| MPROVED METHOD AND APPARATUS FCR PERFCRNING CORNEAL RESHAPI NG TO
CORRECT OCULAR REFRACTI VE ERROR EBIrcation is a

continuation-in-part ofMERPYER @"é‘f%‘% Ah é‘ﬁtp%

556,886, filed

o

PcHEPROREREQRNING GCORNEAL
RESHAPING TO CORRECT OCULAR REFRACTIVE ERRORS

v

This application is a continuation-in-part of United
States patent applications serial number 556,886, filed
July 23, 1990 and serial number 596,060, filed October 11,
1990, which are incorporated herein by reference.
Applicant claims priority from said applications pursuant
to 37 C.F.R¢ §1.78.

This invention relates to a noninvasive
ophthalmological method and related apparatus for
reshaping the anterior surface of the cornea in order to
achieve emmetropia (i.e., normal vision characterized by
the absence of ocular refractive error; the emmetropic eye
focuses parallel rays of light onto the retina to produce
a clear image). It further relates to the use of light to
induce thermal changes in the stromal collagen of the
cornea to shrink the stromal collagen to produce the

desired reshaping of the cornea.

Today there are over 100 million people in the United
States alone who wear eyeglasses or contact lenses to
correct ocular refractivelerrors. The most common ocular
refractive errors include myopia (nearsightedness),
hyperopia (farsightedness), and astigmatism (See Figure

1). In myopia, the refractive power of the eye is

excessive meaning that parallel rays of light are focused
in front of the retina producing a blurred image. Myopic
vision can be corrected by adding a spherical concave lens
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f ocused light are focused differently along different meridians
producing a blurred image. Astigmatic vision can be
corrected by adding a non-spherical lens of the correct
cylindrical curvatures along various meridians in front of
the eye or by flattening and/or steepening the cornea with
the correct cylindrical curvatures to compensate for
refractive errors along various meridians.

Current widely used devices or methods for correcting
ocular refractive errors include eyeglasses, contact
lenses and refractive surgery such as radial keratotomy.
Eyeglasses and contact lenses may be inconvenient,
difficult to wear or impediments in daily activities.

Refractive surgery procedures offer an alternative to
eyeglasses and contact lenses but these procedures may be
difficult to control in order to achieve accurate
‘'refractive corréctions. Radial keratotomy is a refractive
surgical procedure designed to correct myopia. This
technique involves making a series of deep, radial
incisions in the cornea with a pattern that resembles the
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postoperative complication of radial keratotomy is
permanent weakening of the cornea due to the fact that the
technique requires deep incisions that heal quite slowly.
Trauma to the eyes may result in the rupture of the
incisions leading to catastrophic loss of the cornea in

some cases.

Another method of refractive surgery is laser
kXeratomileusis (i.e., carving the cornea by application of
laser energy) also termed laser refractive keratectomy or
photorefractive keratectomy. This method of refractive
surgery is currently being used in clinical trials in man
to correct refractive errors. This technique employs the
use of a laser that emits ultraviolet llght typically an
argon fluoride excimer laser that operates at a wavelength
of 193 nanometers. The laser light causes a breakdown of
intramolecular bonds resulting in ablation of tissue by
photodecomposition. The shape of the cornea is changed by
selectively ablating material in the cornea thus "carving"
the anterior corneal surface into a new shape. U.S.
Patent No. 4,665,913 discloses one technique of
photorefractive.keratectomy.

For purposes of this application the "anterior"

portion of the corneal stroma should be understood to
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accurate to "£ill in" the ablated cornea volume with a combination
of epithelial and stromal tissues. This process in the
human cornea is sometimes referred to as a "wound-healing
response". There are also concerns about the potential
phototoxic effect of ultraviolet light generated by
corneal tissue fluorescence and the potential toxic effect
of molecular ablation products present in the
photoablation plume.

Another method of refractive surgery is intrastromal
photorefractive keratoplasty. In this technique a laser
beam is focussed inside the corneal stromal tissue to
modify tissue either by photoablation or by a change in
the tissue’s viscoelastic properties. U.S. Patent No.
4,907,586 discloses one such method. The wavelengths of
the laser beams to be used are specified to be 526
nanometers, 1.053 microns, or 2.94 microns. Some of these
wavelengths (526 nanometers and 1.053 microns) are
transmitted, at least in part, through the cornea possibly
causing damage to the retina. If laser induced optical
breakdown (i.e., laser induced plasma formation) is used
to increase the absorption of these wavelengths, the hot
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is unworkable at some wavelengths and undesirable at other
wavelengths because there may be severe damage caused to
ocular structures.

Thermokeratoplasty is another method that has been
used to reshape the cornea. This is done by the
application of heat to the cornea. Corneal stromal
collagen shrinks when heated to a temperature of 55° to
58°C, without the destruction of the tissue. If the
pattern of shrinkage is properly selected the resulting
change in the stress field and mechanical properties
caused by the shrunken collagen fibers can be used to
reshape the cornea.

The original thermokeratoplasty technique used was
the application of a heated probe to the cornea leading to
conductive heating of the stroma. However, the direct
application of a heated probe is uncontrolled and
unavoidably destructive. This technique caused thermal
destruction of the epithelium as well as Bowman’s
membrane, the important tissue layer immediately
underlying the epithelium. Some patients treated with
this technique also showed damage to the deeper corneal
stroma and endoﬁhelium. Additionally, this technique
often involved inadequate refractive correction. Others
have attempted the correction of hyperopia by using heated
needles to burn a series of craters into the cornea.
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excessive thermal damage to corneal structures.

Recent thermokeratoplasty techniques are disclosed in
the following references: U.S. Patent Number 4,976,709
issued on December 11, 1990 to Bruce J. Sand entitled
"Method For Collagen Treatment"; and Patent Cooperation
Treaty Publication Number WO 90/12618 by Kenneth Spears et
al. published on November 1, 1990 entitled "Laser Thermal
Keratoplasty System". Both of these references disclose
and require laser wavelengths and absorption coefficients
that result in collagen shrinkage throughout the entire
depth of the corneal tissue.

These recent thermokeratoplasty references teach
thermokeratoplasty using lasers operating in a frequency
range from 1.8 to 2.55 microns with an absorption
coefficient range of 15-120 cm'. These devices also use
an air coolant applied to the anterior cornea to prevent
heat damage to the epithelium and Bowman’s membrane.
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There is still a need for a method of reshaping the
cornea that is safe, effective, and dependable. The
present invention offers the high spatial/temporal
resolution and control necessary for safely using light to
reshape the cornea by controlled "heat treatment" of the

stromal collagen.

Figure 1 is a schematic representation of an
emmetropic eye (top) and of eyes having common refractive
errors (bottom) including a myopic eye (bottom left) and a
hyperopic eye (bottom right). Astigmatism is a refractive
error involving combinations of emmetropia, myopia, and/or
hyperopia along different ocular meridians.

Figure 2 is a schematic diagram of the essential
components of one embodiment of the apparatus used to
perform corneal reshaping to correct ocular refractive

errors.

Figure 2A is a schematic diagram of the essential
components of the preferred embodiment of the apparatus
used to perform corneal reshaping to correct ocular

refractive errors.

Figure 3 is a schematic cross section of the human

eye showing several ocular structures.
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the figure. Hence, for an absorption coefficient a of 80

cm!, the characteristic penetration depth § is 125 um.

Figure 6 shows the results of one-dimensional (1D)
thermal modelling calculations of temperature
distributions as a function of depth of penetration into
corneal tissue. Typical depths of microstructural layers
of the cornea are indicated for the epithelium (Ep), the
Bowman’s layer (B), the stroma, Descemet’s membrane (D),
and the endothelium (En). The calculations use estimated
thermal properties (thermal conductivity, thermal
diffusivity, and heat capacity) for human corneas together
with optical absorption coefficients a pertinent to three
laser wavelengths produced by three different laser
sources (CO,, HF, and Ho:YAG). All three calculations are
for absorbed irradiances of 30 W/cm’ and exposure
durations of 80 ms. The desired temperature range
(approximately 55°C to 65°C) for collagen shrinkage
without gross thermal damage is shown within the corneal

stroma.

Figure 7 sﬁows thermal modelling calculations similar
to those shown in Figure 6 except that different
temperature distributions are plotted as a function of
time (at fixed exposure durations of 1 ms through 10 ms)



the corneal endothelium remains cool in all cases.
refer to the first one third of the total depth of the corneal stroma. The
stroma is typically 450 mcrons in total depth and therefore the anterior
portion of the stroma sPANLE e shegsr $hesmatl onedslking cajeudatiéensrsimistar

1]{30 hmcr ons. Pref et@biryoéfasrfa&d agﬁmﬂ;aaér sngedEst ﬁ}ﬁ?cul 2 Ithbnaefn{oe?ae&@&tlce
of this invention aes ace | terlLo erSt m._crans of th
stromal col | agen a% é)ﬁﬁo Wﬁ% % gs £? t?f?°f2§“ﬁ?8?8n§z %) of
As is the case forthke Heqme@rmf- &foxy éPPééFPVéOfswfg@r hydriegenr élnoride e(HF)
keratectony may | egierfcd Naderaisduiretr @stlaepxeéaét@.&mm@a @adeiéng th of

undesi rabl e side effects,. Particularl tro bl eso osto tive
conpl i cation assoc?%Rré‘H‘Wa[tf?lé’oﬁnealz é@)u’f’i‘a & &B"x&%prlé'é‘@ §aPﬁ t° etlis to
"fill in" the abl dAsh’cendea Fikedreting lofa80omsi naThertempaptiurel i al and

stromal tissues. Td§SeARREDH 'tBaEhEeQHém@lﬁQ{rFQﬁxé %n%aﬁsknséreféﬁraecmeo
as a "wound-healing response”. There _are also concglr ns about otentlal

phot ot oxi ¢ ef f ect W Hﬁ/cﬁlléPlPFﬁﬁt fgEnEraRane, ac?&anaVe}?E%
fl uorescence and tirelpelemntthal efdrctsecdf exthadt radinkgabaplebl anhi tineymiadduct s

present in the contact with the anterior surface of the cornea. In this
case, the HF chemical laser source is applied for a fixed
irradiance of 100 W/cm? and a fixed time of 100 ms.

Figure 9 is a schematic representation of different
patterns of treatment on the anterior surface of the
cornea. The annulus has a radius R and a width A and is
drawn using a laser spot that is slewed at an angular
velocity Q.

Figure 10 shows experimental corneal curvature
(dioptric, or refractive, power) measurements for both
untreated (control) and treated eyes of the example rabbit
(Ignatieff) at different observation times.

Figure 11 is a schematic representation of the fiber
optic array used in the apparatus of the preferred

embodiment of tﬁe invention.
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wavel engt hs, the hebrneal reshaping process. This process -im known as
photothermokeratoplasty. This invention further provides
light source parameters to assure safe and effective
corneal reshaping. One embodiment of this invention
provides for a heat sink at the anterior surface of the
cornea to prevent damage to the epithelium and Bowman’s
membrane. Another embodiment provides for a solid heat
sink to act as a template for the predetermined physical
changes to the curvature of the corneal tissue. .Still
another embodiment provides a fibre optic array to control
the light energy applied to the cornea.

This invention provides a noninvasive method and
apparatus for reshaping the corneal tissue by exposing the
cornea to a functionally effective amount of light energy
in a spatially localized pattern. The light energy is
applied at one or more predetermined wavelengths between
1.87 - 2.08 or 2.55 - 2.7 microns, irradiance levels and
time durations to thermally induce predetermined, physical
changes to the curvature of the cornea. This invention
also provides a method of inducing the above changes
without inducing a wound-healing response in the stroma
sufficient to significantly change the corneal curvature
from its predetermined value and without damaging the
viability of the corneal endothelium or the anterior
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the cornea is about 33 microns to about 125 microns. The
preferred irradiance level of light energy is at a level
where the absorption is substantially linear, and most
preferably where the absorption coefficient is 30 cm! to
100 cm’ at the 1.87 - 2.08 micron wavelength range or 100
cm! to 300 cm! at the 2.55 - 2.7 micron wavelength range.
The preferred time or duration of exposure is less than
about one second in each portion of the pattern of
application. The preferred light source is an erbium
light source with the preferred wavelengths generated from
the light source being about 2.55 to 2.7 microns. The
light source may be either a coherent light source or a
non~coherent light source. The most preferred embodiment
is a non-coherent erbium light source. Other preferred
light sources include holmium, thulium, and uranium based
light sources, both coherent and non-coherent, and

combinations thereof.

Experimentation has shown that it is essential that
the stromal collagen temperature be preferably heated to
about 55°C to 65°C during the thermal modification portion

This Sheet Has Been Replaced

[T




above 75°C there is permanent damage although in the 65°C
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using heated needles t0,burn a series of craters Into
-6- exposing the stromal collagen portion of corneal tissue to

the light energy. The stromal collagen is heated to a
temperaturé of about 55°C to about 75°C. The invention
further provides for the optional use of a coupling device
during the application of light energy to couple light
energy onto the cornea with precise control of position
and initial temperature while providing protective
functions for corneal structures that are not being
reshaped. The coupling device further provides a mold or
template for the predetermined anterior corneal curvature.

