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(57) ABSTRACT

Methods and apparatus are disclosed for causing the optical
center of the eye to align “HIGH point” of the anterior surface
of'the cornea. In accordance with one aspect of the invention
relating to corneal ablation procedures, the HIGH point of the
eye is used as the pole of a spherical surface which is fitted
approximately to a portion of the anterior surface of the
cornea within a “bounded region.” For corneal ablation pro-
cedures, the “bounded region” comprises a generally
inverted-cup shaped region of the anterior surface of the eye
bounded at its periphery by a plane which is substantially
perpendicular to a local z-axis. During the operation local
high points which project above the spherical surface are
ablated. According to another aspect of the invention relating
to radial keratotomy procedures, a pair of incisions in the
plane of a “great circle” are formed in the cornea to weaken
and flatten it. As used herein, a “great circle” is formed by a
plane containing the HIGH point and parallel to the local
z-axis. The “bounded region” for radial keratotomy proce-
dures is defined absolutely in terms of a circle projected onto
the corneal surface which is centered about an axis passing
through the HIGH point and parallel to the z-axis.
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METHOD AND APPARATUS FOR
IMPROVING VISION

[0001] This is a continuation of application Ser. No.
10/162,941, filed Jun. 4, 2002, which is a continuation of
application Ser. No. 09/634,336, filed Aug. 8, 2000, which is
a continuation of Ser. No. 09/063,108, filed Apr. 20, 1998—
now U.S. Pat. No. 6,149,609, which is a divisional of Ser. No.
08/731,344 filed Oct. 11, 1996—now U.S. Pat. No. 5,807,
381, which claimed the priority of provisional application
No. 60/016,352 filed Apr. 30, 1996 and provisional applica-
tion No. 60/005,571 filed Oct. 18, 1995. Each of these prior
applications is hereby incorporated herein by reference in its
entirety.

FIELD OF THE INVENTION

[0002] The present invention relates to a method and appa-
ratus for improving the vision of an eye.

BACKGROUND OF THE INVENTION

[0003] Most common defects in human vision are caused
by the shape of the cornea of the eye. For example, nearsight-
edness can be attributed to a cornea in which the surface
curvature is too small, farsightedness can be attributed to a
cornea in which the surface curvature is excessive, and astig-
matism can attributed to a cornea with irregular surface cur-
vature. Ophthalmologists model the cornea as a portion of an
ellipsoid defined by orthogonal major and minor axes. Sur-
gical procedures for correcting visual acuity are typically
directed at increasing or decreasing the surface curvature of
the cornea, or making its shape more spherical.

[0004] The human cornea is an “asymmetrically aspheric”
surface. “Aspheric” on the one hand means that the radius of
curvature along a corneal “meridian” (which is an imaginary
line on the corneal surface passing through the geometric
center of the cornea, analogous to a geographic meridian) is
not a constant. Indeed, the corneal curvature flattens progres-
sively from the geometric center to the periphery. “Asymmet-
ric” on the other hand means that the profile of the corneal
curvature along a half-meridian is not the same as (i.e., it is
notamirror image of) the other half of the same meridian. The
degree to which corneas are aspheric and/or asymmetrical
varies from patient to patient.

[0005] In conjunction with modern corneal procedures,
such as radial keratotomy and corneal ablation surgery, and
for clinical applications, high resolution cameras are used to
obtain a digitized array of discrete data points on the corneal
surface. One system and camera useful for mapping the cor-
nea is the PAR Corneal Topography System (PAR CTS) avail-
able from PAR Vision Systems. The PAR CTS maps the
corneal surface topology in two-dimensional Cartesian
space, i.e., along x- and y-coordinates, and locates the “line-
of-sight”, which is then used by the practitioner to plan the
surgical procedure. The “line-of-sight” is a straight line seg-
ment from a fixation point to the center of the entrance pupil.
As described more fully in Mandell, “Locating the Corneal
Sighting Center From Videokeratography,” J. Refractive Sur-
gery, V. 11, pp. 253-259 (July/ August 1995), a light ray which
is directed toward a point on the entrance pupil from a point of
fixation will be refracted by the cornea and aqueous and pass
through a corresponding point on the real pupil to eventually
reach the retina.
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[0006] The point on the cornea at which the line-of-sight
intersects the corneal surface is the “optical center” or “sight-
ing center” of the cornea. It is the primary reference point for
refractive surgery in that it usually represents the center of the
area to be ablated in photorefractive keratectomy and the
center of the area to be spared in radial keratotomy. The
line-of-sight has conventionally been programmed into a
laser control system to govern corneal ablation surgery and as
a reference line about which a radial keratotomy procedure is
performed. However, some surgeons prefer to use the pupil-
lary axis as a reference line. Experienced practitioners have
employed various techniques for locating the sighting center.
In one technique, the angle lambda is used to calculate the
position of the sighting center relative to the pupillary (“op-
tic”) axis. See Mandell, supra, which includes a detailed
discussion of the angles kappa and lambda, the disclosure of
which is incorporated herein by reference as if set forth in its
entirety herein.

[0007] Incorneal ablation procedures, a portion of the cor-
neal surface is ablated. The gathered elevational data is used
to direct an ablation device, such as a laser, so that the corneal
surface can be selectively ablated to more closely approxi-
mate a spherical surface of appropriate radius about the line-
of-sight, within the ablation zone. In radial keratotomy
(“RK”) procedures, a series of radially directed, circumfer-
entially spaced incisions are made on the corneal surface
about the line-of-sight to weaken the corneal walls and permit
the cornea to sit flatter, that is, to have a larger radius of
curvature.

[0008] In ablation and RK procedures, the use of the line-
of-sight as a reference line for the procedures may reduce
myopia or otherwise correct a pre-surgical dysfunction. How-
ever, a more irregularly shaped cornea may result, which may
exacerbate existing astigmatism or introduce astigmatism in
the treated eye. For example, an RK procedure that is per-
formed with respect to the line-of-sight typically reduces
myopia, but the incisions, which are made of equal length
when viewed in two-dimensional projection, are actually of
unequal length along the surface of the cornea, unless the
cornea has a symmetrical topology. The RK procedure will
therefore introduce an undesirable asymmetry in the cornea,
resulting in irregular astigmatism. This will complicate any
subsequent vision correction measures that need be taken.
Also, any substantial surface irregularities which are pro-
duced can cause development of scar tissue or the local accu-
mulation of tear deposits, either of which can adversely affect
vision.

[0009] Implicit in the use of the-line-of sight or the pupil-
lary axis as a reference axis for surgical procedures is the
assumption that the cornea is symmetric about an axis extend-
ing along a radius of the eye. However, clinical measurements
performed with the PAR CTS, as analyzed in accordance with
the method of the present invention, reveal that the cornea
exhibits a tilt, typically a forward and downward tilt, relative
to the eye. This tilt may be as great as 6° and, on the average,
is between 2° and 3°. Hence, a corneal ablation procedure
which utilizes the line-of-sight or pupillary axis as a reference
axis tends to over-ablate some portions of the cornea and
underablate other portions of the cornea. At the same time, it
changes the geometric relationship between the cornea and
the remainder of the eye. Thus, any ablation procedure which
does not take into account the tilt of the cornea is not likely to
achieve the desired shaping of the cornea and may therefore
be unpredictable in its effect.
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[0010] Analysis of clinical measurements in accordance
with the method of the present invention also reveals that that
point on the surface of the cornea which is most distant from
the reference plane of the PAR CTS (hereafter referred to as
the HIGH point) is a far more effective reference point for
corneal ablation than the center of the cornea. Specifically, as
demonstrated below, laser ablation about an axis passing
through the HIGH point produces a much more regularly
shaped cornea and removes substantially less corneal mate-
rial than the same operation performed about an axis close to
the center of the eye, such as the pupillary axis.

[0011] Recently, the use of a collagen gel has been pro-
posed as a vehicle to facilitate smoothing of the corneal
undulations. See Ophthalmology Times, “Slick Start, Clear
Finish,” 1995, pp. 1 and 24 (Jun. 19-25, 1995) and Review of
Ophthalmology, “News & Trends: Researchers Unveil New
Ablatable Mask” pp. 12-13 (June 1995), the disclosures of
which are incorporated herein by reference as if set forth in
their entirety herein. A Type 1 collagen is molded between a
contact lens and the anterior surface of the cornea to form a
gel mask. The surgeon can adjust the curvature of the post-
operative cornea by selecting a flatter or steeper lens, as
desired. Reportedly, the gel mask does not shift when hit by
laser pulses. Therefore, instead of selective ablation of pre-
determined locations of the cornea, the masked cornea can be
ablated to a uniform depth, thereby conforming the surface
contour of the cornea to the lens. A smooth post-operative
cornea results, and refractive power correction can be
achieved. However, because the ablation operation is cen-
tered on the optical center of the cornea or the center of the
pupil and does not allow for corneal tilt, the postoperative eye
may exhibit an irregular shape or more corneal material may
be removed than is necessary.

