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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 ?tted approximately to a portion of the anterior 
surface of the cornea Within a “bounded region.” For corneal 
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Appl. No.: 10/412,514 ablation procedures, the “bounded region” comprises a 
generally inverted-cup shaped region of the anterior surface 

Filed: Apr. 11, 2003 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 ?atten 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 procedures is de?ned 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 

FIELD OF THE INVENTION 

[0001] The present invention relates to a method and 
apparatus for improving the vision of an eye. 

BACKGROUND OF THE INVENTION 

[0002] Most common defects in human vision are caused 
by the shape of the cornea of the eye. For example, near 
sightedness 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 
astigmatism can attributed to a cornea With irregular surface 
curvature. Ophthalmologists model the cornea as a portion 
of an ellipsoid de?ned by orthogonal major and minor axes. 
Surgical procedures for correcting visual acuity are typically 
directed at increasing or decreasing the surface curvature of 
the cornea, or making its shape more spherical. 

[0003] 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 
cornea is the PAR Corneal Topography System (PAR CTS) 
available 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 
segment from a ?xation point to the center of the entrance 
pupil. As described more fully in Mandell, “Locating the 
Corneal Sighting Center From Wideokeratography,” J. 
Refractive Surgery, 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 ?xation Will be refracted by the cornea 
and aqueous and pass through a corresponding point on the 
real pupil to eventually reach the retina. 

[0004] The point on the cornea at Which the line-of-sight 
intersects the corneal surface is the “optical center” or 
“sighting 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 keratec 
tomy and the center of the area to be spared in radial 
keratotomy. The line-of-sight has conventionally been pro 
grammed 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 sur 
geons prefer to use the pupillary axis as a reference line. 
Experienced practitioners have employed various tech 
niques 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 (“optic”) 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. 

[0005] In corneal ablation procedures, a portion of the 
corneal 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 
approximate a spherical surface of appropriate radius about 
the line-of-sight, Within the ablation Zone. In radial kerato 
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tomy (“RK”) procedures, a series of radially directed, cir 
cumferentially spaced incisions are made on the corneal 
surface about the line-of-sight to Weaken the corneal Walls 
and permit the cornea to sit ?atter, that is, to have a larger 
radius of curvature. 

[0006] 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 dysfunc 
tion. HoWever, a more irregularly shaped cornea may result, 
Which may exacerbate existing astigmatism or introduce 
astigmatism in the treated eye. For example, an RK proce 
dure that is performed 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 asym 
metry in the cornea, resulting in irregular astigmatism. This 
Will complicate any subsequent vision correction measures 
that need be taken. Also, any substantial surface irregulari 
ties Which are produced can cause development of scar 
tissue or the local accumulation of tear deposits, either of 
Which can adversely affect vision. 

[0007] Implicit in the use of the-line-of sight or the 
pupillary axis as a reference axis for surgical procedures is 
the assumption that the cornea is symmetric about an axis 
extending 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 relation 
ship 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. 

[0008] 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. Speci? 
cally, 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 material than the same operation performed about an 
axis close to the center of the eye, such as the pupillary axis. 

[0009] 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 disclo 
sures 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 
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the postoperative cornea by selecting a ?atter or steeper lens, 
as desired. Reportedly, the gel mask does not shift When hit 
by laser pulses. Therefore, instead of selective ablation of 
predetermined 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 
centered on the optical center of the cornea or the center of 
the pupil and does not alloW for corneal tilt, the postopera 
tive eye may exhibit an irregular shape or more corneal 
material may be removed than is necessary. 

[0010] What is needed 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 
particular topology of the patient’s eye on Which the cor 
rection is being performed. 

[0011] It is therefore one object of the present invention to 
provide a method for improving the vision of an eye. 

[0012] It is an additional object of the present invention to 
provide an improved surgical method for a corneal ablation 
procedure. 
[0013] It is a further object of the invention to provide an 
improved surgical method for an RK procedure. 

[0014] It is also an object of the present invention to 
provide a method and apparatus for diagnosing and analyZ 
ing a pre-surgical eye for the purpose of predicting the 
post-operative condition of the eye and planning more 
effective surgery. 

[0015] 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. 

[0016] 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. 

[0017] 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 ?tted 
approximately 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 region of the anterior surface of the eye 
bounded at its periphery 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. 

[0018] According to another aspect of the invention, abla 
tion surgery of the eye is performed by ?rst depositing a 
setable 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 
anterior surface is formed into a spherical mask Which is 
centered over the HIGH point. The mask is then ablated to 
a uniform depth. 