For purposes of this invention it is important to
understand the interrelationship of light energy, stromal
temperature, heat energy, heat sink, physiological
rearrangement of stromal collagen, and time.
Functionally, the purpose of this invention is to cause a
predetermined, beneficial rearrangement of the anterior
stromal collagen without initiating a wound healing
response. In order to accomplish the desired
rearrangement a specific quantum of light energy is
applied to the anterior stroma of the cornea. It is
intended that ehough light energy be applied to cause the
desired physiological change to the anterior stroma
without at the same time initiating a wound-healing
response in the cornea and without damaging the heat
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However, stromal temperatures up to 75°C can be tolerated,

Recently the hot neggd e.ﬁlha\t@slaqenlheehacsésﬂéd1 p?‘lyls@&ﬁ%gilaafm effort to

produce a nore controlled ther qﬁ g gS|t|on Severe to the corneal
tissue still occur < SAfFIRGERETed B BCBURITY ] & &ﬁ&Q§FPSBF%$f€F°mnﬁﬁ°C
opht hal nol ogi sts t da g&Fheisd madnthénedpat i EfXash" duratidnot hes maé fmﬂ-di{al

t her moker at opl asty ddhgdrsRrd QQO%YﬁtQ%‘éd Noe CB(S"tchQ 9 %ee?%e N %nded

col l agen. M cromave energy .can be deposited deep
stroma. U S. Patentti®® PErdgf, 5&39drs€P65%EFQﬂﬁaqﬁePﬁG&raﬁheap$kﬁhﬂuﬂ$'ﬁ@ﬁ
heating the centr aldewmmpaﬁrsubeoqmcaearmﬁﬂfangenfeawawe1e| ectu®Bget | C

eneray Lo the sh Rilddsibemiel SbUhg-flal vy GdAGRR Pih L B8 A0 Bea.

cool fluid over the anterior sur ace 0 wever
t her noker at opl asty procedures do not provide the spatial and tenporal
resol ution and contr oI mequisr edkeRiper i@pé&t&ﬁwrf%treaﬁ%ﬁeéi-séﬂ&i% YE the

W t hout excessive h e rn S
t her moker at opl ast y *t nlqgégggr8%§?§§|o§38”5 1H0eHEERn to u“derSta“é the

de51red depth of penetration of the changes in the cornea.
As has been previously stated absorption coefficients of
30 cm! to 100 cm! and 100 cm! to 300 cm! are preferred in
the practice of this invention. This corresponds to a
cornea depth of 33-333 microns which would indicate that a
physiological change was taking place outside of the
stroma at the smallest penetration depths (e.g. 33-60
microns). However, the use of a heat sink on the exterior
surface of the cornea permits cooling of the epithelium
and Bowman’s layer so that heat transfer modifies the
depth of penetration of physiological changes. It should
be understood that "peak" temperatures would occur only in
the stroma with lesser temperature changes occurring
outside the stroma being insufficient to cause either a
wound healing response or physiolbgical change.

It is the purpose of the current invention to provide
a noninvasive method for performing accurate, controlled
reshaping of the anterior surface of the cornea in order
to correct ocular refractive errors. The invention uses a
light source emitting a wavelength or wavelengths with
correct optical penetration depths to induce thermal
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Bowran's menbrane. and to insure desired temperature at preferred depths of
"the stroma. Although the method is described herein as
being performed only one time, repeated applications of
the method may be desirable or necessary and are included
within the scope of the invention.

The curvature of the cornea in part controls the
refraction of the light received by the lens of the eye.
Ocular refractive errors of the eye can be corrected by
changing the shape of the cornea. Figure 3 identifies the
various portions of the human eye schematically. As is
apparent from the representation of the human eye in
Figure 3, only a small portion of the cornea is used for
actual vision. This portion of the cornea is typically
referred to as the central optical zone or central visual
zone. The typical central optical zone is 4 millimeters
in diameter. Referring now to Figure 4, a cross-section
of the cornea is shown together with its various layers.
As represented schematically, the epithelium is several
layers thick and approximately 40 microns in depth,
Bowman’s membrane is thinner, approximately 15 microns
thick, and the stroma layer is the thickest structure,
typically about 450 microns thick. For purposes of this
application the anterior portion of the stroma is the



The stroma is composed of various internal layers
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polypeptides are held together by hydrogen bonds between
the polypeptide strands. On heating the collagen reforms
so that the overall length is decreased. This thermal
modification phenomenon is called collagen shrinkage. One
object of this invention is to allow for ocular changes in
the stroma without harming the viability of the other
layers. Although some damage is inherent in this method,
retaining viability means that the eye continues to
function optically and that the cellular layers continue

to live and regenerate.

Heating the collagen of the stroma to a temperature
of at least 55° to 58°C and up to a maximum of about 75°C
causes the collagen to shrink thereby changing the shape
of the cornea. This heating process can be effectuated by
directing light energy onto the cornea to cause absorption
of energy to heat the stromal collagen to the desired
temperature. This is done by providing a light source
that radiates light energy that is characteristically
deposited within a specified depth of the corneal tissue.
Light energy as used in this application is not limited to
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cor nea. other structures of the eye. The light radiation must
also be of a type that can be directed onto the cornea and
controlled to produce the appropriate thermal changes.

It should be understood that the term wavelength
includes wavelengths of slightly greater and slightly
smaller size and is often described for purposes of this
application as "one or more wavelengths." It has been
found in the current invention that the optimum wavelength
ranges are about 1.87 microns to about 2.08 microns and
about 2.55 microns to about 2.7 microns. Light within
this range of wavelengths is absorbed primarily in the
anterior portion of the stroma (See Fig. 5). In general,
this invention includes light having wavelengths that are
absorbed within a penetration depth of 33 to 125 microns
within the cornea. Since human corneas are typically 500
microns or more in thickness the initial absorption of
light energy at these wavelengths does not heat the
corneal endothelium significantly thus preventing damage
to this vulnerable structure. By controlling the duration
and irradiance level of light emitted at these
wavelengths, substantial thermal conduction of the
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and their use in various ocul ar treatments are di scussed. Reference

will be made to tHg ACCONRAN Whot1AbEISsed N & produce
wavelengths for which the absorption coefficient of
corneal tissue is in the range of 30 cm! - 100 cm’
(wavelengths of 1.87 -~ 2.08 microns) and 100 cm! - 300 cm’
(wavelengths of 2.55 - 2.7 microns), corresponding to
optical penetration depths in the range 33.3 -~ 333
microns. Light sources producing absorption coefficients
between 30 cm! - 100 cm! or 100 cm! - 300 cm? have
wavelengths in the range of 1.87 - 2.08 uym or 2.55-2.70
pm, respectively, for the ordinary physiological
temperatures of the cornea. At elevated temperatures,
however, there may be changes in absorption coefficients
and resulting changes in depth of penetration of the
cornea. Therefore, it should be understood that the
absorption coefficients and related penetration depths are
for temperatures at or near physiologically typical

temperatures.

One preferred light source is a hydrogen fluoride
light source. The most preferred light sources are
holmium, erbium, thulium and uranium based non-coherent
light sources, or combinations thereof. The light source
is tuned to produce only those wavelengths of radiation
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structures. laser light source, either with a wavelength of 1.87 -
2.08 pym or 2.55-2.70 um, can be used. Two possible
materials to form lasers in the acceptable wavelength
range are listed as follows:

(1) KCl:Li F,(IXI) color center crystals can be used
to fabricate tunable color center lasers in the wavelength
range 2.5-2.9 pum. At a low temperature, these lasers have
very high fluorescence quantum yields of conversion from
visible light to infrared light. Conversion from visible
light to infrared light is required so that temperature of
the stroma is increased. Fig. 5 shows the measured
fluorescence and relative laser efficiency taken from L.
F. Mollenauer, "“Broadly Tunable Lasers Using Color
Centers", in S. Haroche, et al., Laser Spectroscopy
(Springer-Verlag, New York, 1975) pp. 227-238. The solid
curve of Fig. 5 is the luminescence and dots show the 1/P
threshold.

(2) Erbium-doped crystals, such as Er’*:YAG or
trivalent erbium ions doped in yttrium aluminum garnet,
are used to make fixed frequency solid state lasers in the
wavelength range 2.7-3.0 um. These lasers also have high
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an absorption coeffJ cient qQf
n the varlous layers of the cornea during the application

of light energy using various laser light sources at a
constant time and irradiance level. Note that the HF
laser (at a predetermined and selected wavelength of
approximately 2.61 um for the calculation shown) heats the
anterior portion of the stroma to the correct temperature
while keeping the endothelium cool and the epithelium at a
high, but moderate, temperature. Temperatures at the
surface of the cornea are in a range easily controlled by
a heat sink. Under the same conditions, the €O, laser
generates very high temperatures within the epithelium and
within Bowman’s membrane leading to extensive thermal
damage to these structures. The temperature then very
quickly drops below the effective temperature of 55°C
because penetration into the cornea is so poor. The
primary mechanism of energy deposition is thermal
conduction of heat into the tissue interior from the
epithelium where it is absorbed. Again under the same
conditions, the Ho:YAG laser does not generate sufficient
heating of the anterior portion of the stroma to produce
collagen shrinkage and corneal reshaping; the Ho:YAG laser
does, however, heat the endothelium to nearly the same
temperature as that obtained in the anterior portion of
the stroma since the wavelength (2.1 um) of the Ho:YAG
laser is much more readily transmitted through corneal

tissue.
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tenperature diStribUtiO%%ea%@e@gggggdd@?aé&gﬁ”ggie %ogLre of the cornea to
or time for application of the light energy is less than
about 1 second. Most preferably the time exposure is from
about 10 milliseconds to about 100 milliseconds, with the
most preferred duration being approximately 10 to 50
milliseconds. The light energy is actually applied in an
intermittent or pulse form with each pulse being less than
1 second. The level of irradiance is typically selected
to be a level wherein absorption is substantially linear.
In the most preferred embodiments of this invention, the
irradiance level is less than 1 x 10® W/cm’ and preferably
less than 1 x 10® W/cm’ and most preferably wherein the
absorption coefficient is within ranges of about 30 cm! -
100 cm! or 100 cm! to 300 cm!. The variables of
wavelength, duration and irradiance are highly
interdependent. These variables must be interrelated in a
way that a functional amount of light is delivered to the
cornea to make the desired predetermined physical changes
in the curvature of the cornea without eliciting a wound
healing response. A preferred interrelationship of
variables includes wavelengths of 1.87 to 2.08 microns or
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30 orientations of treatment zones are shown that provide the
desired corrective effect. Tangential lines, radial
lines, annular rings, and combinations have been shown to
be useful in obtaining corrective measures with this
invention. 1In all cases the method results in patterns of

shrinkage.

It is critical that at no time during or after
application of the functionally effective dose of light in
association with the method of this invention is a
substantial wound-healing response initiated in the cornea
and specifically, in the stromal tissue of the cornea. 1In
this connection, a substantial wound-healing response is
one that causes stromal collagen synthesis and regrowth
that produces a change in curvature of the anterior
surface of the cornea. The corneal wound-healing response
in man is complex and not perfectly understood ([R.W.
Beuerman, C.E. Crosson, and H.E. Kaufman (editors),
Healing Processes in the Cornea (Gulf Publishing Co.,
Houston, TX, 1989)].

Following a substantial wound to the stromal tissue,
a sequence of processes occurs that result in the
synthesis of new collagen that is initially present in the
form of disorganized fibers of nonuniform diameters and
irregular orientations. These new collagen fibers degrade
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due to a substantlal wound—heallng response. Alternate

procedures such as excimer laser photorefractive
keratectomy suffer from instability of refractive
correction due to long-term stromal regrowth and corneal
reshaping.

In one embodiment of the invention the output beam of
radiation from a hydrogen fluoride chemical laser is
directed by a series of beam steering mirrors onto an X-Y
scanner. The scanner is driven by computer controlled
electronics to produce a swept beam that is directed onto
a focusing lens that produces a specified beam diameter on
the front surface of the cornea. The focused beam is
applied over the front surface of the cornea with a
specified application rate and geometric pattern. A
computer controlled optical shutter is used to control the
temporal duration of application of the slewed beam which
may be continuous or interrupted during laser irradiation
of the cornea. 'Many variations and combinations of
optical delivery systems are available and are known to
those skilled in the art. Any optical delivery system
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of the corneal reshepergy fafifix¥ed HY produce correction of ocular refractive
errors. After the application of light energy,
keratometric measurements are performed to produce corneal
topographic maps that verify that the desired correction
has been obtained. Keratometric measurements may also be
made during the cornea reshaping process as multiple
applications of light energy may be needed to reach the
correct "end point" (an emmetropic eye). Examples of
keratometers which may be used include the EyeSys Corneal
Analysis system, and the PKS-1000 photokeratoscope (Sun
Contact Lens Co. Ltd., Palo Alto, CA). A preferred
keratometer will provide digitized output from which a
visual display is producible to show the cross-sectional
profile of the anterior surface curvature of the cornea.

Also provided by this invention is a means for
cooling the anterior surface (understood to be the
epithelium and Bowman’s membrane) of the cornea during the
reshaping process to prevent damage to the corneal
epithelium and to Bowman’s membrane. This is done by
providing a transparent heat sink. It will be obvious to
those skilled in the art that the heat sink must be

N\ effective enough to prevent damage to the epithelium and

N Bowman’s membrane but not so efficient as to prevent the
necessary amount of collagen shrinkage to provide the
desired ocular refractive correction. Heat sinks that are
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amount of |ight en@ngrgiynbe appliedpini @l spatiaddlyi 2edaphzédrpattebie | mpht
energy Is t yg‘o%ﬁ'l'l!eépﬁbtggrﬁt iRefudds rg?.lr%e ngfnﬁgft &t @Jl?fgl?’q dines

wavel engt hs bet ween ande
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changes to the curdapending uhen the desirweh typeecandcdeqnges oficdidchdancd

wi t hout al so n espo
sufficient to S|gn|Flg§%% 3 ange t é%gﬁég gu?ég?%£%§g¥a§;4ﬁ%ﬁ%ne?
pr edet er m ned valu€°HHaeﬁwtﬂ5E?nd% 3Rl taf @ heat sink, may also be used.