[0012] Whatisneeded in the art and has heretofore not been
provided is a method of correcting vision that avoids one or
more of these problems, that can produce predictable results,
and that provides corrected vision with respect to the particu-
lar topology of the patient’s eye on which the correction is
being performed.

[0013] It is therefore one object of the present invention to
provide a method for improving the vision of an eye.

[0014] Itis an additional object of the present invention to
provide an improved surgical method for a corneal ablation
procedure.

[0015] It is a further object of the invention to provide an
improved surgical method for an RK procedure.

[0016] Itis also anobject of the present invention to provide
a method and apparatus for diagnosing and analyzing a pre-
surgical eye for the purpose of predicting the post-operative
condition of the eye and planning more effective surgery.
[0017] In accordance with the invention, these objects are
achieved by causing the optical center of the eye to align with
the “HIGH point” of the cornea.

[0018] In accordance with the present invention, these
objects are achieved, in part, by performing corneal ablation
and RK procedures of the eye in a manner which does not
interfere with the natural tilt of the cornea relative to the
remainder of the eye.

[0019] According to one aspect of the invention relating to
corneal ablation procedures, the HIGH point of the cornea is
used as the pole of a spherical surface which is fitted approxi-
mately to a portion of the anterior surface of the cornea within
a “bounded region.” For corneal ablation procedures, the
“bounded region” comprises a generally inverted-cup shaped

May 12, 2011

region of the anterior surface of the eye bounded at its periph-
ery by a plane which is substantially perpendicular to the
z-axis of the bounded region. During the operation local high
points which project above the spherical surface are ablated.
[0020] According to another aspect of the invention, abla-
tion surgery of the eye is performed by first depositing a
settable collagen gel on the cornea, placing a lens on the
collagen so that the center of the lens aligns with the HIGH
point of the cornea, molds the collagen between the lens and
cornea, and permits the collagen gel to set whereby the ante-
rior surface is formed into a spherical mask which is centered
over the HIGH point. The mask is then ablated to a uniform
depth.

[0021] According to another aspect of the invention relat-
ing to radial keratotomy procedures, a pair of incisions in the
plane ofa “great circle” is formed in the cornea to weaken and
flatten it. As used herein, a “great circle” is formed by a plane
containing the HIGH point and parallel to the z-axis of the
bounded region. The “bounded region” for radial keratotomy
procedures is defined absolutely in terms of a circle projected
onto the corneal surface which is centered about an axis
passing through the HIGH point and parallel to the z-axis of
the bounded region.

[0022] According to a further aspect of the invention, an
apparatus for performing radial keratotomy on an eye is dis-
closed. The apparatus preferably includes a housing adapted
to be selectively attached to the cornea by a vacuum so that the
housing remains in a fixed position with respect to the cornea
during radial keratotomy. A first means associated with the
housing is provides a first, regular shape on the cornea which
is circular in two-space. A second means associated with the
housing provides a second, irregular shape on the cornea. The
first and second shapes are disposed on the anterior surface of
the cornea such that one surrounds the other. The apparatus
further includes a radially movable blade mounted so that
radial movement of the blade in the plane of the great circle
from one of the first and second shapes to the other on either
side of the HIGH point of the cornea results in incisions in the
cornea.

[0023] According to yet another aspect of the invention,
vision correction is achieved without surgery. Use is made of
a contact lens of a type which assumes a predetermined posi-
tion and orientation when placed in a patient’s eye, and the
lens is constructed so that its optical center is aligned with the
HIGH point of the cornea when the lens is inserted into the
patient’s eye. Thus when the lens is worn, the optical center of
the eye and HIGH point of the cornea are aligned.

[0024] These and other objects, features and advantages of
the present invention will be readily apparent from the fol-
lowing detailed description taken in conjunction with the
accompanying unscaled drawings.

DESCRIPTION OF THE DRAWINGS

[0025] FIG. 1 is an overall flow chart for the method of the
invention;
[0026] FIG. 2 is an expanded cross-sectional view of a

cornea of an eye illustrating typical undulations therein;
[0027] FIG. 3 is a side view of the cornea of an eye as
modeled in accordance with the present invention;

[0028] FIG. 4is an schematic side view of the cornea of an
eye having an asymmetric surface, illustrated as it would
appear if projected into two-dimensions;
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[0029] FIG. 5 is a schematic cross-sectional view of a cor-
nea of an eye having a mask and shaping lens positioned
thereupon;

[0030] FIG. 6 is aschematic top-elevational view of a radial
keratotomy procedure according to known methods;

[0031] FIG.7isaschematictop view of a radial keratotomy
procedure according to the invention;

[0032] FIG.8isaschematictop view of the anterior corneal
surface prior to performing a radial keratotomy procedure
using an apparatus according to the invention;

[0033] FIG.9 is a schematic cross-sectional view of a cor-
nea of an eye illustrating the non-surgical treatment of the eye
to align the optical center with the geometric center, by mak-
ing use of a special contact lens, which is self-orienting to
achieve that result;

[0034] FIG.10,comprising FIGS.10A,10B,10C and 10D,
is a printout of various views of a computer-generated model
(produced in accordance with the present invention) of a
post-operative cornea on which laser ablation surgery has
been performed about the pupillary axis;

[0035] FIG.11,comprising FIGS.11A,11B,11Cand 11D,
is a printout similar to FIG. 10 showing the same eye after
corneal ablation about a tilted axis passing through the HIGH
point;

[0036] FIG. 12 is a cross-sectional view of an asymmetric
aspherical cornea fitted with an asymmetric aspherical lens
according to the present invention;

[0037] FIG. 13 is an enlarged cross-sectional view of the
asymmetric aspherical lens of FIG. 2;

[0038] FIG. 14 is a cross-sectional view of an asymmetric
aspherical cornea fitted with a combination spherical and
asymmetric aspherical lens according to the present inven-
tion;

[0039] FIG. 15 is a plan view of the combination spherical
and asymmetric aspherical lens of FIG. 4 fitted to a cornea;
and

[0040] FIG. 16 depicts the overall system and data flow for
a lens manufacturing process according to the present inven-
tion.

DETAILED DESCRIPTION OF THE INVENTION

[0041] By way of overview and introduction, a method is
described according to which procedures are performed to
bring the optical center of the eye into alignment with the
HIGH point of the cornea, without changing the geometric
relationship (tilt) between the cornea and the eye. In the flow
chart of FIG. 1, the overall method starts at step 20 with a
patient having an improperly shaped, aspherical and/or asym-
metric cornea for which surgical correction is appropriate. At
step 22, information from a corneal topographic scanning
machine in the form of a corneal topographic map (“CTM”)
is read into a digital computer having a central processor and
a computer-readable memory communicatively associated
therewith. The CTM data is conventionally available as a data
file in either DXF (Data Exchange File) or ASCII formats.
The CTM data is obtained with the patient’s eye and the
corneal topographic scanning machine in fixed relationship to
each other so that the coordinate data can be used in a treat-
ment procedure (as at step 28). For example, the surgical tool
used for a radial keratotomy or ablation procedure is prefer-
ably provided with a suction mount so that the cornea and
surgical tool are selectively attached.

[0042] The data is arranged as an array of x-, y-, z-coordi-
nates, also known as an array of ordered triples, which gen-
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erally describes the point-by-point behavior of the mapped
corneal surface. Typically, the x and y coordinates are mea-
sured in a predefined plane perpendicular to the pupillary axis
and the z coordinate is measured along the pupillary axis. The
set of all data provided in the CTM, or a set formed from that
data, comprises the working universe, or point cloud, from
which subsets of ordered triples may be selected and utilized
by the computer to generate a surface model of the cornea in
accordance with the present invention, as at step 24. The
HIGH point of the patient’s cornea is identified at step 26
from the CTM data. According to the invention, a procedure
causes the post-treatment optical center of the patient’s eye to
align with the HIGH point of the cornea at step 28. Preferably,
the procedure is performed at the same time that the CTM
data is acquired so that an absolute coordinate system is
established between the corneal topographic machine and the
eye. The method of the invention ends at step 30, with the
patient having a properly shaped, highly spherical and sym-
metric post-treatment cornea.

