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(57) Abregeé/Abstract:
A system for determining the shape of a cornea of an eye illuminates at least one of the interior surface, the posterior surface, and
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the Interior region of the eye with infrared light of a wavelength that can generate fluorescent light from the portion of the cornea

Uminated. The generated fluorescent light is then detected. A step of llluminating can comprise focusing the infrared light in a

urality of different planes substantially perpendicular to the optical axis of the eye. From the detected light it is possible to create a
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(57) Abrege(suite)/Abstract(continued):
map of at least a portion of the interior surface, at least a portion of the posterior surface, and/or portion of the interior region of the
cornea. Clarity of vision can be determined by generating autofluorescence from proteins in the pigment epithelial cells of the retina.
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(57) Abstract: A system for determining the shape of a cornea of an eye 1lluminates at least one of the interior surface, the posteri-
or surface, and the interior region of the eye with infrared light of a wavelength that can generate fluorescent light from the portion
of the cornea illuminated. The generated tluorescent light 1s then detected. A step of illuminating can comprise focusing the -
frared light mn a plurality of different planes substantially perpendicular to the optical axis of the eye. From the detected light 1t 1s
possible to create a map of at least a portion of the mterior surface, at least a portion of the posterior surface, and/or portion of the
interior region of the cornea. Clarity of vision can be determined by generating autotluorescence from proteins in the pigment ep-
ithelial cells of the retina.
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SYSTEM FOR CHARACTERIZING A CORNEA
AND OBTAINING AN OPHTHALMIC LENS

BACKGROUND

A variety of systems are known for characterizing a cornea, and using information from
the characterization to model an ophthalmic lens. See for example U.S. Patent .Nos. 6,413,276;
6,511,180; 6,626,535; and 7,241,311

A difficulty with known systems for characterizing the cornca is that properties of the
human cornea can be affected by the amount of water present at the time of measurement. Thus,
for example, an ophthalmic lens designed for a patient, where the patient's cornea was
characterized when the patient had a dry eye condition, may not be suitable for the patient when
the patient's eye 1s adequately hydrated.

Another problem with conventional systcms is the internal structure of the cornea usually
is not considered. It is believed that the focusing effect of the cornea is achieved by the anterior
surface of the cornea, the posterior surface of the cornea, and the interior structure of the cornea,

each contributing about 80%, 10%, and 10%, respectively. This failure to consider the internal

structurc of the cornea, and in some instances failure to consider the shape of the posterior
surface of the cornca, can result i a lens that provides unsatistactory vision.

Accordingly, there is a need for an improved system for characterizing a cornea for the
purpose of obtaining ophthalmic lenses for placement 1n the human eye. It is also desirable that
the system permit analysis of effectiveness of a placed lens in focusing light on the retina.

The invention also includes a system for determining the clarity of vision of a patient to
ascertain the effectiveness of an implanted lens or other ophthalmic modification provided to a
patient. According to this method, the eye of the patient is illuminated with a scanning light of a
wavelength that generates fluorescent light at the retina and clarity of the image generated by the
fluorescent light is detected such as with a photodctector. Fluorescent light 1s generated by

proteins in the pigment epithelial cells of the retina as well as photoreceptors of the retina.
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Then the path length of the scanning light is adjusted to increase the clarity of the image
generated by the fluorescent light. Typically the scanning light has a wavelength of from 750
to about 800 nm, and preferably about 780 nm.

SUMMARY

The present invention provides a system that meets this need. The system includes a
method and apparatus for determining the shape of the cornea of an eye, where the cornea has
an anterior surface, a posterior surface, and an interior region between the anterior and posterior
surfaces. The method relies upon generation of fluorescent light by the cornea, unlike prior art
techniques, where reflectance of incident light is used for determining the cornea shape.
According to the method, at least one of the anterior surfaCe, the posterior surface and the
interior region of the eye is illuminated with infrared light of a wavelength that can generate
fluorescent light from the portio‘n of the cornea i1lluminated. The generated fluorescent light 1s
detected. The detected fluorescence can be used to generate a map of the anterior surface,
posterior surface, and/or internal region of the cornea. By “anterior surface” there is meant a
surface that faces outwardly in the eye. A “posterior surface” faces rearwardly toward the
retina.