Such a coupler can be made of any of a number of materials
but most preferably of Infrasil quartz or sapphire. With
such materials, a coupler can be created which cools the
anterior surfaces of the cornea to prevent inappropriate
heating and damage. The coupler can also be used as a
mask to prevent accidental exposure of the non-treated
portions of the cornea to any light energy and as a
restraint to prevent movement of the eye. Additionally,
'thermocouples can be attached to the coupler to monitor
temperatures and the coupler can be mounted in a
thermostatically controlled chamber to provide
reproducible pre-operative corneal temperature. Finally
the coupler can be used to accurately position the pattern
of localized light application.

In one embodiment of the current invention, the
transparent solid heat sink or coupler is designed and
constructed with the correct curvature in contact with the
anterior surface of the cornea to provide a template or



swe lllng, and molding the corneal stromal collagen #nt
viability of the carneal éndotheliumor the anterior surface o ﬁe

corneal tissue. Prdn%iCORTESH Sé“?rﬁd%hape‘ fRromRd FRYLRIRR Hhyasi cal
changes to be i nducHtherpopdpstic" material that can be thermally formed into

11 than ong, I%%%#EE lRef fHngL a{ts'ﬂjéc)eeaf ftSCInlac‘fﬁaWtfoqfces

light energy. Depending on the severity freatnent, it iIs
possi bl e to avoi d S453&Gr & SFmPhepmcess”!ﬁbﬁttr &heoFpllagen oThr iqikageg
treat nent. However téniperatﬁre, derisgan starinkswaebhgrthe moin tfberclande t he

central opt i &3le g?_qgﬁe&g %hgegpfé,{ﬁh RAGEC58 Q%té%rﬁfﬁéraenlt aﬁ% pragt e

wi thin the discretion
of the invention orfdetension actlnq along the fiber direction (J.C. Allain

et al., Connective Tissue Research, 7, 127-133 (1980)].
Collagen swells transverse to the main fiber axis
direction.

At elevated temperature (i.e., at the corneal
shrinkage temperature), collagen is much less rigid due to
the loss of weak bonds (termed hydrogen bonds) that hold
collagen molecules in a precise structural pattern (a
triple helix) at physiological temperature. Hence, at the
collagen shrinkage temperature, stromal collagen is much
more plastic and is capable of being molded into a new
shape. Once formed into a new shape at the collagen
shrinkage temperature, the stromal collagen may then be
cooled to physiological temperature. At physiological
temperature, new hydrogen bonds form and these tend to
preserve the stromal collagen in its new shape. Sapphire
and Infrasil quartz (a type of quartz that has high
transparency to the preferred wavelengths of functionally
effective light) are examples of appropriate solid
materials that are transparent to the wavelengths of
functionally effective light, that have good thermal
properties to serve as a heat sink, and that have
mechanical rigidity to act as a template or mold for the
reshaping of the anterior surface of the cornea.



using a heat sink or coupler. With the extra control
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each portion of thénpentiéem b dﬂgﬂnnh@ulbaloﬁhe The lightefssuree, Iaght

source is an erbi UH},hkS?énsﬁiﬁ&ﬁd’& té?xemcal iQEePf&‘E E‘éf)ﬁ‘iuﬂ%‘é%'eﬁ”%?ér, is
gener at ed fromthe sour.ce bei ngta out 2.7 mcrons. The

l'i ght sour ce 1hahabledi eHher, ukdeeR %?ﬁ’f‘uttrs%ﬁfrnteé‘torr%mnBF in a
coherent |ight souremotéhkocaisionpr efitier ddgbtbhachmsmtbesm eitherais

non-coher ent erbi “?’EEFQQQté&’U{ rfgr%r 8&?@5%;@%31 in aid Q¥ 4 §0H5E§§Ie1d

I ncl ude hol m um | 1 ght sources
coherent and non- céﬁ&?eﬁt 1Qﬁﬁi°9t1° c@BABi naTherRrIBAFatsd or coupled beam

Experimentati on hagssbhenh diwdctidd iontespeahi steédirig, scanning, and
focussing optics. An optical shutter is also incorporated
within the beam train to provide the correct exposure
duration. The beam delivery system includes the scanning
system that controls the movement of the laser beam on the
predetermined and preselected portion of the patient’s
cornea.

Additionally, the shutter and scanning system are
computer controlled to synchronize their actions and to
obtain accurate delivery of the functionally effective
light beam onto the patient’s cornea. The final delivery
optics of the optical delivery system are mounted securely
on the patient treatment table. These optics have XYZ
coordinate translation adjustments and 6% angular
adjustments to permit the beam to be aligned and
positioned accurately with respect to the eye that is to
be treated.



portion of the beam is directed to beam diagnostic

the stromal collageq Beifﬁﬁéﬂt&ffolbetd)rn@ %’h ! t
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ge
al though in the 65[3??????5Y7%ﬁ¥ﬂ?]Q§aFaﬁ@@tbéPﬁmﬁRﬁHCQHﬂﬁﬁget@anrov1de be
avoi ded by |imtingprbteekpus ke ttHheranteribe surfacd Qm)euh%t ¢o@nkd, VEhYp
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li ght ener gy. S?ﬂﬁﬁ?%VEﬁﬂ§9ﬂ§ t itBRaFPYNeR ateqrieonog to be treated,
transparent heat siahdttcharmystdt idaTagecbatidE €Y mi®¥ial corneal

temperature. The patient is looking horizontally forward
into the coupler and a fixation light source. The
treatment light beam is directed horizontally forward
through the coupler onto the patient’s cornea that is to
be treated.

The physician who performs the treatment uses a slit
lamp microscope, together with a visible tracer light beam
(from a low energy visible light source) that is collinear
with the treatment beam, in order to verify the proper
positioning of the treatment beam.

- One embodiment of the apparatus of this invention is
illustrated schematically by the flow chart in Figure 2
while a more preferred embodiment is shown in Figure 2A.
This flow chart is intended to show a control means
utilized by the physician as the focal point for
controlling all variables and light emission devices. The
control means is connected to the laser system, the beam
delivery system, the scanning system and the keratometer.
A light source (in the fiqure, a laser system) is used to
produce functionally effective light. The beam of light
is delivered and scanned to produce the correct pattern
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Toht enorgy, R SRR e AL UPES S AETEREPOThERT CORASEADRY

physi ol ogi cal rearr aegsmreneptssbeboné, cbitiamgenandnadfter théipmocedure.
Functionally, the purpose of this inventionis to 25 cause a
predet er m ned, benefici al rearrangenent of the anpterior_stronal

col I agen wi thout initiatPnGoRthBLnReans is W@&Flﬁ@ ?Egbbﬂ%epr?4FQﬂﬁﬂ%ne@o
acconpl i sh the desi vadues of patterngembrdosespéctheclasentbeamion itgt

energy is apphh@gr Br Eﬁr?Q&SréPrttﬁﬁt eqf tpe fé”él‘??get%q ed $n3d fhe

I nt ended t hat enoug ener to cause desire
physi ol ogi cal chang€°PGrPHem8ﬂP§r %Nesﬂ lﬁﬁe controls necessary for the

surgeon to have complete control of the operation
including suitable displays of the operation variables
showing what has been preselected and what is actually
delivered. For example, the pattern of the laser beam
should be preselected and be capable of being varied by
the surgeon. The pulse duration, the number of pulses to
be delivered, the number of pulses actually delivered to a
particular location on the eye and the power of each pulse
should also be controlled. The control means may be a
suitable computer with a terminal at the surgeon’s
location allowing display of all elements of the operation
which may be of interest to the surgeon.

A typical non-coherent light energy source and
apparatus for pfacticing the method of this invention is
shown in Figure 2A. The essential components of the
system are labelled and identified in Figure 2A. The
light source, a fluorescer that is activated by a diode
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wi t hout at the sansepamatehytbnta roransiatrignhethgagiriven hyespapaputarshe

cornea and w t hout cdaeRgi Nga t H&s Heddn controller so that the diode laser
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desi red physi ol ogi cal reartangenment he exposure t ur es
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period, e.g., one second or nore, then although the desired physi ol ogi cal

rearrangenent will occur, the
The fiber optic array guides diode laser light pulses

to the array of fluorescer elements schematically shown in
Figure 11. In this figure each dark element has been
activated to form an annulus of fluorescers that are
located at the distal ends of optical fibers through which
diode laser light has been channeled. With this system, a
pre-determined pattern of individual fluorescer elements
is activated in a pre-determined sequence for pre-

determined periods of time.

Figure 12 shows a detail of one optical
fiber/fluorescer assembly. The optical fiber is bonded to
the fluorescer and efficiently transmits diode laser light
near a wavelength of 785 nanometers into the fluorescer.
Fluorescence light of functionally effective wavelengths
radiates from the fluorescer, through an optical filter
(to restrict fluorescence to a predetermined wavelength
band and to remove any remaining diode laser light), and
through a window/coupler into the corneal tissue to be
treated. A dichroic optical coating is used at the
optical fiber/fiuorescer interface to transmit diode laser
light and to reflect fluorescer light. The fluorescer has
a totally reflective optical coating on its sides and also
has a dichroic optical coating on its exit face to



tlssue to be treated.
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cornea permts cool of t epi thel i u so that heat
transfer nodifies tHY aq}?e QE‘F geﬁﬁf‘rﬁ? gﬁ' Jﬂh%a(ﬁeoézﬁ%ﬁl PERVERfeLhe ¢
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anterior surface ofcdnfioneRt@€8s! En8' &PE are maintained throughout the
procedure.

EXAMPLE

The following example of an animal procedure on a New
Zealand white rabbit was performed to demonstrate the
method required to correct myopia by flattening the
central anterior surface of the cornea in an axisymmetric
pattern with its origin on the central visual axis. Other
procedures have also been performed to demonstrate the
methods required to correct hyperopia by steepening the
central anterior surface of the cornea in a like
axisymmetric pattern and to correct astigmatism by
unsymmetric treatment so as to produce different values of
corneal flattening and/or steepening along different

meridians of the cornea.

Following administration of a general anaesthetic,
the rabbit was placed on a small table that included a



Helios Inc. chemical laser system equipped with a

to correct ocular rEfraaktY6nC§FHE tng B ithaRy BAtPELSwavd 1dHYthIOUhEE the
emtting a wavel en%tlg) Qr wavel engt,ﬂ\s v tbl'i CerecB.ggt I cal ioenet ration
depths to induce tR&PRAF cornea. e table is mobile, permitting it tpphfges

in the corneal, stmowvel €obhagee ldsdrtireddmegitngreacteiednt idfy severhd

corneal endot heli U@iﬁ?pb_@éié“iﬁééﬂ!mérw faek i8hst 081 €87 88| rdripitURedRYana
w t hout causing a sufficient wound-healing response l ead to | ong-term or

{o
permanent corneal FEENAPENYEPTHEN |thfhP cOFPENERLPPR LW 19 theghiaser
delivery and contrdeligeng éordjmghsatiing measuregented radi ant exposure tine
and geonetric pattern in order to achieve the desired change in the shape
of the cornea (sonetines referred to as a physiol ogi cal rearrangenent of

the stromal collagen). BRte¥itR lasiafedireatment, several pre-treatment
measurements were made on both eyes of the rabbit. First

the corneal thicknesses were determined using a DGH
Technology, Inc. Model DGH500 ultrasonic pachymeter.

Next, the corneas of both eyes were viewed through a Zeiss
slit lamp microscope to determine that the corneas were
smooth and free of surface defects. Then, just prior to
laser treatment, the curvatures of the anterior corneal
surfaces were determined with an International Diagnostic
Instruments, Ltd. Corneascope. Several post-laser
treatment measurements of corneal curvature were made
using either the Corneascope or an EyeSys Corneal Analysis
System. The former instrument produces a Polaroid film
record that muét be analyzed manually at a later time
while the latter instrument utilizes a video camera and
computer analysis system to yield near-realtime corneal
topography maps. Both instruments provide sufficiently
precise corneal curvature measurements to determine the

effectiveness of the corneal reshaping procedure.

For laser treatment, the rabbit was positioned so
that the eye to be treated was the correct distance from a
focussing lens to produce a predetermined laser beam spot
size on the cornea. The hydrogen fluoride (HF) chemical
laser was tuned by a diffraction grating to produce a



separate infrared spectroscopic measurements on human
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representation of the himan ey gure 3, a sha or tl
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appr oxi mat el y 15 MgLq0s ohlh ks et} ALY RebBE ehe AN Y1200
axis. An X-Y scanner (General Scanning Model gs/EYE
optical scanner) was used to slew the beam at a
predetermined slew rate so that the complete annular
pattern was generated in a predetermined time of 200
milliseconds (ms). An optical shutter was synchronized to
permit delivery of only a single annulus on the anterior
surface of the cornea. The total delivered energy was 200

millijoules (mJ).

Immediately following treatment, measurements of
corneal thickness and corneal topography were made. In
addition, slit lamp photomicroscopy was performed to
observe corneal changes. Similar measurements of corneal
topography of both the treated and untreated (control)
eyes were made at intervals following treatment over a
period of 24 weeks. Figure 10 shows the measured pre-laser
and post-laser values of corneal refractive power for both
the rabbit eyes. Note that the refractive (dioptric)
power of rabbit eyes normally varies with time due to
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hal |
shown in Figures 3 SRETSRImaRely tive diaptars less than e, nredesgppyadye.
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structure and typi cakt¥rCOréLEMONES Fiyurt® 10 shows that some of the initial
flattening has been reduced, but the treated eye has
nearly three diopters lower refractive power than the
control eye. The difference of three diopters central
flattening persists at 10 weeks and at 24 weeks following
treatment. This persistence of the central flattening is
evidence that little or no wound-healing response that
generates stromal regrowth and anterior corneal shape

change has occurred.

Examination of slit lamp photomicrographs revealed
that the epithelial layer of the treated cornea was
damaged initially. Superficial whitening of the treated
annulus was noted. This whitening cleared within a few
days, leaving little or no "haziness" of the anterior
surface. There have been no other complications of the
procedure such as the recurrent erosions that have been
observed by other workers who performed thermokeratoplasty

on both animal and human patients.

