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The cornea is a layered structure which pro- vides the majority of the
eye's refractive or focus- This invention relates to the treatment of col-
ing power for incoming light rays which are trans- lagen tissue, and
particularly to the treatment of  mitted through the crystalline lens of
the eye to such tissue in the cornea of the human eye. The   5
light-sensitive receptors of the retina. The corneal treatments described
herein are effective to modify  layers, from outer to inner surfaces,
include the the shape of the cornea to correct sight defects.  epithelium,
Bowman's membrane, a relatively thick Collagen connective tissue is
ubiquitous in the  central stroma formed of cross-oriented collagen human
body and demonstrates several unique         ribbons or sheets, Descemet's
membrane, and the characteristics not found in other tissues. It pro-  io
endothelium. The as-yet unmet challenge is to vides the cohesiveness and
tenacity of the         achieve a thermal profile within the stroma to
attain musculo-skeletal system, the structural integrity of  controlled,
predictable collagen shrinkage and re- the viscera, as well as the
elasticity of the integu-  suiting corneal shape change and adjustment of
ment.                                              refractive effects
without damaging the adjacent Most endothelial-lined structures of the body
15  layers. have collagen cores for specific functional pur-      On 25th
April 1989 Dr. Gerald Horn presented poses. Collagen cores are found in
structures as   a paper at the Second American-International Con- diverse
as the trabecular meshwork of the aqueous  gress on Cataract, LOL and
Refractive Surgery in filtration system of the eye, and the valves of the
Washington DC, United States of America. In this heart. The walls of the
great vessels share their  20  presentation Dr. Horn described corneal
curvature collagen integrity with the ligamentous bony attach-  changes in
a rabbit model by use of a laser system ments and the tendinous or sinewy
muscular at-     with a CW output wavelength tuneable from 1.60 to
tachments to the long bones. The cornea of the     2.30 microns. He showed
slides illustrating dot eye is a unique example of collagen connective
patterns created on the cornea of the rabbits treat- tissue with the cornea
stroma (accounting for about  25  ed. However, Dr Horn acknowledged that
his work 90% of the total thickness of the cornea) dem-     at that time
was at a preliminary stage. onstrating a high transparency of
cross-oriented      An earlier approach to corneal reshaping to individual
sheets or lamellae of collagen with a high  correct vision defects involved
direct application of (about 70%) water content and lesser (about 8%)    a
heated probe to the corneal epithelium to trans- amounts of protein and
muco-polysaccharides.  30   mit heat to the stromal collagen fibers. This
tech- Intermolecular cross-links provide  collagen    nique, sometimes
called thermokeratoplasty or connective tissue with unique physical
properties of  TKP, was substantially unsuccessful in that peak high
tensile strength and substantial elasticity. The  temperatures were
necessarily achieved in the out- extracellular matrix of this tissue
consists of com-  er corneal layers rather than in the stroma where plex
macromolecules, the biosynthesis of which   35  the beneficial effect of
collagen heating was de- involves several specific reactions that are often
sired. The most serious and discouraging problem under stringent enzymatic
control. The cross-link-  was irreparable temperature damage to the corneal
ing is mediated, for example, by the copper-depen-  epithelium and its
basement membrane, with con- dent enzyme lysyl-oxidase, and can be
inhibited by  sistent findings of thermal dissolution and persis- chemicals
such as B-aminoproprionitrile, as well as   40  tent defects in this
membrane. This has resulted in by various types of energy such as heat and
faulty epithelial adhesion and recurrent corneal epi- photonic radiation.
The net accumulation of col-  thelial erosions. lagen connective tissue is
then dependent upon the    In contrast to corneal-stroma problems encoun-
precise balance between the synthesis and deg-     tered in previous
investigations, the desired meth- radation of the connective tissue
components.  45  od herein disclosed achieves highest shrinkage A
previously recognized property of hydro-ther-  temperatures in the
midstroma, and lowest in the mal shrinkage of collagen fibers when elevated
in  region of Decemet's membrane and the endothelial temperature to the
range [err] (an increase  monolayer on the inner surface of the cornea. The
of about 30 * C above normal body temperature) is  thermal profile must be
controlled within a narrow but one of the unique characteristics of this
tissue   5o  peak range of [err] in order to destabilize the not exhibited
by other body tissues. Temperature   covalent bonding (or to disrupt
interchain hydrogen elevation ruptures the collagen ultrastructural sta-
bonds) of this triple-helical collagenous domain to bilizing cross-links,
and results in immediate con-  achieve desired shrinkage, and without
significantly traction in the fibers to about one-third of their
traumatizing the keratocytes or denaturing the col- original lineal
dimension, while increasing the cali-  55  lagen fibrils. The thermal
trauma associated with ber of the individual fibers without changing the
earlier efforts in this field leads to an acute inflam- structural
integrity of the connective tissue.     matory tissue response which
results in the re- moval of denatured collagen, and is characterized 3   



3                 EP 0 480 995 B1                     4 by the deposition
and subsequent cross-linking of   tissue without loss of transparency. The
known newly elaborated collagen at the site as catalyzed  technology thus
does not disclose a procedure by the enzyme lysyl oxidase.
which avoids tissue necrosis, and produces pro- The rapid replacement of
contracted collagen    tracted or permanent comeal recurving proportional
fibers by new mature collagen following trauma   5   to energy
distribution, and repeatable (as indicated results in the unwanted reversal
of the desired     by animal studies) for similar exposure patterns corneal
reconfiguration. In the absence of trauma,  and energy level. the half life
of Type I collagen has been shown to      The literature suggests that by
properly select- be consistent with the life of the experimental ani-  ing
the absorption coefficient and using heat re- mal.