[0043] In conventional corneal ablation procedures, the
undulations and irregularities in a four to six mm bounded
region surrounding a reference axis, (the line-of-sight or
pupillary axis) are ablated using, for example, a laser. While
with existing procedures the post-surgical cornea may be
made to have a smooth and relatively flat surface about the
reference axis, irregularities tend to occur closer to the edges
of'the bounded region, where the ablated portion of the cornea
merges with the non-ablated. These types of irregularities can
be reduced somewhat by introducing a transition region
between the ablated region and the non-ablated region, at the
expense of reducing the size of the spherical region of the
cornea.

[0044] Conventional ablation procedures do not account
for the tilt of the cornea and, therefore, tend to over-ablate
some areas while under-ablating others, leading again to
unnecessary surface irregularities. Such irregularities can be
avoided by ablating about a “z-axis” the axis which passes
through the HIGH point and is perpendicular to the base plain
of the bounded region.

[0045] The cornea 18 is about 600 um thick. In most cor-
neal ablation procedures, less than 100 um depth of cornea is
ablated because there is virtually no risk of scarring with the
type of lasers that are typically used. Beyond the 100 pm
depth, the risk of scarring increases. For example, 120 um
depth ablation is known to cause scarring; however, there
exists the possibility that the risk of scarring for deeper abla-
tions may be reduced by drug therapy prior to or contempo-
raneous with the laser treatment. The magnitude, M, of the
corneal undulations (as shown diagrammatically in FIG. 2) is
typically about fifteen to twenty microns from the crest of a
hill, H, to the trough of a valley, V, and may be as great as
about thirty microns.

[0046] The proposed use of a collagen gel, for example, A
Type 1 collagen, to mold a smooth spherical surface on the
cornea using a temporary mask allows the cornea to be
ablated uniformly to the spherical shape defined by the mask.
However, because conventional lenses do not seat themselves
predictably about a particular point on the eye, the ablation
procedure relying on them will result in not maintaining
corneal tilt, because the art has not recognized the need to
orient the lens so as to retain corneal tilt or to locate the optical
center of the eye at the HIGH point of the cornea.

[0047] With regard to conventional RK procedures, a
marker is used to delineate at least a circle 50, in two-space
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projection, on the surface of the cornea using temporary ink,
as illustrated in FIG. 6. The marker may also delineate guide
lines for the radial cuts on the corneal surface (not shown). A
diamond knife is then placed over the cornea and the blade is
moved radially a fixed distance to slice the cornea 18 at
opposed locations a, a' on either side a central portion 52. (The
central portion 52 remains uncut to preclude scarring and
minimize distortion in the optics in this region of the cornea.)
However, because the topology of the typical cornea is not
symmetric, the actual length of the opposing radial slices a, a'
along the surface of the cornea will differ on either side of the
central portion 52, and the post-surgical cornea 18' will likely
exhibit asymmetry about the central portion 52. For example,
it has been observed in one patient’s eye that slices on either
side of a central region 52 using a 9 mm outer marker and a 4
mm inner marker, which slices were intended to be 2.5 mm in
length, resulted in one of the slices being 2.6684 mm along
the corneal surface and the other being 2.9619 mm. The 293
micron variation between these two slices resulted in a cornea
that exhibited an undesired and unaccounted for asymmetry.
To an extent, this variation in slice lengths is observable in all
non-symmetric corneas, the foregoing being illustrative of
but one case study.

[0048] Illustrative procedures performed at step 28 are
described next, followed by a demonstration of the clinical
use of the modeling techniques of the invention and a discus-
sion of the creation of a surface model of the cornea.

Selective Corneal Ablation

[0049] FIG. 3 illustrates the cornea 18 as modeled in accor-
dance with the present invention, as described below. The
cornea is shown in relationship to the reference plane, R, of
the corneal topography scanning machine. As shown, the
bounded region 16 on the surface of the cornea is modeled by
a plurality of splines, all of which pass through the HIGH
point 14 of the cornea and are rotationally spaced at regular
intervals, preferably every 5 degrees. Each spline, S, contacts
the peripheral margin P of the bounded region 16 at either
end. In this example the cornea is tilted relative to the refer-
ence plane R, and the periphery, P, of the bounded region 16
is also tilted relative to the reference plane R but at a different
angle than the overall cornea (this is a local tilt angle). Since
the periphery P is oval, it lies in a plane, hereafter referred to
as the base plane (BP).

[0050] According to the present method and as illustrated
in FIG. 4, a bounded region 16 is selected which defines the
anterior surface portion 16a of the cornea 18 which is to be fit
to a spherical surface by selectively ablating corneal material.
The anterior surface portion 16a is the only portion that will
be reshaped by the ablation procedure, and a suitable bounded
region 16 is selected on a patient-by-patient basis by the
surgeon or by a programmed computer, for example, by com-
paring the patient’s cornea (or the surface model) with infor-
mation known by the surgeon (or information stored in a
knowledge base of a digital computer’s memory), as under-
stood by those skilled in the art. The bounded region may, for
example, be defined by the intersection with the cornea of a
base plane BP to produce an anterior surface portion 16a,
above the base plane, which extends in three-dimensional
space about four to six mm between opposed points 34a and
345 on the boundary. One way of generating the boundary of
the bounded region 16 and the base plane is to project a circle
C of appropriate diameter on the cornea along an axis which
passes through the HIGH point and is parallel to the z axis of
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the corneal topography scanning machine, typically the
pupillary axis. It will be appreciated that this is equivalent to
determining the intersection with the corneal surface of a
cylinder of diameter C which has an axis that passes through
the HIGH point and is parallel to the pupillary axis. In select-
ing the bounded region 16, the surgeon would consult topo-
logical data, in an effort to avoid a region which contains scars
or insufficient topological data.

[0051] The projected circle C will define an ellipse on the
surface of the cornea, and the plane of that ellipse is the BP.
The corneal z axis 17 may then be constructed as a line which
passes through the HIGH point and is perpendicular to the
plane of the ellipse (BP).

[0052] In order to perform the ablation, an imaginary
sphere 40, is first constructed on the model, which represents
the pre-operative status of the spherical region that is to be
created. This sphere 40 has its center O on the corneal z-axis
17, and the radius R of the sphere is selected to be the smallest
radius such that all points on the surface of the cornea are
contained within a region of sphere 40 no greater than a
hemisphere. R is considered the pre-operative radius of cur-
vature. The required change in the radius R to produce the
post-operative radius of curvature R' is determined in order to
achieve a certain visual correction in the post-operative eye.
This is a computation that is well-known to those skilled in
the art. It is then only necessary to position the center O of a
sphere 40" with a radius R' so that all points on the surface of
the cornea lie on or above sphere 40'. As can be seen in FIG.
4, when the radius of curvature of the cornea is being
increased, this will result in a volume of cornea above sphere
40" will be removed by ablation. In the process, the area
containing the HIGH point 14 may be removed and a new
HIGH point 14' is created. On the other hand, when the radius
of curvature of the cornea is to be decreased, the above con-
struction may result in a sphere 40 which is spaced above the
corneal surface in some region about the HIGH point 14. It
then becomes necessary to shift the center O of sphere 40'
axially inward until the HIGH point 14 lies on the surface of
sphere 40' or, preferably, to eliminate essentially all space
between the corneal surface and the spherical surface, as
explained below.

[0053] According to the invention, the entire surface of the
cornea 18 that projects above the imaginary sphere 40" within
the bounded region 16 is ablated. The surface to be ablated is
determined by locating portions of the cornea that project
above the sphere 40', for example, by integrating a region 44
of'the cornea 18 above the continuous sphere 40' of radius R’
across the bounded region 16. The region 44 defines the
locations at which the sphere 40' intersects the cornea 18, and
the coordinates of such locations that project beyond the
sphere 40' are derived from the surface model of the cornea to
drive a laser control system.

[0054] Ontheotherhand, the determination of when to stop
ablation is preferably based on having achieved a predeter-
mined area (or volume) of space between the ablated cornea
18 and the sphere 40', which is preferably zero so that the
ablated area of the cornea 18 becomes the shape of the sphere
40'. At this stage, these determinations are made on a pro-
grammed digital computer by surface or volume integration
techniques, by a least squares technique, or otherwise, so as to
minimize or zero the difference between the cornea 18 and the
sphere 40' upon ablation of the corneal surface.

[0055] Ablation is performed so that the anterior surface
portion 16a is ablated to a “smooth surface.” Preferably, the
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“smooth surface” has zero space between the ablated cornea
18 and the sphere 40'. When this is achieved, the anterior
surface portion 16a of the cornea 18 is coextensive with the
spherical surface. This is achieved in a typical cornea by
ablating about 5-8 um of corneal material, although the
degree of ablation required to smooth the cornea, that is,
remove undulations, varies from patient to patient.