[0019] According to another aspect of the invention relat 
ing to radial keratotomy procedures, a pair of incisions in the 
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plane of a “great circle” are formed in the cornea to Weaken 
and ?atten 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 de?ned 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. 

[0020] According to a further aspect of the invention, an 
apparatus for performing radial keratotomy on an eye is 
disclosed. The apparatus preferably includes a housing 
adapted to be selectively attached to the cornea by a vacuum 
so that the housing remains in a ?xed position With respect 
to the cornea during radial keratotomy. A ?rst means asso 
ciated With the housing is provides a ?rst, 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 ?rst and second shapes are dis 
posed 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 ?rst and 
second shapes to the other on either side of the HIGH point 
of the cornea results in incisions in the cornea. 

[0021] 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 
position 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. 

[0022] These and other objects, features and advantages of 
the present invention Will be readily apparent from the 
folloWing detailed description taken in conjunction With the 
accompanying unscaled draWings. 

DESCRIPTION OF THE DRAWINGS 

[0023] FIG. 1 is an overall ?oW chart for the method of the 
invention; 

[0024] FIG. 2 is an expanded cross-sectional vieW of a 
cornea of an eye illustrating typical undulations therein; 

[0025] FIG. 3 is a side vieW of the cornea of an eye as 
modeled in accordance With the present invention; 

[0026] FIG. 4 is an schematic side vieW of the cornea of 
an eye having an asymmetric surface, illustrated as it Would 
appear if projected into tWo-dimensions; 

[0027] FIG. 5 is a schematic cross-sectional vieW of a 
cornea of an eye having a mask and shaping lens positioned 
thereupon; 

[0028] FIG. 6 is a schematic top-elevational vieW of a 
radial keratotomy procedure according to knoWn methods; 

[0029] FIG. 7 is a schematic top vieW of a radial kerato 
tomy procedure according to the invention; 

[0030] FIG. 8 is a schematic top vieW of the anterior 
corneal surface prior to performing a radial keratotomy 
procedure using an apparatus according to the invention; 
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[0031] FIG. 9 is a schematic cross-sectional vieW of a 
cornea of an eye illustrating the non-surgical treatment of the 
eye to align the optical center With the geometric center, by 
making use of a special contact lens, Which is self-orienting 
to achieve that result; 

[0032] 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; and 

[0033] FIG. 11, comprising FIGS. 11A, 11B, 11C and 
11D, is a printout similar to FIG. 10 shoWing the same eye 
after corneal ablation about a tilted axis passing through the 
HIGH point. 

DETAILED DESCRIPTION OF THE 
INVENTION 

[0034] 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 How 
chart of FIG. 1, the overall method starts at step 20 With a 
patient having an improperly shaped, aspherical and/or 
asymmetric cornea for Which surgical correction is appro 
priate. 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 communica 
tively associated thereWith. The CTM data is conventionally 
available as a data ?le 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 ?xed relationship to each other so that the coordinate data 
can be used in a treatment procedure (as at step 28). For 
example, the surgical tool used for a radial keratotomy or 
ablation procedure is preferably provided With a suction 
mount so that the cornea and surgical tool are selectively 
attached. 

[0035] The data is arranged as an array of x-, y-, Z-coor 
dinates, also knoWn as an array of ordered triples, Which 
generally describes the point-by-point behavior of the 
mapped corneal surface. Typically, the X and y coordinates 
are measured in a prede?ned 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 inven 
tion, as at step 24. The HIGH point of the patient’s cornea 
is identi?ed 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 cor 
neal topographic machine and the eye. The method of the 
invention ends at step 30, With the patient having a properly 
shaped, highly spherical and symmetric post-treatment cor 
nea. 

[0036] In conventional corneal ablation procedures, the 
undulations and irregularities in a four to six mm bounded 
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region surrounding a reference axis, (the line-of-sight or 
pupillary axis) are ablated using, for examples a laser. While 
With existing procedures the post-surgical cornea may be 
made to have a smooth and relatively ?at 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 irregu 
larities 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. 

[0037] 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. 

[0038] The cornea 18 is about 600 pm thick. In most 
corneal ablation procedures, less than 100 pm 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 pm depth ablation is knoWn to cause scarring; hoWever, 
there exists the possibility that the risk of scarring for deeper 
ablations may be reduced by drug therapy prior to or 
contemporaneous With the laser treatment. The magnitude, 
M, of the corneal undulations (as shoWn diagrammatically in 
FIG. 2) is typically about ?fteen 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. 

[0039] 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 de?ned 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. 