For example, 1n the case of the anterior region of the cornea, the optical path length at a
plurality of locations in the interior region is determined. The presence of generated blue light
from the interior region indicates the presence of collagen lamellae in the cornea. '

Preferably the step of illuminating comprises focusing the infrared light 1n a plurality of
different planes substantially perpendicular to the optical axis of the eye. The planes can
intersect the anterior surface of cornea, the posterior surface of cornea, and/or the interior
region of the cornea.

The present mnvention also includes apparatus for performing this method. A preferred
apparatus comprises a laser for illuminating a selected portion of the cornea with infrared light
of a wavelength that can generate fluorescent light from the portion of the cornea illuminated;
focusing means such as focusing lenses for focusing the light in the selected portion of the
comea; and a detector, such as a photodiode detector, for detecting the generated tluorescent
light.

The 1nvention also includes a system for determining the clarity of vision of a patient to
ascertain the effectiveness of an implanted lens or other ophthalmic modification provided to a
patient. According to this method, the eye of the patient is illuminated with a scanning light of
a wavelength that generates fluorescent light at the retina and the clarity of the image generated

by the fluorescent light is detected such as with a photodetector. Fluorescent light 1s generated
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by proteins in the pigment epithelial cells as well as photoreceptors of the retina. Then the path
length of the scanning light is adjusted to increase the clarity of the image generated by the
tluorescent light. Typically the scanning light has a wavelength of from 750 to about 800 nm,
and preferably about 780 nm. The term “clarity of vision” refers to the ability of a subject to
distinguish two images differing in brightness (white is 100% bright and black is 0% bright).
The less that the two images differ in contrast (relative brightness) where the subject can

perceive the difference, the higher the subject’s clarity of vision.

DRAWINGS

These and other features, aspects, and advantages of the present invention will become
better understood with regard to the following description, appended claims, and accompanying
drawings where:

Fig. 1 1s a schematic drawing of the method of the present invention being used with a
pseudophakic eye;

Fig. 2 1s a graphical presentation of the presence of spherical aberration of the
crystalline lens of the human eye, and in a post-LASIK eye;

Fig. 3 1s a schematic presentation of a route of calculation to determine clarity of a
retinal image; '

Fig. 4 1s a graphical visualization of the mathematical procedure of convolution which
can be employed in a computing method to determine clarity of vision;

Fig. 5 1s a side cross sectional view showing the stress strain distribution 1n a loaded
cornea as the result of Finite Element Modeling (FEM);

Fig. 6 1s a schematic drawing depicting the physical processes of second harmonic
generation imaging (SHGi) and two photon excited fluorescence imaging (TPEFi);

Fig. 7 schematically shows the major components of a two-photon
microscope/ophthalmoscope that can be employed in the present invention;

Fig. 8 1s an overview of SHG-imaging of collagen tissue structures;

Fig. 9 sketches the micromorphometry of the cornea;

Fig. 10 shows a schematic arrangement for generating a composite cornea map over a
field of view that resembles the size of a customized intraocular lens (C-IPSM); and

Fig. 11 1s a schematic view of a system for detecting the clarity of images achieved with

an 1implanted intraocular lenses.
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DESCRIPTION

Overview

A system for determining the topography of the cornea, including the topography of the
anterior and posterior surfaces and interior regions of the cornea, includes measurement and
simulation procedures that provide values for the refractive index distribution inside the cornea.
Statistical distributions and results of finitc element modeling of the stress/strain relationship
inside the cornea can be employert.

The apparatus used can be a two-photon microscope to obtain a plurality of
measurements with high spatial resolution. Each individual beam used in the apparatus can have
a unique optical path length. The processes of Second Harmonic Generation imaging (SHG1) and
Two Photon Excited Fluorescence imaging (TPEFi) are employed. By using a plurality of
pixelized data that are generated from these measurements, a detailed spatial distribution of the
refractive properties of the cornea can be evaluated for the purpose of fabricating an intraocular
lens that can precisely compensate for detected aberrations.