[0056] As a practical matter the formation of a spherical
region on an ellipsoidal cornea must produce irregularities in
the surface. For this reason, the spherical region S limited to
less than the maximum available radius and a transition
region T is provided from the spherical region out to the edge
of the bounded region 16. For example, the FDA permits
ablation out to a diameter of 6 mm. The preferred process of
the invention therefore initially selects a spherical region
which is 6 mm wide and a 1 mm wide skirt is provided as a
transition region from the edge of the bounded region to the
spherical surface.

[0057] In the preferred embodiment of the invention, a
non-optimal transition region is constructed for simplicity.
The transition region is constructed by generating a surface to
fit a set of transition curves. Pairs of transition curves are
constructed in a plane containing the corneal z axis, after
which the plane is rotated by 5° and another pair of transition
curves is generated, and so forth until the plane has been
rotated to its starting position. Each time the plane is rotated,
the intersection of the plane with the spherical surface defines
a segment of a great circle. The transition curves are con-
structed at either end of that segment. To construct a transition
curve, a straight line segment is initially generated between
the point at which the plane intersects the periphery of the
bounded region and a point on the great circle which is 1 mm
away. The transition curve is derived by incrementing the z
coordinate of the line segment by 10 um at its midpoint and
constructing a circular arc which passes through this elevated
point and terminates at the two end points of the line segment.
Although the resulting set of transition curves does not pro-
duce an optimum transition surface, it provides satisfactory
results.

[0058] It is contemplating that optimum smoothness of the
post-operative cornea would be obtained by producing a tran-
sition region that matches the slope of the spherical region at
one end and, at its other end, matches the slope of the corneal
surface at the periphery of the bounded region. This could be
achieved by a similar procedure to the one described above.
Instead of circular arcs for the transition curves, one would
construct smooth curves that match the slope (first derivative)
of'the circular segment at one end of the line and, at the other
end of the line, match the slope of the intersection between the
plane and the corneal surface. Algorithms that achieve this are
well-known and are used, for example, in performing filleting
in drafting programs.

[0059] The selective ablation procedure can be performed
with equal facility with respect to one or more rotationally
offset arcs taken along the corneal surface. The arcs, as seen
in FIG. 3, define a plurality of lines 5 on the anterior surface
portion 16a which extend through the HIGH point 14 and
substantially along the plane of a great circle. The “great
circle,” as previously noted, is defined by a plane containing
the local z-axis 17.

[0060] Onesucharc12is shownin FIG. 3. Arc 12 has aline
segment 12a extending from the peripheral point 34a to the
HIGH point 14 and another line segment 125 that extends
from a peripheral point 345 to the HIGH point 14. The path
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length of lines 124, 126 in any given plane will typically
differ, in the pre-operative eye, because of the particular
topology of the cornea 18, which is usually aspheric and
asymmetrical. See generally, for example, U.S. Pat. No.
5,502,518 issued Mar. 26, 1996 to Dr. David M. Lieberman
for ASYMMETRIC ASPHERIC CONTACT LENS, for a
discussion of the asphericity and asymmetry of the cornea,
the disclosure of which is hereby incorporated by reference as
if set forth fully herein.

[0061] Local high points along a particular one of the lines
12 are ablated using the laser in order to center the HIGH
point 14 relative to line segments 12a, 125 in each plane. In
particular, one or more local high points 46 on either side of
the HIGH point 14 are ablated by controlling the locations of
the bounded region 16 to which the laser applies energy. The
result of these selective ablations is a more direct and short-
ened path from the HIGH point 14 to the periphery of the
cornea 18 as compared to the unablated corneal surface.
[0062] The path lengths on either side of the HIGH point 14
are reevaluated after one or more of these ablations to deter-
mine whether further ablation is required to center the HIGH
point 14 with respect to the line 12 being selectively ablated.
If the HIGH point 14 is centered with respect to that one line
12 (at least to a predetermined acceptable degree, for
example, one micron), then no more ablations are required in
that plane. Otherwise, the highest local high point 46 that
remains on the side of the HIGH point 14 with a longer path
length is ablated by providing these coordinates to the laser.
[0063] Preferably, this procedure of selecting a line 12 in a
plane that is perpendicular to the base plane BP, evaluating it
for local high points 46, and directing a laser to ablate the
local high points 46 until the HIGH point 14 coincides with
the center of the ablated line is repeated with different lines 12
until the HIGH point 14 is equidistant from the periphery of
the bounded region 16, as measured along the surface of the
cornea. The number of lines 12 that should have their respec-
tive centers coincide with the HIGH point 14 affects the
accuracy of the procedure. The more lines 12 that are evalu-
ated and ablated, the greater the likelihood of achieving a
post-surgery symmetrical cornea. Further, the coincidence of
the HIGH point 14 and the center of any of these lines need
only lie within a predefined degree of accuracy, for example,
one micron, and need they not coincide exactly.

[0064] The foregoing procedure is preferably started by
defining a plurality of lines 12 on the surface of the cornea 18,
each in the plane of a great circle, and then selecting that line
12 which is least centered with respect to the HIGH point 14
for the ablation procedure. This least centered line 12 is then
selectively ablated only at its highest points, as previously
described, until the HIGH point 14 is equidistant from the
periphery of the bounded region 16 within a predefined
degree of accuracy. Additional lines 12 may then be selected
subject to the criterion that they, too, be successively least
centered with respect to the HIGH point 14, or perhaps based
on other criteria, and then have their respective local high
points 46 ablated. This process of selecting the least centered
line 12 and ablating the local high points 46 may be repeated
until the HIGH point 14 is equidistant from the periphery of
the cornea 18 withrespectto a preselected number of lines 12,
within a predefined degree of accuracy.

[0065] As amodification of the foregoing, the first selected
line 12 is that line 12 that is least centered, as previously
described, and the following steps are repeated with respect to
the next least centered line 12', after centering the least cen-
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tered line 12 and so on, until the HIGH point 14 is equidistant
within a predefined degree of accuracy: (a) the HIGH point 14
is identified, (b) a plurality of lines 12 are defined on the
surface of the cornea substantially in the plane of a great
circle, (¢) only local high points 46 on the cornea which lie on
one of the defined lines 12 are ablated by a laser to center the
HIGH point 14 with respect to one of the defined lines 12.

[0066] Any undulations in the plane of the great circle of a
selected line are smoothed by ablating the corneal material
that projects above an arc that satisfies the following criteria:
(1) the arc has its apex centered relative to the HIGH point 14;
and (2) the arc passes through the bounded region 16 at
peripheral locations 34 which are substantially 180° offset
from the z-axis of the HIGH point 14.

[0067] Preferably, the radius of the arc along each selected
line is the radius that just permits the arc to lie entirely below
the corneal surface, and the greatest radius among these radii
is preferably used to selectively ablate the cornea along all of
the lines 12. The ablation is thus repeated with additional
lines 12 until, for example, there is less than about a zero to
four micron deviation, and preferably a zero micron devia-
tion, between the spherical arc and each selected line at any
location therealong, and repeated until a single radius
describes the arc along each of the lines.

[0068] The aforementioned ablation procedure causes the
optical center of the eye to align with the “HIGH point” of the
cornea, which results in a spherical and symmetrical post-
ablation cornea.

Uniform Corneal Ablation Using a Mask

[0069] Inthe event that a smoothing mask has been applied
to the cornea 18, uniform ablation of the anterior surface
portion 16a can be performed rather than the previously
described selective ablation technique.

[0070] Once the HIGH point 14 has been located, the opti-
cal center of the eye can be aligned with the HIGH point 14 by
depositing a moldable mask 70 onto the cornea 18, and plac-
ing the posterior surface 76 of a lens 72 over the moldable
mask 70 such that the optical center 74 of the lens 72 aligns
with the HIGH point 14 (FIG. 5). The moldable mask 70 is
thereby molded to the shape of the posterior surface 76 of the
lens, which is preferably toric in shape in the region which
overlies the anterior surface portion 16a.

[0071] A presently preferred material for the mask 70 is A
Type 1 collagen. The collagen mask is heated to a temperature
of about 42° C. to 45° C. so that it assumes a syrup-like
viscosity. The heated collagen is deposited as a film on the
cornea where it immediately begins to cool to body tempera-
ture (37° C.) at which temperature it assumes a gel-like con-
sistency. Prior to cooling, the lens 72 is positioned on the
collagen film so that the optical center 74 of the lens 72 aligns
with the HIGH point 14, as illustrated in FIG. 5. Once the
collagen gel has cooled and set, the positioned lens 72 will
have molded the collagen into a spherical surface having its
apex centered about the HIGH point 14. The lens 72 can then
be discarded.

