 628 that generates a thin beam of light having a planar wavefront which is

directed by a first beam splitter 630 and a wavelength selective mirror 626 into the patient's

eye 612. The laser light passes through the cornea and the pupil of the patient ' s eye and

impinges on the retina. The laser light scatters from the retina and propagates back through

the cornea of the eye 612 and toward the wavelength selective mirror 626.

[0066] Features of the eye 612, including the shape of the cornea alter the planar

wavefront of the scattered light, thus encoding information about the shape of the cornea and

the refractive power of the eye in the altered wavefront. The altered wavefront is reflected by

the wavelength selective mirror 626, passes through the first beam splitter 630, is reflected by

a second beam splitter 632, passes through a first lens doublet 634, is re-directed by a first

and second relay mirrors 636, 638, and passes through a second lens doublet 640. A pair of



reticles, or gratings, 642, 644 is disposed between the second lens doublet 638 and the

aberrometer detector 646. In some embodiments, the aberrometer detector 646 can be a

charge-coupled device (CCD), although other detectors may also be used. The reticles 642,

644 can generate fringe patterns on the aberrometer detector 646 which are detected and used

to determine the shape of the altered wavefront in, for example, the manner described in U.S.

Pat. No. 6,736,510. The shape of the alternate wavefront can then be used to determine, for

example, the spherical power, cylindrical power, and cylindrical axis of the patient s eye.

[0067] The measurement system 606 can include one or more lasers 648, only one

of which is shown for simplicity, oriented to direct light into the eye as described above. In

some embodiments, the lasers 648 can be rigidly attached to the outside of a housing

associated with the auxiliary module 604, or inside the housing such that the laser light is

directed through openings in the housing toward the patient ' s eye 612. In some

embodiments the lasers 648 can be attached having fixed angles.

[0068] When properly positioned, the laser light can enter the eye through the

corneal surface 650 of the eye 612 and impinge upon the target surface 652 (e.g., the

posterior wall of the capsular bag). Light can be scattered by both the corneal surface 650

and the target surface 652 within the eye 612. The scattered light is reflected by the

wavelength selective mirror 626, passes through the first beam splitter 630 and the second

beam splitter 632, passes through a third lens doublet 654, gets redirected by two mirrors

656, 658, and passes through a fourth lens doublet 660 toward a measurement system

detector 662. As described above, the light received by the detector 662 can be used to

determine the distance between the corneal surface 650 and the target surface 652 within the

eye 612.

[0069] In some embodiments, an optical axis 676 of the apparatus is defined by

the optics of the measurement system 606 and/or wavefront aberrometer 610. In some

embodiments the measurement system 606 and the wavefront aberrometer 610 are designed

to operate at a common working distance so that they both can collect accurate data when the

apparatus 600 is properly aligned at a desired transverse and longitudinal position.

[0070] In some embodiments, the lasers 648 of the measurement system 606 can

use the same wavelength (e.g., 780 nm) of light as the laser 628 of the wavefront aberrometer



610 Thus the wavelength selective mirror 626 can be used to direct light from both the

wavefront aberrometer 610 and the measurement system 606 toward the second beam splitter

632 In some embodiments, the measurements performed by the measurement system 606

and the wavefront aberrometer 610 can be performed at different times so that light from one

system does not affect the measurements taken by the other In some embodiments, the lasers

648 can use a different wavelength of light than the laser 628, so that measurements can be

taken using the measurement system 606 at the same time that measurements are taken using

the wavefront aberrometer 610, resulting in less waiting time duπng the surgical procedure

In such embodiments, wavelength selective mirror 626 can be configured to direct light of

both wavelengths to the second beam splitter 632 In some embodiments, the apparatus 600

can use one or more wavelength selective mirrors to route light of one wavelength to the

aberrometer detector 646 and light of another wavelength to the measurement system detector

662

[0071] The alignment system 608 can include one or moie light sources, such as

light emitting diodes (LEDs) 664, 666 The LEDs 664, 666 can be positioned, for example,

about the optical axis 676 of the apparatus and near the input window 668 of the wavefront

aberrometer 610 Ln some embodiments, the LEDs 664, 666 use a different wavelength of

light than the lasers 648, 628 For example, the LEDs can use light having a wavelength of

880 nm, although light of other wavelengths may also be used The alignment system 608

also includes an alignment camera having alignment optics 670 and an alignment detector