The system also includes techniques for determining the effectiveness of a lens in the
cye, 1.¢., a quality control technique.

Characterizing the Cornea

Referring initially to Fig. 1, a system for determining the refractive properties ot an
implanted lens, such as a customized intraocular lens, is shown 1n a schematic drawing, and 1s
generally designated 10. A plurality of optical rays 40 are transmitted through a pseudophakic
eye, implanted with a customized intraocular lens 20, providing local corrections to the optical
path lengths of the individual optical rays with high spatial resolution. These optical rays are
directed through the pseudophakic eye to form an image on the retina 30. The plurality of
individual beams 40 are characterized by the fact that each beam has a unique optical path
length. Specifically, each optical path length is indicative of the refraction that was experienced
by its respective individual beam during transit of the individual beam through the eye. Next, the
optical path lengths of the individual beams are collectively used by a computer to create a
digitized image on the retina of the eye. The plurality of optical rays 40 is transmitted in
sequence through the anterior surface 12 of the cornea 14, the interior region 13 of the cornea 14,

the posterior surface 16 of the cornea 14, and a customized intraocular lens, having an anterior
surface layer 22, and is brought to a focused image on the retina 30. A method for forming the
lens 20 is described in my co-pending Application Serial No.12/717,886, filed event date
herewith, entitled "System for Forming and Modifying Lenses and Lenses Formed

Thereby"(Docket 19780-1).
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In the upper part of the plurality of optical rays 40, three neighboring rays 42, 44, and 46
are depicted, symbolizing a local zone 1n the zonal 'approach. Typically, in ray-tracing
calculations of highest spatial resolution, tens of millions of rays are cvaluated with regard to
their optical path lengths in the human eye. For calculation purposes, a reference plane 18, close
to the natural pupil of the pseudophakic eye, is selected, towards which the optical path lengths
of the individual beams are normalized. In particular, the propagation of an individual optical ray
from the pupil plane 18 to the anterior surface 22 of the customized intraocular lens 20 can be
evaluated as exp (1 x (27n/A) x n(x,y) X z(X,y)), where exp resembles the cxponential function, 1
denotes the imaginary unit number, it amounts to approximately 3.14, A denotes the wavelength
of the optical ray, n(x,y) describes the local refractive index and z(x,y) the physical distance at
the transverse location with coordinates x and y from the pupil plane 18. Any inaccuracy of the
positioning of the customized intraocular lens (C-IPSM) 20 during lens implantation with regard
to axial or lateral position or tilt can be expressed by a profile of physical lengths z(x,y) and can
be compensated for by in-vivo fine-tuning of the surface layer 22 with an optical technique, as
described in my aforementioned copending application Serial No. 12/717,886 (Docket 19780-1),
filed on even date herewith, entitled "System for Forming and Modifying Lenses and Lenses
Formed Thereby."

Fig. 2 1s a graphical presentation of the presence ot one particular optical aberration of
the human eye, e.g. spherical aberration, in a normal eye (e.g. crystalline lens) and 1n a post-
LASIK eye (c.g. reshaped cornea), visualizing the induction of spherical aberration in a post-
LASIK eye 60. In the upper part of Fig. 2, the situation in a normal eye 50 is exemplified. The
eyeball 52 contains a cornea 56, a lens 54 and a retina 58. Typically, for a pupil diameter of 6

mm, an amount of spherical aberration 59 of approximately one wavelength A, corresponding to

0.5 gm, is introduced, mainly associated with the peripheral shape of the crystalline Iens. In the
lower part of Fig. 2, for the case of a post-LASIK cye 60, which underwent a myopia correction
procedure, the introduction of a considerable amount of spherical aberration 1s demonstrated.
The eyeball 62 exhibits a cornea 66, a lens 64 and a retina 68. Typically, an amount of spherical
aberration of approximately ten wavelengths (101), corresponding to 5 gm, 1s encountered,
mainly associated with the edges of the centrally flattened cornea.