[0072] The cornea plus collagen gel have a smooth, undu-
lation free surface. Uniform ablation of the masked anterior
surface portion 16a can then proceed by ablating the masked
cornea to a depth sufficient to remove all of the gel, in a
manner known to those skilled in this art. Because the col-
lagen and cornea ablate at the same rate (they are virtually
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identical materials, hence the preference for this material),
uniform ablation will result in a smooth spherical corneal
surface.

[0073] For reasons already explained, the collagen mask is
preferably formed with a width of 6 mm, and a 1 mm skirt
defines a transition region. This transition region may be
formed in a separate step, after the contact lens is removed, or
the posterior surface of the contact lens may be ground so as
to have a smoothly curved transition lip.

Method and Apparatus for Radial Keratotomy

[0074] According to the invention, incisions are made on
the cornea with regard to the surface topology ofthe cornea 18
in three-dimensional space to weaken the corneal walls and to
permit the cornea to sit flat and symmetric with respect to the
HIGH point 14. As in conventional procedures, a marker is
used to delineate an outer region 60 within which the radial
slices are made, as shown in FIG. 6. The outer region 60 has
a circular two-space projection on the x- and y-axes extend-
ing, for example, up to about 1 to 3 mm from the periphery 34
of the cornea 18, and typically about 9 mm to 12 mm in
diameter. On the other hand, an inner region 62 has an irregu-
lar (arbitrary) two-space projection because the radial slices
b, b' are of equal length on the cornea 18, as described below.

[0075] The size of the outer region 60 and the relative size
of the inner region 62 are selected based on a patient-by-
patient basis with regard to the amount of correction required.
The length of the radial slices directly affects the amount of
weakening in the corneal walls and the tendency of the cornea
18 to collapse uponitselfand, thereby, sit flatter. Accordingly,
the amount of correction provided to a patient is directly
related to the length of the radial slices that are made, which
is in turn a function of the relative sizes of the inner and outer
regions 62, 60, respectively. Nomographs have been com-
piled which describe the length of the incisions to be made in
two-space for a prescribed working region and a given cor-
neal sagittal depth. These lengths, however, do not reflect the
true incision length on the surface of the cornea, which varies
with sagittal depth and the asymmetry of the cornea in which
the incisions are made. Accordingly, it is preferred that these
lengths be modified (lengthened) based on empirical data
gathered from procedures, which establishes a correlation
between the two-space monographs and the true incisions
lengths. A working region 64 between the inner and outer
regions 62, 60 is where the radial incisions are made, and
typically starts about 3-5 mm from the HIGH point 14 of the
outer region 60 and extends to the periphery of the outer
region 60 which is about 9 mm, and up to about 12 mm from
the HIGH point 14.

[0076] The HIGH point is used as a reference point for a
circular projection along the local z axis 17 of the cornea on
the anterior surface of the cornea. The center of the inner
region 62 typically differs from that of the outer region 60
(before the radial incisions are made) due to the variations in
the corneal surface in the working region 64. However, both
rejoins are made to align substantially with the HIGH point by
forming a pair of incisions b, b' along the corneal surface. The
incisions b, b' are preferably equal in length; however, the
length of the respective incisions b, b' may be varied in a
controlled manner to achieve a substantially spherical ante-
rior surface portion 16a, which is the goal of the procedure.
The boundary of the inner region 62 is determined by the
encroachment of the incisions b-b' towards the HIGH point
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and varies across the surface of the cornea 18 due to the
variations in the corneal topology.

[0077] Of course, if the inner region 62 is provided with a
circular two-space projection along the z axis 17 of the cornea
on the anterior surface of the cornea, then the outer region 60
would typically have an irregular shape, especially if the
incisions b, b' are made the same length. In this case, the
HIGH point for the donut-shaped working region 64 in which
the incisions are to be made cannot be defined without first
selecting the length of the radial slices along the cornea,
which is done based on the surgeon’s discretion and experi-
ence, or by a programmed computer after determining the
degree and relative position of any asymmetry or asphericity
on the corneal surface, and comparing the determined infor-
mation to a knowledge base of a digital computer memory
device. Once the lengths of each pair of the incisions has been
selected, the incision lengths are added to the radius of the
inner region 62 to define the peripheral points 344', 345' of the
outer region 60 along the surface of the cornea.

[0078] As in conventional procedures, the radial incisions
range from 4 to 16 in number (usually an even number of
incisions), and are spaced apart by 90° down to 22%2° depend-
ing on the number of cuts. In addition, arcuate incisions may
be made to correct for pre-surgery astigmatism or to account
for any surgically induced astigmatism.

[0079] As compared to prior art RK procedures in which
the radial incisions are made with respect to the line-of-sight,
the present procedure results in more a spherical and sym-
metrical post-RK cornea. Further, the present RK procedure
causes the optical center of the eye to align with or more
closely approximate the “HIGH point” of the cornea.

[0080] An improved apparatus for performing radial kera-
totomy is described next.

[0081] The apparatus for performing radial keratotomy
provides the surgeon at least with indicia of the outer and
inner regions 60, 62 on the anterior surface of the cornea 18 to
delimit the region 64 in which radial slices are to be made. As
illustrated in FIG. 8, the apparatus further provides radial
lines 80 on the corneal surface which extend, from opposing
peripheral locations 82a, 826 toward the HIGH point 14 to
guide the surgeon’s hand in making the incisions b,b'. Eight
radial lines 80 are illustrated spaced 45° apart. The radial lines
80 have a length on the corneal surface such that incisions in
the cornea 18 which are coextensive with the radial lines 80
will weaken the corneal walls. This causes the cornea 18 to
bow outward at its sides so that the arc of the central portion
of the cornea within the inner region 62 will be reduced and
the cornea 18 will sit flatter, that is, have a reduced sagittal
depth. As a result of making the incisions b,b' coextensive
with the radial lines 80, the post-operative optical center more
closely approximates the pre-operative HIGH point 14.
[0082] The apparatus includes a housing for a conventional
RK cutting tool such as a diamond blade. The housing
includes a suction port so that it can be fixed in position
relative to the cornea using a vacuum device during the sur-
gical procedure. The cutting tool is mounted for rotatable and
radial movement across the surface of the eye, and has a
contact (down) position in which the cutting tool incises the
cornea 18 and a standby (up) position in which the cutting tool
is clear of the corneal surface. This is so that repositioning of
the cutting tool can be achieved without cutting the cornea or
disengaging the housing from the cornea. The housing is
positioned on the cornea with regard to the indicia of the outer
and inner regions 60, 62, for example, by aligning a circular
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suction mount on the forward end of the housing (that which
engages the cornea 18) to the outer region 60. This assumes
that the outer region 60 is circular; however, as noted above,
the inner region 62 may be circular and the outer region 60
irregular.

[0083] Preferably, the indicia of the outer and inner regions
60, 62 are projected onto the anterior surface of the cornea 18
as a regular and an irregular shape, for example, by a colli-
mated light beam. The regular shape, which can be either of
the outer and inner regions 60, 62, alternatively may be placed
on the cornea by a marker in conventional manner. The regu-
lar shape preferably has a circular two-space projection.
However, the irregular shape must be determined with regard
to the actual (three-dimensional) surface of the cornea.
Accordingly, a programmed computer generates a surface
model of the cornea so that the path lengths for the radial lines
80 can be determined. The radial lines have a predetermined
length, as determined on a patient-by-patient basis with
regard to printed or computer-readable nomographs, as pre-
viously described. The radial lines extend radially inward
along the corneal surface toward the HIGH point 14 from a
point on the periphery 82a to a point 84a which lies on the
peripheral boundary 84 of the inner region 62. The peripheral
boundary of the inner region 62 is determined with regard to
the path lengths of a plurality of radial lines 80 along the
surface of the cornea. The boundary of the irregular shape is
determined with regard to the plurality of radial lines 80. The
boundary of the irregular shape may be continuous or discon-
tinuous. In any event, the first and second shapes are disposed
on the anterior surface of the cornea such that one generally
surrounds the other.

[0084] The irregular shape is preferably defined on oppo-
site sides of the HIGH point 14 by equidistant path lengths
along the anterior surface of the cornea and in the plane of a
great circle so that the cornea sits flat. As previously noted, the
actual path lengths are determined on a patient-by-patient
basis. Because the cutting tool is rotatably mounted, radial
incisions can be made in the plane of one or more great
circles.

