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Description
BACKGROUND

[0001] A variety of systems are known for characteriz-
ing a cornea, and using information from the character-
ization 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. Document WO-A-01/08547 relates to a sur-
face topography system to measure the shape of the eye
with an infrared laser.

[0002] A difficulty with known systems for characteriz-
ing the cornea 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
is adequately hydrated.

[0003] Another problem with conventional systems is
the internal structure of the cornea usually is not consid-
ered. Itis 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
structure of the cornea, and in some instances failure to
consider the shape of the posterior surface of the cornea,
can result in a lens that provides unsatisfactory vision.
[0004] Accordingly, there is a need for an improved
system for characterizing a cornea for the purpose of
obtaining ophthalmic lenses for placement in the human
eye. It is also desirable that the system permit analysis
of effectiveness of a placed lens in focusing light on the
retina.

[0005] 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 pa-
tient is also provided. 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 photodetector. Fluorescent
light is generated by proteins in the pigment epithelial
cells of the retina 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 fluo-
rescent light. Typically the scanning light has a wave-
length of from 750 to about 800 nm, and preferably about
780 nm.

SUMMARY

[0006] Accordingtoafirstaspectofthe invention, there
is provided a method for generating a map of a cornea
of an eye, as described in claim 1.

[0007] According to a second aspect of the invention,
there is provided apparatus arranged to generate a map
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of a cornea of an eye, as described in claim 10.

[0008] Optional features of the claimed method and
apparatus are listed in the dependent claims.

[0009] The following definitions are used herein:
[0010] By "anterior surface" there is meant a surface
that faces outwardly in the eye. A "posterior surface" fac-
es rearwardly toward the retina.

[0011] The term "clarity of vision" refers to the ability
of a subject to distinguish two images differing in bright-
ness (white is 100% bright and black is 0% bright). The
less that the two images differ in contrast (relative bright-
ness) where the subject can perceive the difference, the
higher the subject’s clarity of vision.

[0012] DRAWINGS These and other features, as-
pects, and advantages of the present invention will be-
come better understood with regard to the following de-
scription, appended claims, and accompanying drawings
where:

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

Fig. 2 is a graphical presentation of the presence of
spherical aberration of the crystalline lens of the hu-
man eye, and in a post-LASIK eye;

Fig. 3 is a schematic presentation of a route of cal-
culation to determine clarity of a retinal image;

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

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

Fig. 6 is 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 is an overview of SHG-imaging of collagen
tissue structures;

Fig. 9 sketches the micromorphometry of the cornea;
Fig. 10 shows a schematic arrangement for gener-
ating a composite cornea map over a field of view
that resembles the size of a customized intraocular

lens (C-IPSM); and

Fig. 11 is a schematic view of a system for detecting
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the clarity of images achieved with an implanted in-
traocular lenses.

Overview

[0013] A system for determining the topography of the
cornea, including the topography of the anterior and pos-
terior surfaces and interior regions of the cornea, includes
measurement and simulation procedures that provide
values for the refractive index distribution inside the cor-
nea. Statistical distributions and results of finite element
modeling of the stress/strain relationship inside the cor-
nea can be employed.

[0014] The apparatus used can be a two-photon mi-
croscope to obtain a plurality of measurements with high
spatial resolution. Each individual beam used in the ap-
paratus can have a unique optical path length. The proc-
esses of Second Harmonic Generation imaging (SHGi)
and Two Photon Excited Fluorescence imaging (TPEFi)
are employed. By using a plurality of pixelized data that
are generated from these measurements, a detailed spa-
tial distribution of the refractive properties of the cornea
can be evaluated for the purpose of fabricating an in-
traocular lens that can precisely compensate for detected
aberrations.

[0015] The system also includes techniques for deter-
mining the effectiveness of alensin the eye, i.e., a quality
control technique.

Characterizing the Cornea

[0016] Referring initially to Fig. 1, a system for deter-
mining the refractive properties of an implanted lens,
such as a customized intraocular lens, is shown in a sche-
matic drawing, and is generally designated 10. A plurality
of optical rays 40 are transmitted through a pseudophakic
eye, implanted with a customized intraocularlens 20, pro-
viding 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 indi-
vidual 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 collec-
tively 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 custom-
ized 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 Modify-
ing Lenses and Lenses Formed Thereby"(Docket
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19780-1).