672 The alignment optics 670 can define an alignment optical axis 674, which intersects the

cornea of the eye 612 In some embodiments, the alignment optical axis 674 intersects the

optical axis defined by the optics of the measurement system 606 and/or the wavefront

aberrometer 610 at the corneal surface of the eye when the apparatus 600 is positioned at the

desired location with respect to the patient "s eye 612

[0072] Light emitted from the LEDs 664, 666 propagates toward the cornea of the

eye 612 and a portion of the light is reflected by the cornea generally along the alignment

optical axis 674 so that it passes through the alignment optics 670 which creates an image of

the LEDs 664, 666 on the alignment detector 672, which can be, for example, a CCD sensor

The positioning of the images of the LEDs 664, 666 will, in general, depend upon the spatial



positioning of the apparatus 600 and the corneal curvature of the patient s eye. In some

embodiments, a reference location can be defined on the detector 672 based on the corneal

curvature of the patient ' s eye 612 and the desired position of the apparatus 600 with respect

to the eye 612. From the position of the image of the LEDs 664, 666 relative to the reference

location and the sharpness/focus of the image of the LEDs 664, 666, the alignment system

608 can provide alignment information for positioning the apparatus 600 at the desired

location relative to the eye 612, as described in more detail in U.S. Patent Publication No.

2009/0103050. In some embodiments, the positioning system 608 can position the apparatus

600 to within 1 mm. 500 µm, 300 µm, or 150 µm of the desired location relative to the

patient s eye 612.

[0073] The apparatus 600 can include a processor 676, which can be in electronic

communication with the measurement system detector 662, the aberrometer detector 646, and

the alignment detector 672. The processor can also be in electronic communication with a

memory module 678 as discussed above, as well as a video monitor 680 or other display

device for conveying information to the user. The processor 676 can receive and process data

from the detectors 646, 662, 672 as described herein. In some embodiments, the processor

676 can use data from more than one of the detectors 656, 662, 672 to perform a function,

such as produce positioning information. For example, as described above, in some

embodiments, data from the measurement system 606 can be used in conjunction with the

alignment system 608 to produce positioning information.

[0074] The apparatus 600 can include actuators (not shown) for automatically

adjusting the position of the apparatus 600 based on the positioning information. The

apparatus 600 can also include controls (not shown) that allow the user to adjust the position

of the apparatus 600 according to the positioning information provided, for example, via the

video monitor 680.

[0075] Ln some embodiments, the ophthalmic measurement system 606 and the

wavefront aberrometer 610 can use the same detector. FIG. 10 schematically illustrates an

embodiment of the optics system 700 of an ophthalmic measurement system (e.g., 100, 200,

606) for collecting light scattered by the eye 752 from both the ophthalmic measurement

system 606 and the wavefront aberrometer 610 and directing the light to a shared detector



762. A portion of the scattered light is reflected by a wavelength-selective mirror 726 (626 in

FIG. 8) to a beam splitter 730, which transmits a portion of the scattered light toward a first

lens 754. The wavelength-selective mirror 726 can be used, for example as described herein,

to transmit visible light to a surgical microscope while reflecting infrared light used by the

measurement system 606 and wavefront aberrometer 610. The beam splitter 730 can be used,

for example as described herein, to direct a portion of a beam of laser light from a laser (628

in FlG. 8) to the eye 752 for use by the wave front aberrometer 610.

|0076] The first lens 754 can be a lens doublet and can operate with optical power

on the scattered light. For example, the lens 754 can act to converge the scattered light, and

direct it to a first mirror 756, which reflects the light to a second mirror 758. The second

mirror 758 can direct the scattered light through a spatial aperture 759 to a second lens 760,

which can be a doublet lens and can operate with optical power on the scattered light. For

example the lens 760 can act to further converge the scattered light to form a real image on

the detector 762. It should be understood that many other choices for the optical components

in the optics system 700 and the layout thereof can also be used. The optical system 700 can

include a pair of gratings (not shown in FIG. 10) positioned between the lens 760 and the

shared detector 762.

[0077] In some embodiments, the positions of the optical elements of the optical

system 700 are fixed. In some embodiments some of the optical elements of the system 700

can be movable. For example, the lens 760 and/or the lens 754 can be movable so as to

adjust the effective focal length of the optics system 700 depending on the measurement

being taken (e.g., posterior or anterior aphakic capsular bag depth or ACD), the

characteristics of the eye being measured (e.g., phakic or aphakic), whether the measurement

system 606 or the wavefront aberrometer 610 is being used, etc. Thus, the optics system 700

can be configured to form a sharp, focused image on the detector 762 for a variety of

applications. In some embodiments, the gratings can be movable so that they can be placed

in the optical path when the wavefront aberrometer is in use and removed from the optical

path when the measurement system 606 is in use. In some embodiments, the gratings can

remain in the optical path when the measurement system 606 is in use.