Improved experiments have been carried out on in
vitro eyes using a heat sink material to protect anterior
corneal structures from thermal damage. Identical laser
treatments have been applied to the same eye with, and
without, a heat sink coupler in place. Predetermined
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Li ght energy as used in this application is not limted to
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light is functionally effective to produce a predetier ange in the
anterior portion only of the stroma. The |ight source can be either a | aser
(coherent light) or a non-lage) (wewetehgtksitof igla7) -l 2gb8 BOGEERs MY i Ng

it emts radiation of the approprhgkBrption coefficient of 30 cm' to 100 cm
1 .
; or

(ii) wavelengths of 2.55 - 2.7 microns and an
absorption coefficient of 100 cm! to 300 cm

1.
’

(b) said light energy thermally inducing
predetermined physical changes to the anterior
portion of the corneal stroma resulting in
predetermined modifications to the curvature of
the corneal tissue;

(c) said physical changes being induced without
causing a wound-healing response in the stroma
of said corneal tissue that modifies the
curvature of the cornea; and

(d) said physical changes being induced without
damaging the viability of the corneal
endothelium or the anterior surface of the

corneal tissue.
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wavel engt hs to be absorbed within the anterior portion of the stroma
wi t hout penetrati ng3deeprryeim§@ddlqap3¢qailﬂ 3 WR&REIn tdipd d%?ghdggage t he

endot hel i um of the 0 structures of t e |l
radi ati on must al sos %é@gfa%{? tWaet 128 k‘%bgnaf?)éd’btt? ﬁ@o@ﬁ@eéo%ﬁeér%d
controlled to pr odu%’éo‘ﬂﬁéihﬂptmsatt@ alpontaB 0@ heivams . It should be

understood that the term wavel ength includes wavel engths of slightly
greater and slightly smaller size and is often described for purposes of
this application as "one or nore wavel engths.” It has been found in the
current invention that thhe omthadnofardhéngl (whargies thee izbadiaic871&vET WS

to about 2.08 ni cronfgwcb@tmt i% 3% 4 §600¢ &rpez%qqxut?%onpg‘hs;losigerLi ght

within this range o vel endths _i,s absorbed primarily I e an i or
portion of the strosﬂ‘hbs( igldy djinepx.general, this invention includes

| i ght havi ng wavel engths that are absorbed within a penetration depth of 33
to 125 mcrons within the cornea. Since human corneas are typically 500
mcrons or nore in thickness the initial absorption of |ight energy at
these wavel engths dbes fdte Medhodhelcelatml 4 ethrsedal thm sroadisncailsy tdus
preventing damage ttharhiis xvuloheradu?e structure. By controlling the duration
and irradiance level of light emtted at these

6. The method of claim 1 wherein the duration of
exposure of said corneal tissue to said light energy in
any portion of said spatially localized pattern is less
than about one second.

7. The method of claim 1 comprising the further step of
providing a transparent heat sink to prevent damage to the
anterior surface of the corneal tissue while exposing the
stromal collagen portion of said corneal tissue to said
light energy, the temperature of the anterior portion of
said stromal collagen being heated to a temperature of
from about 55° C to 75° C by said exposure to light
energy.
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wavel engt hs, subst afti al Theemghhodonfiuectd ion lofwhelrein the liqht energy is
-17- absorbed | i glaheeBeBAY 53R HenRiRRIN Q‘iuSQh&Qai % Qidycted heat

does not damage the corneal endothelium ction and cont rol
of the source of light energy that induces the thermal changes to the
cornea is critical. The variables used to select the appropriate anpunt and

type of light energyoparerhavgbensd ho n I duratlon)
It is essential that 0t hese _t hree varfl a a"éig{ %eggg*gi(ﬁ?es djﬁ'?ahtmet ST ¥odfit

of light is functioREPAYCeARE (3 VEIGRF ﬁr’t?d'@é’esauﬁ?%o%@éqﬁ%cf-r(ﬂmﬁgs grmothe
anterior portion ontgnsisting séf ontholintiumyt edbitthe thulium and uranium based

light sources and combinations thereof.

11. The method of claim 1 wherein the temperature of said
corneal endothelium does not exceed 55° C by application
of said light energy.

12. The method of claim 1 wherein the anterior portion of
said corneal tissue is cooled during exposure to said
functionally effective amount of light energy to prevent
overheating of said anterior portion.

13. The method of claim 1 wherein pre~selected areas of
the cornea are not exposed to said light energy during the
time period when physical changes are being thermally
induced.

14. The method of claim 1 wherein said spatially
localized pattern includes at least one of a radial area,
a tangential area, an annular area, a pattern of spots and

an arcuate area.

This Sheet Has Been Rep

T



dlie Sllape oI the corneal tTissue; and

sanme time causing a wound healing response. , Li ght sources should be

used whi ch produce wavel trubééy iWinghthb
o mitang etﬁéﬁ%gl%d @etﬁ%&g eng?hs of

corneal tissue is in the range of err
1.87 - 2.08 nicrons) and 100q% ]terL %ﬁﬁ%ﬂ%ﬁp 8n§Fh§ of 2.55 -

2.7 microns), corresponding tfolrmﬁllovaﬂlpeﬂéfecatlm a0heinits oif N1 i §Et I @eRyyB3- 3

- 333 microns. Light sources producing absorption coefficients between 30

cnferr] - 100 cnfer 100 300 cnjerr], have wavel engths in the

range of 1.87 - d@i[eP?] m%%59¥2°%61Te*rﬂqnwﬁ¥§§pééﬂﬂv§h9rm¢kﬁytinﬂuced

ordi nary physioIcmynhﬁsnaadp@maMQBestofthaecuxnauﬁre At ehavabghea are

Lemperatures, howetidnddiif WBLDENRBHE b HR0LR! ERRCEOSIfy et s and
0 it

resul ti ng changes |n dept.h of penetration e cornea

shoul d be under st o 1VFhémQH§GFp?foh%QRkﬁQﬁaEBEHts and rel at ed
penetration depths are for tenperatures at or near physiologically typical
t enper at ur es. One preferred light source is a hydrogen fluoride

| i ght source. The nost greferred Iight sources are hol mium erbium thulium
and ur ani um based Adn- céRhe&r Bgthod of claim 1 further including the step of

providing a solid, transparent heat sink to act as a
template for the predetermined physical changes to the
curvature of the corneal tissue.

18. A noninvasive method for reshaping corneal tissue
comprising:

(a) exposing said corneal tissue to one or more
functionally effective amounts of light energy
in a spatially localized pattern;

(b) said light energy being applied within the
dosage parameters of:

(i) wavelengths of 1.87 - 2.08 microns and an
absorption coefficient of 30 cm! to 100 cm

1.
; or
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t : . .
li ght sources, or conbination§)§ﬁ§¥g%%}yTﬁ%F??%ﬂﬂ E§§&F§§rF§??ﬁn%QV§%Fal
produce only those mavelengtﬁ?a§ﬂer&6iaﬂitwﬁh§ aNterlof portion of the
- 18- that are characteri staiteahlay abserpegsidait MahbéSEnéﬁuaPn%%léﬂaQ{g ns
a

of the cornea. The wavel engt sen. Lop,uuse dn. this invention 1: W t°hi n
the range of approximtely 1. 7%¥%223§Vﬁ#%§?nﬁ§ %ﬁ& 595339§2?¥S%¥%¢0ns. An

exanpl e of one light source that can be utilized in the current invention

is a modifieg ]Ijel idols hyctrd)ge@afihugfbéet@%ﬁrlsed Phosiche! &an‘%égi oa{-a{éggremnt,
CO. This nodifie aser system uses speci.al resonator optiCs )
deéigned to allow | aser actiSHrHﬁ%EE?tgfﬁjﬁyéFﬁﬁgﬁ PUBYI HRANERE

whi | e suppressing all other &&wslibggaiheound-healing response in the stroma
of said corneal tissue that modifies the
curvature of the corneal tissue; and

(d) said physical changes being induced without
damaging the viability of the corneal
endothelium or the anterior surface of the
corneal tissue.

19. The method of claim 18 wherein said anterior portion
of the corneal stroma comprises up to the anterior-most
150 microns of the corneal stroma.

20. The method of claim 18 wherein the depth of
penetration of the light energy into the cornea is from
about 33 microns to about 300 microns.

21. The method of claim 18 wherein the irradiance level
of light energy is at a level wherein absorption is
substantially linear.
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To achi eve treat mnerg3.of Tove ywetthedanteclaim par Wwheredh the &iratvsdn &d | agen,
ei ther an incohere | u o] i u ' r, .\

wavel ength of 1. 87Q%x52d. 0 E‘r}r %%Qgr&%hg%%ﬂ O&I[atgr? m%ggqomﬂb‘%ml;seen\&%H}T%
possi bl e materi al s 3Ny RAhiCAsfsspidt FRA LAt dPralhasd| Rater dfgdesse
|isted as foll ows: than abolut) okel skcofderr] (11) color center crystals can
be used to fabricate tunable color center lasers in the wavel ength range
2.5-2.9 [err]m At a |low tenperature, these |asers have very high

fl uorescence quantumyields of conversion fromvisible light to infrared

l'ight. Converfsi OE faaam vihel Ble€hblgbt &mimelraarScadpkiigbﬁ%iaxé egw'mﬁi-d sebhak
tenperature of the _strama is_ipcrease i,q. the nmeasur.e

fl uorescence and ré:lré)tvil\%g a?e?rgfl??%lée%%‘y‘%aé:kesﬁng\rf\%ﬂq EFeY—fr?'i\/bc{almeaﬁa?ué"F, the
"Broadly Tunabl e Ladesriogyi syréarerolcthereprnead Sissye odhele expgsingl fber

Spectroscopy (Spri RE¢lom¥ar adiadew pé¥Kion BE5kaRR. cé2heZBlisHie 2 isdiqurve
of Fig. 5 is the |ymnescence ang dot s show tréeo%lghthreshol d

Er bi um doped cryst a*gPYs GOFTHY EFPEr FTRAAS Y ¢ anterior portion

said stromal collagen being heated to a temperature of
from about 55° C to 75° C by said exposure to light
enerqgy.

25. The method of claim 18 wherein said light energy is
produced from a non-coherent light energy source.

26. The method of claim 18 wherein the light energy is
generated from a hydrogen fluoride light source.

27. The method of claim 18 wherein the light energy is
produced by a light energy source selected from the group
consisting of: holmium, erbium, thulium, and uranium
based light sources and combinations thereof.
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trivalent erbiumions doped in yttrium alum num garnet, are used to nake

fixed frequency sol3dl, stPie dASRIS ofNch BemVBY QLEdYH ih *RRIGnCefidr Oglégf‘{{dr{“
These | asers al so haye_hj gh . . . -19-

f1 uor escence quant u y?%’r‘gsworf"e@&n\;éﬁ%nl? rOM AL i MENG; GRPOBRTE n§9 S

| i ght. Anot her dopafungtidnadislyc lefdectiivecasount cxfirlliightti energuctio asrevent

Cr:Er: YAG and Cr: ErousHetey o RaeadRapd: P RIdIE iloh . achi eve addi ti onal

power from erbiumions by energy transfer fromchromumions. Besides the
above two listed light source materials, other nmaterials may be used to
formefficient |ight sources in the wavel ength region 2.55-2.7 [err]m

30. The method of claim 18 wherein said spatially
localized pattern includes at least one of a radial area,
a tangential area, an annular area, a pattern of spots and
an arcuate area.

31. The method of claim 18 further including the steps
of:

(a) predetermining the desired physical change to
the shape of the corneal tissue, and

(b) determining the change to the shape of the
corneal tissue after exposure to said
functionally effective amount of light energy.

32. The method of claim 18 in which said thermally
induced physical changes to the curvature of the cornea
are induced by more than one exposure to functionally
effective amounts of light energy.

33. The method of claim 18 further including the step of
providing a solid, transparent heat sink to act as a
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Figure 6 is a graph4 rdpmesdmvasiiye péthedpiomtneshapintyheovasa Dusidsyser s
of the cornea duri ngbrgs s3Me:i cation of Iight energy using various |aser

| i ght sources at a constant time and irradi ance | evel. Note that the HF

| aser (at a predeterm ned and sel ected wavel ength of approximtely 2.61
[err]mfor the calcul ati(ed spoedpthenisindetrentdesioedpphysdtaDfchdifyes toma

to the correct tenperature wehkeskgppi 98 de c@}%g%ﬁeltggg%gom and the
a

epitheliumat a high, but noderate, tenperature. Tenperatutes at the
surface of the cornea are in a range easily controlled by a heat sink.
Under the same condition®) tkepeeingrialdsrngancrikedeVes Yoé BY more
tenperatures within the epitgliy i I 4Y gngg' e . l.eading to
extensive thernmal danmage to t,Eese%’tq?ﬂ%: u%%s&ﬁ%e e?r%%?%?%r Zﬂt%rbtn PEFYY
qui ckly drops bel ow the ef f edPi FeSPatielkt Josadized| pattermesaisk spatially

penetration into the cornea 16cabipédrpathied ndindRuyingCcien &dBOforfNREIN

deposition is thernal conduc%%(gga f_heat ai RLQ tggit%lsague interior fromthe

epitheliumwhere it is absor oH T ufder BRE“4ane tohui 1 A ulg area,

Ho: YAG | aser does not gener afePat¥erniehtsnesst Png an aneuate axesy; portion
of the stroma to produce coll agen shrinkage and corneal reshaping; the

Ho: YAG | aser does, howe g;}, Qea& #]he'henedotrhel tumto nearly the ,sane
tenperature as that obtafhed>TH tHEIENtRISTGY BEFPY RPRF1ed within dosage
parameters of:

(i) wavelengths of 1.87 - 2.08 microns and an
absorption coefficient of 30 cm! to 100 cm
1. or

(ii) wavelengths of 2.55 - 2.7 microns and an

absorption coefficient of 100 cm! to 300 cm

I,
’

at one or more irradiance levels wherein the
absorption coefficient is 30 cm! to 300 cnm!, and
wherein the duration of exposure of said corneal
tissue to said light energy in any portion of
said épatially localized pattern is less than
about one second, said light energy being
applied to thermally induce said predetermined
physical change in only the anterior portion of
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change including a change to the curvature of

the stroma since the wavel enghle cd3rhehrtisdueof the Ho: YAG | aser is nuch
nore readily transmtted through corneal tissue. . .