Fig. 3 is a schematic presentation of a route of calculation 70 for determining the
necessary refractive effect of an implanted lens. A manifold of optical rays 72 is transformed into
a pupil function 74 which can be visualized as the spatial distribution of the path lengths 76 and
can be expressed as the mathematical function 78: P(x,y) = P(x,y) exp(ikW(x,y)), where P(x,y) 1s
the amplitude and exp(ikW(x,y)) is the phase of the complex pupil function.
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The phase depends on the wave vector k=2#/\, \ being the wavelength of the individual optical
ray, W(x,y) being its path length, and i denotes the imaginary unit number. From the pupil
function 74 the point spread function (PSF) 80 can be derived which mathematically can be
expressed as a Fourier Transform 82: PSF(x,y) = lFT(P(x,y))Iz, which 1s graphically
represented as a pseudo-three dimensional function 84, depicting a neaﬂy diffraction-limited
case, exhibiting a pseudophakic eye with only minor optical aberrations. From the calculation
70, the Strehl Ratio 1 86 can be derived which is defined as 88: 1 = (max( PSF(x,y))/max(PSF st
(X,y)), where PSF(x,y) denotes the point spread function of the aberrated optical system, and
PSFgin(x,y) resembles an idealized diffraction-limited optical system. The point spread function
(PSF) 80 and the Strehl Ratio i 86 are useful to visualize the optical quality of an eye and the
clanty of a retinal image.

Fig. 4 1s a graphical visualization of the mathematical procedure of convolution which
can be employed for the purpose of evaluating the clarity of the retinal image. The image
formation process 90 can be envisaged as a mathematical operation - called convolution 94 — in
which the idealized image of an object 92 is blurred by convolving each image point with the
point spread function PSF 96 of the optical system resulting in an image 100. For the case of a
human eye with a pupil of 6 mm diameter, the PSF 96 is depicted as a pseudo-three
dimensional graph 98. Thus, the clarity of the retinal image 100 can be ascertained by the point
spread function PSF 96.

Fig. 5 1s a side cross-sectional view showing the stress and strain distribution in a
loaded cornea as the result of Finite Element Modeling (FEM). By employing a Finite Element
Modeling (FEM) algorithm 102 for simulating the stress 104 and strain 106 distribution
throughout a loaded cornea, the local density of the stromal tissue inside the cornea can be
determined, from which the spatial distribution of the refractive index n (x,y) 1s derived,
yielding a measure of the variability of the optical path lengths of the manifold of the optical
rays inside the cornea. Initially, finite element Modeling (FEM) provides the distribution of
stiffness parameters in the volume elements, which are proportional to local tissue densities.
The application of FEM-modeling to cornea biomechanics is described in, e.g., A. Pandolfi, et
al., Biomechan. Model Mechanobiology 5237-246, 2006. .An intraocular pressure of 2
kiloPascal (kPA) (15mm Hg) is applied homogeneously to the posterior surface. Only
Bowman's layer 108 is fully fixed at the limbus. On the left part of Fig. 5, a Cauchy stress
distribution along the radial direction is depicted; the absolute values range from -2.5 kPa to
+2.5 kPa. On the right part of Fig. 5, the maximum principle strain distribution 1s visualized;

the relative compression resp. dilation of the stromal tissue range from -0.07 to +0.07.
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Use of Fluorescent Emission to Characterize a Cornea