[0078] FIG. 10 contains an x-y-z coordinate system in which the y-axis is aligned

with the visual axis of the eye and the x- and z-axes are mutually orthogonal to the y-axis.

Other coordinate systems can be used, and the optical elements illustrated in FIG. 10 can be

oriented in directions other than that shown in FIG. 10.

[0079] FIG. 11 schematically illustrates light from the ophthalmic apparatus of

FIG. 8 interacting with an optical model of a patienfs eye 800 during a measurement process.

FIG. 11 contains an x-y-z coordinate system in which the y-axis is aligned with the visual

axis of the eye and the x- and z-axes are mutually orthogonal to the y-axis. Other coordinate

systems can be used.

[0080] A first beam of laser light 802 contacts the cornea 804 of the eye 800 at

the corneal surface 806. A portion of the light 802 is scattered at the corneal surface, shown

in FIG. 11 as dotted lines 807. The first beam of laser light 802 passes through various

structures of the eye. including the cornea 804, the aqueous humor 808, etc. The first beam

of laser light 802 can be refracted as it enters the eye 800 and propagates through the various

structures of the eye. The first beam of laser light 802 eventually impinges on the posterior

wall of the capsular bag 810, where part of the light 802 is scattered (shown as dashed lines

812) and part of the light 802 passes through the capsular bag and propagates further into the

eye 800. The scattered light 812 can be refracted by the various transitions within the eye and

can also be refracted as it exits the eye 800. As will be understood by those of skill in the art.

the ray trace shown in FIG. 11 is a simplified ray trace showing relatively few rays of light

for simplicity. For example, the beams of laser light (e.g., 802) are shown as a single ray,

when during actual operation the beams of laser light can have a perceptible thickness.

[0081] A second beam of laser light 814 can enter the eye 800 through the corneal

surface 806. A portion of the second beam of laser light 814 is also scattered by the corneal

surface 806 (the scattered light is shown in FIG. 11 by dotted lines 807). The second beam of

laser light 814 can be refracted similarly to the first beam of light 802 discussed above, as it

enters the eye 800 and propagates to the posterior wall of the capsular bag 810. A portion of

the second beam of light 814 can be scattered by the capsular bag 810 (the scattered light is

shown in FIG. 11 as dashed lines 816). The scattered light 816 can be refracted as it

propagates through the transitions within the eye 800 and as it exits the eye 800. The



scattered light 807, 812, 816 can be directed to a detector and used to determine the distance

from the corneal surface 806 to the posterior wall of the capsular bag 810, as discussed

herein.

[0082] A third beam of laser light 818 can be directed into the eye 800 through

the corneal surface 806 so that it propagates to the retina (not shown) and is scattered by the

retina. In some embodiments, the third beam of laser light 818 correspond to the probe beam

of the wavefront aberrometer 610, as described herein. The scattered light from the retina

can be used by the wavefront aberrometer 610 to measure the optical power of the eye.

[0083] FIG. 12 is a flowchart showing an embodiment of a method 900 for

determining appropriate optical power for an IOL to be implanted into a patient's eye as part

of a cataract surgery. At block 902. the user can position the ophthalmic apparatus 600 at a

predetermined desired position over the eye of the patient. In some embodiments, the desired

position can place the apparatus laterally so that an optical axis of the measurement system

substantially aligns with the visual axis of the eye, and longitudinally so that the lasers of the

measurement system intersect at the corneal surface of the eye. In some embodiments, the

user can use the surgical microscope to coarsely position the apparatus 600. During some

applications, it may be desirable to fine tune the position of the apparatus 600 using the

alignment system 608, as described herein. In some embodiments, the alignment system 608

can be used in conjunction with the wavefront aberrometer 610 and/or the spatial

measurement system (e.g., 100, 200, 606) to generate positioning information. The

positioning of the apparatus may be performed automatically using a processor and actuators,

or manual using controls provided to the user. It should be noted that although the method

900 described in relation to the apparatus 600, a different ophthalmic apparatus can be used.

For example, an ultrasound or optical coherence tomography measurement device can be

used. In some embodiments, the ultrasound or optical coherence tomography device can be

mounted onto the surgical microscope or onto the aberrometer, but space restrictions may

limit the type of measurement device mounted thereto. The apparatus may be positioned

differently with respect to the patient ' s eye depending on the type measuring device used.