[0017] In the upper part of the plurality of optical rays
40, three neighboring rays 42, 44, and 46 are depicted,
symbolizing a local zone in the zonal approach. Typically,
in ray-tracing calculations of highest spatial resolution,
tens of millions of rays are evaluated with regard to their
optical path lengths in the human eye. For calculation
purposes, areference plane 18, close to the natural pupil
of the pseudophakic eye, is selected, towards which the
optical path lengths of the individual beams are normal-
ized. 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 (i x (2n/ 1) x n(x,y) x z(x,y)), where exp resembles
the exponential function, i denotes the imaginary unit
number, 1 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 im-
plantation 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 sur-
face 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 here-
with, entitled "System for Forming and Modifying Lenses
and Lenses Formed Thereby,".

[0018] Fig. 2 is a graphical presentation of the pres-
ence of one particular optical aberration of the human
eye, e.g. spherical aberration, in a normal eye (e.g. crys-
talline lens) and in a post-LASIK eye (e.g. reshaped cor-
nea), visualizing the induction of spherical aberration in
a post-LASIK eye 60. In the upper part of Fig. 2, the sit-
uation in a normal eye 50 is exemplified. The eyeball 52
contains a cornea 56, alens 54 and aretina 58. Typically,
for a pupil diameter of 6 mm, an amount of spherical
aberration 59 of approximately one wavelength A, corre-
spondingto 0.5 um, is introduced, mainly associated with
the peripheral shape of the crystalline lens. In the lower
part of Fig. 2, for the case of a post-LASIK eye 60, which
underwent a myopia correction procedure, the introduc-
tion of a considerable amount of spherical aberration is
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), cor-
responding to 5 wm, is encountered, mainly associated
with the edges of the centrally flattened cornea.

[0019] 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 vis-
ualized 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) is the ampli-
tude and exp(ikW(x,y)) is the phase of the complex pupil
function. The phase depends on the wave vector k=2n/1,
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A 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)
= |FT(P(x,y))|2, which is graphically represented as a
pseudo-three dimensional function 84, depicting a nearly
diffraction-limited case, exhibiting a pseudophakic eye
with only minor optical aberrations. From the calculation
70, the Strehl Ratio i 86 can be derived which is defined
as 88: i = (max(PSF(x,y))/max(PSFy (x,y)), where
PSF(x,y) denotes the point spread function of the aber-
rated optical system, and PSF4(x,y) resembles an ide-
alized 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 clarity of a
retinal image.

[0020] Fig. 4 is a graphical visualization of the mathe-
matical procedure of convolution which can be employed
for the purpose of evaluating the clarity of the retinal im-
age. 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 func-
tion 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 di-
mensional graph 98. Thus, the clarity of the retinal image
100 can be ascertained by the point spread function PSF
96.

[0021] Fig. 5 is a side cross-sectional view showing
the stress and strain distribution in a loaded cornea as
the result of Finite Element Modeling (FEM). By employ-
ing 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 stro-
mal tissue inside the cornea can be determined, from
which the spatial distribution of the refractive index n (x,y)
is 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 is 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

[0022] Fig. 6 is a schematic drawing depicting the
physical processes of second harmonic generation im-
aging (SHGi) and two photon excited fluorescence im-
aging (TPEFi). On the upper left side of Fig. 6, the prin-
ciple of Second Harmonic Generation imaging (SHGi)
140 is shown. Two photons 146 and 148 with frequency
o, coherently add on to generate a photon 150 with fre-
quency 2w, which is instantaneously reradiated from lev-
el 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
o, 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 e is rera-
diated, 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 Genera-
tion)-and TPEFi (Two Photon Excited Fluorescence)-im-
aging processes are exemplified. Generally, as the wave-
length of the illuminating femtosecond laser beam with
frequency op is decreased from 166 via 168 to 170, the
intensity of the SHGi-signals 174, 176 and 178 with fre-
quency 2cop are increased, as well as the intensities of
the TPEFi signals 182, 184 and 186 with frequency of.
In the Two Photon Cornea Microscope/Ophthalmo-
scope, 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.

[0023] Fig. 7 schematically shows a preferred appara-
tus 702 for characterizing a cornea for designing a cus-
tomized 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 mi-
croscopy is 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 mi-
croscopy 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 quan-
tum 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-simulta-
neous absorption of two photons is extremely low. There-
fore, a high flux of excitation photons is typically required,
usually a femtosecond laser.