[0085] The cutting tool can be programmed to make the
cuts along the projected lines 80 using position sensors for
sensing the current position of the cutting tool, and light or
heat sensors to detect the locations of the lines 80. In a fully
automated system, the lines 80 need not be projected onto the
cornea 18. Rather, a programmed computer can determine the
location and extent of the incisions required to cause the
optical center of the eye to align or more closely approximate
the “HIGH point” 0 of the cornea.

[0086] Non-Surgical Treatment] As mentioned previously,
the present invention also contemplates the non-surgical
treatment of the eye by utilizing a contact lens to align the
post-treatment optical center with the HIGH point of the
cornea. The process makes use of a lens which orients itself
into a known physical position when placed in the eye of the
patient. Such a lens is disclosed in the aforementioned
copending U.S. Pat. No. 5,502,518 issued Sep. 9, 1993, for
ASYMMETRIC ASPHERIC CONTACT LENS. In accor-
dance with that patent, a peripheral region 78 ofa contact lens
72 is conformed closely to the surface topology of the
patient’s cornea. When such a lens 72 is placed in the patient’s
eye, it will orient itself so the topologically matched portions
are in engagement. In accordance with the present invention,
such a lens 72 is constructed so that its optical center 74 will
overlie the HIGH point of the anterior surface portion 16a of
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the cornea when the lens positions itself over the eye. Prefer-
ably, the lens 72 is a toric lens having a major optical axis and
a minor optical axis arranged relative to the eye, once posi-
tioned, so that the patient looks through the optical center 74
of the lens. Referring to FIG. 9, it will be appreciated that,
when such a lens 72 is placed over the eye, it will orient itself
so that the optical center 74 of the lens 72 overlies the HIGH
point 14. The central portion of the lens would be shaped to
achieve the desired correction of vision in the same manner as
any other contact lens.

[0087] One aspect of the invention in U.S. Pat. No. 5,502,
518 is directed to a contact lens for use on a patient’s eye with
an asymmetric aspheric cornea, the lens having: an anterior
surface, a posterior surface and a base. The posterior surface
comprises a peripheral portion, which is asymmetric and
aspherical and at least coextensive with the base of the lens.
This peripheral portion asymmetrically and aspherically
matches a corresponding peripheral portion of the cornea
which lies under the peripheral portion of the lens when the
lens is worn in the patient’s eye.

[0088] Specific embodiments in U.S. Pat. No. 5,502,918
include one or more of the following variations:

[0089] (a) the entire posterior surface asymmetrically
and aspherically matches the surface of the cornea;

[0090] (b) the anterior surface of the lens is also asym-
metric and aspherical in whole or in part;

[0091] (c) at least part of the peripheral portion of the
posterior surface of the lens has asphericity and asym-
metry in a predetermined proportionally divergent rela-
tionship with the corneal surface; and/or

[0092] (d) the central portion of the posterior surface of
the lens is spherical.

[0093] In another aspect, the invention of U.S. Pat. No.
5,502,918 provides a process for manufacturing the lens
using three-dimensional topographic data (including eleva-
tion data) from a multiplicity of points on said cornea and
using said data to guide the generation of at least the periph-
eral portion of the posterior surface of said lens to cause it to
conform to and/or match the corresponding surface of said
cornea.

[0094] FIG. 12 illustrates a cross section of the asymmetric
aspherical cornea 10" fitted with an asymmetric aspherical
contact lens 50 according to one embodiment of the present
invention. The anterior surface of asymmetric aspherical lens
50 is manufactured to conform precisely to (i.e., to match) the
geometry of the asymmetric astigmatic cornea 10". The lens
50 is shown in greater detail in FIG. 13. As seen in FIG. 13, the
lens 50 of the present invention has been made such that the
posterior surface 54 of the lens 50 matches the asymmetric
aspheric geometry of the anterior surface 11 of cornea 10".
[0095] The geometry of posterior surface 54 of lens 50 has
been made to conform to the topography of anterior surface
11' of cornea 10", and therefore the elevational difference G
between points S and T on the lens 50 is the same as the
elevational difference G between points A' and B' on the
cornea 10." The thin uniform apparent gap depicted between
posterior surface 54 of lens 50 and anterior surface 11' of
cornea 10" (FIG. 12) is merely to show that, in practice, the
posterior surface of lens 50 will be separated from cornea 10"
by a thin tear film.

[0096] The anterior surface 52 of lens 50 is also shaped to
be both aspherical and asymmetric so that, in conjunction
with the posterior surface, it will achieve the proper optical
correction required by the patient. As appreciated by one
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skilled in the art, the optical correction achieved by a contact
lens is in part a function of the index of refraction of the
material used for the lens and the algebraic difference
between the curvature of the anterior surface 52 and the
curvature of the posterior surface 54 of lens 50. The anterior
surface 52 will be asymmetrically aspheric and will have a
shape that will have a predetermined relationship to posterior
surface 54 depending on the optical correction required. This
relationship is determined by taking into account various
optical considerations which are within the skill in the art.
[0097] A further embodiment of a contact lens according to
the invention of U.S. Pat. No. 5,502,918 is illustrated in FIGS.
14 and 15. Lens 60 depicted in these Figures is a combination
lens having a spherical central portion 66 and an asymmetric
aspherical peripheral or rim portion 69. The peripheral por-
tion 69 includes the base 70 of lens 60 and extends to the base
curve 65 of spherical portion 66. The geometry of central
portion 66 of lens 60 is intentionally chosen to be spherical
because spherical optics are relatively simple and achieve the
best sight correction. The peripheral portion 69 of posterior
surface 64 of lens 60 is shaped according to the corneal
topographic data to create an asymmetrically aspheric surface
which matches the topology (both in curvature and elevation)
of anterior surface 11' of cornea 10". The peripheral portion
69 forms the bearing surface upon which lens 60 rests on the
cornea 10".

[0098] In FIG. 15, zones 66 and 69 have been shown as
delineated by a sharp line. In an actual contact lens manufac-
tured according to the present invention, the transition
between spherical zone 66 and asymmetric aspheric zone 69
will be blended (i.e. smooth without sharp edges which may
cause discomfort). The steepness of the transition at this
interface is also dependent upon the relative steepness of the
patient’s cornea. A cornea with a steeper curvature will result
in a lens with a steeper transition zone between the central
spherical portion 66 and the peripheral asymmetric aspheric
zone 69.

[0099] A system for manufacturing the asymmetric
aspheric contact lens the invention of U.S. Pat. No. 5,502,918
is illustrated in FIG. 16. The system includes a Corneal Image
Capture System 610, an Elevation Analysis Program 620, a
Computer Aided Design System 630, a Command Processor
640 and a Lens Shaping System 650. The Corneal Image
Capture System 610 is used in conjunction with the Elevation
Analysis Program 620 in order to generate a three dimen-
sional topographic map of the cornea 600 of the patient which
is to be fitted with a contact lens.

[0100] The Computer Aided Design System 630 is used as
an aid in editing or modifying the corneal topographic data
prior to sending the data to a Lens Shaping System 650 via the
Command Processor 640. The Command Processor 640 takes
the topographic data describing the surface of the lens to be
shaped, either directly from the Elevation Analysis Program
or from the Computer Aided Design System 630, and gener-
ates a sequence of commands/control signals required by the
Lens Shaping System 650. The Lens Shaping System 650
accepts from the Command Processor 640, a sequence of
commands which describe the movements in three dimen-
sions (X, Y, Z coordinates) of the Lens Shaping System to
shape the particular custom fit contact lens

[0101] Each of the systems described in FIG. 16 can be
constructed as separate units, or certain of the systems can be
combined and practiced on a single processor. For example,
the Computer Aided Design System 630 and the Command
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Processor are both software applications which can be loaded
and executed on a single Personal Computer (PC) such as an
IBM™ compatible PC. Since the two applications do not
have to run at the same time, a very advanced PC is not
required, but preferably a computer with a 486 processor (or
equivalent) is preferred for the math intensive Elevation
Analysis Program. In one embodiment of the system of FIG.
6, the Corneal Image Capture System 610 and the Elevation
Analysis Program 620 are located at a first location, such as a
physician’s office, while the Computer Aided Design System
630, Command Processor 640 and a Lens Shaping System
650 are all located at a second location, such as a manufac-
turing site. The links 622 and 623 can be accomplished via a
telecommunications link, or merely by the passage of a dis-
kette between the two systems.