10   moval at the comeal surface, a proper temperature Prior
investigations, however, have not consid-  profile can be achieved in the
cornea (high in the ered the importance of the atraumatic attainment of
stroma and low in both the epithelium and endothe- the proper thermal
profile for protracted or perma-  lium). These studies conclude that the
absorption nent recurving of the cornea in the absence of      coefficient
must be in the range of [err] for collagen fibrillar replacement associated
with trau-   is  this to occur; this restricts the range of wavelength ma
and the resulting inflammatory response.         interest to 2.6 or 3.9
microns; and that no lasers Damage to the endothelial monolayer is the
are commercially available at those wavelengths. most disturbing problem
encountered when the       This conclusion that the proper thermal profile
is peak temperature is too far posterior in the cornea.  solely wavelength
dependent is incomplete and has Factors influencing the quality of this
most impor-  20   discouraged investigation in other wavelength do- tant
comeal layer include the absolute number of    mains. It is further
believed that earlier investiga- viable endothelial cells, and the
morphology of     tions have incorrectly assumed that the absorption these
cells. Endothelial cells, unlike epithelial cells,  coefficient of corneal
stroma is closely approxi- are not replaced following trauma. There are
sev-   mated by the absorption coefficient of water. eral studies
suggesting that cell shape (poly-  25      The present invention recognizes
that in addi- megathism and pleomorphism) is more closely re-     tion to
absorption coefficient and anterior surface lated to the functional reserve
of this layer than to  heat removal, the footprint of the energy with time
endothelial cell density, but in either case com-  significantly influences
the temperature profile in plications will result in persistent edema,
bullous  the cornea. Specifically, by using pulsed or burst keratopathy and
loss of transparency of the cornea.   30   mode energy, a proper
temperature profile has The problem of confining peak temperature to
been obtained at much lower absorption coeffi- the stroma while maintaining
acceptably lower tem-  cients (15-120 cm-'), allowing use of lasers operat-
peratures in the inner and outer adjacent corneal   ing in the range of
1.80 - 2.55 micron wavelengths layers is recognized in the prior art. U.S.
Patents  within today's technology. This method avoids the 4,326,529 and
4,381,007, for example, disclose use   35  trauma of improper thermal
profiles, and obtains of radio-frequency heating while irrigating the outer
proportional changes from at least 2 to 13 diopters corneal surface with a
cooling saline solution. Pub-  in refractive power related to exposure
pattern and lished reports on the technique, however, note cili-  energy
density. This method has been shown to be ary spasm  and fluctuating comeal
power (topo-      repeatable in that similar changes in corneal cur-
graphic hysteresis) up to two months postopera-   40  vature were observed
for similar patterns and expo- tively. All patients had stroma scarring
after the  sure levels. Significant induced effect has persisted procedure,
and the flattening induced was short     throughout follow-up
investigation, lending evidence lived.
that the half-life of corneal collagen was undistur- The emergence of the
laser as a practical tool   bed. for ophthalmologists has led to
investigation of the   45  According to the present invention, apparatus
use of coherent energy as a means for achieving     for modifying the shape
of a cornea has means corneal shape change to correct vision defects.
respectively for generating pulsed radiation, and One such application,
essentially unrelated to the  delivering it to the cornea to effect
selective shrink- present invention, is disclosed in U.S. Patent      age
thereof. The apparatus includes a heat sink 4,461,294 which proposes the
laser as a tissue-   so  element transparent to the pulsed radiation, for
destructive (ablative photodecomposition) tool for  disposition on an outer
surface of a human cornea forming radial corneal scars in a technique
called  and conducting heat therefrom. The generating radial keratotomy.
means is adapted to generate the radiation in a Use of the laser as a
corneal collagen-shrinking  wavelength range of 1.80 to 2.55 microns, and
the tool has also been disclosed in the literature, but  55  delivering
means is adapted to deliver the radiation not in the context of a practical
system  which     to the cornea in a controlled pattern of dots through
avoids tissue necrosis in the corneal epithelium,   the heat sink element.