[0024] 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
nd. 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 energy
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ofabout 10 nJ, thelaser beinga 500 mW laser. An emitted
laserbeam 720 s 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 trav-
els 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 com-
puter control system 730 to scan a cornea 732 in an eye.
[0025] The beam 720 emitted from the laser has a di-
ameter 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 pm. 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 in Heidelberg, Germany.

[0026] The optics in the scanning unit allow a region
having a diameter of about 150 to about 450 wm 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 in var-
ying depths in the cornea, it is necessary to move the
focal plane of the laser scanner in the z- direction.
[0027] 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.

[0028] 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 wave-
length 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 di-
chroic mirror 728 which reflects the fluorescent light to
path 780, generally at a right angle to the path of the
incidentlaser 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 784 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.
[0029] Thus, the anterior surface of the cornea is illu-
minated with infrared light of a wavelength that generates
fluorescent light and the generated fluorescent light is
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detected. For the anterior surface, incident infrared light
is focused in a plurality of different planes that are sub-
stantially perpendicular to the optical axis of the eye,
where the planes intersect the anterior surface of the
cornea.

[0030] The same procedure can be used for charac-
terizing the posterior surface, by focusing the infrared
lightin a plurality of different planes substantially perpen-
dicular to the optical axis of the eye where the planes
intersectthe posterior surface. The scanning can be done
in 64 separate planes, where the scanning is done with
beams about three microns apart.

[0031] A difference for scanning the interior of the cor-
nea 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.

[0032] Fig. 8 is an overview of SHG-imaging of colla-
gen tissue structures. The collagen triple helix 188 is vis-
ualized in the upper left part of Fig. 8, exhibiting the typical
structure of collagen fibrils. The collagen fibrils are or-
ganized in acomplex three dimensional layered structure
inside the corneal stroma. On the lower left part of Fig.
8, the Second Harmonic Generation (SHG) laser/colla-
gen fibril interaction process is depicted. A photon 194
with the frequency o polarizes the collagen fibril to an
intermediate level 196, whereas a second photon 198 of
the same frequency o further creates an instantaneous
electronic level 192. The electronic excitation is immedi-
ately reradiated as a photon 200 of double energy, ex-
hibiting the frequency 2w. This process occurs with high
yield because of the unidirectional shape of the collagen
fibrils. Second Harmonic Generation imaging (SHGi) 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 deter-
mined according to the formulas 224 from the nonlinear
optical polarization 226 of the collagen fibrils. The signal-
strength 228 is directly proportional to the second order
polarization term [}(2)]2 and inversely proportional to the
pulse length 7 of the femtosecond laser pulses. Thus, a
SHGi-image of high contrast visualizes the three dimen-
sional layered structure of the corneal stroma, due to the
strong unidirectionality of the collagen fibrils and the ul-
trashort pulse length of the femtosecond laser employed
in the in-vivo Two Photon Cornea Microscope/Ophthal-
moscope, as described with regard to Fig. 7.

[0033] Anatomically, the cornea 14 of an eye is shown
in Fig. 9 to include, in order from its anterior surface 12
toits 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 is com-
prised of several cell layers, e.g. 232, 234, 236, 238 and
240, merging into the basal cell layer 242. The basal cell
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layer 242, as well as the anterior surface 12, can clearly
be imaged by the two-photon excited autofluorescence
mode (TPEF) of the two-photon cornea microscope, pro-
viding 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 is 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 Gener-
ation imaging (SHGi) mode of the two-photon cornea mi-
croscope. Based on these measurements, supported by
Finite Element Modeling (FEM) of the stiffness of the col-
lagen structure - as exemplified in Fig. 5 - the three-di-
mensional 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, poste-
rior surface and/or internal structure of the cornea can
be mapped.

[0034] 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 di-
ameter 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 wm (e.g. utilizing a Nikon 50/0.45 microscope objec-
tive.). The composite cornea map 270 contains a three
dimensional stack of two-photon microscope images,
comprised of either the Two-Photon Excited Fluores-
cence imaging (TPEFi)- or the Second Harmonic Gen-
eration imaging (SHGi)-imaging mode. In order to match
the size of the customized intraocular lens of approxi-
mately 6 mm diameter, six peripheral imaging fields 290,
292, 294, 296, 298, and 300 are employed. The align-
ment of the individual fields is accomplished by utilizing
a run-time grey value pixel cross correlation algorithm in
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. Typ-
ically, 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.