[0084] At block 904, the apparatus 600 can be used to measure at least one

intraoperative characteristic of the eye, such as the posterior capsular bag depth of the



aphakic eye. In some embodiments, the additional step of removing the natural crystalline

lens from the eye can be performed beforehand, converting the eye into an aphakic eye. In

addition, the globe and capsular bag can be inflated (e.g., with basic saline solution or a

visco-elastic material) after the natural crystalline lens is removed. In some embodiments, an

ophthalmic measurement system (e.g., 100, 200, 606) as described herein can be used to

measure the posterior capsular bag depth. Light from one or more lasers (e.g., 108, 110, 208,

210) can be directed into the eye through the corneal surface so that light from the lasers is

scattered by the corneal surface and also scattered by the capsular bag within the eye. The

scattered light can be collected and directed to a detector where spots are formed

corresponding to the locations from which the light was scattered. A processor can be

configured to deteπnine the posterior capsular bag depth of the aphakic eye based at least in

part on the positions of the spots foπned on the detector, as described herein. In some

embodiments, the posterior capsular bag depth can be measured using ultrasound technology

or optical coherence tomography. Other intraoperative characteristics of the eye can be

measured in addition to, or instead of, the posterior aphakic capsular bag depth. For

example, anterior aphakic capsular bag depth can be measured. This distance can be used,

for example, to predict the postoperative position of an IOL to be placed anterior of the

capsular bag (e.g., a sulcus lens) rather than inside the capsular bag itself. This distance can

also be used instead of, or in conjunction with, the posterior aphakic capsular bag depth to

predict the postoperative position of an IOL in the capsular bag. Other intraoperative

characteristics of the eye can also be measured.

[0085] At block 906, the apparatus 600 can be used to measure the optical power

of the aphakic eye. For example, a wavefront aberrometer 610 can be used to measure the

optical power of the aphakic eye, as described herein. In other embodiments, the optical

power of the aphakic eye can be determined by other methods. For example, the optical

power of the aphakic eye can be estimated from the curvature of the cornea and the axial

length of the eye.

|0086) At block 908, a predicted post operative IOL position can be calculated

based at least in part on the measured at least one intraoperative characteristic of the eye (e.g.,

the aphakic capsular bag depth of the eye). In some embodiments, the predicted post



operative position of the IOL can be determined based on the measured posterior aphakic

capsular bag depth without the use of additional measurements of the eye. For example the

ELP for the 1OL can be deteπnined by subtracting a constant from the measured posterior

aphakic capsular bag depth. In some embodiments, the measured optical power of the

aphakic eye or other factors can also be considered to predict the post operative IOL position,

such as the curvature of the cornea, the axial length of the eye, etc. As will be understood by

those of skill in the art, the correlation between aphakic capsular bag depth and the

postoperative IOL position can be established by measuring the actual postoperative 1OL

position for patients for which the aphakic capsular bag depth was measured, and, after a

sufficient sampling a statistical regression algorithm or the like can be used to generate a

relationship between the aphakic capsular bag depth and postoperative IOL position. In some

embodiments, the postoperative position of an IOL inside the capsular bag can be predicted.

The postoperative position of an IOL at other locations (e.g., for a sulcus lens) can also be

predicted.

[0087] At block 910, the power for the IOL to be implanted into the patient s eye

can be calculated using, at least in part, the predicted postoperative IOL position. Other

factors can also be considered, such as the optical power of the aphakic eye, the axial length

of the eye, etc. By accurately estimating the postoperative IOL position, an appropriate

power for the IOL can be selected more accurately, yielding superior surgical results that can

be more effective at restoring a patient's eye to an emmetropic condition.

[0088] Embodiments have been described in connection with the accompanying

drawings. However it should be understood that the figures are not drawn to scale.

Distances, angles etc. are merely illustrative and do not necessarily bear an exact relationship

to actual dimensions and layout of the devices illustrated. In addition, the foregoing

embodiments have been described at a level of detail to allow one of ordinary skill in the art

to make and use the devices, systems, etc. described herein. A wide variety of variation is

possible. Components, elements, and/or steps may be altered, added, removed, or rearranged.

Additionally, processing steps may be added, removed, or reordered. While certain

embodiments have been explicitly described, other embodiments will also be apparent to

those of ordinary skill in the art based on this disclosure.