[0102] The Corneal Image Capture System 610 captures a
two-dimensional image of the surface of the patient’s cornea
600. System 610 captures the corneal image by projecting an
illuminating pattern onto the surface of the cornea 600 and
captures the light reflected off the corneal surface. Any of
these commercial topographic mapping systems can be used
in the present invention.

[0103] The X-Y data representing the two dimensional
image of the cornea 600 are passed, via data line 612, to an
Elevation Analysis Program 620. The Program 620 uses an
algorithm to generate a third dimension element, a Z coordi-
nate, for each of the X-Y pairs of data based on the X-Y pair
and the brightness of the pixel. One method of calculating the
elevation of each point, i.e., the Z coordinate, is by comparing
the X-Y and brightness values measured from the patient’s
cornea 600, to the coordinates and brightness of some refer-
ence surface with known elevation, e.g., a sphere of a known
radius. (The reference values can be pre-stored in Program
620.) The final output of the Elevation Analysis Program is
X-Y-Z coordinates for a multiplicity of points (preferably
approximately 1500 or more) on the surface of the cornea
600.

[0104] It will be apparent to those skilled in the art that any
method that can generate X, Y, Z corneal data providing both
location and elevation information for points on the corneal
surface with the required accuracy (in this embodiment about
1500 points randomly spaced on the corneal surface) could be
used.

[0105] The Computer Aided Design System 630 is used in
the present manufacturing process in order to graphically
present to the user (the attending physician or lens manufac-
turer) the topography of the cornea, and therefore the topog-
raphy of the custom fit lens which is to be shaped to match the
corneal topography. The Computer Aided Design System 630
also allows the user to edit the data and to generate new
three-dimensional surfaces (e.g., a spherical surface as
described below) derived from the actual corneal surface.

[0106] The Command Processor 640 accepts DXF files
containing X-Y-Z data describing the surface of the lens to be
shaped, and generates a sequence of commands which con-
trols the Shaping System 650. The Command Processor 640
will take the raw X-Y-Z data from either the Elevation Analy-
sis Program 620 or the Computer Aided Design System 630
and use the raw data to generate the control signals required to
control Lens Shaping System 650 which then shapes lens
blanks. The Command Processor 640 is adapted to Lens
Shaping System 650 and both units are generally available
from the manufacturers of the Lens Shaping System 650.
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[0107] In a preferred embodiment of the invention of U.S.
Pat. No. 5,502,918, the Lens Shaping System 650 is a three-
centerline mill capable of movement in the X, Y and Z axes
but other systems having the ability to shape lens blanks
asymmetrically in three dimensions with a smooth transition
(i.e., without sharp angles) could be used instead. Traditional
lathing techniques are not adequate for this purpose and some
laser techniques that ablate material from a lens blank may
create pits on the lens surface.

[0108] The asymmetric aspheric posterior surface or sur-
face portion of the contact lens of the invention U.S. Pat. No.
5,502,918, which matches the asymmetric aspheric contour
of the cornea, enables the lens to sit much more securely on
the cornea and rotate less with respect to the cornea, than any
lens of the prior art. This advantage of the present invention
has several aspects. First, as described above, the eyelid tends
to displace the lens when the wearer blinks. Because the lens
of the present invention has a secure seat on the cornea, this
displacement is much less likely. Even if the lens does
become displaced, surface tension forces will cause it to
resume its proper placement (i.e., “centered” position) much
more quickly and accurately than any lens of the prior art.

Method for Diagnosing and Analyzing the Human Eye

[0109] It has been found that the cornea modeling methods
which are described below are particularly effective in diag-
nosing and analyzing an eye. Specifically, the methods are
useful in determining whether a particular clinical technique
would be appropriate for a particular patient’s eye, in plan-
ning the actual procedure, and in predicting the likely results
of that procedure.

[0110] Presented below are actual computer-generated
models of the eye of a real patient. For purposes of demon-
stration, models will illustrate the results obtained when per-
forming corneal ablation on the patient’s eye to achieve a four
diopter visual correction utilizing different points and difter-
ent ablation axes. In the process, the superiority of the abla-
tion method of the present invention is demonstrated.

[0111] FIGS. 10A-D are front, top, side and perspective
views, respectively, generated by the modeling method of the
present invention and demonstrating the effect of performing
corneal ablation surgery utilizing the pupillary axis as a ref-
erence axis. Ablation was performed within a 3 mm radius
about the pupillary axis by providing a spherical surface out
to a 2 mm radius and introducing a 1 mm wide skirt as a
transition region between the spherical surface and the cornea
18. In the post-operative eye, the bounded region 16 of the
cornea is therefore made up of a spherical region S which is
designed as if it extended out to a width of 6 mm, but a
transition region or skirt T is provided so as to extend between
the ellipsoidal surface of the cornea and the spherical surface.
As a convention, the z-axis is defined to extend from the
reference plane towards the front of the cornea. As best seen
in FIG. 10B, the bounded region 16 exhibits a substantial
forward tilt relative to the y-axis) (6.9°) and a slight rightward
tilt of 1.3° relative thereto (see FIG. 10C). However, since in
the example of FIG. 10 ablation occurred about the pupillary
axis, no account was taken of the cornea tilt, as is common in
ablation procedures currently performed.

[0112] Such, ablation performed in this manner tends to
over-ablate some areas (e.g. the top portion of bounded region
16 in FIG. 10B) and to under ablate others (e.g. the bottom
portion of bounded region 16 in FIG. 10B). It is should also be
observed that the upper portion of bounded region 16 in FIG.
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10B is quite irregular. This is, in fact, the result that would be
obtained by the current conventional technique of ablating
about the pupillary axis.

[0113] In order to arrive at this result, it was initially deter-
mined that the best fit spherical surface 40 on the pre-opera-
tive cornea was a 6 mm wide section of a sphere having a
radius of 5.87 mm. Examination of the patient revealed that
the eye required a four diopter correction, which the result
that the post-operative spherical region S is required to have a
radius of curvature of 7.19 mm. This was the actual radius to
which the spherical region S was ablated in the model.
[0114] If the present analysis were performed pre-opera-
tively, the surgeon would most likely conclude that the results
of'this operation would be unsatisfactory and that this patient
was not a good candidate for this operation, owing to the
nature of the pre-operative cornea and the degree of correc-
tion required.

[0115] FIG. 11, comprising FIGS. 11A-11D, contains the
same views as FIG. 10, but illustrates the results of perform-
ing ablation operation on the same eye, but using a tilted axis
through the HIGH point as a reference axis. As was the case
in FIG. 10, the spherical region is formed as if it had a
diameter of 6 mm, with a transition skirt T being provided.
When centered about the HIGH point, the bounded region
exhibits a tilt of only 0.178° in FIG. 11B and a tilt of 0.27° in
FIG. 11C. The pre-operative best fit spherical region S was
determined to be a 6 mm wide section of a sphere having a
radius of 7.36 mm. In order to obtain a 4 diopter correction,
this radius was increased to 8.08 mm, at which radius ablation
was performed on the model to remove all portions of the
bounded region that protruded above the sphere with that
diameter positioned so as to remove all space between the
sphere and the corneal surface. As will be appreciated from
FIG. 11, the post-operative cornea will be quite smooth and
will exhibit no irregularities.

[0116] In performing corneal ablation surgery, it is desir-
able to remove the least amount of corneal material possible.
The Anvil 5000 program which was utilized to create the
surface models in accordance with the present invention (see
the immediately following subsection) has a provision for
measuring the included volume under a specified area. Uti-
lizing this feature, the volume included under the pre-opera-
tive cornea was measured to be 46.0 cubic mm. After the
operation of FIG. 10, the volume was 35.4 cubic mm, while
after the operation of FIG. 11, the 39.4 cubic mm bounded
region 16 was measured in FIGS. 10 and 11. The substantially
greater included volume in FIG. 11 demonstrates that the
procedure of FIG. 10 removed more material than was nec-
essary.

[0117] This discussion has demonstrated the value of the
modeling techniques of the present invention as a diagnostic
tool in planning and evaluating corneal procedures. Prior to
the present invention, a practitioner might well have under-
taken an operation of the type demonstrated in FIG. 10, only
to discover after the fact that it was of little, if any, benefit.
Worst yet, it is conceivable that such a procedure could intro-
duce vision problems that are worse than the ones being
corrected.

Generation of the Surface Model

[0118] The preferred embodiment makes use of a topologi-
cal modeling software product available under the name
“Anvil 5000” from Manufacturing Consulting Services of
Scottsdale, Ariz. This computer program permits program-
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ming of complex geometric procedures and complex surface
modeling through the use of the GRAPL language.