while providing predictable reconfiguration of the 4  



5                 EP 0 480 995 B1                    6 Collagen connective
tissue shrinkage is best   cent the stroma. achieved by the use of laser
coherent energy in       As a quick review of the anatomy of the eye, the
infrared wavelength, preferably in the range of  FIG. 1 is a horizontal
section of an eye 10 having a about 2.0 to 2.2 microns, as generated by a
solid-  roughly spherical structure with a transparent cor- state device
such as holmium-doped yttrium-lith-   5   nea 11 at the forward central
portion, the remainder ium-fluoride  (YLF) or yttrium-aluminium-garnet
of the sphere of the "eyeball" being white and (YAG) crystal laser. This
type of laser is relatively  opaque sclera 12 which is attached to and
blends compact and easy to operate, and is capable of     with the
periphery of the cornea. The eye's light- generating energy optimally
absorbed within col-   sensitive retina 13 extends along the rear and part
lagen tissue based on the spectral-absorption co-  10  of the forward inner
surface of the sclera, and is efficients of these wavelengths, without
damage or  connected to an optic nerve 14 which extends to destruction of
adjacent tissue.                    the brain. In an ophthalmological
context, the invention      Positioned behind the cornea is a crystalline
facilitates the use of laser keratoplasty for collagen  lens 16 supported
by zonular ligaments 17, and the shrinkage and consequent reshaping of the
cornea   15  lens is capable of shape changes which enable the in the
correction of vision errors or defects. Irradia-  eye to focus on objects
at various ranges. The tion and resulting heating of the corneal stroma is
eye's iris 18 is positioned between the cornea and preceded by measurement
or mapping of the un-      lens to divide the space forward of the lens
into an treated cornea contours, and computation of the    anterior chamber
20 and posterior chamber 21 specific corneal regions to be heated to
produce   20  which are filled with a clear and watery fluid called the
desired corrective reshaping.                  aqueous humor. The space
behind the lens is filled Timing of energy delivery to the corneal
with a clear gel-like body 22 called vitreous humor. stroma is an important
factor in achieving an in-     FIG. 2 is an enlarged schematic
representation tracorneal temperature profile which peaks in the  of the
comeal cross-section to show the various generally central and anterior
portion of the stroma,  25  layers of the cornea as already briefly
discussed. while limiting temperature increases to safe and   The outermost
or anterior layer is the epithelium 25 nontraumatic levels in the corneal
tissue layers   (typically about 50 microns thick and accounting anterior
and posterior of the stroma. The energy   for about ten percent of total
corneal thickness) and should be delivered in less than one second, and
its underlying basement membrane. The next layer preferably in about 100
milliseconds (pulse or burst  30  is Bowman's membrane 26 (about 10-13
microns modes) to position the peak temperature correctly  thick in the
human eye) which is nonregenerative. within the stroma. These techniques
enable the use  The main body (about 90 percent of the total of irradiating
wavelengths in the 1.80 - 2.55 micron  thickness) of the cornea is stroma
27 composed of range with relatively low absorption coefficients in  clear
sheets of collagenous material. The stroma is the range of [err]
35  backed by Descemet's membrane 28 (about 5 - 10 The invention will now
be described by way of   microns thick), and the innermost or posterior
layer example, and with reference to the accompanying   is endothelium 29
which is a single layer of non- drawings wherein:
reproducing flattened cells of about 4 - 5 microns Figure 1 is a horizontal
sectional view of an eye;  thickness. Figure 2 is a schematic
cross-sectional view of  4o  The geometry of the cornea is complex, but the
cornea;                                      has surfaces which are
approximately concentric Figure 3 is a block diagram of the apparatus of
and spherical, the radius of curvature of the outer the invention;
or anterior surface typically being about 8 millime- Figure 4 is a plot of
the absorption coefficient of  ters. This value is smaller than the average
radius distilled  water as a function  of incident  45  of curvature of the
sclera, giving the cornea a wavelength;
bulged appearance with respect to the sclera. The Figure 5 is a plot of
temperature elevation within  corneal diameter (greatest chord) is about 11
mm, the cornea; and                                  and total thickness at
the corneal center is about Figure 6 is a block diagram of an optical
deliv-  0.55 mm. ery system.                                 50      From
the structural standpoint, the characteris- The invention will be described
in terms of a  tics of the cornea can be determined and predicted laser
keratoplasty (LKP) system for shape modi-    by an analytical model
embodying the following fication of the human cornea. The LKP application
comeal qualities: is in a sense the most challenging use of the        a.