[0040] With regard to conventional RK procedures, a 
marker is used to delineate at least a circle 50, in tWo-space 
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). 
Adiamond knife is then placed over the cornea and the blade 
is moved radially a ?xed 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 
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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. 

[0041] Illustrative procedures performed at step 28 are 
described next, folloWed by a demonstration of the clinical 
use of the modelling techniques of the invention and a 
discussion of the creation of a surface model of the cornea. 

Selective Corneal Ablation 

[0042] FIG. 3 illustrates the cornea 18 as modeled in 
accordance 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 
modelled 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 reference 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). 

[0043] According to the present method and as illustrated 
in FIG. 4, a bounded region 16 is selected Which de?nes the 
anterior surface portion 16a of the cornea 18 Which is to be 
?t 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 comparing the patient’s cornea (or the 
surface model) With information knoWn by the surgeon (or 
information stored in a knoWledge base of a digital com 
puter’s memory), as understood by those skilled in the art. 
The bounded region may, for example, be de?ned 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 34b 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 the corneal 
topography scanning machine, typically the pupillary axis. 
In selecting the bounded region 16, the surgeon Would 
consult topological data, in an effort to avoid a region Which 
contains scars or insuf?cient topological data. 

[0044] The projected circle C Will de?ne 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). 

[0045] In order to perform the ablation, an imaginary 
sphere 40, is ?rst 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 
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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 curvature. 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 construction 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. 

[0046] 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 
de?nes 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. 

[0047] On the other hand, the determination of When to 
stop ablation is preferably based on having achieved a 
predetermined 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 programmed 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. 

[0048] Ablation is performed so that the anterior surface 
portion 16a is ablated to a “smooth surface.” Preferably, the 
“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 pm of corneal material, although the 
degree of ablation required to smooth the cornea, that is, 
remove undulations, varies from patient to patient. 

[0049] 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 
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process of the invention therefore allows the bounded region 
to have a radius of 2 mm, and a 1 mm skirt is provided as 
a transition region. 

[0050] 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, de?ne 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 de?ned by a plane containing 
the local Z-axis 17. 

[0051] One such arc 12 is shoWn in FIG. 3. Arc 12 has a 
line segment 12a extending from the peripheral point 34a to 
the HIGH point 14 and another line segment 12b that 
extends from a peripheral point 34b to the HIGH point 14. 
The path length of lines 12a, 12b 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, US. 
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. 

[0052] 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, 12b 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 
shortened path from the HIGH point 14 to the periphery of 
the cornea 18 as compared to the unablated corneal surface. 

[0053] The path lengths on either side of the HIGH point 
14 are reevaluated after one or more of these ablations to 
determine 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 coordi 
nates to the laser. 

[0054] 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 
respective centers coincide With the HIGH point 14 affects 
the accuracy of the procedure. The more lines 12 that are 
evaluated 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 prede?ned degree of accuracy, for 
example, one micron, and need they not coincide exactly. 

[0055] The foregoing procedure is preferably started by 
de?ning a plurality of lines 12 on the surface of the cornea 
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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 
prede?ned degree of accuracy. Additional lines 12 may then 
be selected subject to the criterion that they too be succes 
sively least centered With respect to the HIGH point 14, or 
perhaps based on other criteria, and then have their respec 
tive 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 With respect to a 
preselected number of lines 12, Within a prede?ned degree 
of accuracy. 

[0056] As a modi?cation of the foregoing, the ?rst 
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 center 
ing the least centered line 12 and so on, until the HIGH point 
14 is equidistant Within a prede?ned degree of accuracy: (a) 
the HIGH point 14 is identi?ed, (b) a plurality of lines 12 are 
de?ned on the surface of the cornea substantially in the plane 
of a great circle, (c) only local high points 46 on the cornea 
Which lie on one of the de?ned lines 12 are ablated by a laser 
to center the HIGH point 14 With respect to one of the 
de?ned lines 12. 

[0057] 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 satis?es 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. 

[0058] 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. 

[0059] 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 

[0060] In the 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 pre 
viously described selective ablation technique. 

[0061] Once the HIGH point 14 has been located, the 
optical center of the eye can be aligned With the HIGH point 
14 by depositing a moldable mask 70 onto the cornea 18, and 
placing 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 
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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. 

[0062] Apresently preferred material for the mask 70 is A 
Type 1 collagen. The collagen mask is heated to a tempera 
ture of about 42° C. to 45° C. so that it assumes a syrup-like 
viscosity. The heated collagen is deposited as a ?lm on the 
cornea Where it immediately begins to cool to body tem 
perature (37° C.) at Which temperature it assumes a gel-like 
consistency. Prior to cooling, the lens 72 is positioned on the 
collagen ?lm 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. 