- 20- The light source is combined with a means of directing and
controlling the |ight bdéh fFaift REefeterninrd physdcalatbapgentto anteneal

surfaces. This will generall guipatuge apn o id‘&lne‘iebie‘iﬁ&yiﬁd§$§ﬂ1u‘,t?,t~%§,foiu§i ng

of beamdirecting or focusin tics together wi.th an optical

rel ated materials and devi cegf.’g%ﬁr.e'go%t'i'%é’?ygbﬁﬁvf\}é'ﬂyrgﬁg?%ﬁ? at dhe EswePe|

of the delivery paraneters s@fhsaidgeorneal tdsdudoshat ompd bfilee tHee desired
predetermined reshaping of tBEr¢RERRE of ltid HRrAeh?EiLage ;

(e) said physical changes being induced without
damaging the viability of the corneal
endothelium or the anterior surface of the
corneal tissue; and

(f) determining the change to the shape of the
corneal tissue after exposure to one or more
functionally effective amounts of light energy.

35. The method of claim 34 wherein the depth of
penetration of the light energy into the cornea is from
about 33 microns to about 300 microns.

36. The method of claim 34 wherein the irradiance is less
than 1 x 10° wW/cm’.

37. The method of claim 34 comprising the further step of
providing a trahsparent heat sink to prevent damage to the
anterior surface of the corneal tissue while exposing the
stromal collagen portion of said corneal tissue to said
light energy, the temperature of the anterior portion of
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control of the irradiance |level and duration of the |light energy directed
upon the eye necessasy tohbepéthd@ &pldﬁg@mnwhéﬁemfﬂ?@ﬂ é%é‘%n%?bgf is
uc

where it will shrin e destroyed.an revent con t1on

t hermal energy that 505%%39%5% taheno d:&hﬁgﬁf‘fin} ght SOUrgfy referred
duration of exposure of the cornea to or tine for application of the |ight
energy is less than about 1 second. Mbst preferably the tinme exposure is

from about 10 nilllgg nﬁi to ?éf%ﬁ'(i mlliseconds, with the nost
preferred duration B&fng approd {9 Fladm d4seherein et teEPerREuregAt
energy is actually appﬂl@Qirrhealarendcttéxehmmedbesrnqmlaecéaﬂ s chbgach pul se

being less than 1 sggenflatithh |Sealidit ehggg*ance is typically selected to
be a | evel wherein a sorptlon i's substantla y linear. In the nost

preferred enbodi ments of this invention, the irradiance level is |less than
1 x 10[err] Wcnierr] and preferably Iess than 1 x 10[err] Wcnierr] and

nost preferably whesgin f J ranges

about 30 cnferr] - i%o cflt errE do%lfoglgﬁﬁ %fwfé}t% t\Nrﬁ Q‘]en?g por ion
vari abl es of wavel egt$pidFormesd éﬁGSPPraal%ﬁﬁk?Quqynﬂﬂ@hPyppﬁvgedbpeﬂdeht
These vari abl es nusturixet ionalyelezifedtivedamoynt it 14 ghthehie@gg tapr&vedt

light is delivered §putihe GNeE LeiMRKRebDEI58kIqd,Pr edet ef M ned physi cal

changes

41. The method of claim 34 in which said thermally
induced physical changes to the curvature of the cornea
are induced by more than one exposures to functionally
effective amounts of light energy.

42. The method of claim 34 further including the step of
providing a solid transparent heat sink to act as a
template for the predetermined physical changes to the
curvature of the corneal tissue.

43. A noninvasive method for reshaping corneal tissue

comprising:
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(D} exposing sald corneal tTissue to one or more
in the curvature of the cornéanmtid)mxll)eldfcfetcitdgeaammmtb hefa Inorg-cohgpense.
A preferred interrel ationshi p;ght Vékd AR 6% ia n‘ébﬂgﬁlw\’%&fﬂ[%%sgat{egz to

2.08 m crons or

mcrons, a duration of |ess FAif SPattaly drgadized paftern insladifgentin
t he absorption coefficient |3e88tcoferaf a rhdRatnhesa] Ortakyentilaar akeb

300 cnferr]. Figure 7 shows gga%&p# yartet;eaggvgﬁtapéuaee@%%re, tine at a

fi xed wavel ength and irradi ance | i OUS geonetrlc patterns
and tenporal periods of radiation produce corrections of different types
and (c) said light energy being applied within dosage

parameters of:

(i) wavelengths of 1.87 - 2.08 microns and an
absorption coefficient of 30 cm! to 100 cm
' or

(ii) wavelength of 2.55 - 2.7 microns and an

absorption coefficient of 100 cm! to 300 cm
| 3
’

wherein the duration of exposure of said corneal
tissue to said light energy in any portion of
said spatially localized pattern is less than
about one second, said light energy being
applied to thermally induce said predetermined
physical change in only the anterior-most 150
microns of the corneal stroma, said physical
change including a change to the curvature of

the corneal tissue;

(d) providing a transparent heat sink to prevent
damagé to the anterior surface of the corneal
tissue while exposing the stromal collagen
portion of said corneal tissue to said light
energy, the temperature of the anterior portion
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magni t ude of ocul ar ref(eft is®idmedetekaiacdi plgysindll ehkhgesetd, tNari ous
geometric patterns and spalialypidi 3l 83 CbrAlLAITY AANERARLELRIONN
ect. I adi'a I nes,

that provide the desired correct)ve ef angenttal 7l ines,” r
annul ar rings, and conbi nat i ASHE & HOSRIsSReAMIRD IRSPERSRURN fhebstremag
corrective nmeasures wth thisf isaihidodhealntassusadnx mdaifekbBogheesults in

patterns of shrinkage. c ﬂJaéﬁ}é3Uft.ﬁ§|c5£ﬁ% futf%% time during or
5i Iy “ef it

after application of the functiona ectrve dose o0 uFi'ght in
~association with the nethod of this invention is a substanti al

wound- heal i ng response {fy tigdiell ghyslika1cenanges nskisReGntueall ¥ithsut he
stromal tissue of the cor nea, . I.n .tnhi g_hcogr{egt %on i{ llg‘bst ant i atll

wound- heal i ng response is one BRAAnd, T0Se 18P b ol Sggﬁrgﬁﬁ hesi s and
regrowt h that produces a cheangotheldymy gruthe pintericmisurifacesafftbe of the
cornea. The corneal wound- headdrih1r @3R808¢ ARaMan is conpl ex and not
perfectly understood [R W Beuerman, C E. Crosson, and H E. Kaufnman
(editors), Healing Processes in the Cornea (@ulf Publishing Co., Houston,
TX, 1989)]. (g) determining the change to the shape of the

corneal tissue after exposure to one or more
functionally effective amounts of light energy.

44. Apparatus for the noninvasive reshaping of corneal
tissue in order to convert ocular refractive errors
comprising:

(a) a source of light energy;

(b) control means for controlling the dosage emitted
from said source of light energy;

(c) fiber optic means for transmitting light energy
from said light energy source to the cornea; and

(d) said fiber optic means being adapted to expose
said cornea to said light energy in a spatially

localized pattern.
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Fol | owm ng a subst a6 i al Thewpbdratiuse oft chabh 44 Sterein sediecscereéd of

processes occurs tf?c}h gé#goxtgrx' (r)lfst %?c%)ﬂ@i-gﬁt?@oﬁ diew col lagen that is

initially present 1nt r sorgani zed ers of nonuniform
dianeters and irregular orientations. These new col |l agen fi bers degrade
-22- corneal transparency since they scatter light. Over a period of

several nonths, thg, ne I i_bets b sf.or ne t Jleast in
part, into new st r‘g’nhl %rg%e%#%?;tthgt.gﬁasggﬁ%r% té{hg%ﬁ"llg'eaag?rg’é tll,lti-’ 68 Tt
transmit |ight proberRseduaahly Scaigbti aApergy snuse sehestednfron &he | ae

are forned, the digiisg WhLAREINGCHER CROLAIGPL dridungf thiish | AiFdn s sue
change, thereby Calid ombinations thereof.

48. The apparatus of claim 44 wherein said fiber optic
means comprise a plurality of fiber optic strands
configured in an array; said control means selectively
permitting the transmission of light energy to one or more
of said fiber optic strands in said array and wherein the
functional interrelationship of said source of light
energy, said control means, and said fiber optic array
permits the application of preselected doses of light
energy to a cornea in a spatially localized pattern.

49. The apparatus of claim 44 wherein the posterior
portion of one or more of said fiber optic strands
comprising said array includes a totally reflective
coating such that said fiber optic strands cause the
fluorescence of said light energy and transform coherent
light energy into non-coherent light energy.

50. Apparatus for the noninvasive reshaping of corneal
tissue in order to correct ocular refractive errors

comprising:
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from said source of light enerqgy;
changes in anterior cor neaI shape In the present invention, a substanti al

wound- heal i ng response r ef (o] ol_of t nat ure
extent of stromal coll a a tg%ef haerrg or?ég {-’ ens?%lse':l’tnsg e tdhreilght
corneal reshaping pr oduced bynewuimm G gk 1agh9nett¢malsqpmer &t ithe dose

of light are predictable andcsaméaplﬁreéalgﬁ;seedlaeepaehaulzmcané @r @Rget BEM
nodi fication due to a substagg[%a% wound- resgo se,
r

al in
procedures such as exci ner b‘lzl%ﬁ ocfpetflr tt‘Fggdﬁe %’P%’E’t%’rﬂ? sslff"%elﬂrﬁaéfm
instability of refractive coinetuding cudatalllyngeftert tte onat ingyseehhthat

corneal reshaping. | ng Q0@ eiddidpiilc Shrhhgsi SXEE i@ iR Ehce
beam of radiation froma hydrggeﬂ_&l uor.i.de chemcal |aser_is di recte by a

series of beam steering mrr® ottt epezgy (AR tEInsLxH, fanerenk, i ven
by conputer controll ed el ectlbghtsenexrgy dokoe nanseeperdrear ighet elrequ;eahéd
onto a focusing lens that produces a specified beamdianeter on the front
surface of the cornea. The focused, beami s lied over the front surface

of the cornea with a spée?flﬁﬂl‘apﬁ’rt?%ratqp(}'ﬁ'cr &?Eaandsﬁ%rfﬂrﬁr(?lpzﬂe@é‘rsna"ﬂ
conputer controlled optical s&idtErights eneardyt ecupoériodindefurmtienall 1y

duration of application of tbﬁtgfgﬂ%éﬁe%@ W@Eﬁtﬂt application of non-

coherent light in preselected dosages to the
cornea in a spatially localized pattern.
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may be continuous or interrupted during |laser irradiation of the cornea.
Many variations and confi ABhiAVSEs Dfe AREtNA 1@eﬁb§6fi/b§d(5ﬁcﬁrr§3é¥f%r%\iﬂb| abl e

and are known to those_s |IIe in th tic del i ver
s 2 o en i | PERgBthente ot SheR L, reeBhethl, SF S Antieri i gueFace
current net hod mnlbfsﬁhﬁlgernea in Ord¢nn$@n§0rGeQQaQanantn;ﬁnﬂoan&rsrobrs

t he cornea beforesuegrhggmﬁaglgf(ﬁgaggyguy@aﬁggsges L U Y Ocess |s
utilized. Any kerat

used to produce acégPﬁ%élgﬁg %%%s)t S d%@ of réﬂéﬁﬁ%ﬁ%&&“ ?ﬁ@s a

corneal topographi @¢ight source emitting a wavelength or wavelengths with
correct optical penetration depth(s) to induce changes in
corneal stromal collagen without damaging the corneal
endothelium, together with a light delivery and control
means for producing the required irradiance, exposure
time, and geometric pattern, in order to achieve the
desired change in corneal shape. Corneal shape is
monitored before, during, and after the procedure by a
corneal topography system. Anterior corneal surface
cooling by a transparent heat sink is used to prevent
damage to the epithelium and to Bowman’s layer.

" G:/EMME/003/PA/FOREIGN
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maps, together with refn
establish the geonetry aN

correction of ocul ar refrau\lve

energy, keratonetric neasur

nts of @EE%@QTIVaEe used to

ener gy FBRORS to produce
errgfs. After the application of |ight

7
zdre performed to produce corneal

t opographi ¢ maps that verj Y desired correction has been
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During thermal processing at t D Iagen shrinkage tenpfratyre, collagen
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coordinate translation adjustnments and [err]
the beamto be aligned and positioned accurately with respect to the eye
that is to be t4

beansplitter i s use

§qWentlo relates to a noninvasive -21-

This smal | repRipimy tHe ALV isurdiacecbgdthe damedi ayrosddE to
|nstrunentat|pn to %;ﬁ”e I ser beam paranmeters such spot size,
and irradi aRRESYE SPGRRARNE &« pd© BN T %?g%?rgz%aa RY |'anp t hat

i ncl udes atﬁélibséﬁﬁa,oﬁiduuminﬂneﬂrahmdvacenrare tohos | ¢ et ;rap i ciraly ean

focuses parallel rays of light onto the retina to produce
a clear image). It further relates to the use of light to
induce thermal changes in the stromal collagen of the
cornea to shrink the stromal collagen to produce the
desired reshaping of the cornea.