Fig. 6 1s a schematic drawing depicting the physical processes of second harmonic
generation imaging (SHG1) and two photon excited fluorescence imaging (TPEF1). On the
upper left side of Fig. 6, the principle of Second Harmonic Generation imaging (SHG1) 140 1s
shown. Two photons 146 and 148 with frequency w, coherently add on to generate a photon
150 with frequency 2w, which is instantaneously reradiated from level 144 to 142. In the upper
right side of Fig. 6, the Two Photon Excited Fluorescence imaging (TPEFi) process is
visualized. Two photons 156 and 158 with frequency w, excite a molecule from the ground
level 152 to an excited level 154. After thermal relaxation to level 160 in about 1 picosecond,
the fluorescence photon wr is reradiated, as the molecule is de-excited to level 162 in about
Inanosecond. In the lower part of Fig. 6, the wavelength dependence of the SHGi (Second
Harmonic Generation)- and TPEF 1 (Two Photon Excited Fluorescence)-imaging processes are
exemplified. Generally, as the wavelength of the illuminating femtosecond laser beam with
frequency w, 1s decreased from 166 via 168 to 170, the intensity of the SHGi-signals 174, 176
and 178 with frequency 2w, are increased, as well as the intensities of the TPEFi signals 182,
184 and 186 with frequency wg. In the Two Photon Cornea Micrbscope/Ophthalmoscope, as
described with regard to Fig 7, a wavelength of 780 nm of the illuminating femtosecond laser is
used, for optimized contrast of the imaging of collagen fibrils and cell processes inside the
cornea.

Fig. 7 schematically shows a preferred apparatus 702 for characterizing a cornea for
designing a customized intraocular lens. The apparatus 702 comprises a laser 704, preferably a
two-photon laser, a control unit 706, and a scanning unit 708. Two-photon excitation
microscopy 1s a fluorescence imaging technique that allows imaging living tissue up to a depth
of one millimeter. The two-photon excitation microscope is a special variant of the
multiphoton fluorescence microscope. Two-photon excitation can be a superior alternative to
confocal microscopy due to its deeper tissue penetration, efficient light detection and reduced
phototoxicity. The concept of two-photon excitation is based on the idea that two photons of
low energy can excite a fluorophore in .a quantum event, resulting in the emission of a
fluorescence photon, typically at a higher energy than either of the two excitatory photons. The
probability of the near-simultaneous absorption of two photons is extremely low. Therefore, a
high flux of excitation photons is typically required, usually a femtosecond laser.

A suitable laser is available from Calmar Laser, Inc., Sunnyvale, California. Each pulse
emitted by the laser can have a duration of from about 50 to about 100 femtoseconds and an
energy level of at least about 0.2 nJ. Preferably the laser 704 generates about 50 million pulses

per second at a wavelength of 780 nm, a pulse length of about 50 fs, each pulse having a pulse
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energy of about 10 nJ, the laser being a 500 mW laser. An emitted laser beam 720 is directed
by a turning mirror 722 through a neutral density filter 724 to select the pulse energy. The laser
beam 720 typically has a diameter of about 2mm when emitted by the laser. The laser beam
720 then travels through a dichroic mirror 728 and then to the scanning unit 708 that spatially
distribute the pulses into a manifold of beams. The scanning unit 708 is controlled by a
computer control system 730 to scan a cornea 732 in an eye.

The beam 720 emitted from the laser has a diameter from about 2 to about 2.5 mm. The
beam 720, after exiting the scanner 708, is then focused by focusing means to a size suitable for
scanning the cornea 732, typically a beam having a diameter from about 1 to about 2 um. The
focusing means can be any series of lenses and optical devices, such as prisms, that can be used
for reducing the laser beam to a desired size. The focusing means can be a telescopic lens pair
742 and 744 and a microscope objective 746, where a second turning mirror 748 directs the
beam from the lens pair to the microscopic objective. The focusing microscope objective can
be a 40 x/0.8 objective with a working distance of 3.3 mm. The scanning and control unit are
preferably a Heidelberg Spectralis HRA scanning unit available from Heidelberg Engineering
located mn Heidelberg, Germany.

The optics 1n the scanning unit allow a region having a diameter of about 150 to about
450 pm to be scanned without having to move either the cornea 732 or the optics.

To scan other regions of the cornea it is necessary to move the cornea in the x-, y- plane. Also,
to scan 1n varying depths in the cornea, it is necessary to move the focal plane of the laser
scanner 1n the z- direction.