[0063] 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 suf?cient to remove all of the gel, in a 
manner knoWn to those skilled in this art. Because the 
collagen and cornea ablate at the same rate (they are 
virtually identical materials, hence the preference for this 
material), uniform ablation Will result in a smooth spherical 
corneal surface. 

[0064] For reasons already explained, the collagen mask is 
preferably formed With a diameter of up to 4 mm, and a 1 
mm skirt de?nes 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 

[0065] According to the invention, incisions are made on 
the cornea With regard to the surface topology of the cornea 
18 in three-dimensional space to Weaken the corneal Walls 
and to permit the cornea to sit ?at and symmetric With 
respect to the HIGH point 14. As in conventional proce 
dures, 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 extending, 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 irregular (arbitrary) tWo-space projection 
because the radial slices b, b‘ are of equal length on the 
cornea 18, as described beloW. 

[0066] 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 upon itself and, thereby, sit 
?atter. 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 compiled Which describe the length of the inci 
sions to be made in tWo-space for a prescribed Working 
region and a given corneal sagittal depth. These lengths, 
hoWever, do not re?ect the true incision length on the surface 
of the cornea, Which varies With sagittal depth and the 
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asymmetry of the cornea in Which the incisions are made. 
Accordingly, it is preferred that these lengths be modi?ed 
(lengthened) based on empirical data gathered from proce 
dures, Which establishes a correlation betWeen the tWo-space 
monographs and the true incisions lengths. AWorking 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. 

[0067] 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 anterior 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 and varies across the surface of the 
cornea 18 due to the variations in the corneal topology. 

[0068] 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 de?ned Without 
?rst selecting the length of the radial slices along the cornea, 
Which is done based on the surgeon’s discretion and expe 
rience, 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 de?ne the peripheral points 34a‘, 34b‘ 
of the outer region 60 along the surface of the cornea. 

[0069] 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 221/2° 
depending on the number of cuts. In addition, arcuate 
incisions may be made to correct for pre-surgery astigma 
tism or to account for any surgically induced astigmatism. 

[0070] 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 
symmetrical post-RK cornea. Further, the present RK pro 
cedure causes the optical center of the eye to align With or 
more closely approximate the “HIGH point” of the cornea. 

[0071] An improved apparatus for performing radial kera 
totomy is described next. 

[0072] 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. 
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As illustrated in FIG. 8, the apparatus further provides radial 
lines 80 on the corneal surface Which extend, from opposing 
peripheral locations 82a, 82b 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 ?atter, 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. 

[0073] The apparatus includes a housing for a conven 
tional RK cutting tool such as a diamond blade. The housing 
includes a suction port so that it can be ?xed in position 
relative to the cornea using a vacuum device during the 
surgical 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 suction mount on the for 
Ward 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. 

[0074] 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 collimated 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 regular 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 previously 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 discontinuous. In any 
event, the ?rst and second shapes are disposed on the 
anterior surface of the cornea such that one generally sur 
rounds the other. 

[0075] The irregular shape is preferably de?ned 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 
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a great circle so that the cornea sits ?at. 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. 

[0076] 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 deter 
mine 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” of the cornea. 

Non-Surgical Treatment 

[0077] 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 US. Pat. 
No. 5,502,518 issued Sep. 9, 1993, for ASYMMETRIC 
ASPHERIC CONTACT LENS. In accordance With that 
patent, a peripheral region 78 of a 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 
the cornea When the lens positions itself over the eye. 
Preferably, the lens 72 is a toric lens having a major optical 
axis and a minor optical axis arranged relative to the eye, 
once positioned, 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. 

Method for Diagnosing and AnalyZing the Human 
Eye 

[0078] It has been found that the cornea modelling meth 
ods Which are described beloW are particularly effective in 
diagnosing and analyZing an eye. Speci?cally, the methods 
are useful in determining Whether a particular clinical tech 
nique Would be appropriate for a particular patient’s eye, in 
planning the actual procedure, and in predicting the likely 
results of that procedure. 

[0079] Presented beloW are actual computer-generated 
models of the eye of a real patient. For purposes of dem 
onstration, models Will illustrate the results obtained When 
performing corneal ablation on the patient’s eye to achieve 
a four diopter visual correction utiliZing different points and 
different ablation axes. In the process, the superiority of the 
ablation method of the present invention is demonstrated. 