Today there are over 100 million people in the United
States alone who wear eyeglasses or contact lenses to
correct ocular refractive errors.' The most common ocular
refractive errors include myopia (nearsightedness),
hyperopia (farsightedness), and astigrmatism (See Figure
1). In myopia, the refractive power of the eye is
excessive meaning that parallel rays of light are focused
in front of the retina producing a blurred image. Myopic
vision can be corrected by adding a spherical concave lens
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accessory nount fhat.gcontains the cou er to praqvide rotection to the
anterior surface ﬁﬁnfﬁ E%wﬁﬁfCQQWQEE PheP ?ﬁ%ﬁ%? FROL BRVENDERN, t enpl at e

surf ace, na§nbnh©te@L#denaﬂnaagmmmatotomyeexguqngmcbha&e&berﬁe&tibnbe
et g SHabAeHRA Al B MnBABLRORS LI Y. 2! p0HASRk ek EgPERG! U7

The pati ent E Ioo |n ri zontal I'y for wal e couprer
fixation |i8Art ° FP§§FHE§F°F|§ﬁﬁelﬁ§§ﬁFt§ anhflect ed horizontal ly

formarg thpqm@ﬁpéﬁutxnnudampl&&he1bh§ Padh e 'tfueehAtanhat is to be
treate e tre sashtlam
ni cr oscope, to Eer m%@ﬁ a V|54§Fe gggf‘bfdﬁP'bgégng? * | ow ener gy
visible |ighed ey oedd ﬂ§5§0IPnﬁe%ﬁrwﬂam1lnﬁectneatnehmothgﬂn | n order
t(r)rb vgrl fyt timwm@tm@s Fbmgm?.ﬁﬁtﬂénhﬁ@ ﬁa{da.%unﬁefaieseei? :%s h Cical |
enbodi nen us. o s_inventi ustrated sc na ically
by the flcwééﬁééﬁ;ﬁipgéagepéng & LHIE g?rﬁﬁe éﬁﬁﬁ shown in
Fi gure 2A. GﬂaiteﬁsdeﬁpexmhibiqnsshhatahemhtquitemsnuwlyJI i zed by
the physi mmm Ebetjlgcgyegohﬁ FneORL ehb P.‘gp.@&fevgflﬁtg es and |ight

em ssi on deyj ces. i
1nclslons eading to catastreophic loss of the cornea in

sSOnme cases.

Similarly US 4,840,175 discloses a method for
magnifying the curvature of a live cornea via use of a
excimer laser. The live cornea has a thin layer removed
therefrom having an exposed interral surface thereon.
Then, eithexr the surface orx thin layer is exposed to the
laser beam along a predetermined pattern to ablate
desirxed portions. The thin layer is then replaced onto
the surface. Ablating a central area makes the cornea
less curved, while ablating an annular area spaced from
the centre of the surface or layer makes the cornea more
curved. The desired predetermined pattern igs formed by

- use of a variable diaphragm, a rotating orifice of
variable size, a movable mirror or a movable fibre optic
cable through which the laser beam is directed towards
the exposed internal surface or removed thin layerx.

Another method of refractive surgery is laser
keratomileusis (i.e., carving the cornea by application
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erroxrs. This technique employs the use of a laserxr
ant rol neanaajtSemeneegueﬁaWoum |1€a‘.§3ft,'s)t§1;_ﬁmﬁlﬂhﬂ e AT 6 | \éer]y system
t he scannin m and.t he keratoneter. A_light source t he figure, a
| aser syst e%lu &8"?&“8%5&88% g&’ﬁ% cﬂ?ﬁrlasy%e% feett VB ‘%?gﬁ?gt he beam of
light is debﬁveﬂednandmstamsed mhqunMnEMMghuxnaunﬁspattern
- 28- andy, %83&:18{4““ @C&hEQanQLe% %“b‘é%dé gi?-} rl:ltr{be giterior surface of

t he cornea. g use provi sink for protection
of the anteﬁbéﬁtsgan etessuﬁebvbph@@OG@CQ@@mayn;qnw rBehashdeet he

anteri or SUBEaEﬁeOEokﬂgaCQE”EPange %@”%%ﬁ@bt&@éf?"&ﬁfﬂﬁiﬁ&m reproduci bl e
tenperature control prior to 'asér tréatnent, a rmsk for protection of

regi ons of FﬂEeEHFérFErtQBrFQEEGBftPH@ ASPAREATG athe ABRATION ended to be
treated, angofneal surface into a new shape. TU.S. Patent No.

4,665,913 discloses one technique of photorefractive
keratectomy.

For purposes of this application the "anterior®
portion of the corneal strxoma should be understood
to

Thls Sheet Has Been Replace.
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iie COLIICa 4l l0ongecl wavelelylLlls ale JuseQ qllad Qo oL

posi ti oner maek aithestrhgr ldght aﬁmmc&t@&%mm:iymqu ot i ypruivear ce beam on
the anteri @i-c3ehte t%f &t Ne& fkh %é Q(%d Yh&de €Y g]_ngement

during the treatnent. eratoneter 1s use orn1cornea t opogr aphy

measur ement$ B-éﬂ@t"eSh@Hllidngrraﬁﬁi’-%ﬁQ dibemhe pﬁ%%%ﬁn*eal light A control

nmeans is usesdalddaRion deuliedRt vEn esbal diftfa rdiierir anengese of the
' ' It is suggested that the

| ase bean1oneﬁ t&ﬂlﬁ% surface of the cornea.
cont meYAY | F1ERE W&EHS d1R€Y%recessary for the surgeon to have
conpl ete control of the operation including sui t abl e di splays of the

gperation var 2o palaunao WAk, e SRSl Steh Al WPt BRCT Al |y

del i vered. For exa ern of GEE beam be présel ected
and be captbkecetrnigai aynvhe ms@anehie JSU@M%TI#WQIL&Ml on, the
nunber of ae]bsﬁaab@ebﬁaﬂﬂ&ver%rﬁ% " He F?Llf{v%?-&ﬁﬁ Ualdyys debi ver ed

l ocat1on on the e pomer of each pul se should al so

to a gartlcu

be cbntrol fBAPL ?h§h§Oﬁ§f§|uﬁ§aﬁ§|%%$ W%FHH%%Qﬁ%?%ﬁﬂﬁiﬁe# ghth a ternina
at the surgpatiall/eedpbealakegdlngd idrs R dntildl deeRiimad the operation

whi ch may ggrgga §eégﬁ£roglegg"%%ggg%%eatment" of the stromal

collagen. Suitable apparatus comprises a source of
optical radiation of a wavelength suitable for

20 absorption by tissue containing collagen tissue in the
cornea; means for controlling the radiation source; and
means for directing radiation from the source to the
tissue. According to the invention the directing means
in such apparatus comprises a plurality of optical

25 fibres for receiving radiation from the source at first
ends thereof and transmitting such radiation for
deliverxy from second ends thereof, and a coupler for
coupling radiation onto the outside face of a cornea is
disposed adjacent the second ends of the optical fibres,

30 the second ends thereof being positioned to deliver
radiation spots through the coupler to a cornea. Means
are also provided for selectively locating such
delivered spots of radiation in a pattern across the
coupler, with the locating means and the controlling

35 means being operable to modify the shape of a cornea by
selective shrinkage therein of tissue containing
collagen. Conveniently, the coupler may provide a mould

for the curvature of the cornea.
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o’ across wie coupler. 4ilis 1irliUldliiqLlily MCcdllo all o M-

A typi cal opersbtliveeto regbtitivedy scance beamefasatig odigibcticing the
met hod of S bBuentd i h N EHBULE 221 MR EDHRY icE @paponent s of
t he systen%%?%argégL%gﬁﬂgnghédg#?frig H%nb igurg 2A. The qupt sogrce, a

fl uor escerophiacalsfibresat ednhpld @mbgdiments, the second ends o

- 29- | agRE, ohtibAst 2ibedsi Rag PR pRRE tibhddRRd deldWerAdiraidgn | i ght

froma diode |aser_is coupled into optical fibers that are npu gd in a

fibe}ooptiEharF89P1E50ﬁ°p£B§iﬁHF“FPpaoPa§§€Wn06FiE AN i LYEi ti oned

separ at el yspgcedt €aomnl eheoansthee.dri ven by a conputer- controlled position

controller so that the diode.laser beamis properly focused into each

proximal tip. The diode laser is driven by a pul sed power supply that is
The invention will be further explained in the

following description, given by way of example only, in

15 which embodiments of the invention, and their use in
various ocular treatments are discussed. Reference will
be made to the accompanying drawings, wherein:

Figure 1 is a schematic representation of an
20 emmetropic eye (top) and of eyes having common
refractive errors (bottom) including a myopic eye
(bottom left) and a hyperopic eye (bottom right).
Astigmatism is a refractive error involving combinations
of emmetropia, myopia, and/or hyperopia along different
25 ocular meridians.

Figure 2 is a schematic diagram of the essential
components of one embodiment of the apparatus used to
perform corneal reshaping to correct ocular refractive

30 errors.

Figure 2A is a schematic diagran of the essential
components of the preferred embodiment of the apparatus
used to perform corneal reshaping to correct ocular

35 refractive errors.

?igure 3 is a schematic cross section of the human
eye showing several ocular structures.
This Sheet Has Been Replzced
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The techniques described herein include methods for
al so conmputer-controlled.”"Wth this system a controlled, and pre-specified

anount of XRRAPINE DS NS bR rRIERCT PR FRITAITHIVE | BEFOFSr a
pre- det er i dd MBropia, hyp@fopideindpthée @¢liveryigiestlte odeskaser |ight

pul ses to the .arr of fluorescer elenments sche cally sh .n Figure
11. In thi@fﬁ%@?ﬂ?ha’fﬁ’eﬁ%tt%a %e‘éﬁ%ﬁ \ﬁ.\’tse%'y or%gﬁwhan annul us
of flouor eszzar da ntared let dt @ dtleat thequlised| tecmisd aptlagenfi bers
t hr ough ' ' [ Q@F f@ﬂ&g N Ls system a
pr e- det e%@éﬁ%e‘bﬂ §u117 %F%%? %‘%r esce%ﬁetrée{vréébéé&act ivated in a
pr e- det er rAgrtrate) ratE dloropriche dﬁ@%heﬁ%@?% RyOqe$e: This Figure
12 shows prficid i 1RnPRid Cﬂoﬁdﬂ%ﬂékﬁ@@&ﬁﬁaéﬁiﬁﬁn@,whﬂhe opti cal
fiber is bonded to the fl uoresca?r%and efééqi:l ent %fﬁé} ransnéetss daode | aser
|i ght nearSCRLER NAFRRSTSHS BN RHIRIEIed £ 3RS RAER S Fl uor escence
| i ghts of fafFddtaiGl Icoraidac treshampiey engims emsbaimemY rafn tiksf | uor escer,
t hrough an opti.cal filter. (to.restrjct f [ e ce det er m ned
wavel engt i‘?‘rbv%ﬁﬂ:% p[r(?v(:ige( eféfr:lya rltﬁ’raat? r#’hg cﬁfgﬁgﬁ aarglg:reatl'% t), and through
a wi ndow couflagre iaft chehemurer dto tpavant cddimage to the

epithelium and Bowman’s membrane. Another embodiment

provides for a solid heat sink to act as a template for

20 the predetermined physical changes to the curvature of

the corneal tissue. Still another embodiment provides a

fibre optic array to control the light energy applied to

the cornea.

25 This invention provides for the noninvasive
reshaping of the corneal tissue by exposing the cornea
to a functionally effective amount of light energy in a
spatially localized pattern. The light energy is
typically applied at one or more predetermined

30 wavelengths between 1.87 - 2.08 or 2.55 ~ 2.7 microns,
irradiance levels and time durations to thermally induce
predetermined, physical changes to the curvature of the
cornea. These changes can be induced wighout also
inducing a wound-healing response in the“étroma

35 sufficient to significantly change the corneal curvature
from its predetermined value and without damaging the
viability of the corneal endothelium or the anterior
surface of the corneal tissue. Provision can be made
for the required physical changes to be induced by nore



optical zone in the spatial pattern of treatment is
treated. A djchrojc optical coatl ' the optical fiber/fluorescer
I nterface Y6£€i%ntﬁ$t ﬁ?%ﬁ%thgeP Fbﬁt g%&%ﬁ) ‘reflect fluorescer |ight.
The fluorescer has a totally reflective optical coating on its sides and

al so has a d'Chfﬁi??QpﬁééaQnEO?Eh@Q“ﬁglokst 4 ka2 ibR one or

- 30- transm uor escer e reflecting diode_laser light. A
of these o%@t%aPr%éét¢ﬁ@§n¢ﬂpW§V61?n§théb ilaraddpnge AeNedst iahf f | uor escer
l'ight intogihe &@f&@ﬁ%nstééﬁuﬁetQuﬂ@tibﬁﬁli? effectlvbttbs éal to
under st and that one of the grlnar¥ nt%ggs egjg%ed b %?tlce of
this inventipPrefetermined change in on y e anterior p

the stroma. The preferred depth of penetratlon of llght
into the cornea is about 33 microns to about 125

15 microns. The preferred irradiance level of light energy
is at a level where the absorption is substantially
linear, and most preferably where the absorption
coefficient is 30cm? to 100 cm’! at the 1.87 - 2.08
micron wavelength range or 100 cm’! to 300 ecm at the

20 2.55 - 2.7 micron wavelength range. The preferred time
or duration of exposure is less than about one second in
each portion of the pattern of application. The
preferred light source is an erbium light source with
the preferred wavelengths generated from the light

25 source being about 2.55 to 2.7 microns. The light
source may be elther a coherent light source or a non-
coherent light source. The most preferred embodiment is
a non-coherent erbium light:sourcé. other preferred
light sources inclﬁde”holmium, thulium, and uranium

30 based light sources, both coherent and non-ccherent, and
combinations thereof. |