[0119] With further reference to step 24 of FIG. 1, a surface
model is generated by arranging the CTM data into subsets of
ordered triples, each of the subsets defining the knot points for
a spline over an interval defined by the subset. The spline fits
the CTM data to a curve having continuous first and second
derivatives at the knot points (referred to herein as a “smooth
curve”). Typically, the knot points in the CTM data are equi-
distant in the x- and y-directions due to the manner of opera-
tion of conventional corneal topographic scanning devices,
which have a resolution that varies from about forty to two-
hundred microns.

[0120] The arrangement of the subsets of ordered triples is
arbitrary, but should bear a logical relationship to the Carte-
sian CTM data. The subsets of ordered triples are arranged,
for example, in rows or columns with respect to the Cartesian
coordinates of the CTM data, or in radial lines emanating
from a particular coordinate in the CTM data, for example,
the coordinate having the greatest z-coordinate value (the
HIGH point), is located by a conventional sorting routine.
More than one subset of ordered triples may be contained in
a given row, column, or radial line if a further partitioning of
the data is desired.

[0121] As should be readily appreciated, at least three knot
points are required to form a spline. Additional knot points
over the same interval increase the accuracy of the resulting
spline; however, there is a concomitant sacrifice of computa-
tional speed to process this additional data. Preferably,
twenty-six or more knot points define the splines used to form
the surface model when CTM data having a 200 micron
resolution is used. The surgeon must strike a balance between
accuracy and speed, especially when the surgery is being
performed in real-time with the acquisition of the CTM data.
The speed of the system or method is affected by the number
of knot points chosen and the choice of computer, e.g., one
having sufficient memory and perhaps a math co-processor.
[0122] Each subset of ordered triples forms a series of
stored data points, represents a portion of the CTM data, and
defines a different set of discrete knot points that are applied
to a spline equation to generate a smooth curve (“spline”).
When the subsets are arranged in rows or columns, all of the
CTM data is represented. When the subsets are radially
arranged, a substantial portion of the CTM data is repre-
sented. About fifty to sixty subsets of ordered triples are
formed when a corneal topographic scanning device having a
resolution of about 200 microns is used to generate a surface
model from the unprocessed CTM data. This is because the
cornea has about 10 to 12 mm.sup.2 of surface to be scanned.
Preferably, the subsets are arranged relative to one another so
that the entirety of the CTM data is utilized in step 24, for
example, in rows or columns.

[0123] Preferably, a nonuniform-rational Basis (“NURB”)
equation is used to generate a so-called “B-spline,” although
other less preferred spline equations can be used such as a
uniform-rational basis, cubic, or bezier spline. The choice of
spline equation is guided by the regularity, variation, range,
and spacing of the data, as understood by those skilled in the
art. See, e.g., Rogers and Adams, MATHEMATICAL ELE-
MENTS FOR COMPUTER GRAPHICS, p. 446 (2d. Ed.).
Splines interpolate the points beyond the resolution of the
unprocessed CTM data, and thereby provide information
beyond the point-to-point behavior of the CTM data between
the points in the subset. Certain information is derived from
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the spline, including tangent, normal, and cross products
(more generally referred to herein as “vectorial products™)
which provides surface behavior information between the
subsets.

[0124] Itis preferred that the surface model of the cornea be
derived from the CTM data by applying to a surface equation
both the data that is used to generate the splines (namely, the
subsets of ordered triples used to generate the splines) and the
data that is derived from the splines (the vectorial products).
The preferred surface equation for use with the NURB equa-
tion is a NURB-surface equation. The NURB-surface equa-
tion fits a closed, finite set of points between the splines. See
Rogers and Adams, MATHEMATICAL ELEMENTS FOR
COMPUTER GRAPHICS, ch. 6, pp. 379-479. The surface
model generated from the NURB-surface equation defines a
smooth, free-form surface. The Cartesian coordinates of the
surface model represent an averaging and smoothing of the
unprocessed CTM data, as well as a smoothing of the splines
used to generate the surface. As a result, coordinates on the
surface model typically differ from the CTM data and the
splines, yet provide an accurate representation of the cornea.
[0125] The surface model is displayable on a computer’s
monitor so that the surgeon can assess whether there are areas
on the patient’s cornea to avoid, either because of a prior
surgery or insufficient or aberrant CTM data. A bounded
region 16 in which work is to be performed for a surgical
procedure on the cornea is defined by the surgeon or a pro-
grammed computer, as described above. The bounded region
16 encompasses the relevant portion of the surface model for
steps 26 through 30 of FIG. 1.

APPENDIX OF DEFINITIONS

[0126] The foregoing terms are assigned the meanings
described below.

[0127] Knot points, or ordered triples, are the x-, y-, z-co-
ordinates that define the raw data provided from a corneal
topographic scanning device.

[0128] A point cloud is a unique universe of all the x-, y-,
z-coordinates within a given bounded area. The bounded area
typically includes all the knot points that are incorporated into
a surface model, as defined below.

[0129] A spline equation is a mathematical tool for gener-
ating a smooth curve containing a discrete set of selected knot
points. The smooth curve is called a “spline,” and a spline of
order K is defined as a piecewise polynomial function of order
K on some (finite or infinite) interval with K-2 continuous
derivatives there. See, e.g., de Boor, A PRACTICAL GUIDE
to SPLINES, p. 125 (Springer Verlag).

[0130] Spline points are interpolated points along the
spline.
[0131] Vectorial products are derived from the spline and

may include a tangent vectorial product (first derivative), a
normal vectorial product (second derivative), cross products,
other order derivatives, and twist vectors. The vectorial prod-
ucts are directional in a relative sense, that is, there is a sign
(“+” or “=") associated with the difference between adjacent
knot points, and the sign imparts direction information that is
useful in establishing convergence to the HIGH point, as
described above.

[0132] A surface equation uses the discreet sets of knot
points that generate the splines and the vectorial products
derived from the splines to generate a free-form surface.
[0133] A free-form surface is one which is not spherical,
cylindrical, or any other predictable Euclidean shape, for
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example, the anterior surface of the edge. (h) A surface model
is a three-dimensional free-form surface defined by the sur-
face equation. Because the surface model is fitted to both the
knot points in the point cloud and the vectorial products of a
group of splines, coordinates on the surface model along the
z-axis will differ somewhat from those of the knot points and
the splines.

[0134] Having thus described a preferred embodiment of
the present invention, it is to be understood that the above
described device and method is merely illustrative of the
principles of the present invention, and that other devices may
be devised by those skilled in the art without departing from
the spirit and scope of the invention as claimed below.

1. A method for use in a programmable computer to define
a surface shape to be imparted to a contact lens, said method
comprising the step of using the computer to define said shape
using piecewise functions that satisfy a set of associated
constraints of smoothness, where the contact lens is specified
by said piecewise functions, and where said method is appli-
cable to at least asymmetric surfaces.

2. The method of claim 1 where the posterior surface of the
contact lens is calculated from corneal topographic data.

3. The method of claim 1 for the production of an inexpen-
sive disposable mold of custom shape which is then used to
mold a set of custom disposable or frequent/planned replace-
ment lenses.

4. The method of claim 1 where said functions possess
shape parameters.

5. The method of claim 1 where a smooth transition zone is
inserted between two adjacent zones of the lens.

6. A contact lens having a surface shape defined by one or
aplurality of piecewise functions with associated constraints
of smoothness, where the set of possible surfaces described
by said functions includes but is not limited to asymmetric
surfaces.

7. The lens of claim 6 comprising a complex irregular
shape on the posterior surface to approximate the cornea.

8. The lens of claim 6 for use as an erodible mask for shape
transfer in laser corneal surgery.

9. The lens of claim 6 having a non-circular periphery
thereby enabling an oval shape or truncated portion.

10. A system for contact lens fabrication using a program-
mable computer in which the surface shape to be imparted to
a lens being fabricated is defined in the computer by piece-
wise functions that satisfy a set of associated constraints of
smoothness, where the contact lens is specified by said piece-
wise functions, and where said system is applicable to at least
asymmetric surfaces, said system further comprising at least
one of:

(1) means for acquisition of topographic data of a cornea,

(i1) means for construction of three-dimensional math-
ematical surface model of said cornea,

(ii1) means for determination of the posterior surface of a
contact lens resulting from insertion of a tear layer
between the cornea surface and posterior surface,

(iv) means for computation of the anterior surface of the
contact lens to provide optics, and

(v) means for fabrication of said lens using a computer
numerical control manufacturing device selected from
the group comprising lathes, grinding and milling
machines, molding equipment, and lasers.
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