The cornea is a thin dome-shaped shell sup- invention in view of the
critical need to confine the   55  ported peripherally by the sclera, and
internally heat field to target portions of the corneal stroma  by
uniformly distributed fluid pressure of the while avoiding excessive and
potentially damaging    aqueous humor in the anterior chamber. temperature
elevations in the sensitive tissues adja- 5 



7                 EP0480995B1                          8 b. Zones or
portions of the corneal shell which      The conversion of coherent radiant
energy to are heated to above about [err] will predictably  temperature
elevation of a target is largely depen- shrink as the collagen lamellae of
the stroma     dent on a physical parameter of the target tissue contract
to about 30% of original length.         body called the optical absorption
coefficient, c. It is theorized that the corneal shell is suffi-   6
which is a variable dependent on wavelength. It has ciently elastic to
permit the fluid-pressure-sup-  previously been proposed (see, e.g.,
Mainster, Mar- ported posterior surface to retain substantially its  tin
A., "Ophthalmic Applications of Infrared Lasers - original contour, and to
force shrinkage-induced  Thermal Considerations," J. Invest. Ophthalmology
contour changes to occur primarily at the anter-  1979; 18:414) that the
absorption coefficient of cor- ior surface where the refractive correction
is of  10  neal collagen in the near infrared is approximated greatest
effect. This effect is aided by confining  by that of water. The wavelength
dependency of shrinkage-producing stromal temperature eleva-   this
variable has been previously disclosed, and tions to the anterior part of
the collagenous     FIG. 4 is a textbook graph plotting absorption co-
stroma.                                           efficient (water) against
wavelength. About three-fourths of the eye's refractive pow-   15
Research, based in part on a finding that the er is determined by corneal
curvature, and shape    absorption coefficient of collagen does not accu-
modification of this element of the eye's optical   rately correspond to
that of water, has established system thus provides a powerful tool in
correction  the  feasibility  of  using  lasers  which  emit of refractive
errors. Increasing the radius of cur-  wavelengths in the range of about
1.80 to 2.55 vature of the cornea will correct myopia (nearsight-  20
microns where the collagen absorption coefficient edness), and reduction of
this parameter will cor-  is in the range of about 15 [err] to about 120
rect hypermetropia (farsightedness). A properly     [err] Wavelengths
corresponding to lower absorp- pattemed application of comeal shrinkage
energy     tion coefficients may produce insufficient mid- is also
effective in correcting astigmatic errors.  stromal heating. Wavelengths
corresponding to sig- To correct visual defects by laser keratoplasty,   25
nificantly higher absorption coefficients tend to it is first necessary to
measure existing vision and  move the peak of the temperature profile
forwardly, corneal shape or topography using a commercially    creating a
risk of epithelial damage. available corneal mapping system 33 (FIG. 3) for
Preferably, coherent radiation with wavelengths contour determination along
the meridians of the    in the range of about 2.0 to 2.2 microns is used.
eye. This information forms the basis for instruc-   30   Coherent
radiation can  be generated  in this tions generated by a computer 35
(based on the      wavelength by a solid-state laser 36 using hol- corneal
shell characteristics discussed above) as to  mium-doped YAG or YLF
crystals as mentioned the zones of the cornea which should undergo
above. These lasers are mechanically and optically shrinkage to effect a
change in the refractive power  relatively simple and easy to operate. of
the cornea for correction of defects. The remain-   35  These solid-state
lasers are believed to be ing task is to achieve the desired temperature
superior to previously proposed gas lasers such as elevation in a
controlled and safe fashion.         argon, krypton, HCI, and
frequency-doubled CO The laser is a useful tool in medicine for apply-
systems. Argon and krypton lasers do not generate ing controlled and
focused radiant energy for lo-    needed power levels. The HCI gas laser is
a large calized heating of tissue, and widely used in oph-   40  laboratory
instrument requiring large amounts of thalmology (e.g., for retinal
repairs), and other spe-  consumable gases and major subsystems to create
cializations such as gynecology and otolaryngol-    high flow rates under
vacuum conditions and to ogy. Depending on the use, these instruments may
chemically scrub the volatile gas reaction products. emit coherent energy
in the visible-light band or   The frequency-doubled CO laser is large, and
it is may operate in the infrared or ultraviolet portions of  45  uncertain
whether a suitable nonlinear crystal for the electromagnetic spectrum.
These applications,   frequency doubling at the required power level can
however, are nearly all directed to photocoagula-   be developed. tion,
incision, perforation, or other tissue-destructive  The research underlying
this invention includes processes.
experiments with human corneal collagen tissue In the present invention,
the desire is to heat  50  irradiated with pulses of about 0.10 second
dura- selected areas of collagen tissue to shrinkage lev-  tion by a laser
operating at about 2.1 microns at an els, but without damage or destruction
of either the  energy level of about 0.5 joule. The predicted target or
surrounding tissues. Preferably, the op-  stromal collagen shrinkage
occurred without loss of tical-delivery-system  laser is integrated with
the  corneal transparency, and without damage to the corneal mapping or
topography system to enable  55  epithelium, Bowman's membrane, or the
strata un- computer control of laser output, as well as real-  derlying the
corneal stroma. time or near-real-time monitoring of progressive
Protection of the corneal layers anterior to the comeal reconfiguration.
stroma is afforded by a slightly lower surface tem- 



6    9                 EP0480995B1                        10 perature, by
the normal tear layer on the epithe-  age energy to the visual axis of the
eye. lium, and the provision of a contact lens "window"    The treatment
method is not limited to applica- of a material such as sapphire which has
high     tion of shrinkage heating in a "stitched" pattern of thermal
conductivity and thermal mass.             circular dots. For example, if
energy is applied in a FIG. 5 shows the computed temperature profile   5
series of time-separated dots, the individual dots through the corneal
thickness using a 2.1 micron   need not be circular, and a rectangular or
other dot solid-state laser irradiating a circular corneal area  shape may
be used to achieve a desired shrinkage having a radius of about 1.5 mm for
0.1 seconds    effect. with about 0.5 joule of energy incident on the
In planning specific treatment programs, it is cornea, and using
flowing-irrigant cooling of the   io  useful to consider energy density in
determining corneal surface. The significant feature is that de-  the
pattern of shrinkage radiation. Experimental re- sired peak temperatures
are confined to the anter-  suits indicate that energy densities up to
about 100 ior stroma (just forward of the cross-sectional cen-  joules per
square centimeter are consistent with terline of the stroma) as shown in
FIG. 5, and the  establishing a desired temperature profile within adjacent
corneal layers are not heated sufficiently  15  the stroma, while
preventing excessive heating in to present a risk of tissue damage.