Experimentation has shown that it is essential that
the stromal collagen temperature be preferably heated to
5 about 55°C to 65°C during the thermal modification
- portion of the method although treatments in a
temperature range of S5°C to 75°C have been functionally
satisfactory. Below about 55°C there is no apparent
physical effect and above 75°C there is permanent damage



preferred that the temperature of the endothelium does -

the nonj nvagjowe ‘éd]esg - & Ny AP0 c% &bl SaEFon: g LR if&h&t hat no

subst anti al woun respons uce e cornea t hough t he
changes to FW@I@WFne5h3ﬂ%ﬂ¥9ﬁ#mpnxﬁm%}®¢@1byePI@“QdQ%rﬂ$§h§s|caI changes,

there are CQ%%%?%rleﬂﬂOh%%:téﬂk ptE&Vﬁ’PévéH@ dhkehé heodeipd dheepiBei ng any
ri sk what soever t he patient | nportant t0 note that the vi b|||ty

of the cor nEXFLEFGoLhelS CQ.F‘E%?]r c%’c%s‘é‘haw’&ﬂ?l@él’“’d}%ruﬁ% fukERa

si ght, togethalayehhpolitdiore s ddrneal stibésae Mo NEwd sl ifht heneygyar e

naint ned rou hout t he .qar.oceduys e. MPLE
The 't A o e #Easta1, Bt S neated o o LeRRFHRNTS A RPPRE: Bt ¢
was per f or m8& °€o toe abpuir 5" Che Thed howwerion et 1 i s raam;ounybpng by

flattenin 1&EN f | tric
battern wt FEvAEEN T e AnSticdrfoR of Pight Ekady b MORMIER [ LC
al so been péigbtnenergydemdiestthe @QWW#@@I@?W& apntrebrefct

hyper opi a bﬁogaegeﬁnaﬂa Eﬂ&ﬂ%ﬁﬂffﬂmﬁﬁﬁé%ﬁfé éﬁ&iéK§%631diK§00rnea in a
i ke aélsynnetrlc Qatt%rn and to correct astignatism g/
protective functions for corneal structures that are not
being reshaped. The coupling device can also provide a
mold or template for the predetermined anterior corneal

curvature.

20 For purposes of this invention it is important to
understand the interrelationship of light energy,
stromal temperature, heat energy, heat sink,
physiological rearrangement of stromal collagen, and
time. Functionally, the purpose of this invention is to

25 cause a predetermined, beneficial rearrangement of the
anterior stromal collagen without initiating a wound
healing response. In order to accomplish the desired
rearrangement a specific quantum of light energy is
applied to the anterior stroma of the cornea. It is

30 intended that enough light energy be applied to cause
the desired physiological change to the anterioxr stroma
without at the same time initiating a wound-healing
response in the cornea and without damaging the heat
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i %the ysdro r{ fluoride c&xefmflcal ase sourc%e to
unsynnetrlc t rent 0 ‘produce e€rent val ues cor neal
flattening éﬂmmﬁtm@eﬁ&ﬁ ref Geatniy efidsserodnthaehéalt ssbnkbfcqupd eanrinea.
Fol | owi ng Y | Plhde 2 IR Lo MABELRRAL 1IN 2 AR vas Pl aced on

a small table atfl
head rmunt %mmajbﬁ t} B wrbkl%lmsmr@ &orgratntegiaringy el gendaedte unent s
and for accebatsctidn W& Ynyfpia hydrogen fluoride chem cal [aser beam (from
a nodified Helios Inc. chem caI | aser system equi pped with a diffraction

grating for tuning output wavel ength) onto the rabbit cornea. The table is
nmobile, permtting it to be
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- e L Lol a4 sUULCCE 0L LLlYNL enexqgy oL g wavelengtn

noved fr omﬁtuﬁeta_ffd'@erfm_r e@bmnptionabyot:‘eamhe oforsmderialg c&cﬂ?gtmgéhb
| nStr@rent ol Wid Gdfifel A0BLLaDCAL AUhSXA A kAL 10 the proper
orientation for either Taser %ehvery or di agnosotlc Feastr enent s.

Prior to | JSHa%IQn fgHrcarard| meaRs t femtdiaractings weshimtisometzomade on

bot h eyes ahd uradebitde dHd stiddigs corneal thicknesses were determ ned
using a DG%@Q% Inc. Model DGH500 ultrasonic pachyneter. Next, the
of

cor neas &Ni B through a Zeiss slit lanp m croscope to
det er mi ne ttllmldihec:dmgemeami escfﬁméh@rﬂﬂfee%g&gsw@faa@e_ﬂw ects. lThen,
justqgrior tao l.aser treatnent. fhe cyrvatures of the anterjor cornea
surf%cezes mgp%e&gﬁggm&ﬁ%a\%ﬁt aﬁqu?ltth%aﬁqm a5 £4m85 #BSShstrunents, Ltd.
Cor neascop&hegeodr andp tetarsasisrt ing auan tratiasibamEdics dell iseneal curvature
were nmade gshpdselk-bRar Q;ﬁggo r, an Eye Cor neal. .Anal ysi s
System The fqrrsfek: ?‘?’stertlja%e%ﬂ pro UC%S’%%%%%F?%PFmC%Iqu hat nust be
anal yzed nEAdiRkyort oatathe tiane W lae achmelatisedispesedned]adsdnt zes a

vi deo canetheaBdcegaPEhas ¥k %p%i%?a‘lmf%ﬁléibg! gﬁ?Fgég{%é‘! fseiériﬁgsorcﬁreglea'

corvEg oF o HHBRRPEn Bnin! Bortdnned b ShAbcFRALALASROBDORS Camen)
reshapi ng peodelliivered through the coupler to a cornea, means
being provided for selectively locating such delivered
spots of radiation in a pattern to the cornea, and the
locating means and the controlling means being operable
20 to modify the shape of a cornea by seiective shrinkage
therein of tissue containing collagen.

2. Apparatus according to Claim 1 wherein the coupler
provides a mould for the anterior curvature of the
25 cornea.

3. Apparatus according to Claim 1 or Claim 2 wherein

the locating means includes means for illuminating the

first ends of selected ones of the optical fibres with
30 radiation from the source.

4. Apparatus according to Claim 3 wherein the

illuminating means includes means for scanning a beam of

said optical radiation among the first ends of selected
35 ones of the optical fibres.
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3pm.
For laser treatnment, the rabbit was positioned so that the eye to be
treated was the correct di stance froma focussing |lens to produce a
predet er m rfed | RARarRLs spocoxdirg onot Obator fedheddkn hylle ogeurtkuori de
(HF) chem c@mglaﬁgés V@Ssc;i’ﬂﬁ’dsﬁt,’ Y & :gééé action grating to produce a
- 32- singl € laser emssion Tine; In hls exanple, the HF Plerr] (3)
transition that |ases at 2.608 [err] mwavel ength was used. This

predet erni med WawRlanads f&sc&f&fhg%fctf&imrs separ Al d0{§assd

spectpscopic_neasur ements, on hunen corneas to provide a correct optica
penettat i ot WECHPESt & 41aste (1398 to treat anterior stromal col | agen

ti ssue.
8. Apparatus according to any preceding Claim wherein
the second ends of the optical fibres are positioned to
deliver through the coupler to the cornea a specially
15 localised pattern of radiation spots.

9. Apparatus according to any of Claims 1 to &
including individual elements of fluorescent material
positioned at the second ends of the optical fibres to
20 receive optical radiation from the source and direct
incoherent fluorescent radiation through the coupler.

10. Apparatus accoxrding to Claim 9 including elements
positioned between the elements of fluorescent material

25 and their respective optical fibres that reflect the
fluorescent radiation and pass the optical radiation
from the radiation generating means.

11. Apparatus according to Claim 9 or Claim 10

30 including a filter positioned over the elements of
fluorescent material for passing the fluorescent
radiation through the coupler and blocking optical

radiation from the source.
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Accurate power and irradi ance di striABSTRACTreasurenents of the | aser beam
were obtained to permt determ nation and adjustnent of the | aser beam

irradi ance so as .to generate the, predeterm neq isradi ance for treatnent.
The laser beam pwBPHAYAGANE BREEAE TRidRacIoRetd Fa B oL pFB  ut ol y 1.0 W

The | aser bemwwpte endecantrappedxreshapindE [ther pmterdret surfaeadi ng to
an average idgf 3gie2doeneh QHDBQEéFﬁ&?'dfoﬁ%éNdHHl%]zfe ]rgfrl'e'tivép&fr% sl ened

in the annul ar pattern illystrated jn_ Figure 9. Iameter of the center
of the annuBREMaS Eyﬁﬁlénznteﬁ’ésé?l E?‘E&e%s' BOREECFA8 axi symmetrical |y
around t he d€amsightiednessaxi andastdghattimmer Theeiavaht$onnnsayg dbdel

gs/ EYE opti §3lyniCapuetk WAStHSRY & Qvavéléddih RRaPaFk1@ngtRdey Rl ned sl ew
rate so that the cogglete annuggéagatte n was genenateg in a predeterm ned

time of 200SHFFTecECokdcatRen R AP &0 ABSuSEHERRBERSeth t o
permt deli cerneall stirpgmalscoylagemnltioun damagimgether counéate of the
cornea. The hlothed iy C£8GeCREE i % ML |dehlikes ahl fontrol

| medi ately follow ng trealnent, nmeasurenents of corheal thickness and
cor neal top&@?&ﬁhf°ﬁe?€°ﬁﬁﬂéﬂglFh%dﬂ?ﬁq%ﬁﬁdsﬂqq?qléﬁﬁethFBﬂFEF%scopy was
perfornmed t ¢idlescand gevmnetlrichpatesrn Siin lexdercasunehtete thecor neal

desired change in corneal shape. Corneal shape is
monitored before, during, and after the procedure by a
corneal topography system. Anterior corneal surface
cooling by a transparent heat sink is used to prevent
damage to the epithelium and to Bowman'’s la_yer.

Fig., 2




t opogr aphy of both the treated and untreated (control) eyes were nade at
intervals followng treatnment over a period of 24 weeks. Figure 10 shows

t he neasured pre-|as -1 ase eal refractive power
for both the rabbit lg'ii/%s. ?%é?'lr@? ‘%‘%%%%Wﬁ%%%&&ﬂ%‘f"ﬁoﬁe BAL
rabbit eyes normally vaRESHARING TOnEORBECTOOCULAR REFRACTIVE ERRORS

- 33- growm h. Therefore, the refractive power of the control eye
decreased approximtely five diopters over the period of observation. This
type of "baseline drift" is present in all non-adult rabbit eyes, including
both the treated and Jitiscapad iwpdsicofl ishe ecampheatdbhitin-part of United

States patent applications serial number 556,886, filed
July 23, 1990 and serial number 596,060, filed October 11,
1990, which are incorporated herein by reference. .
Applicant claims priority from said applications pursuant
to 37 C.F.R. §1.78.

This invention relates to a noninvasive
ophthalmolegical method and related apparatus for
reshaping the anterior surface of the cornea in order to
achieve emmetropia (i.e., normal vision characterized by
the absence of ocular refractive error; the emmetropic eye
focuses parallel rays of light onto the retina to produce
a clear image). It further relates to the use of light to
induce thermal changes in the stromal collagen of the
cornea to shrink the stromal collagen to produce the
desired reshaping of the cornea.

Today there are over 100 million people in the United
States alone who wear eyeglasses or contact lenses to
correct ocular refractive errors. The most' common ocular
refractive errors include myopia (nearsightedness),
hyperopia (farsightedness), and astigmatism (See Figure
1l). In myopia, the refractive power of the eye is
excessive meaning that parallel rays of light are focused
in front of the retina producing a blurred image. Myopic
vision can be corrected by adding a spherical concave lens



S TmEEEs e B ekl waeS RLARSEL.e  4C AiLJLolUNS UianSse s ves Qo

The change in E8FnEAPSEnARE d’tﬁ"@tFﬁ' Pis&ber FeERARnt the PRBUFRY 29mRw eifthd n
Figure 10. ThesewAesdi afesyssetiricel tutat feattynltige ofofgéaactive pover for
the treated eye is approximately five diopters | ess than the pre-|aser

val ue, so the corne has been flattened appreciably. At 4 weeks after
treatnent, Figure 10-SR&TA“RR% PEERENERYBHE Pabinnts she hane heenbeen

reduced, but t®abi echeddteyradial neerayotdme cexpanietice I&Hﬁcdz&ferc%ﬁbh\{e
power t han t heuﬁ@&i'é&réé’ﬁloﬂ_ hgr di fa£LEH %91#41{% di qut & lz;o
4 wee i s

flattening perséﬁtgh 10 weeks and_at 2 ow ng

persi stence off tfie centra FTaTt¥ %ﬁrl?’%‘%l%l'é’r?cé’-ftﬂ?&tﬁ |at1’lq e or no

wound- heal i ng PeSirperative eomplications (m:aih rasglfa.vntdtuamin@nt erior corneal -

shape change fﬁ‘fz&{&nﬂdﬁ,d glare r{a@&a Q.,f’ g, gﬁgggggcrographs
corn

reveal ed t hat %hl al er - of
initially. Supertici 6:1‘1 i é‘rﬁ ?g/o t"r"é‘ &-ﬁ higFtdonas Apetler Thi s
whi t eni ng cl eSsFoHeTRGLve mmaimtzlceanfng-aﬂu.anl kenataaompazsness" of the
anterior surfm%&em:ﬁ o&otﬂfeh%%rgggphhga{bo Bo ?%g Ggdure
of he

such as the r @G at _have ,been observed r Wor kers who
per f or med t her EE'BQQ‘}B 0 P'%gt"y ESFR ARFAS °8ﬁdthﬁﬁahe%bt Fehte slowly.
Trauma to the eyes may result in the rupture of the
incisions leading to catastrophic loss of the cornea in

SOme casges.