The control unit 706 can be any computer that includes storage memory, a processor, a
display, and input means such as a mouse, and/or keyboard. The control unit is programmed to

provide a desired pattern of laser beams from the scanning unit 708.

The cells on the anterior surface of the cornea 732, when excited by the laser beam at a
wavelength of 780 nm fluoresce, producing a green light having a wavelength of about 530 nm.
The emitted light tracks through the path of the incident laser light, namely the emitted light
passes through the microscope objective 746, to be reflected by the turning mirror 748, through
the lenses 744 and 742, through the scanning unit 708 into the dichroic mirror 728 which
reflects the fluorescent light to path 780, generally at a right angle to the path of the incident
laser light that passed through the dichroic mirror 728. In path 780, the emitted light passes
through a filter 782 to remove light of unwanted frequencies, and then through a focusing lens
/34 to a photodetector 786. The photodetector can be an avalanche photodiode. Data from the
photodetector can be stored in the memory of the computer control unit 730, or in other

memory.
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Thus, the anterior surface of the cornea is illuminated with infrared light of a
wavelength that generates fluorescent light and the generated fluorescent light is detected. For
the anterior surface, incident infrared light is focused in a plurality of different planes that are

substantially perpendicular to the optical axis of the eye, where the planes intersect the anterior

surface of the cornea.

The same procedure can be used for characterizing the posterior surface, by focusing
the infrared light in a plurality of different planes substantially perpendicular to the optical axis
of the eye where the planes intersect the posterior surface. The scanning can be done in 64

separate planes, where the scanning is done with beams about three microns apart.

A difference for scanning the interior of the cornea is that the collagen lamellae in the
interior region generate blue light rather than green light. The blue light has a wavelength of
about 390 nm. When scanning the interior of the cornea, it is necessary to use a different filter
732 to be certain to have the blue light pass through the filter to the photodetector 786.

Fig. 8 1s an overview of SHG-imaging of collagen tissue structures. The collagen triple
helix 188 is visualized in the upper left part of Fig. 8, exhibiting the typical structure of
collagen fibrils. The collagen fibrils are organized in a complex three dimensional layered
structure nside the corneal stroma. On the lower left part of Fig. 8, the Second Harmonic
Generation (SHG) laser/collagen fibril interaction process is depicted. A photon 194 with the
frequency w polarizes the collagen fibril to an intermediate level 196, whereas a second photon
198 of the same frequency w further creates an instantaneous electronic level 192. The
electronic excitation is immediately reradiated as a photon 200 of double energy, exhibiting the
frequency 2w. This process occurs with high yield because of the unidirectional shape of the
collagen fibrils. Second Harmonic Generation imaging (SHG1) of corneal tissue was recently
reported (M.Han, G.Giese, and J.F.Bille, “Second harmonic generation imaging of collagen
fibrils in cornea and sclera”, Opt.Express 13, 5791 — 5795(2005)). The measurement was
performed with the apparatus of Fig. 7. The SHGi signal is determined according to the
formulas 224 from the nonlinear optical polarization 226 of the collagen fibrils. The signal-
strength 228 1s directly proportional to the second order polarization term [x*]* and inversely
proportional to the pulse length 7 of the femtosecond laser pulses. Thus, a SHGi-image of high
contrast visualizes the three dimensional layered structure of the cornea.l stroma, due to the
strong unidirectionality of the Collagen fibrils and the ultrashort pulse length of the
femtosecond laser employed in the in-vivo Two Photon Cornea Microscope/Ophthalmoscope,