[0080] 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 per 
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forming corneal ablation surgery utilizing the pupillary axis 
as a reference 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 extending out to 2 mm from the pupillary axis and a 
transition region or skirt T extending out from the 2 mm 
radius to the ellipsoidal surface of the cornea (beyond the 3 
mm radius) from the pupillary axis. As a convention, the 
Z-axis is de?ned 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 13° 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. 
[0081] Such, ablation performed in this manner tends to 
overablate some areas (eg the top portion of bounded 
region 16 in FIG. 10B) and to under ablate others (eg 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. 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. 

[0082] In order to arrive at this result, it Was initially 
determined that the best ?t spherical surface 40 on the 
preoperative cornea Was a 4 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. 

[0083] 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 preoperative cornea and the degree of 
correction required. 
[0084] FIG. 11, comprising FIGS. 11A-11D, contains the 
same vieWs as FIG. 10, but illustrates the results of per 
forming 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 area is formed out to 
a radius of 2 mm, With a 1 mm Wide transition skirt T being 
provided. When centered about the HIGH point, the 
bounded region exhibits a tilt of only 0.1780 in FIG. 11B 
and a tilt of 0.270 in FIG. 1C. The pre-operative best ?t 
spherical region S Was determined to be a 4 mm 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. 
It Will be appreciated from FIG. 11, the post-operative 
cornea Will be quite smooth and Will exhibit no irregulari 
ties. 

[0085] In performing corneal ablation surgery, it is desir 
able to remove the least amount of corneal material possible. 
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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 speci?ed area. 
UtiliZing this feature, the volume included under the preop 
erative cornea Was measured to be 46.0 cu.mm. After the 

operation of FIG. 10, the volume Was 35.4 cu.mm, While 
after the operation of FIG. 11, the 39.4 cu.mm bounded 
region 16 Was measured in FIGS. 10 and 11. The substan 
tially greater included volume in FIG. 11 demonstrates that 
the procedure of FIG. 10 removed more material than Was 
necessary. 

[0086] This discussion has demonstrated the value of the 
modelling techniques of the present invention as a diagnos 
tic tool in planning and evaluating corneal procedures. Prior 
to the present invention, a practitioner might Well have 
undertaken an operation of the type demonstrated in FIG. 
10, only to discover after the fact that it Was of little, if any, 
bene?t. Worst yet, it is conceivable that such a procedure 
could introduce vision problems that are Worse than the ones 
being corrected. 

Generation of the Surface Model 

[0087] The preferred embodiment makes use of a topo 
logical modeling softWare product available under the name 
“Anvil 5000” from Manufacturing Consulting Services of 
Scottsdale, AriZ. This computer program permits program 
ming of complex geometric procedures and complex surface 
modelling through the use of the GRAPL language. 

[0088] 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 de?ning the 
knot points for a spline over an interval de?ned by the 
subset. The spline ?ts the CTM data to a curve having 
continuous ?rst and second derivatives at the knot points 
(referred to herein as a “smooth curve”). Typically, the knot 
points in the CTM data are equidistant in the x- and 
y-directions due to the manner of operation of conventional 
corneal topographic scanning devices, Which have a reso 
lution that varies from about forty to tWo-hundred microns. 

[0089] The arrangement of the subsets of ordered triples is 
arbitrary, but should bear a logical relationship to the Car 
tesian CTM data. The subsets of ordered triples are arranged, 
for example, in roWs or columns With respect to the Carte 
sian coordinates of the CTM data, or in radial lines ema 
nating 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. 

[0090] 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 sacri?ce of compu 
tational speed to process this additional data. Preferably, 
tWenty-six or more knot points de?ne 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 
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the number of knot points chosen and the choice of com 
puter, e. g., one having suf?cient memory and perhaps a math 
co-processor. 

[0091] Each subset of ordered triples forms a series of 
stored data points, represents a portion of the CTM data, and 
de?nes 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 ?fty 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 mm2 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. 

[0092] 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 the spline, including tangent, normal, and cross 
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products (more generally referred to herein as “vectorial 
products”) Which provides surface behavior information 
betWeen the subsets. 

[0093] It is 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 equation is a NURB-surface equation. The 
NURB-surface equation ?ts a closed, ?nite set of points 
betWeen the splines. See Rogers and Adams, MAT HEMATI 
CAL ELEMENTS FOR COMPUTER GRAPHICS, ch. 6, 
pp. 379-479. The surface model generated from the NURB 
surface equation de?nes 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. 

[0094] 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 insuf?cient or aberrant CTM data. A 
bounded region 16 in Which Work is to be performed for a 
surgical procedure on the cornea is de?ned by the surgeon 
or a programmed computer, as described above. The 
bounded region 16 encompasses the relevant portion of the 
surface model for steps 26 through 30 of FIG. 1. 