Designing and Forming Lenses

[0035] 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 manufactur-
ing or modifying a lens are described in my aforemen-
tioned copending U.S. Patent Application Serial No.
12/717,886 (Docket 19780-1).
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Clarity of Vision Determination

[0036] With regard to Fig. 11 there is schematically
shown a system for determining the clarity of vision ex-
perienced by a patient, and in the instance of Fig. 11,
with animplanted intraocular lens 1102. The system used
for this is substantially the same as the apparatus shown
in Fig. 7 using the same laser 704 and scanner 708. Op-
tionally an adaptive-optics module (AO-module) 1104
can be used for the purpose of simulating the effect 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 mirror 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-compensat-
ing the refractive properties of the human with an adap-
tive optical feedback control is described in my U.S. Pat-
ent No. 6,155,684. Use of active mirrors is described in
my U.S. Patent No. 6,220,707. Individual light beams
1112 pass through the cornea 1114 and then the intraoc-
ular lens 1102 to be focused on the retina to form a retinal
image at 1120. With the incoming light being at a wave-
length of from about 750 to about 800 nm, preferably
about 780 nm, fluorescent proteins in the pigment epi-
thelial cells, as well as the photoreceptors, emit fluores-
cent 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
andintraocularlens 1102 focus the incoming light beams,
wherein higher intensity indicates better focusing. To de-
termine ifimproved focusing can be obtained, toincrease
the clarity of the image generated by the fluorescent light,
the path length of the incoming scanning light can be
changed, such as by adjusting the phase plate or the
active mirror in the adaptive optics module 1104.
[0037] Optionally, vision stimulae 1124, such as a
Snellen chart can be provided, to receive subjective feed-
back from the patient with regard to the clarity of vision.
[0038] Usingthe method, a prescription for an implant-
ed lens, such as an IOL, corneal lens, or contact lens,
as well as modification for an in situ lens (cornea, 10L,
natural crystalline lens) can be determined.

[0039] Although the present invention has been de-
scribed in considerable detail with reference to the pre-
ferred versions thereof, other versions are possible. For
example, although the presentinventionis 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 implant-
edinan eye. Therefore the scope of the appended claims
should not be limited to the description of the preferred
versions contained therein.
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Claims

1.

A method for generating a map of a cornea
(14,56,732) of an eye, the cornea (14,56,732) having
an anterior surface (12), a posterior surface (16), and
an interior region (13) between the anterior (12) and
posterior surfaces (16), the method comprising the
steps of:

a) illuminating a portion of the cornea
(14,56,732) by scanning focused infrared light
(40,720) in a plurality of different planes within
said portion of the cornea (14,56,732) that are
substantially perpendicular to an optical axis of
the eye, said plurality of different planes inter-
secting the anterior surface (12), the posterior
surface (16), and/or the interior region (13),

wherein the infrared light (40,720) is of a wavelength
that generates fluorescent light from the portion of
the cornea (14,56,732) illuminated;

b) detecting the fluorescent light and detecting
and evaluating a Two Photon Excited Fluores-
cence imaging, TPEFi, signal, and a Second
Harmonic Generation imaging, SHGi, signal,
generated by nonlinear optical processes from
the portion of the cornea (14,56,732) illuminat-
ed;

c) determining the shape of the cornea and, us-
ing the TPEFi signal, determining a spatially re-
solved thickness measurement of the portion of
the (14,56,732) illuminated from the detected
fluorescent light;

d) determining from the SHGi signal the three
dimensional layered structure of corneal stroma
tissue in the portion of the cornea (14,56,732)
illuminated;

e) deriving, from the detected signals, a spatial
distribution of the refractive index n(x,y) inside
the cornea and optical path lengths (76) for the
portion of the cornea (14,56,732) illuminated;
f) using the derived optical path lengths (76) to
generate a map of the anterior surface (12), pos-
terior surface (16) and the interior region (13)
for the portion of the cornea (14,56,732) illumi-
nated.

The method of claim 1 wherein the detecting step
comprises detecting any generated green light,
wherein the presence of green light indicates the an-
terior (12) or posterior (16) surfaces of the cornea
(14,56,732).

The method of claim 1 wherein the step of determin-
ing the optical path length comprises detecting any
generated blue light, wherein the presence of blue
light indicates the presence of collagen lamellae in
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10.

the cornea (14,56,732).

The method of claim 3 wherein the blue light has a
wavelength of about 390 nanometers.

The method of claim 2 wherein the green light has
a wavelength of about 530 nanometers and the in-
frared light has a wavelength of about 780 nanom-
eters.