as described with regard to Fig. 7.
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Anatomically, the cornea 14 of an eye is shown in Fig. 9 to include, in order from its
anterior surface 12 to its posterior surface 16, an epithelium 230, a Bowman’s membrane 244, a
stroma 246, a Descemet’s membrane 248, and an endothelium 250. The epithelium 230 1s
comprised of several cell layers, e.g. 232, 234, 236, 238 and 240, merging into the basal cell
layer 242. The basal cell layer 242, as well as the anterior surface 12, can clearly be imaged by
the two-photon excited autoﬂuoi‘escence mode (TPEF) of the two-photon cornea microscope,
providing a spatially resolved measure of the thickness of the epithelium 230. The endothelium
can also be imaged by the two-photon excited autofluorescence mode of the two-photon cornea
microscope, resulting in a spatially resolved thickness measurement of the cornea 14. The
stroma 246 1s composed of approximately 200 collagen lamellae, e.g. 252, 254, 256, 258, 260,
262, and 264, exhibiting a complex three dimensional structure, which can be evaluated
utilizing the Second Harmonic Generation imaging (SHGi) mode of the two-photon comnea
microscope. Based on these measurements, supported by Finite Element Modeling (FEM) of
the stiffness of the collagen structure — as exemplified in Fig. 5 — the three-dimensional '
distribution of the refractive index inside the cornea can be reconstructed. Thus, the optical path
lengths - inside the cornea - of the plurality of the optical rays in the ray-tracing calculation can
be determined with high spatial resolution. Thus the anterior surface, posterior surface and/or
internal structure of the cornea can be mapped.

In Fig. 10, the formation of a composite cornea map 270 from individual imaging fields
is demonstrated. Typically, a central imaging field 280 extends over a diameter of about 2 mm,
comprising approximately 2000 x 2000 imaging pixels, which amount to 4 million imaging
points or pixels, providing a resolution of approximately 1 um (e.g. utilizing a Nikon 50x/0.45
microscope objective.). The composite cornea map 270 contains a three dimensional stack of
two-photon microscope images, comprised of either the Two-Photon Excited Fluorescence
imaging (TPEFi)- or the Second Harmonic Generation imaging (SHG1)-imaging mode. In order
to match the size of the customized intraocular lens of approximately 6 mm diameter, six
peripheral imaging fields 290, 292, 294, 296, 298, and 300 are employed. The alignment of the
individual fields is accomplished by utilizing a run-time grey value pixel cross correlation
algorithm 1in the overlap zones 310, 312, 314, 316, 318, and 320. Thus, the composite cornea
map exhibits approximately 28 million data, providing a spatially resolved composite image of
one transversal slice through the cornea. Typically, one hundred transversal slices through the
cornea are employed for reconstructing the optical path lengths of the plurality of optical rays
as they are transmitted through the cornea of the pseudophakic eye.
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Designing and Forming Lenses

Techniques for designing lenses from the data generated by the apparatus of Fig. 7 are
known in the art and include the methods described by Roffman in U.S. Patent No. 5,050,981.

Techniques for manufacturing or modifying a lens are described in my aforementioned

copending U.S. Patent Application Serial No. 12/717,886 (Docket 19780-1).

Clarity of Vision Determination

With regard to Fig. 11 the:e is schematically shown a system for determining the clarity
of vision experienced by a patient, and in the instance of Fig. 11, with an implanted 1ntraocular
lens 1102. The system used for this is substantially the same as the apparatus shown 1n Fig. 7
using the same laser 704 and scanner 708. Optionally an adaptive-optics module (AO-module)
1104 can be used for the purpose of simulating the cffect of a refractive correction, with regard
to image clarity and depth of focus. The AO-module 708 can be composed of a phase-plate
compensator and an active minor for the purpose of pre-compensating individual light beams
generated by the laser 704. An adapted optics device to compensate for asymmetric aberrations
in a beam of light useful for the invention described in my U.S. Patent No. 7,611,244. A method
and apparatus for pre-compensating the refractive properties of the human with an adaptive
optical feedback control is described in my U.S. Patent No. 6,155,684. Use of active minors is
described in my U.S. Patent No. 6,220,707. Individual light beams 1112 pass through the cornea
1114 and then the intraocular lens 1102 to be focused on the retina to form a retinal image at
1120. With the incoming light being at a wavelength of from about 750 to about 800 nm,
preferably about 780 nm, fluorescent proteins in the pigment epithelial cells, as well as the
photoreceptors, emit fluorescent light having a frequency of about 530 nm to about 550 nm. The
emitted light is represented by lines 1122 in Fig. 11. The intensity of the fluorescent light emitted
indicates and correlates with how well the cornea 1114 and intraocular lens 1102 focus the
incoming light beams, wherein higher intensity indicates better focusing. To determine it
improved focusing can be obtained, to increase the clarity of the image generated by the
fluorescent light, the path length of the incoming scanning light can be changed, such aé by

adjusting the phasc plate or the active mirror in the adaptive optics module

1104.