[0089] The foregoing disclosure has partitioned devices and systems into multiple

components or modules for ease of explanation. It is to be understood, however, that one or

more components or modules may operate as a single unit. Conversely, a single component

or module may comprise one or more sub-components or some-modules. Further, the

communication between components or modules may occur in a variety of ways, such as

hardware implementations (e.g., over a network or internal bus), software implementations,

or a combination of hardware and software. Such communications can use a variety of

signals, protocols, system architectures, and standards such as, for example, radio signals and

networks. Modules disclosed herein can include hardware, software, firmware, electronic,

and optical elements.

[0090] Some aspects of the systems and methods described herein can

advantageously be implemented using, for example, computer software, hardware, firmware,

or any combination of software, hardware, and firmware. Software modules can comprise

computer executable code for performing the functions described herein. Ln some

embodiments, computer-executable code is executed by one or more general purpose

computers. However, a skilled artisan will appreciate, in light of this disclosure, that any

module that can be implemented using software to be executed on a general purpose

computer can also be implemented using a different combination of hardware, software, or

firmware. For example, such a module can be implemented completely in hardware using a

combination of integrated circuits. Alternatively or additionally, such a module can be

implemented completely or partially using specialized computers designed to perform the

particular functions described herein rather than by general purpose computers.

[0091] A skilled artisan will also appreciate, in light of this disclosure, that

multiple distributed computing devices can be substituted for any one computing device

illustrated herein. In such distributed embodiments, the functions of the one computing

device are distributed (e.g., over a network) such that some functions are performed on each

of the distributed computing devices.

[0092] While certain embodiments have been explicitly described, other

embodiments will become apparent to those of ordinary skill in the art based on this



disclosure. Therefore, the scope of the invention is intended to be defined by reference to the

claims and not simply with regard to the explicitly described embodiments.



WHAT IS CLAIMED IS:

1. An ophthalmic apparatus, comprising:

a first laser configured to direct a first beam of light into an eye of a patient at

a first non-zero angle with respect to an optical axis of the apparatus, such that the

first beam of light propagates to a target area within the eye, and such that a portion of

the first beam of light is scattered by the target area;

imaging optics positioned to receive light scattered by the target area, the

imaging optics defining the optical axis of the apparatus;

a photosensitive element, wherein the imaging optics direct the light scattered

from the target area to the photosensitive element; and

a processor configured to deteπnine a distance between the cornea of the eye

and the target area within the eye based at least in part on the light received by the

photosensitive element.

2. The ophthalmic apparatus of Claim 1, wherein the processor is configured to

calculate the distance between a corneal surface of the eye and the target area within the eye.

3. The ophthalmic apparatus of Claim 1, wherein the processor is configured to

calculate the distance between the location on the cornea where the optical axis of the

apparatus intersects the cornea and the target area within the eye.

4 . The ophthalmic apparatus of Claim 1, wherein the target area comprises a

posterior wall of the capsular bag of the eye.

5. The ophthalmic apparatus of Claim 4, wherein the target area comprises the

posterior wall of the capsular bag of an aphakic eye.

6. The ophthalmic apparatus of Claim 1, wherein the target area comprises an

anterior surface of the capsular bag of an aphakic eye.

7. The ophthalmic apparatus of Claim 1, wherein the optical axis of the

apparatus intersects the corneal surface of the eye at substantially the same location as the

visual axis of the eye.

8. The ophthalmic apparatus of Claim 7, wherein the optical axis of the

apparatus is substantially collinear with the visual axis of the eye.

9. The ophthalmic apparatus of Claim 1, further comprising:



a second laser oriented to direct a second beam of light into the eye at a second

non-zero angle with respect to the optical axis of the apparatus, such that the second

beam of light propagates to the target area within the eye, and such that a portion of

the second beam of light is scattered by the target area;

wherein the portion of the first beam of light scattered by the target area forms

a first target spot on the photosensitive element and the portion of the second beam of

light scattered by the target area forms a second target spot on the photosensitive

element; and

wherein the processor is configured to calculate the distance between the

cornea of the eye and the target area within the eye based at least in part on the

positions of the first and second target spots.

10. The ophthalmic apparatus of Claim 9, wherein the processor is configured to

calculate the distance between the cornea of the eye and the target area within the eye based

at least on the distance between the first and second spots.