the tissue layers adjoining the stroma. Depending A key objective is to
achieve a shrinkage-      on the selected energy pattem, the applied energy
producing temperature elevation of at least [err] in  per "shot" is
typically in the range of about 0.01 to the stroma, while preventing
destructive tempera-  5.0 joules. ture increases in the comeal epithelium
and en-  20  It is also within the scope of this invention to dothelium,
and preserving comeal transparency.     apply multiple shots of
temperature-elevating en- This goal is achieved by use of the recommended
ergy to each stromal zone in which shrinkage is to coherent wavelengths
(and associated absorption    be effected. This can in some cases provide
more coefficients) at moderate energy densities in a    accurate control of
the profile of temperature in- range up to about 100 joules per square
centi-  25  crease within the stroma. For example, two or three meter, and
relatively short-duration energy pulses  energy pulses (each of about five
to ten millisec- (burst or pulse mode, or gated c-w) with a width in  onds
duration) may be applied to a single zone, the range of 0.010 to less than
1.0 seconds, and   with short-duration interpulse separation of about
preferably about 100 milliseconds. Preferably, a   50 to 200 milliseconds.
higher-power shorter-duration pulse is used (rather  3o  This invention
achieves controlled intrastromal than  a  low-power long-duration
exposure) to     shrinkage without causing thermal trauma and col- achieve
the necessary temperature elevation with   lagen coagulation, and a
resulting unwanted inflam- minimum thermal losses within the eye, and
deliv-  matory tissue response. Avoidance of the inflam- ery of lower total
energy to the eye.              matory response (a problem characteristic
of prior- A very short high-energy pulse presents a risk  35  art
investigations) is an important factor in achiev- of excessive epithelial
heating because there is  ing a long-duration chronic shape change of the
insufficient time for the heat-removal mechanisms  cornea for correction of
visual defects. mentioned above (for example, a puff of cooling       The
overall system may take different forms, '   gas) to act. A long-duration
pulse, on the other  and one arrangement is shown in FIG. 6 which hand,
leads to excessive conductive dissipation of  40  illustrates in
block-diagram form an optical delivery heat within the stroma and away from
the target    system which includes a low-power aiming laser, a shrinkage
volume. A presently preferred "exposure  means for sensing unwanted eye
movement, and time" for delivery of energy is 100 milliseconds for  the
various associated controls and displays. Mea- each element or spot in a
shrinkage pattem.        surement of the refractive properties of the
cornea Experimental efforts conducted to date have   45  before, during and
after treatment is made by a involved application of temperature-elevating
en-  comeal topography measuring device. One suitable ergy to specific
spaced-apart stromal zones in a   such device identified as a "Corneal
Analysis Sys- series of dots which are small circles in the range  tem," is
marketed by EyeSys Laboratories, Hous- of about 0.25 to 2.0 mm in diameter.
The pattern-  ton, Texas. ing of these dots depends on the kind of
refractive   5o  Corneal measurement systems of this type correction which
is needed. For example, a pattern  typically make available a color CRT
screen dis- of dotted radial spokes extending from an untreat-  play of
contour data, as well as printout of the ed central circular part of the
cornea is effective in  corresponding information. These systems identify
correction of myopia. A dotted circular pattern cen-  the astigmatic axis
and permit selection of desired tered on the comeal axis is used for
correction of  55   meridians of the cornea, and present in digital and
farsightedness. One or more dotted linear arrays   false-color display
either refractive power in diop- on a meridian is used for astigmatic
corrections.  tars or radius of curvature (typically in millimeters). 



These patterns do not involve application of shrink-  Data-acquisition
optics are preferably positioned on 7    11                 EP0480995B1
12 the slitlamp base of the laser optical delivery sys-  suiting in corneal
curvature modifications for my- tem, with a working distance of about three
inches  opic, hypermetropic, and astigmatic errors. from the corneal
surface.                               A 2-3mm central laser exposure spot
in the These systems typically have adjustable mea-     visual axis results
in a maximal flattening of the surement fields (e.g., 0.8mm to 7mm, with a
42.5   5   corneal radius of curvature of from 0.5 to 18 diop- diopter
sphere), and achieve a resolution of about  ters, depending upon energy
level and exposure plus-or-minus one-quarter diopter over the full se-
duration. A transient stromal haze occurs, but fades lected field.
Data-processing time is rapid (in the  within 48 hours following energy
application. range of twenty seconds from  measurement to           In
order to avoid exposure in the visual axis, printout or screen display) and
nearly real time,  10  two additional effective flattening patterns have
and image-subtraction routines enable rapid cal-    been identified. Each
of these patterns or arrays culation and display of corneal-healing
refractive  spare the 3-mm central optical zone. change by comparing pre-
and post-application im-       One array utilizes a symmetrical radial
pattern ages. This noncontacting measuring system does      of six to eight
lines each comprising about six not affect corneal surface integrity, and
the convex-  15  individual 0.5-mm  spots spaced about 0.5-mm mirror
quality of the cornea is undisturbed as re-  apart. Ten diopters of
flattening has been obtained quired for the image-subtraction technique and
oth-  with this pattern. er post-energy-application measurements.