The method of claim 1 wherein step f) further in-
cludes determining a three dimensional distribution
of refractive index in the portion of the cornea illumi-
nated from the derived optical path lengths in the
portion of the cornea illuminated.

The method of claim 1 wherein the wavelength of
the infrared light is about 750-800 nm, and wherein
the wavelength of the infrared light is preferably
about 780 nm.

The method of claim 1 wherein the infrared light is
emitted as pulses having a duration of about 50 to
about 100 femtoseconds and an energy level of at
least 0.2 nJ.

The method of claim 1 wherein the infrared light gen-
erates about 50 million pulses per second ata wave-
length of 780 nm having a pulse length of about 50
femtoseconds and an energy level of about 10 nJ.

Apparatus arranged to generate a map of a cornea
(14,56,732) of an eye, the cornea (14,56,732) having
an anterior surface (12), a posterior surface (16), and
an interior region (13) between the anterior (12) and
posterior surfaces (16), the apparatus comprising:

a)alaser (704) forilluminating a selected portion
of the cornea (14,56,732) with infrared light
(40,720) of a wavelength that generates fluores-
cent light from the portion of the cornea
(14,56,732) illuminated;

b) focusing means (742,744) for focusing the
infrared light (40,720) on the selected portion of
the cornea (14,56,732);

¢) a scanning and control unit (706) for scanning
the focused infrared light (40,720) in a plurality
of different planes within the selected portion of
the cornea (14,56,732) that are substantially
perpendicular to an optical axis of the eye, said
plurality of different planes intersecting the an-
terior surface (12), the posterior surface (16),
and/or the interior region (13),

d) a photodetector (786) for detecting the fluo-
rescent light and a Two Photon Excited Fluores-
cenceimaging, TPEFi, signaland a Second Har-
monic Generation imaging, SHGi, signal gener-
ated by nonlinear optical processes from the
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portion of the cornea (14,56,732) illuminated;
and
e) a computerized control unit that

1) evaluates the SHGi and TPEFi signals
generated from the portion of the cornea
(14,56,732) illuminated;

2) determines the shape of the cornea and,
using the TPEFi process, determines a spa-
tially resolved thickness measurement of
the cornea (14,56,732) illuminated from the
detected fluorescent light;

3) determines from the SHGi signal the
three dimensional layered structure of cor-
neal stroma tissue in the portion of the cor-
nea (14,56,732) illuminated;

4) deriving from the detected signals a spa-
tial distribution of the refractive index n(x,y)
inside the cornea, optical path lengths (76)
for the portion of the cornea (14,56,732) il-
luminated from the detected fluorescent
light and SHGi signal; and

5) generates a map of the anterior surface
(12), posterior surface (16) and the interior
region (13) from the derived optical path
lengths (76) for the portion of the cornea
(14,56,732) illuminated.

Patentanspriiche

1.

Ein Verfahren fir die Erstellung einer Karte einer
Hornhaut (14,56,732) eines Auges, die Hornhaut
(14,56,732) hat dabei eine Vorderflache (12), eine
Hinterflache (16) und einen Innenbereich (13) zwi-
schen der Vorder- (12) und der Hinterflache (16),
das Verfahren weist die folgenden Schritte auf:

a) die Beleuchtung eines Teils der Hornhaut
(14,56,732) durch Scannen eines geblndelten
Infrarotlichts (40,720) in einer Vielzahl verschie-
dener Ebenen innerhalb des besagten Teils der
Hornhaut (14,56,732), die im Wesentlichen
rechtwinklig zu einer Sehachse des Auges lie-
gen, diese Vielzahl verschiedener Ebenen
durchschneidet dabei die Vorderflache (12), die
Hinterfliche (16) und/oder den Innenbereich
(13),

wobei das Infrarotlicht (40,720) eine Wellenlange
hat, die fluoreszierendes Licht aus dem Teil der be-
leuchteten Hornhaut (14,56,732) erzeugt;

b) die Erkennung des fluoreszierenden Lichts
und die Erkennung und Beurteilung eines Zwei-
Photonen-Anregungs-Fluoreszenz-Bildge-

bungs-TPEFi-Signals und eines Frequenzver-
dopplungs-Bildgebungs-SHGi-Signals, die
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durch nichtlineare optische Prozesse aus dem
Teil der beleuchteten Hornhaut (14,56,732) er-
zeugt werden;