11. The ophthalmic apparatus of Claim 9, wherein the first and second lasers are

oriented so that the first and second beams of light both enter the eye substantially at the

location on the corneal surface of the eye, such that a portion of the first and second beams of

light is scattered at the corneal surface and received by the photosensitive element, wherein

the portion of the first beam of light scattered by the corneal surface foπn s a first center spot

on the photosensitive element and the portion of the second beam of light scattered by the

cornea] surface foπn s a second center spot on the photosensitive element, and wherein the

first and second center spots substantially overlap when the apparatus is positioned at a

predetermined position.

12. The ophthalmic apparatus of Claim 9, wherein the first and second lasers are

positioned on opposite sides of the optical axis of the apparatus.

13. The ophthalmic apparatus of Claim 12, wherein the first and second lasers are

spaced substantially equidistant from the optical axis of the apparatus.

14. The ophthalmic apparatus of Claim 13, wherein the first and second non-zero

angles have substantially equal values and extend in substantially opposite directions from

the optical axis of the apparatus.



15. The ophthalmic apparatus of Claim 1, wherein the first laser is oriented so that

the first beam of light enters the eye through the corneal surface of the eye, such that a

portion of the first beam of light is scattered at the corneal surface and received by the

imaging optics, the portion of the first beam of light scattered at the corneal surface forming a

reference spot on the photosensitive element, the portion of the first beam of light scattered

by the target area forming a target spot on the photosensitive element, and wherein the

processor is configured to calculate the distance between the cornea of the eye and the target

area within the eye based at least in part on the position of the target spot relative to the

reference spot.

16. The ophthalmic apparatus of Claim 1, further comprising an alignment system

for positioning the apparatus at a predetermined position relative to the eye.

17. The ophthalmic apparatus of Claim 16, wherein the first beam of light enters

the eye at the center of the corneal surface of the eye.

18. The ophthalmic apparatus of Claim 1, wherein the non-zero angle is between

about 10 degrees to about 20 degrees.

19. The ophthalmic apparatus of Claim 1, further comprising a surgical

microscope.

20. The ophthalmic apparatus of Claim 1, further comprising a wavefront

aberrometer.

2 1. The ophthalmic apparatus of Claim 20, wherein the wavefront aberrometer

comprises a Talbot-Moire interferometer.

22. A method of determining the optical power for an intraocular lens to be

implanted into an eye, the method comprising:

measuring an intraoperative characteristic of the eye, the intraoperative

characteristic comprising the distance between selected first and second portions of

the eye; and

determining the optical power for the intraocular lens based at least in part on

the measured intraoperative characteristic.

23. The method of Claim 22, wherein the eye is aphakic.



24. The method of Claim 23, wherein the intraoperative characteristic comprises

the distance from the cornea of the eye to the posterior wall of the capsular bag in the aphakic

eye.

25. The method of Claim 24, wherein determining the optical power for the

intraocular lens comprises:

determining a predicted postoperative lens position of the intraocular lens

based at least in part on the measured distance from the cornea to the posterior wall of

the capsular bag; and

calculating the optical power for the intraocular lens based at least in part on

the predicted postoperative lens position.

26. The method of Claim 22, further comprising:

measuring the refractive power of the aphakic eye; and

determining the optical power for the intraocular lens based at least in part on

the refractive power of the aphakic eye.

27. A method of using an ophthalmic apparatus, the method comprising:

positioning the ophthalmic apparatus at a predetermined position over an eye

of a patient, wherein an optical axis of the apparatus intersects the cornea of the eye;

directing light from one or more lasers positioned about the optical axis of the

apparatus into the eye so that a portion of the light from the one or more lasers is

scattered by a target area inside the eye;

directing a portion of the light scattered by the target area to a photosensitive

element using imaging optics that define the optical axis;

forming one or more target spots on the photosensitive element, the one or

more target spots corresponding to the light from the respective one or more lasers

scattered by the target area;

calculating the distance between the cornea of the eye and the target area

based at least in part on the positions of the one or more target spots.

28. The method of Claim 27, wherein the optical axis of the apparatus is

substantially collinear with the visual axis of the eye.



29. The method of Claim 27, wherein the light from the one or more lasers enters

the eye at the same location on the corneal surface.

30. The method of Claim 27, wherein the light from the one or more lasers enters

the eye at a non-zero angle with respect to the optical axis of the apparatus.

31. The method of Claim 27, wherein the light from the one or more lasers enters

the eye at a non-zero angle with respect to the visual axis of the eye.

32. The method of Claim 27, wherein the eye is aphakic.

33. The method of Claim 27, wherein the target area is a posterior wall of the

capsular bag of the eye.
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