Another, and perhaps most desired pattern, is Laser thermal keratoplasty
using the laser ex-   the circumferential distribution of individual 0.5-mm
posure parameters discussed above provides an  20  exposures, sparing the
3-mm central optical zone. optimal thermal profile in the anterior and mid-
No haze is experienced and up to 15 diopters of stroma of the cornea for
collagen fibrillar contrac-  myopic correction has been obtained with a
mul- tion. This profile is defined as [err]      tipulsed laser. The
resulting refractive correction above the normal physiologic temperature,
while     has persisted throughout an observation period ex- maintaining
substantially physiologic temperature in  25  ceeding 18 months. Since an
inflammatory tissue the epithelium and endothelium.
response does not occur, it is likely that the recon- Collagen is
considered to be metabolically inert  figuration is of protracted duration,
and perhaps in its steady state, and while thermally induced    permanent.
contraction occurs by the process of this invention,    Steepening occurs
over a large range of cor- temperature elevations are below the thermal
trau-   30  rections as the ring or circumferential pattern en- matic or
inflammatory thresholds. In the absence of  croaches upon the peripheral
cornea beyond 5 mm trauma, the dimensional collagen reconfiguration is
from the visual axis. Similar long-term duration is believed to exhibit
long-term stability.            obtained. The type-I collagen molecule
consists of chains     Meridional modification is obtained by parallel of
300-nm triple helixes joined by 67-nm uncoiled   35  lines 3-mm apart, and
above and below the central bonds. Controlled contractions of the
individual    optical zone in the direction of the meridian, each fibrillar
molecules require an exposure pattern con-  line utilizing 5 or 6
individual 0.5-mm exposure sistent with magnitude and radial arc
modifications  spots. desired. An increase in the radius of curvature of
the   40   Claims cornea results in the effective shortening of the focal
length of the visual system of the eye, while a  1. Apparatus for modifying
the shape of a cornea decrease in the radius or steepening of the cornea
(11) comprising means (36) for generating pul- increases the focal length.
A correction of myopia      sed radiation in a wavelength range of 1.80 to
requires an increase of the radius, while hyper-  45    2.55 microns; a
heat sink element transparent metropia is treated by decreasing the corneal
ra-       to the pulsed radiation, for disposition on an dius of curvature.
Corneal astigmatism is modified      outer surface of a human cornea (11)
and by flattening in the myopic meridian, while an op-      conducting heat
therefrom; and means for de- posite effect occurs at right angles to this
recur-     livering such radiation to a cornea (11) in a vature.
50       controlled pattern of dots through the heat sink This thermal
keratoplasty process, therefore,        element to effect selective
shrinkage thereof. requires not only an optimal thermal profile in the
sagittal dimension, but to be effective in the modi-  2. Apparatus
according to Claim 1 wherein the fication of refractive error, also
requires an expo-    delivery means is adapted to deliver radiation sure
pattern in the plane of the corneal surface  55   in such a manner that the
dots of said pattern consistent with the desired magnitude and direction
are generated sequentially in time. 



of radial arc changes. Studies on experimental ani- mals have identified
several exposure patterns re- 8    11                 EP 0 480 995 B1
12 the slitlamp base of the laser optical delivery sys-  suiting in corneal
curvature modifications for my- tem, with a working distance of about three
inches   opic, hypermetropic, and astigmatic errors. from the corneal
surface.                                A 2-3mm  central laser exposure
spot in the These systems typically have adjustable mea-      visual axis
results in a maximal flattening of the surement fields (e.g., 0.8mm to 7mm,
with a 42.5    5   corneal radius of curvature of from 0.5 to 18 diop-
diopter sphere), and achieve a resolution of about   ters, depending upon
energy level and exposure plus-or-minus one-quarter diopter over the full
se-  duration. A transient strornal haze occurs, but fades lected field.
Data-processing time is rapid (in the  within 48 hours following energy
application. range of twenty seconds from  measurement to            In
order to avoid exposure in the visual axis, printout or screen display) and
nearly real time,  io  two additional effective flattening patterns have
and image-subtraction routines enable rapid cal-      been identified. Each
of these patterns or arrays culation and display of corneal-healing
refractive   spare the 3-mm central optical zone. change by comparing pre-
and post-application im-        One array utilizes a symmetrical radial
pattern ages. This noncontacting measuring system does       of six to
eight lines each comprising about six not affect corneal surface integrity,
and the convex-   15  individual 0.5-mm  spots spaced about 0.5-mm mirror
quality of the cornea is undisturbed as re-   apart. Ten diopters of
flattening has been obtained quired for the image-subtraction technique and
oth-  with this pattern. er post-energy-application measurements.