c) die Bestimmung der Form der Hornhaut und,
unter Verwendung des TPEFi-Signals, die Be-
stimmung einer rdumlich aufgelésten Dicken-
messung des Teils der beleuchteten [Hornhaut]
(14,56,732) aus dem erfassten fluoreszieren-
den Licht;

d) die Bestimmung aus dem SHGi-Signal der
dreidimensionalen geschichteten Struktur des
Hornhaut-Stromagewebes im Teil der beleuch-
teten Hornhaut (14,56,732);

e) die Ableitung, aus den erfassten Signalen,
einer raumlichen Verteilung des Brechungsin-
dex n(x,y) innerhalb der Hornhaut und der opti-
schen Pfadlangen (76) fur den Teil der beleuch-
teten Hornhaut (14,56,732);

f) die Verwendung der abgeleiteten optischen
Pfadlangen (76), um eine Karte der Vorderfla-
che (12), der Hinterflache (16) und des Innen-
bereichs (13) furden Teilder beleuchteten Horn-
haut (14,56,732) zu erzeugen.

Das Verfahren gemaf Anspruch 1, wobei der Erfas-
sungsschritt die Erfassung jedes erzeugten griinen
Lichts aufweist, wobei das Vorhandensein von gru-
nem Licht die Vorder-(12) oder Hinterflache (16) der
Hornhaut (14,56,732) anzeigt.

Das Verfahren gemaR Anspruch 1, wobei der Schritt
zur Bestimmung der optischen Pfadlange die Erfas-
sung jedes erzeugten blauen Lichts aufweist, wobei
das Vorhandensein von blauem Licht Kollagenla-
mellen in der Hornhaut (14,56,732) anzeigt.

Das Verfahren gemaR Anspruch 3, wobei das blaue
Licht eine Wellenlange von ungefahr 390 Nanome-
tern hat.

Das Verfahren gemaf Anspruch 2, wobei das griine
Licht eine Wellenlange von ungefahr 530 Nanome-
tern und das Infrarotlicht eine Wellenldnge von un-
gefahr 780 Nanometern hat.

Das Verfahren gemaR Anspruch 1, wobei der Schritt
f) dariiberhinaus die Bestimmung einer dreidimen-
sionalen Verteilung des Brechungsindex im Teil der
beleuchteten Hornhaut aus den abgeleiteten opti-
schen Pfadlangen in dem Teil der beleuchteten
Hornhaut einschlieft.

Das Verfahren gemaR Anspruch 1, wobei die Wel-
lenldnge des Infrarotlichts bei ungefahr 750-800 nm
und wobei die Wellenlange des Infrarotlichts vor-
zugsweise bei ungefahr 780 nm liegt.

Das Verfahren gemafR Anspruch 1, wobei das Infra-
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rotlicht als Impuls mit einer Dauer von ungefahr 50
bis ungeféhr 100 Femtosekunden und einem Ener-
gieniveau von mindestens 0,2 nJ ausgestrahlt wird.

Das Verfahren gemaB Anspruch 1, wobei das Infra-
rotlicht ungefahr 50 Millionen Impulse pro Sekunde
bei einer Wellenlange von 780 nm erzeugt, mit einer
Impulslange von ungefahr 50 Femtosekunden und
einem Energieniveau von ungeféhr 10 nJ.

Ein Apparat, der so angeordnet ist, dass er eine Kar-
te einer Hornhaut (14,56,732) eines Auges erstellt,
die Hornhaut (14,56,732) hat dabei eine Vorderfla-
che (12), eine Hinterflache (16) und einen Innenbe-
reich (13) zwischen der Vorder- (12) und der Hinter-
flache (16), der Apparat weist Folgendes auf:

a) einen Laser (704) fiir die Beleuchtung eines
ausgewahlten Teils der Hornhaut (14,56,732)
mit Infrarotlicht (40,720) einer Wellenlange, die
fluoreszierendes Licht aus dem Teil der be-
leuchteten Hornhaut (14,56,732) erzeugt;

b) eine Fokussierungsvorrichtung (742,744) fur
die Fokussierung des Infrarotlichts (40,720) auf
dem ausgewahlten Teil der Hornhaut
(14,56,732);

c) eine Scan- und Steuereinheit (706) fur das
Scannen des geblindelten Infrarotlichts
(40,720) in einer Vielzahl von verschiedenen
Ebenen innerhalb des ausgewahlten Teils der
Hornhaut (14,56,732), die im Wesentlichen
rechtwinklig zu einer Sehachse des Auges ver-
laufen, diese Vielzahl verschiedener Ebenen
durchschneidet dabei die Vorderflache (12), die
Hinterfliche (16) und/oder den Innenbereich
(13),