Optionally, vision stimulae 1124, such as a Snellen chart can be provided, to receive

subjective feedback from the patient with regard to the clarity of vision.
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Using the method, a prescription for an implanted lens, such as an IOL, corneal lens, or

contact lens, as well as modification for an in situ lens (cornea, IOL, natural crystalline lens) can
be determined.

Although the present invention has been described in constderable detail with reference
to the preferred versions thereof, other versions are possible. For example, although the present
invention is described with regard to use of intraocular lenses, it is understood that the data
generated characterizing the cornea can be used for forming contact lenses and other lenses
implanted in an eye. Thercfore the scope of the appended claims should not be limited to the
description of the preferred versions containcd therein, but should be given the broadest

interpretation consistent with the uescription as a whole.
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What i1s claimed 1s:

L. A method for generating a map of a cornea of an eye, the cornea having an anterior
surface, a posterior surface, and an interior region between the anterior and posterior

surfaces, the method comprising the steps of:

a) 1lluminating a portion of thc cornca by scanning {ocused infrarcd light 1n
a plurality of differcnt planes within said portion of the cornea that are
substantially perpendicular to an optical axis of the cye, said plurality of

planes intersecting the {ollowing:

1) a first portion of the anterior surface and a first portion of the

posterior surlace; and

i1) a sccond portion of the anterior surface, a second portion of the

interior region and a first portion of the posterior surface, and

1) a sccond portion of the posterior surface and a third portion of

the interior region,

wherein the infrared light is of a wavelength that generates fluorescent light
and a Second Harmonic Generation imaging (SHG1) signal by nonlinear

optical proccsses {rom the portion of the cornea i1lluminated;

b) detecting and cvaluating thc [luorescent light and SHGi signal gencrated

from the portion of the cornca i1lluminated;

¢) determining the shape of the anterior and posterior surfaces and a spatially
rcsolved thickness measurement of the portion of the cornca illuminated

from the detected fluorescent light and the SHG1 signal;

d) determining from the SHG1 signal the three dimensional layered structure

of corneal stroma tissuc;
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e) deriving, using linite element modeling, optical path lengths for the
portion of the corneca tluminated from the dctected fluorescent light

and SHG1 signal;

[) using the dertved optical path Iengths to generatc a map of the antertor
surface, posterior surface and the interior region for the portion of the

cornea i1lluminated.

The method of claim 1, wherein the nonlinear optical processes comprise a Two
Photon Excited Fluorescence imaging (TPEF1) process and the detecting and
evaluating step comprnses detecting any generated green light, wherein the presence

of green light indicates the anterior or posterior surfaces of the cornea.

The method of claim 2, wherein the green light has a wavelength of about 530

nanometers.

The method of claim 1, wherein the nonlinear optical processes comprise a Second
Harmonic Generation imaging (SHG1) process and the detecting and evaluating step
comprisces detecting any generated blue light, wherein the presence of blue light

indicates the presence of collagen lamellac in the cornea.

The method of claim 4, wherein the blue light has a wavelength of about 390

nanometers.

The method of claim 1 wherein, step {) further includes determining a three
dimensional distribution of refractive index in the portion of the cornca illuminated

from the derived optical path lengths in the portion of the cornea illuminated.

The method of claim 1, wherein the wavelength of the illuminating light 1s about 780

NnImn.
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3. The method of claim 1, wherein the infrared light is emitted as pulses having an

energy level of at least 0.2 nJ.

9. The method of claim 1 wherein the wavelength of the infrared light 1s 750-800nm.
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