Similarly US 4,840,175 discloses a method forxr
magnifying the curvature of a live cormea via use of a
excimer lasexr. The live cornea has a thin layer removed
therefrom having an exposed internal surface thereon.
Then, eithexr the surface orxr thin layer is exposed to the
laser beam along a predetermined pattern to ablate
desired portions. The thin layer is then replaced onto
the surface. 2ablating a central area makes the cornea
less curved, while ablating an annular area spaced from
the centre of the surface or layer makes the cornea more -
curved. The desired predetermined pattern is formed by
use.of a variable diaphragm, a rotating orifice of
variable size, a movable mirror or a movable fibre optic
cable through which the laser beam is directed towards
the exposed intermal surface or removed thin layer.

Anothex method of refractive surgexry is laser
keratomileusis (i.e., carving the cornea by application
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i AL WA VAL SR Y e OMegva Y e A S Sl A Y MeldidD WESNL
| nproved exper i IRnELiRIGEIpESH S S PR EQICPTEEFE r BeEFastd¥eng a heat
sgnk natFr:aJ terponbectThﬂaetb@mnmquﬁﬁ%mpﬁdyﬁntﬁeSuéé06Ethe&ﬁﬁﬁrdaﬁgge-
| dentical |aser a s | with, an
chd €aLHERE uE@%%vg §%§”¥§%§ﬁ; ¥é %ffgea $rfoh

wi t hout, a heat Sink coupler in
- 34- funct i ofEpPyidef @zspp-merdé@@grofthatgmpem%eeh deWhvedengirdi ng t he

hydrogen fl uorigie £9§nh§ﬁbméﬁégé 50@H33ﬂéké¥ﬂmﬁgﬁﬁaé9ué9§ gf fectiveness of
t he heat sink é) eventl n%%?% corn epi.t hel i um and
the Boaran o | BAT=AAYE BELYAR5=BEn 5P pEagatE

ablation of tissue by photodecomposition. The shape

of the cornea is changed by selectively ablating

material in the cornea thus "carving” the anterior

corneal surface into a new shape. U.S. Patent No.

4,665,913 discloses one technigque of photorefractive

keratectomy.

For purposes of this application the "anterior"
portion of the cormeal strxoma should be understood

to

- n
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stress providing adequate cooling for the anterior of

cofrect AR Qb il iﬁ?(%pqqsr #ﬁ@é&%ﬁ%}ﬁ%229%eﬁgégegnﬁﬁh%ﬂi t of the

appar atus and net ho this 1 nvention .been described here and above in
sone deVask opt ste@vd Hohdh et AXRAE HRigh\ 8P| BPY FRRFSdi ments will be

readi | yteppenent to tﬁi}@%r_ﬂkiédcﬁthér_[téb_edm&gefrhe dg&eej utag@rlspf ‘the

appar at . S. d.vent.l [ | e limting on
this in%gn?gg%gg%?%gg%n£%£%?%%#ﬁégaé§2vzaggi?ﬁ§£§?e§g?%%d enbodi nent s of

t hi s i nicrefdationhwoudshisaeremmpre prkestsophicyafi AongeE on t he net hod
WY ch iRgeepengts Maghit salredRssd. changes to that which have been

descri bed herein are equally included within this application.
The present invention is directed at means by which

the cornea can be reshaped in a safe, effective and
dependable manner. Particularly, the invention seeks to

15 enable the safe use of light with sufficiently high
spatial/temporal resolution and control to reshape the
cornea by controlled "heat treatment" of the stromal
collagen. Suitable apparatus comprises a source of
optical radiation of a wavelength suitable for

20 absorption by tissue containing collagen tissue in the
cornea; means for controlling the radiation source; and
means for directing radiation from the source to the
tissue. According toEﬁﬁéﬁiﬂﬁéﬁéidﬁ[ﬁﬁé;directing means
in such apparatus comﬁrﬂées a plurality of optical

25 fibres for receiving rh@iation'frém tﬁe;source at first
ends thereof and transhiitiﬁ@'Suéh“rééiétion for
delivexry from second ends thereof;wand“é coupler for
coupling radiation onto the outside face of a cornea is
disposed adjacent the second ends of the optical fibres,

30 the second ends thereof being positioned to deliver
radiation spots through the coupler to a cornea. Means
are also provided for selectively locating such
delivered spots of radiation in a pattern across the
coupler, with the locating means and the controlling

35 means being operable to modify the shape of a cornea by
selective shrinkage therein of tissue contaihing
collagen. Conveniently, the coupler may provide a mould
for the curvature of the cornea.

MANITTN T AR TTAN N 54 PAGE. 9



source to locate the radﬁetlon spots in the pattern
CLAI VE: 1. ar at ys, non-i nvasi vel

d|fy ng shape of
® cor RETPRSo-HEer ch‘Pé@Fr'ect l}g@pélq%wem%#ﬁrgan be atl%hpl’l sing a
sour ceopératire epergpetfitdwlvelsergi a beam ofusaddl eptdcadbsorption by
tissu n n [ r d or
cont r%% Péé?ﬁh ngRLJJ @% aft&oer ?3{1??52;6% dié]rrgg%g ﬁésd%?ﬁ radi ation
from Optlcahefstﬁse tanﬂaih|emhﬁ§1ments(}#@#KEQFPBEDBPQST t he

di reCtﬂE@ Sﬁaﬁléaioﬁf%h-&%s ﬂagblﬂé %slﬂ::!&i?é& é@rdéﬂ:.verr eRgiovighg radi ation
fromt source a §1 reof %é g@ggktgbg% Such radiation
I%r deth ?le??up of' tf’r& Eé’&ﬁ‘(faer’i‘d?at sreoupl 8F for coupling

r adi atspacedt fromeochecengfth®&rcornea i s dlsposed adj acent t he second
ends of the optical fibres, the second ends 15 thereof bei ng positioned

such that radiation spots can be deluégied t the coupler to a
cornea, neahde invengdprqgwidildy bgefupdber g ?%%ﬁ an such delivered

spot s f3116Winyi Qascriptian cgiven biye way nef, emmbleeonly, imocati ng neans
e B HelEAT R El0 A0RRIC Zhng e LB CREY W S1APe B 0

Ive 1 nKkage | Ssue contalnlng col | agen.
varlous ocular treatments are discussed. Reference wil

be made to the accompanying drawings, wherein:

Figure 1 is a schematic representation of an
20 emmetropic eye (top) and of eyes having common
refractive errors (bottom) including a myopic eye
(bottom left) and a hyperopic eye (bottom right).
Astigmatism is a refractive error involving combinations
of emmetropia, myopia, and/or hyperopia along different
25 ocular meridians. h

Figure 2 is a schematic dlagram of the essent1a1
components of one embodiment of the apparatus used to
perform corneal reshaping to cprrect ocular refractive

30 errors.

Figure 2A is a schematic aiagram~of the essential
components of the prefexred embodiment of the apparatus
used to perform corneal reshaping to correct ocular

35 refractive errors.

figure 3 is a schematic cross section of the human
eye showing several ocular structures.

im immry Al am AAINSI T AATIAN Y- . 84 PACE. 10



invention. .
2. Apparatus dccording to Caim1l1 wherein the coupler provi des a

néhld for the anterior curvature of the 25 cor nea. 3. Appar at us
accor di ng t d'& gteshnbguésades2ribedeherein indbadecacthgdeedas i ncl udes

reans AsHAB Y NGié NokiBa fo cobirbBt Sl Al ARhSHLELGTER AL e optioa
- fibres with 30 radiation fromthe source. . pairat'ds. accordi ng
to d aithe: oY Pirhe byPeropip ardathsy deddiverin@fideBendass for scanning

a beamodff phototisambbptaddhtiofi Gbi eReadihddle Hidske ePE§i8h sel ected 35

28es Ol PRI fA o1 LE 886 that required to cause collagen
shrinkage without photodecomposition and to produce
accurate control of the corneal reshaping process. This
process is known as photothermokeratoplasty. Light
source parameters can be provided to assure safe and

15 effective corneal reshaping. One embodiment of this
invention provides for a heat sink at the anterior
surface of the cornea to prevent damage to the
epithelium and Bowman’s membrane. Another embodiment
provides for a solid heat sink to act as a template for

20 the predetermined physical changes to the curvature of
the corneal tissue. Still another embodiment provides a
fibre optic array to control the light energy applied to

the cornea.

25 This invention provides for the noninvasive
reshaping of the corneal tissue by exposing the cornea
to a functionally effectiyééémbﬁn#téfﬂiiéﬁt energy in a
spatially localized patt%f@fﬂ'Tﬁe ligﬁﬁ'énérgy is
typically applied at one bﬁ_more pfedefeimined

30 wavelengths between 1.87 } 2.08 or 2.55 % é.7 microns,
irradiance levels and time durations to thermally induce
predetermined, physical chanéés to the curvature of the
cornea. These changes can be induced without also
inducing a wound-healing response in the stroma

35 sufficient to significantly change the corneal curvature
from its predetermined value and without damaging the
viability of the corneal endothelium or the anterior
surface of the corneal tissue. Provision can be made
for the required physical changes to be induced by more

-a Ta/sD 12



central optical zone during treatment. However, the "
t he

2 + <sApparatus accarding to any ptecedi.ng ai_m wher.ei n
sogrce fis?%z%'ssl?g{)%‘g’a f%‘ @éﬁ?ﬁggfoﬂﬁﬁeﬁ? ?’38;?39?'0 e cen rr?lt he wavel engt h
ranges OPtEce®l wereE (8] chhe nspatabopabtern of3treathent is 6.

Appar at 43 tAGe0 R-gieN @ i Kd e h So e €1 pat N8neOUrce - conprises a solid
state | aser. 7. Apparatus according to Caim5 wherein said source
10 conpri ses a diode |aser. 8. Apparatus according to any

precedi ng C &nmthieensien and pradiel oe oo dtikedineéntbenophiecalr fi bres are
PO§i Ui opgdel Bredeterifid rwéxgﬁf&irﬂi(}ﬁé‘,e FOVREEANLQ ig%%%r QGa a special ly
15 | ogcaliSed pattern of radiation spots. . par at us accordi ng
to any biu@ gpFations g£an be functionally effective to produce
a predetermined change in only the anterior portion of
the stroma. The preferred depth of penetration of light
into the cornea is about 33 microns to about 125
15 microns. fThe preferred irradiance level of light energy
is at a level where the absorption is substantially
linear, and most preferably where the absorption
coefficient is 30cm™! to 100 em™? at the 1.87 - 2.08
micron wavelength range or 100 cm’! to 300 cm’! at the
20 2.55 - 2.7 micron wavelength range. The preferred time
or duration of exposure is less than about one second in
each portion of the pattern of application. The
preferred light source is an erbium light source with
the preferred wavelengths generated from the light
25 source being about 2.55 to 2.7 microns. The light
source may be either a coherent light source or a non-
coherent light source. The most preferred embodiment is
a non-coherent erbium light source. Other preferred
light sources include holmium, .thulium, and uranium
30  based light sources, both golierent and non-coherent, and
combinations thereof. T

Experimentation has éhéwn-that-it-ié essential that
the stromal collagen temperature be preferably heated to
35 about 55°C to 65°C during the thermal modification
portion of the method although treatments in a
temperature range of 55°C to 75°C have been functionally
satisfactory. Below about 55°C there is no apparent
physical effect and above 75°C there is permanent damage
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referred that the temperature of the endothelium does -
I ncl udlpgﬂl ndi vi dual_ el enent s p? aﬁ uorescenf nmaterila ? positioned at

t e seddt &Xgeeds 5PnC Bring thearplirapion o ddhgelightcal radiation
fromt henepgyce Bhe dmnvenition optinm&lmprﬁréw}msesmtaradl ation through

t he co r,at r ' ng el ements
posi ti one%rl%%?rent Pﬁé%elééqngﬁt% g*sr t'?‘Iﬁacilor ei%%ar#eo ‘% aé éﬁgk‘ijggnd their
respectFWEfagei @8l thepcosnent tisfus twhide exposnmm@emehmma& ation and
pass tfwoppé &4l pb2didhn UF cornedl ARddife reslitid qrhé}ﬁﬂeéﬁéi- . eans.

1h,, PPogle e setr 400 e TS o Gem gl ac L Tl er
fl uor eﬁﬁam to aboutdi7at*idan m:a)dgivdﬁtaamumlélrl&em | cokphingpt i cal
radi at i, { QML PEngOLhee application of light energy to couple
light energy onto the cornea with precise control of
position and initial temperature while providing
15 protective functions for corneal structures that are not
being reshaped. The coupling device can also provide a
mold or template for the predetermined anterior corneal

curvature.

20 For purposes of this invention it is important to
understand the interrelationship of light energy,
stromal temperature, heat energy, heat sink,
physioclogical rearrangement of stromal collagen, and
time. Fuﬁctionally, the purpose of this invention is to

25 cause a predetermined, beneficial rearrangement of the
anterior stromal collagen without initiating a wound
healing respense. In order to accomplish the desired
rearrangement a spe01f1c quantum of light energy is
applied to the ahterldr stroma of'the cornea. It is

30 intended that enough llght energy be applied to cause
the desired phy51ologlca1 changé to the anterior stroma
without at the same ‘time 1n1tiat1ng a wound-healing
response in the cornea and without damaging the heat

« o
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preventing damage to the corneal epithelium and the
Bowman’s layer while causing corneal reshaping to generate

correction of myopia.

Although the preferred embodiment of the apparatus
and method of this invention has been described here and
above in some detail, it should be appreciated that a
variety of embodiments will be readily apparent to those
skilled in the art. The description of the apparatus and
method of this invention is not intended to be limiting on
this invention but is merely illustrative of the preferred
embodiments of this invention. Other apparatus and
components and variations on the method which incorporate
modifications or changes to that which have been described
hefe}n'are equally included within this application.