d) einen Fotodetektor (786) fur die Erfassung
des fluoreszierenden Lichts und eines Zwei-
Photonen-Anregungs-Fluoreszenz-Bildge-
bungs-TPEFi-Signals und eines Frequenzver-
dopplungs-Bildgebungs-SHGi-Signals, die
durch nichtlineare optische Prozesse aus dem
Teil der beleuchteten Hornhaut (14,56,732) er-
zeugt werden; und

e) eine rechnergestitzte Steuereinheit, die

1) das SHGi- und TPEFi-Signal, die aus
dem Teil der beleuchteten Hornhaut
(14,56,732) erzeugt werden, bewertet;

2) die Form der Hornhaut bestimmt und, un-
ter Verwendung des TPEFi-Prozesses, ei-
ne raumlich aufgeldste Dickenmessung der
beleuchteten Hornhaut (14,56,732) aus
dem erfassten fluoreszierenden Licht be-
stimmt;

3) aus dem SHGi-Signal die dreidimensio-
nale geschichtete Struktur des Hornhaut-
Stromagewebes im Teil der beleuchteten
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Hornhaut (14,56,732) bestimmt;

4) aus den erfassten Signalen eine raumli-
che Verteilung des Brechungsindex n(x,y)
innerhalb der Hornhaut, die optischen Pfad-
langen (76) fur den Teil der beleuchteten
Hornhaut (14,56,732) aus dem erfassten
fluoreszierenden Licht und das SHGi-Sig-
nal ableitet; und

5) eine Karte der Vorderflache (12), der Hin-
terfliche (16) und des Innenbereichs (13)
aus den abgeleiteten optischen Pfadldngen
(76) fur den Teil der beleuchteten Hornhaut
(14,56,732) erzeugt.

Revendications

Un procédé de génération d’une cartographie d’une
cornée (14,56, 732) d’'un oeil, lacornée (14, 56, 732)
possédant une surface antérieure (12), une surface
postérieure (16) et une zone intérieure (13) entre les
surfaces antérieure (12) et postérieure (16), le pro-
cédé comprenant les opérations suivantes :

a) I'éclairage d’une partie de la cornée (14, 56,
732) par le balayage d’'une lumiére infrarouge
focalisée (40, 720) dans une pluralité de plans
différents a I'intérieur de ladite partie de la cor-
née (14, 56, 732) qui sont sensiblement perpen-
diculaires a un axe optique de I'oeil, ladite plu-
ralité de plans différents intersectant la surface
antérieure (12), la surface postérieure (16) et/ou
la zone intérieure (13),

ou la lumiére infrarouge (40, 720) est d’'une longueur
d’onde qui génére une lumiére fluorescente a partir
de la partie de la cornée (14, 56, 732) éclairée,

b) la détection de la lumiere fluorescente et la
détection et I'évaluation d’un signal d’'imagerie
de fluorescence excitée a deux photons, TPEFi,
etun signal d'imagerie de génération de deuxie-
me harmonique, SHGi, générés par des procé-
dés optiques non linéaires a partir de la partie
de la cornée (14, 56, 732) éclairée,

c) la détermination de la forme de la cornée et,
au moyen du signal TPEFi, la détermination
d’'une mesure d’épaisseur spatialement résolue
de la partie de la cornée (14, 56, 732) éclairée
a partir de la lumiere fluorescente détectée,

d) la détermination a partir du signal SHGi de la
structure en couches tridimensionnelle du tissu
de stroma cornéen dans la partie de la cornée
(14, 56, 732) éclairée,

e) la dérivation, a partir des signaux détectés,
d’une distribution spatiale de l'indice de réfrac-
tion n(x,y) a l'intérieur de la cornée et de lon-
gueurs de trajets optiques (76) pour la partie de
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la cornée (14, 56, 732) éclairée,

f) I'utilisation des longueurs de trajets optiques
dérivées (76) de fagon a générer une cartogra-
phie de la surface antérieure (12), de la surface
postérieure (16) et de la zone intérieure (13)
pour la partie de la cornée (14, 56, 732) éclairée.

Le procédé selon la Revendication 1 ou I'opération
de détection comprend la détection de toute lumiére
verte générée, ou la présence de lumiére verte indi-
que les surfaces antérieure (12) ou postérieure (16)
de la cornée (14, 56, 732).