Another, and perhaps most desired pattern, is Laser thermal keratoplasty
using the laser ex-   the circumferential distribution of individual 0.5-mm
posure parameters discussed above provides an   20   exposures, sparing the
3-mm central optical zone. optimal thermal profile in the anterior and mid-
No haze is experienced and up to 15 diopters of stroma of the cornea for
collagen fibrillar contrac-  myopic correction has been obtained with a
mul- tion. This profile is defined as [err]      tipulsed laser. The
resulting refractive correction above the normal physiologic temperature,
while      has persisted throughout an observation period ex- maintaining
substantially physiologic temperature in  25   ceeding 18 months. Since an
inflammatory tissue the epithelium and endothelium.
response does not occur, it is likely that the recon- Collagen is
considered to be metabolically inert  figuration is of protracted duration,
and perhaps in its steady state, and while thermally induced     permanent.
contraction occurs by the process of this invention,     Steepening occurs
over a large range of cor- temperature elevations are below the thermal
trau-   30  rections as the ring or circumferential pattern en- matic or
inflammatory thresholds. In the absence of  croaches upon the peripheral
cornea beyond 5 mm trauma, the dimensional collagen reconfiguration is
from the visual axis. Similar long-term duration is believed to exhibit
long-term stability.             obtained. The type-I collagen molecule
consists of chains       Meridional modification is obtained by parallel of
300-nm triple helixes joined by 67-nm uncoiled   35  lines 3-mm apart, and
above and below the central bonds. Controlled contractions of the
individual     optical zone in the direction of the meridian, each
fibrillar molecules require an exposure pattern con-  line utilizing 5 or 6
individual 0.5-mm exposure sistent with magnitude and radial arc
modifications  spots. desired. An increase in the radius of curvature of
the   40   Claims cornea results in the effective shortening of the focal
length of the visual system of the eye, while a  1. Apparatus for modifying
the shape of a cornea decrease in the radius or steepening of the cornea
(11) comprising means (36) for generating pul- increases the focal length.
A correction of myopia       sed radiation in a wavelength range of 1.80 to
requires an increase of the radius, while hyper-  45     2.55 microns; a
heat sink element transparent metropia is treated by decreasing the corneal
ra-        to the pulsed radiation, for disposition on an dius of
curvature. Corneal astigmatism is modified       outer surface of a human
cornea (11) and by flattening in the myopic meridian, while an op-
conducting heat therefrom; and means for de- posite effect occurs at right
angles to this recur-      livering such radiation to a cornea (11) in a
vature.                                         50       controlled pattern
of dots through the heat sink This thermal keratoplasty process, therefore,
element to effect selective shrinkage thereof. requires not only an optimal
thermal profile in the sagittal dimension, but to be effective in the modi-
2. Apparatus according to Claim 1 wherein the fication of refractive error,
also requires an expo-     delivery means is adapted to deliver radiation
sure pattern in the plane of the corneal surface   55    in such a manner
that the dots of said pattern 



consistent with the desired magnitude and direction      are generated
sequentially in time. of radial arc changes. Studies on experimental ani-
mals have identified several exposure patterns re-    13                EP
0 480 995 B1                   14 3  Apparatus according to Claim 1 or
Claim 2          die Cornea (11) aufzubringen, urn eine 6rtliche including
a low power aiming laser for identify-  Schrumpfung derselben zu bewirken.
ing the location of dots in a said pattern. 2. Vorrichtung nach Anspruch 1,
bei der das Auf- 4. Apparatus according to any preceding Claim    5
bringmittel zum Aufbringen der Strahlung der- wherein the generating and
delivering means       art angepaBt ist, daB die Punkte des Musters are
adapted to create dots in said pattern in     zeitlich aufeinanderfolgend
erzeugt werden. the form of circles with a diameter in the range 0.25 to
2.0 mm.                                &  Vorrichtung nach Anspruch 1 oder
2, die einen 10      Niederleistungsziellaser zum Identifizieren der 5.
Apparatus according to any preceding Claim         Plazierung der Punkte in
einem derartigen Mu- wherein the generating and delivering means       ster
beinhaltet. are adapted to apply 0.01 to 5.0 Joules of energy during one
pulse of all the dots in a   4. Vorrichtung nach einem der vorhergehenden
said pattern.                             15      Ansprlche, bei der die
Erzeugungs- und Auf- bringmittel zurn Hervorbringen von Punkten in 6.
Apparatus according to any preceding Claim         dem Muster in Form von
Kreisen mit einem wherein the generating means is adapted to
Durchmesser im Bereich von 0,25 bis 2,0 mm produce radiation in pulses
spaced by 50 to       ausgebildet sind. 200 milliseconds.
20 5. Vorrichtung nach einem der vorhergehenden 7. Apparatus according to
any preceding Claim         AnsprUche, bei der die Erzeugungs- und Auf-
wherein the delivering means is adapted to        bringmittel zum Auftragen
einer Energie von generate a circular pattern of dots.              0,01
bis 5 Joule wahrend eines Pulses aller 25      Punkte in einem derartigen
Muster ausgebildet 8.  Apparatus according to any of Claims 1 to 6
sind. wherein the delivering means is adapted to generate dots in a pattern
including at least  6. Vorrichtung nach einem der vorhergehenden one linear
array.                                 Ansprache, bei der das
Erzeugungsmittel zum 30      Erzeugen einer Strahlung mit Pulsen im Ab- 9.