Le procédé selon la Revendication 1 ou I'opération
de détermination de la longueur de trajet optique
comprend la détection de toute lumiére bleue géné-
rée, ou la présence de lumiere bleue indique la pré-
sence de lamelles de collagéne dans la cornée (14,
56, 732).

Le procédé selon la Revendication 3 ou la lumiere
bleue posséde une longueur d’onde d’environ 390
nanometres.

Le procédé selon la Revendication 2 ou la lumiere
verte possede une longueur d’'onde d’environ 530
nanometres et la lumiére infrarouge possede une
longueur d’onde d’environ 780 nanométres.

Le procédé selon la Revendication 1 ou I'opération
f) comprend en outre la détermination d'une distri-
bution tridimensionnelle d’'un indice de réfraction
dans la partie de la cornée éclairée a partir des lon-
gueurs de trajets optiques dérivées dans la partie de
la cornée éclairée.

Le procédeé selon la Revendication 1 ou la longueur
d’'onde de la lumiére infrarouge est d’environ 750 a
800 nm et ou la longueur d’onde de la lumiére infra-
rouge est de préférence d’environ 780 nm.

Le procédé selon la Revendication 1 ou la lumiere
infrarouge est émise sous la forme d’impulsions pos-
sédant une durée d’environ 50 a environ 100 femto-
secondes et un niveau d’énergie d’au moins 0,2 nJ.

Le procédé selon la Revendication 1 ou la lumiere
infrarouge génére environ 50 millions d’impulsions
par seconde a une longueur d’'onde de 780 nm pos-
sédant une durée d’impulsion d’environ 50 femtose-
condes et un niveau d’énergie d’environ 10 nJ.

Un appareil agencé de fagon a générer une carto-
graphie d’'une cornée (14, 56, 732) d’un oeil, la cor-
née (14, 56, 732) possédant une surface antérieure
(12), une surface postérieure (16) et une zone inté-
rieure (13) entre les surfaces antérieure (12) et pos-
térieure (16), 'appareil comprenant :
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a) un laser (704) destiné a I'éclairage d’'une par-
tie sélectionnée de la cornée (14, 56, 732) avec
une lumiére infrarouge (40, 720) d’'une longueur
d’'onde qui génére une lumiere fluorescente a
partir de la partie de lacornée (14, 56, 732) éclai-
rée,

b) un moyen de focalisation (742, 744) destiné
a la focalisation de la lumiére infrarouge (40,
720) sur la partie sélectionnée de la cornée (14,
56, 732),

¢) une unité de commande et de balayage (706)
destinée au balayage de la lumiére infrarouge
focalisée (40, 720) dans une pluralité de plans
différents a I'intérieur de la partie sélectionnée
dela cornée (14, 56, 732) qui sont sensiblement
perpendiculaires a un axe optique de l'oeil, ladite
pluralité de plans différents intersectant la sur-
face antérieure (12), la surface postérieure (16)
et/ou la zone intérieure (13),

d) un photodétecteur (786) destiné ala détection
de la lumiére fluorescente et d’un signal d’ima-
gerie de fluorescence excitée a deux photons,
TPEFi, et d’'un signal d'imagerie de génération
de deuxiéme harmonique, SHGi, générés par
des procédés optiques non linéaires a partir de
la partie de la cornée (14, 56, 732) éclairée, et
e) une unité de commande informatisée qui

1) évalue les signaux SHGi et TPEFi géné-
rés provenant de la partie de la cornée (14,
56, 732) éclairée,

2) détermine la forme de la cornée et, au
moyen du procédé TPEFi, détermine une
mesure d’épaisseur spatialement résolue
de la cornée (14, 56, 732) éclairée a partir
de la lumiére fluorescente détectée,

3) détermine a partir du signal SHGi la struc-
ture en couches tridimensionnelle d’un tissu
de stroma cornéen dans la partie de la cor-
née (14, 56, 732) éclairée,

4)ladérivation a partir des signaux détectés
d’une distribution spatiale de l'indice de ré-
fraction n(x,y) a l'intérieur de la cornée, de
longueurs de trajets optiques (76) pour la
partie de la cornée (14, 56, 732) éclairée a
partir de la lumiére fluorescente détectée et
du signal SHGI, et

5) génére une cartographie de la surface
antérieure (12), de la surface postérieure
(16) etde la zone intérieure (13) a partir des
longueurs de trajets optiques dérivées (76)
pour la partie de la cornée (14, 56, 732)
éclairée.
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