Apparatus according to any preceding Claim         stand von 50 bis 200
Millisekunden ausgebil- wherein the generating means is a laser.
det ist. 10. Apparatus according to Claim 9 wherein the    7. Vorrichtung
nach einem der vorhergehenden generating means is a holmium laser.      35
AnsprUche, bei der das Aufbringmittel zum Er- zeugen eines kreisf6rmigen
Punktmusters aus- 11. Apparatus according to any preceding claim
gebildet ist. including a device (33) for measuring the shape of a cornea
to be modified.              a  Vorrichtung nach einem der AnsprUche 1 bis
40      6, bei der das Aufbringmittel zum Erzeugen 12. Apparatus according
to Claim 11 including a       von Punkten in einem Muster ausgebildet ist,
computer means (35) for controlling the de-       das wenigstens eine
lineare Reihe beinhaltet. livering means in response to information re-
ceived from the measuring device.              9. Vorrichtung nach einem
der vorhergehenden 45      AnsprOche, bei der das Erzeugungsmittel ein
PatentansprUche                                       Laser ist. 1.
Vorrichtung far die Modifizierung der Form ei-  10. Vorrichtung nach
Anspruch 9, bei der das Er- ner Cornea (11), wobei die Vorrichtung Mittel
zeugungsmittel ein Holmium-Laser ist. (36) zum Erzeugen einer gepulsten
Strahlung   50 in einem Wellenlangenbereich von 1,80 bis      11.
Vorrichtung nach einem der vorhergehenden 2,55 am; ein far die gepulste
Strahlung durch-    Anspr.Iche, die eine Einrichtung (33) zum Ab- lassiges
K(hlkorperelement flr die Anordnung      messen der Form einer zu
modifizierenden auf einer SuBeren Oberfliche der menschli-        Cornea
aufweist. chen Cornea (11) und fUr die Warmeableitung   55 von der Cornea;
und Mittel aufweist, um eine   12. Vorrichtung nach Anspruch 11, die
Comupter- derartige Strahlung in einem  kontrollierten      mittel (35) zum
Steuern des Aufbringmittels in 



Punktmuster durch das KUhlkdrperelement auf       Abhangigkeit von der von
der MeBeinrichtung I 1  IIII HE 31|1ll111111111 I       9    15
EP 0 480 995B1                     18 erhaltenen Information aufweist.
9. Dispositif solon l'une quelconque des revendi- cations precedentes, dans
lequel les moyens Revendlcatfons                                        de
generation sont constitues par un laser. 1. Dispositif pour modifier la
forme d'une cornee   5   10. Dispositif salon la revendication 9, dans
lequel (11), comprenant des moyens (36) pour gene-        les moyens de
generation sont constitues par rer un rayonnement pulse dans une longueur
un laser a holmium. d'onde de 1,80 & 2,55 microns; un el6ment dissipateur
de chalour transparent au rayonne-  11. Dispositif solon l'une quelconque
des revendi- ment pulse, destin4 I tre disposd sur la surfa-  1o  cations
precedentes, comprenant un dispositif ce externe d'une cornde humaine (11)
et on         (33) pour mesurer la forme d'une cornee a ddgager la chaleur;
et des moyens pour en-         modifier. voyer ce rayonnement vers une
corneo (11) sel on un motif contr8le de points a travers   12. Dispositif
solon la revendication 11, compre- I'6lement dissipateur de chaleur pour
obtenir  15  nant des moyens d'ordinateur (35) pour com- une retraction
selective de co dernier.            mander les moyons d'envoi en reponse &
lin- formation regue du dispositif de mesure. 2. Dispositif solon la
revendication 1, dans lequel les moyens d'envoi sont adaptes & envoyer le
rayonnement de maniere quo les points dudit  20 motif soient g6n6r6s
sequentiellement dans le temps. 3. Dispositif solon la revendication 1 ou
la reven- dication 2, compronant un laser de visee de  2n faible puissance
pour identifier l'emplacement des points dudit motif. 4. Dispositif solon
l'une quelconque des revendi- cations precedentes, dans lequel les moyens
30 de generation et d'envoi sont adaptes & creer des points dans ledit
motif sous la forme de cercles d'un diambtre compris entre 0,25 et 2,0 mm.
35 5. Dispositif solon I'une quelconque des revendi- cations precedentes,
dans lequel les moyons de generation et d'envoi sont adaptes a appli- J>
quer une energie de 0,01 & 5,0 Joules pendant une impulsion de tous les
points dans ledit  40 motif. 6. Dispositif solon lune quelconque des
revendi- cations precedentes, dans loquel les moyens de g6ndration sont
adaptes a produire un   45 rayonnement solon des impulsion espacees de 50 &
200 millisecondes. 7. Dispositif solon l'une quelconque des revendi-
cations precedentes, dans lequel les moyens   60 d'envoi sont adapt6s &
gendrer un motif cir- culaire de points. & Dispositif solon I'une
quelconque des revendi- cations 1 a 6, dans loquol les moyens d'envoi  56
sont adaptes & g6nerer des points solon un motif comprenant au moins une
rangeo lineai- re. 101:111111111111111    


